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ABSTRACT 
 
 

The rockfish (Sebastes spp) is a long-lived viviparous marine teleost 

found around the world.  The diversity of the genus and the wide range of 

habitats in which is found make it essential that more is known about the 

effects various changes in the environment have on its reproduction, 

development and growth.  

Ovarian cyclicity proceeded under controlled conditions and recurrent 

seasonality was observed in fish that had previously spawned in culture.  

Delayed fertilization indicates that pregnancy is not a prerequisite for 

broodstock selection.  Characterization of development from first cleavage to 

parturition established convenient indices to identify changes in development 

associated with different environmental conditions.  Experiments performed to 

further characterize the ontogeny of osmoregulatory development established 

protocols for in vitro incubation of embryos and revealed that a reduced 

salinity conferred significant survival and growth advantages as compared to 

embryos developing within the mother.  These results indicate some maternal 

physiological inhibition of development may occur.   

 Growth patterns of grass (S. rastrelliger) and brown (S. auriculatus) 

rockfish reared in the laboratory were characterized as was growth of two 

groups of brown rockfish collected during their first and second year of 

development.  Changes in both weight and length followed a sigmoid curve 

comprising an early phase of exponential growth transitioning to a phase of 

 viii



exponential decay.  The constituent phases of this curve and the combined 

data over a period of 1083 culture-days were precisely described by the 

Gompertz equation.  This equation also described the growth of young-of -

the-year copper rockfish (S. caurinus) with similar accuracy.  Validation of the 

Gompertz equation was achieved by reference to sizes of rockfish raised from 

birth.  The mathematical model precisely depicted growth from birth to sexual 

maturity.  These data may find application in the development of rockfish 

culture programs and assist fisheries managers in assessing size and age 

relationships.   

 Overall the findings can be applied to the existing knowledge of the 

endocrine control of osmoregulation and to the existing body of data on the 

endocrine control of pregnancy in the rockfish.  The protocols developed will 

facilitate further examination of the effects of changes in environmental 

conditions on viviparous reproduction. 
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CHAPTER 1 
 
1.1 Introduction 
 

The Pacific rockfish (genus Sebastes), consists of over 100 species 

worldwide.  With more than 65 species found off the West coast of the United 

States, another 30 more species off the coast of British Columbia and Alaska, 

and 28 species inhabiting the waters of the Northwest Pacific, the rockfish is 

easily classified as a highly adaptive and successful marine teleost (Clay and 

Kenchington, 1986; Love et al., 2002).  The diversity and abundance of the 

genus, in addition to the ease of harvesting these fish, have ensured that 

rockfish have become an important component of both the commercial and 

sport fisheries on both sides of the Pacific Rim (Wourms, 1991; Bowers, 

1992).  Despite the abundance of the rockfish and the predominant role these 

fish play in the fisheries of several countries, little is known about the unique 

reproductive biology that has contributed to their success and is the reason 

for their vulnerability in the face of increased fishing pressure and 

environmental changes. 

Commercial and sport fishing pressure on rockfish has increased 

dramatically in recent years.  Reported landings of grass rockfish (S. 

rastrelliger) in California for the rapidly expanding live fish trade increased 

from 1.5 metric tons (3,655 lbs) in 1991 to 58.9 metric tons (129,878 lbs) in 

1995.  Increased restrictions and limitations on the industry, coupled with 

declining populations, have decreased this value to 13.7 tons (30,163 lbs) in 
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2004.  A similar trend has been observed for commercial landings of brown 

rockfish (S. auriculatus) which reached their highest levels since 1950 in 1981 

with 179 metric tons (394,572 lbs) reported caught.  A more recent peak of 

86.6 metric tons (190,986 lbs) occurred in 1996 and the values have declined 

to 24.3 metric tons (53,568 lbs) in 2004 (Annual Commercial Landings 

Statistics, NOAA Fisheries).  Despite declines in the number of rockfish 

harvested, the market demand for rockfish, particularly in the live fish trade of 

local communities, has led to the continued increase in the retail price of 

grass rockfish from $1/lb in 1991 to $8.77/lb in 2004.  While the commercial 

fishing industry is an important component of California’s economy the 

recreational fishing industry is of particular relevance when considering 

nearshore rockfish species.  Saltwater fishing is expected to draw over 24 

million people in the United States by the year 2010 and California ranks 

second out of all states in participation with an expected 2.7 million 

participants by the year 2010 (Leeworthy, 2001).  The non-market value of 

recreational fishing in California alone in 2000 was estimated to be between 

$305 million to $1.83 billion and this value is expected to increase to between 

$342 and $2 billion by 2010 (Pendleton and Rooke, 2006).   

The continued rise in pressure on the nearshore rockfish fishery on the 

Eastern Pacific Rim by both the commercial and recreational fishing 

industries has led to increased attention by state and federal agencies 

seeking to effectively manage the populations of threatened marine species 
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(Love et al., 2002; Pacific Fishery Management Council, 2004).  In 1998 the 

California State Legislature passed the Marine Life Management Act requiring 

the California Department of Fish and Game to develop a comprehensive 

management plan based on current scientific information on nearshore 

rockfish species.   

In association with the increased attention on management of wild 

populations of threatened rockfish species there has been an increase in 

interest into the potential culture as a candidate species for both food 

resource and replenishment programs.  The potential for culture is made 

evident in the development of technology in Korea in response to a demand 

in the commercial market.  The Korean rockfish (Sebastes schlegeli) has 

become one of the most highly productive aquaculture species in Korea (Yoo 

et al., 2005) second only to the flounder with production exceeding 23, 711 

metric tons in 2003 (Statistical Year Book of Maritime Affairs, Ministry of 

Maritime Affairs and Fisheries, Korea).  If production in the United States 

equaled the value in Korea, based on the price per pound for the grass 

rockfish in 2004, the value would be approximately $458 million.  If production 

of brown rockfish based on prices in 2004 the total value would be $285 

million.  (These are hypothetical values based on available statistics and 

currently reported prices.)  There has been success in the development of 

large-scale culture of S. schlegeli in Japan for not only food production and 

but also fisheries enhancement programs (Kusakari, 1991).     
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It has been recognized that there is potential to develop effective 

culture programs for both enhancement and food resource programs for 

nearshore rockfish of the eastern Pacific rim and available data on growth 

and reproductive activity under culture conditions suggest that brown (S. 

auriculatus) and grass (S. rastrelliger) are amongst the local species that 

could be raised for these purposes.   

Raising larvae through delicate stages of development and 

metamorphosis into juveniles is a critical "road-block" in the ability to culture 

many species of marine teleosts. In the case of rockfish, technologies to rear 

larvae are gradually improving.  For example, scientists at the Northwest 

Fisheries Science Center (NOAA) have successfully reared copper rockfish 

through their sensitive larval phase and have reported some success in the 

rearing of several other nearshore species, including yellowtail and brown 

rockfish.  The Hubbs-SeaWorld Research Institute is working towards the 

development of a rearing program for a number of different species with a 

primary focus on the deep water cowcod (S. levis).  As advances in larval 

rearing techniques open the possibility for complete culture, other 

components of the cycle need to be evaluated. In particular, the unusual 

pattern of reproduction and the relatively slow growth rates present unique 

challenges in terms of both the broodstock management and grow-out 

components of a potential culture program for rockfish. 
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Evaluation of the potential for culture of individual species has been 

hampered by the lack of comprehensive growth data over the pertinent size 

range.  Field studies, where growth rates are based on size at an estimated 

age, predominantly deal with specimens larger than the desirable market 

size.  Growth rates vary among different species of the genus (Woodbury and 

Ralston, 1991; Boehlert and Yoklavich, 1983).  For individual species, 

available evidence indicates that growth rates differ at different phases of 

their life-history with growth rates declining as fish mature (Love et al., 1991). 

There have been few and extremely limited comparisons of growth rates of 

individual species in the wild as compared to growth under culture conditions 

and the studies that have been performed in culture have been confined to 

small segments of early development (Kendall and Lenarz, 1986).  

This project will continue to build upon an existing body of data on the 

reproductive biology and growth patterns of nearshore rockfish.  The culture 

of selected species is one mechanism that can be used to alleviate some of 

the pressures on wild populations and can be used to meet the current and 

projected demand for fish sold to market.  The study will characterize aspects 

of growth and reproductive performance that are of direct relevance to the 

culture of rockfish for commercial or remedial purposes.  Of the 19 most 

targeted species, the brown rockfish has been identified as the species 

warranting the highest level of concern based on issues related to fishery and 

life-history criteria.  Directing culture studies to the brown rockfish will 
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contribute information on a species of primary interest to management 

agencies and a candidate fish of choice for mariculture. 

Compilation of information related to age and growth is essential for 

the development of effective management plans allowing for accurate 

predictions of population changes over time.  The information considered 

essential for understanding age and growth characteristics includes 

length/weight and length/age relationships in addition to information on sexual 

maturation and other variables associated with age at recruitment to the 

fishery.  The length/weight relationships for most of the species have been 

established using information gathered from abundance surveys performed in 

the field.  Ageing studies and validation of ageing techniques have provided 

significant information that can be used to contribute to the understanding of 

ageing and growth of populations (Cailliet et al., 2000).  This study helps to 

further elucidate the specific patterns of growth of brown rockfish during the 

critical first and second years of rapid and exponential growth not easily 

estimated using field sampling techniques.  This project also contributes to 

the data on age and growth characteristics through direct laboratory 

observation of growth over a period of time in culture.  Increased growth rates 

through high risk growth stages can lead to major changes in recruitment 

(Laidig et al., 1991).  An improved knowledge of the way culture conditions 

can modify growth and development over a period of life-history when 
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juveniles are normally recruited to the fishery can improve our understanding 

of the effect of food availability on the strength of year-classes.   

The examination on aspects of reproduction in culture from oocyte 

development through embryonic and into larval growth will provide novel 

information on the reproductive biology of rockfish germane to both the 

development of management strategies and improving technology for 

mariculture programs.  

 

1.2 General Life-history  

 Rockfish are found in wide variety of habitats throughout the Pacific 

Rim.  Although a large proportion of species are found in nearshore habitats 

associated with rock substrate and kelp beds there are species found in deep 

water habitats with soft sand bottom.  Only a few species have been 

previously classified as semi-pelagic over their entire life-history (Wourms, 

1991; O'Connell and Carlile 1993, Krieger 1998; Love et al., 2002).  Varying 

degrees of behavior have been described ranging from species exhibiting 

extreme territoriality to those that seem to have a preferred home range.  

Densely populated rocky structures seem to be home to those species known 

to be territorial and such behavior creates partitioning amongst individual reef 

systems (Leaman, 1991; Stein et al., 1992; Murie et al., 1993).  Tagging 

studies are constantly elucidating new data for species and both localized 

habitat use and extended range movements have been observed.  It is 

 7



evident that selection depends on the local ecology as well as the individual 

species (Mathews and Barker, 1983; Pearcy, 1992; Stanely et al., 1994; 

Carlson et al., 1995; Love et al., 2002). 

Rockfish are some of the longest-lived fishes known.  Many species 

have maximum ages of up to 50 years while some may reach or exceed 150 

years in age (Archibald et al., 1981; Leaman and Beamish, 1984; Love et al., 

1990).  The longest lived species is believed to be the rougheye rockfish 

(Sebastes aleutianus) with a recorded maximum age of 205 years old 

(Leaman and Beamish, 1984; Munk, 2001; Caillet et. al., 2001; de Bruin, 

2005).  Limited work has been done on the timing of sexual differentiation.  It 

is established that sexual differentiation is under steroidal control (Nakemura 

et al., 1998) and recent work has confirmed that sexual differentiation of the 

Korean rockfish (S. schlegeli) occurs between days 51 and 70 post-spawn 

(Lee et al., 2003).  Inferences as to the timing for other species are difficult to 

make particularly given the known increased growth rate of Korean rockfish 

(Kusakari, 1991) as compared to the larval and juvenile growth rates of other 

species (Boehlert and Yoklavich, 1983).  The age of sexually maturity varies 

with an average time of 6 years to 50% maturity and for some it can take up 

to 20 years (Wyllie Echeverria, 1987; Love et al., 1990).  Sexual dimorphism 

in size between males and females has been noted for many species and 

some exhibit sex specific growth rates and differences between the timing of 

maturation (Love et al., 1990; Lenarz and Wyllie Echeverria 1991).  Delayed 
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maturity, a long reproductive life and multiple spawns per year are all factors 

that lead to the evolution of viviparity (Leaman and Beamish, 1984).  A 

relatively high fecundity as seen in many species is not typically associated 

with viviparous evolution (Wourms, 1991). 

Often used to describe the evolution of piscine viviparity, the 

reproductive biology of the four genera of Sebastinae are representative of 

different stages in the evolutionary path (Wourms, 1991).  Sebastes, the most 

advanced of the four genera, is a characteristic example of primitive viviparity 

in which nutrients are supplied to developing embryos over the course of 

gestation (Boehlert and Yoklavich, 1984; Boehlert et al., 1986; Boehlert et al., 

1991; Wourms, 1991; Hopkins et al., 1995; MacFarlane and Bowers, 1995; 

Beckmann et al., 1998; MacFarlane and Norton, 1999; Eldridge et al., 2002).  

Hatching occurs in Sebastes species either just prior to or at parturition 

(Wourms, 1991).  Although a matter of continued debate, it is evident that 

within Sebastes there are species that are lecithotrophic and those that are 

matrotrophic in their reproductive strategy (Boehlert and Yoklavich, 1984; 

Boehlert et al., 1986; Wourms, 1991).  Intra-species variation cannot be ruled 

out, making it difficult to assign definitively the level of viviparity employed to 

all individuals. 

In addition to the unique form of viviparity expressed in many species 

of rockfish the high levels of fecundity are more typical of oviparous teleosts 

(Wourms, 1991; Wourms and Lombardi, 1992; Barron et al., 1995; Collins et 
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al., 2001; Moore et al., 2000).  The fecundity at 50% maturity has been 

reported to vary from 1700-500,000 eggs per year (Gunderson et al., 1980; 

Love et al., 1990; Haldorson and Love, 1991).  Maximum fecundity values 

have been reported as high as 2.3 million in S. paucispinis (Moser et al., 

1967a), 2.7 million in S. flavidus (Methot et al., 2003) and 5.6 million in S. 

miniatus (Wourms, 1991).  Fecundity per gram of body weight (FGB) is one 

method that has been used quantifying the potential number of recruitable 

oocytes available.  The FGB for an average size species, such as S. 

entomelas (the widow rockfish), is about 500 oocytes per gram of body weight 

(Boehlert et al., 1982).  Haldorson and Love (1991) reported a range of FGB 

at maturity in Sebastes species from 70 in S.  alutus to 325 in S.  elongates.  

For individuals at maximum length for their species the FGB ranged from 163 

in S.  alutus to as high as 826 in S. miniatus oocytes per gram body weight 

(Haldorson and Love, 1991).   

Rockfish reproduction is seasonal with most species exhibiting a single 

annual reproductive cycle (Wourms, 1991; Delo et al., 2002).  Depending on 

the species one or several broods can be produced during each cycle.  Single 

brood species include S.  marinus (Wourms, 1991), S. inermis (Mizue, 1959), 

S.  schlegeli (Kusakari et al., 1977), S. taczanowskii (Takahashi et al., 1991), 

and S. rastrelliger (Delo et al., 2002).  Two examples of multiple brood 

species are S. paucipinis (Moser, 1967a) and S.  marmoratus (Takano et al., 

1991).  Geographical distribution of single versus multiple brooders indicates 
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more prevalence for multiple broods in southern warmer-water species 

(Larson, 1991).  One contributing factor for such distribution could be food 

availability (Wourms, 1991).  Environmental conditions could also play a 

significant role in the release of single spawns versus multiple spawns based 

upon the effects of the conditions on the mother and embryos during 

gestation and in terms of optimizing chances for larval survival and eventual 

recruitment (Wyllie Echeverria, 1987; Love et al., 1990).   

Although variable between species, seasonality of the reproductive 

cycle usually leads to an increase in the gonadosomatic index during the late 

fall or early winter months with spawning occurring in the late winter or spring 

(Shinomiya and Ezaki, 1991; Yoklavich et al. 1996; Love et al., 2002).  There 

has been some suggestion that the timing of reproductive cycles could be 

associated with the size of the individual species (Berkeley and Markle, 

1999).  Copulation has only been observed in a few species and very little is 

known about courtship or mating behavior.  Comprehensive observations on 

mating behavior remain sparse and it is believed that the first observations 

were made for S. mystinus (Helvey, 1982).  Two additional species whose 

reproductive behavior has been observed are S. inermis and S. marmoratus 

(Shinomiya and Ezaki, 1991).  Although there are no identified specialized 

structures within the ovary for sperm storage, histological sampling has 

identified sperm within the ovaries of several species (Moser, 1967; 

Takemura et al., 1987; Takahashi et al., 1991; Eldridge et al., 1991; Mori et 
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al., 2003).  While sperm storage has been documented in the literature there 

remains an active debate as to the mechanisms of storage and the signaling 

involved in the fertilization process.  The gonadosomatic index (GSI) can 

serve as a further indicator of the existence of sperm storage mechanisms 

based upon the timing of the male GSI peak versus the female GSI peak 

(Mori et al., 2003).   

 Both fertilization of oocytes and embryonic development occurs in the 

lumen of paired ovaries.  The presence of paired fusiform ovaries is 

uncommon among viviparous teleosts (Wourms, 1991).  The ovaries are 

composed of a mass of stromal and ovigerous tissue with germinal lamella 

containing oocytes and ovarian follicles.  This tissue is enclosed within a 

highly vascularized ovarian wall with concentric and longitudinal layers of 

smooth muscle and connective tissue.  The ovarian wall has the capability of 

increasing the capacity of the lumen, to accommodate the large number of 

developing embryos, through a relaxation of the smooth muscle and 

expansion of the connective tissue (Moore, 2000).  While the basic structure 

of the ovary has been described there remains a need for further investigation 

into the architecture of the ovary in its entirety over the course of the 

reproductive cycle as well as the specific changes occurring in the structure of 

the ovarian wall as gestation progresses that support the changing 

requirements of the internally developing embryos. 
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In single brood species, successfully fertilized synchronously 

developing oocytes develop into embryos within the lumen of the ovaries 

during a gestation period of 1-1.5 months.  Completion of the gestation period 

results in a spawn of large numbers (up to more than a million at a time) of 

small, 4-9 mm, larvae at an advanced stage of organogenesis into the 

planktonic environment for further development and growth into juvenile fish 

(Takahashi et al., 1991; Wourms, 1991; Yamada and Kusakari, 1991; 

Bowers, 1992).   The pelagic phase of larvae and juveniles can last for 

several months and in some species exceed a year before vertical migration 

occurs and a more benthic existence begins (Moser, 1967a; Moser et al., 

1977; Moser and Boehlert, 1991).  

 

1.3 Osmoregulation 

There is an incredible diversity of fish species that have evolved to 

occupy a wide variety of aquatic environments that range from freshwater, 

which in some cases can be less than 3 parts per thousandth (ppt), to highly 

alkaline environments with salinities in excess of 150 ppt (for reference 

seawater is on average 34-38 ppt).  Remarkably, not only have many of these 

species developed physiological adaptations for survival in these different 

environmental conditions but many have the ability to tolerate a variety of 

conditions, whether in response to changes in their environment or as a 

function of ontogenetic development.   
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 Fish that are capable of tolerating a narrow range of salinities are 

considered stenohaline, while those that have the ability to inhabit a wide 

range of salinities are considered euryhaline.  For many species of teleost fish 

characteristics of their life histories necessitate the movement between 

different salinities for different periods of their development.  Anadromous fish 

are those that spawn in fresh water, develop as larvae and juveniles in rivers 

and streams, mature as adults in seawater, only to return to the place of birth 

in fresh water to spawn, an example of which would be the rainbow or 

steelhead trout, Oncorhynchus mykiss (previously, Salmo gairdneri). 

Conversely, catadramous fish are euryhaline fish, such as the European eel 

Anguilla anguilla, that spawn in seawater and return to fresh water to mature.   

 Regardless of whether a fish is stenohaline or euryhaline, homeostasis, 

defined as the maintenance of steady state equilibrium within an organism, 

must be established and maintained.  Solute homeostasis is the maintenance 

of equilibrium with respect to solute concentrations, both ionic and neutral.  

Water homeostasis is the maintenance of equilibrium with respect to the 

amount of water retained in the body fluids and tissues of an organism.  While 

some fish species are osmoconformic, that is they conform to the ionic 

concentrations or osmolality of the surrounding environment, teleost fish 

generally are characterized as osmoregulators, that is their body fluid 

concentrations remain relatively constant despite potential changes in their 

surrounding environments (Holmes and Donaldson, 1969).  While the 
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difference in strategy is clearly defined, many teleosts osmoregulate in 

environments within their range of tolerance while they osmoconform at the 

extremes of the tolerable range of environmental conditions (Alderdice, 1988).   

 Fresh water teleosts are hyperosmotic as there is a gain of water to 

bodily fluids by osmosis.  Diffusion occurs with the loss of solutes to the 

environment, primarily through the gills, kidney, and gut.  Responses to these 

losses of solutes and the increased concentrations of water by osmosis 

include the excretion of large volumes of urine, facilitated by a large, well 

developed kidney, and the replenishment of ions through active transport 

systems located on the gill lamellae and in the intestinal tract.  Both of these 

mechanisms serve to maintain a fluid concentration above that of the external 

environment. 

 Marine teleosts are hypoosmotic with an average internal concentration 

of 350-450 mOsm/L amidst an external environment with an average 

concentration of 1000 mOsm/L.  The differences in concentrations results in 

high water loss to the surrounding environment coupled with a simultaneous 

increase in the concentrations of solutes within the body.  In order to 

counteract these changes in concentrations marine teleosts minimize the 

amount of water loss by minimizing the amount of urine excreted out of the 

system.  In addition marine teleosts have developed specialized chloride cells 

that facilitate the excretion of monovalent ions through the gill lamellae and 

intestinal tract (Keys and Wilmer, 1932; Copeland, 1948).   
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 While osmoregulation is a critical process necessary for survival 

throughout a fishes’ life history, it is particularly important during periods of 

rapid growth and development or metamorphosis as well as during periods 

when the fish experiences extreme changes in external environmental 

conditions.  In many fish species the most critical time of development occurs 

during the embryonic and larval phases.   

The ability of larvae to adapt to salinities markedly lower than seawater 

is an important physiological function in many species of marine fish in 

estuarine and nearshore ecosystems where diurnal and/or seasonal 

fluctuations in salinity occur. Pragmatically, manipulations of salinity in culture 

situations can dramatically affect larval growth and survival. For example, 

culture at hypo-osmotic salinities has been shown to confer significant growth 

advantage in several species of marine teleosts (Woo and Kelly, 1995). This 

effect may be attributable to a reduction in the metabolic cost of 

osmoregulation at lower salinities resulting in protein sparing and the 

diversion of nutritional elements towards carbohydrate and lipid utilization 

(Woo and Kelly, 1995). The ability to maintain osmotic balance in a marine 

environment depends on the development of ion transport mechanisms in 

various tissues, for example the chloride cells in the gills, typically involving 

Na+/ K+-ATPase ion exchange mechanisms (van der Heijden et al., 1999). A 

number of factors, such as nutritional status, oxygen concentration and 

temperature may have interactive effects in determining the success of larval 
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culture in non-isotonic salinities and the influence of environmental 

fluctuations in salinity.   

Growth and development of marine teleost larvae can be markedly 

influenced by environmental factors. Salinity, temperature, oxygen levels and 

nutritional status influence larval survival in an interdependent fashion. 

Identification of environmental parameters affecting physiological aspects of 

larval growth is essential in understanding processes regulating annual 

contributions of individual adult fish in the wild as well as for increasing the 

ability to successfully cultivate valuable species for fisheries enhancement 

and food resource programs.  Identification and study of the reproductive 

physiology of model species that are candidates for food resource and 

replenishment programs can assist in the development of effective 

management strategies and one such model species is the rockfish. 

In Sebastes, females apparently provide nutrition to gestating larvae in 

the ovarian lumen. It has been suggested that the ability of developing larvae 

to absorb and assimilate organically rich ovarian fluids may be dependant on 

the development of the same ion exchange and transport mechanisms 

involved in osmoregulation (Conte et al., 1991).   Accordingly, in rockfish, the 

development of osmotic competence in embryos and larvae may be important 

in maximizing development in a matrotrophic environment.  

If a comprehensive understanding of the processes controlling 

osmoregulation, and the time course for development of osmoregulatory 
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abilities can be established, then the advantages conferred by a viviparous 

reproductive strategy in a model marine teleost such as Sebastes can be 

further understood.  Understanding the mechanisms by which osmoregulation 

is controlled, at what point in the developmental process various regulatory 

mechanisms become functional, and what are the characteristic mechanisms 

unique to a model viviparous teleost such as Sebastes are all interesting and 

worthwhile questions.  It is essential that these processes are understood 

both in the context of developing effective management strategies for fish 

facing changing environmental conditions as well as for increasing the 

potential for maximizing larval survival and growth in culture for marine 

enhancement and food replenishment programs of valuable and threatened 

species.   

 

1.4 Osmoregulatory mechanisms 

The capacity to osmoregulate can potentially be controlled by cellular 

mechanisms, through direct exchange between tissue and the surrounding 

environment, and by neurosecretory involvement.  When examined in a 

developmental context it is suggested that it is in this order that a fertilized 

oocyte, and later a developing embryo, achieve effective maintenance of 

homeostasis through osmoregulation in varying environmental conditions. 

While relatively primitive compared to osmoregulatory mechanisms of 

developing embryos and larvae, teleost oocytes do exhibit forms of ion 
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exchange for osmotic maintenance.  Available information on these 

processes is restricted to a few model teleosts, primarily the Japanese 

medaka (Oryzias latipes) (Alderdice, 1988).   Corresponding stages of 

development of non-teleost oocytes, primarily the sea urchin (Lytechinus 

pictus), provide additional insight into major events occurring during oocyte 

maturation and fertilization (Whitaker and Steinhardt, 1985).  While a 

relatively unexplored topic, osmoregulation by a developing teleost oocyte is 

dependent on a suite of mechanisms all involving the plasma membrane.  

Changes in the plasma membrane as the oocyte matures ensures adequate 

development for increased permeability, an increase in ion channel function, 

and increased electrical activity.   

The mechanisms of ion transport by the plasma membrane are 

electrically mediated with changes in the resting potential controlled by the 

various ion concentrations within the oocyte and in the external medium 

resulting in the establishment of a voltage gradient (Alderdice, 1988).  As in 

any concentration gradient, both changes in concentrations on either side of 

the plasma membrane and internal stimuli, such as Ca2+ release, can cause 

transport of ions either into or out of the oocyte.  Associated with ion 

movement is water movement resulting in a complete osmotic exchange 

mechanism.  There is a complex physiological interaction that results in 

relative changes in the environment potentially affecting the osmolality of the 

ovarian fluid.  The osmolality of the external environment affects through 
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osmoregulatory exchange the osmolality of the plasma of the mother (Holmes 

and Donaldson, 1969; Sower and Schreck, 1982).  Thus ovarian fluid, being 

very similar to the plasma of the mother, reflects these changes in the 

external environment (Hirano et al, 1978).  The end result is concentration 

mediated ion and water exchange as the oocyte responds to the osmolality of 

the ovarian fluid (Sower et al., 1982).   

Beginning with fertilization and proceeding through early embryonic 

development a series of changes occurs in the mechanisms of ionic 

exchange as well as the level of embryo mediated control of osmoregulation 

relative to the surrounding environment.  The mechanisms controlling 

osmoregulation change as the oocyte develops.  Normal development 

involves sequential changes in the plasma membrane, accumulation of 

perivitelline fluid, blastoderm tissue formation, embryonic epidermis, and 

mitochondria rich chloride cells, all of which contribute to increase regulatory 

capacity (Alderdice, 1988).  Over the course of embryonic and larval 

development, with the timing variable depending on the species, more 

complex mechanisms develop for osmoregulation such as the gills, gut, and 

kidney.   

The transition period of development from an early fertilized oocyte to 

a juvenile and eventually an adult marine teleost is a critical period in the 

formation of osmoregulatory mechanisms.  This development is coupled with 

the morphological and physiological changes that occur as an embryo grows 
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into a fully functional larval fish. The integument has been identified as the 

initial site of osmoregulation in early teleost larva (Shelbourne, 1957; Hwang 

and Hirano, 1985).  In particular, high concentrations of mitochondria rich 

chloride cells have been identified as being the primary functional units 

involved in osmoregulation (Keys and Willmer, 1932; Marshall and Nishioka, 

1980; Foskett and Scheffey, 1982).   

The function of the chloride cell as the primary osmoregulatory 

mechanism in the adult teleosts has been confirmed in studies identifying 

them as the site of electrogenic transport of chloride across the branchial 

epithelium of adult fish (Foskett and Scheffey, 1982).  It has also been found 

that chloride cells in the branchial epithelium exhibit cytological changes in 

response to changes in environmental salinity (Shirai and Utida, 1970; Utida 

et al., 1971; Doyle and Epstein, 1972; Karnaky et al., 1976; Foskett et al., 

1981; Hwang and Hirano, 1985).  The distribution of chloride cells and their 

role in the development of osmoregulation in embryonic and larval teleosts 

remains an area of active research. 

The ability of developing embryos and larvae to maintain osmotic 

balance during the period of development when the gut, gills, and kidney 

remain relatively non-functional indicates the potential for chloride cell activity 

in other areas.  Shelbourne (1957) was the first to indicate chloride cell 

regulation of ionic concentrations in marine plaice across the entire 

integument of the developing larvae.  Highest levels of chloride exchange 
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occurred around the yolk sac epithelium, as was later confirmed by Holliday 

(1965), Holliday and Jones (1965) and Weisbart (1968).  Since these initial 

observations, numerous studies have found chloride cells in the integument of 

many marine teleosts, freshwater teleosts and several anadromous or 

estuarine species such as the rainbow trout (Salmo gairdneri) and molly 

(Poecilia reticulate) (summarized in Hwang and Hirano, 1985).  It is important 

to note that while the presence of chloride cells in the integument of the 

embryos and larvae has been confirmed, there remains little information on 

the time course during development that these chloride cells first appear and 

become functional for many model species.   

The general function of the mitochondria rich chloride cells involves an 

active transport system.  In freshwater adapted teleosts the cells facilitate the 

absorption of ions and maintain acid-base regulation whereas in seawater 

adapted teleosts the chloride cells secrete ions to maintain proper osmotic 

balance (Foskett and Scheffey, 1982; Karnaky, 1986; McCormick, 1995; 

Perry, 1997).  Chloride cells have been identified as being polymorphic with 

different morphologies responsible for the transport of different ions (Pisam 

and Rambourg, 1991) and in response to differences in the external 

environmental conditions (Laurent, 1984).   

Chloride cells are located embedded in the epithelium of the 

integument and later the epithelium of the more developed gill lamellae and 

other osmoregulatory structures.  The apical surface of the chloride cell 
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protrudes through the epithelial layer allowing for interaction between the 

chloride cells with the extracellular environment (Hwang et al., 1999).  Mature 

chloride cells, such as those found in juvenile and adult teleosts adapted to 

seawater, form a concave pit or crypt at the apical surface.  The morphology 

of chloride cells changes with the size of the apical pit increasing both with 

increased salinity and as the cell matures (Laurent, 1984; Hwang and Hirano, 

1985; Alderdice, 1988).  Rich in mitochondria, the body of the chloride cell 

contains a vast network known as the tubulo-vesicular system (Laurent, 1984; 

Alderdice, 1988).  Small projections within the tubules contain independent 

Na+-K+-ATPase pumping units with Na+ coupling occurring on the cytoplasmic 

side and K+ coupling occurring on the lumen side.  Small vesicles are located 

at the apical end of the tubulo-vesicular network and are thought to be 

secretory in function (Sardet et al., 1979).  It is through this network of tubules 

and vesicles that ion transport either out of or into the chloride cell is achieved 

(Degnan, 1986; Karnaky, 1986).   

Communication and interaction between chloride cells appears 

necessary for effective osmoregulatory ability.  Multiple independent chloride 

cells are often associated with each other to form pluricellular complexes 

(Hwang and Hirano, 1985).  Less developed and undifferentiated chloride 

cells, or accessory cells, are also found in high densities around functional 

and fully developed chloride cells (Hootman and Philpott, 1980).  

Differentiation of these chloride cells increases with exposure to increased 
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salinities, indicating the ability of these cells to become functional and 

facilitate osmoregulation through cellular activity as well as through 

intracellular communication (Hwang and Hirano, 1985).   

 The functional differences in morphology are further compounded by 

adaptations of these osmoregulatory mechanisms to different salinities. In 

both saltwater- and freshwater-adapted teleosts, ion and water exchange 

through the paracellular network is prevented by tight junctions connecting 

the epithelial cells with the apical surfaces of the chloride cells (Foskett et al., 

1983; Laurent, 1984; Alderdice, 1988).  The levels of interdigitation and 

interaction between chloride cells of saltwater-adapted teleosts can 

significantly increase the developing embryos ability to osmoregulate.  The 

formation of leaky junctions between chloride cells within a pluricellular 

complex can lead to increased capacity for ion flux with exchange both by 

diffusion and by concentration gradient driven flux through extracellular 

pathways.  The connections between the tubular system and the paracellular 

system both grow in number and in size with increased salinity.  Ions 

transferred through this pathway terminate at leaky junctions adjoining the 

apical crypt (Hwang and Hirano, 1985).     

The morphology of the chloride cell, as well as the intercellular 

communication of associated accessory cells, facilitates the process of ion 

excretion.  The primary enzyme involved in the active transport system of 

chloride cells is the membrane bound Na+-K+-ATPase.  This enzyme 
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establishes a Na+ gradient with lower concentrations in the cell cytoplasm 

relative to that in the tubular system.  Associated with the tubular membrane 

and the Na+-K+-ATPase pumping units are secondary transport systems 

capable of moving NaCl.  Thus both Na+ and Cl- are moved out of the cell 

cytoplasm across the gradient into the tubular system.  Eventual transfer to 

vesicles at the apical membrane results in diffusion of the ions to the apical 

crypt and extra-cellular environment (Foskett et al., 1983; Karnaky, 1986; 

Alderdice, 1988).   

Ultrastructural studies have identified α and β sub-types of chloride cell 

(Pisam and Rambourg, 1991).  The α cells are located at the base of the gill 

lamella and are considered the dominant cell-type found in saltwater teleosts.  

These cells are characterized by extensive apical membrane folding and 

protrusions serving to increase the surface area exposed to the extra-cellular 

environment.  In addition to the tubulo-vesicular system these cells have 

additional vesicles that could serve to further facilitate ion transport.  The β 

cells are found primarily in the inter-lamellar regions of the gills of freshwater 

teleosts.  In contrast to the extensive folding found in α cells, the β cells have 

a smooth apical membrane, a smaller apical crypt, and a less extensive 

tubulo-vesicular system (Pisam et al., 1987).  The functional significance of 

these structural differences is unclear and they may be simply indicative of 

different stages of chloride cell ontogeny.  Studies on early ultrastructural 

development of chloride cells have helped to elucidate the details of 
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development while providing insight into the role of different cell types in 

osmoregulation.  To this end examinations of apoptosis and necrosis of 

chloride cells have been particularly useful for understanding responses due 

to natural, and in the case of necrosis, “accidental” cell death, when exposed 

to varying environmental conditions.   

 Necrosis of chloride cells is observed rarely in fish exposed to their 

normal environmental conditions.  In a study on degeneration of chloride cells 

in freshwater fish Pratap and Wendelaar Bonga (1993) found only 1-3% of 

cell death was a result of necrosis, with the rest a result of apoptosis.  The 

frequency of necrosis of chloride cells was found to increase with exposure to 

water pollutants and as a result of a sudden change in salinity (Wendelaar 

Bonga and van der Meij, 1989; Pratap and Wendelaar Bonga, 1993).  While a 

result of exposure to different environments in the form of a stressor on 

physiological processes, it is not likely that necrosis in chloride cells is a 

process associated with adaptation to salinity via developmental changes in 

individual cell types.  

 The need for different ion transport systems depending on the salinity 

of the surrounding environment ensures the need for the different 

morphological adaptations of chloride cells observed during development in 

fish.  The primary difference between chloride cells of freshwater adapted fish 

versus those found in saltwater adapted fish is the direction of chloride 

transport either into or out of the organism via the enzyme controlled ion 
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transport mechanisms.  While these mechanisms are understood, the time 

course of development of chloride cells and many of the intermediate cell 

types that are needed during this development has not yet been fully 

elucidated.  The examination of salinity adaptation in different species, 

particularly those with intermediate development such as occurs in many 

viviparous species, may help elucidate the complexities of the development of 

osmoregulation in marine teleosts.   

 

1.5 Hormonal Control of Osmoregulation 

1.5.1 Cortisol 

Adrenocorticosteroids are widely recognized as the primary hormones 

affecting osmoregulatory ability through actions on the gills and the kidney 

(Phillips et al., 1959, Holmes, 1959).  Euryhaline fish species are the principal 

model used in the examinations of this class of hormones due to their 

inherent ability to adapt to a suite of saline environments.  Cortisol has been 

shown to affect both chloride cell morphology and increase the activity of Na+-

K+-ATPase.  Studies on the effects of exogenous cortisol on chloride cells 

found it causes an increase in chloride cell density in the American eel, brown 

trout, rainbow trout, tilapia, and coho salmon (Foskett et al., 1981; Richman 

and Zaugg, 1987; Madsen, 1990).  Changes in response to cortisol have 

been observed in the architecture of the tubular system within chloride cells in 

the form of an increase in differentiation with increased hormone exposure 
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(Doyle and Epstein, 1972; Foskett et al., 1983).  Correllated with the 

increased development of the tubular system is an overall increase in size of 

chloride cells along with enlargement of an apical crypt and development of 

accessory cells in response to elevated cortisol (Foskett et al., 1983; Madsen, 

1990).  The primary effect of cortisol is not the changes in morphology rather 

an increase in the activity of the osmoregulatory enzyme Na+-K+-ATPase.  A 

reliance on pituitary hormones for the stimulation of this enzyme has been 

demonstrated in experiments in which the pituitary gland was removed.  

Hyphophysectomy has been shown to cause a decrease in both cortisol and 

Na+-K+-ATPase activity in the coho salmon and in the American eel.  

Furthermore the levels of Na+-K+-ATPase can be partially restored with 

administration of exogenous cortisol to the fish (Pickford et al, 1970; 

Bjornsson et al., 1987).  The depression of cortisol levels, and corresponding 

activity levels of the osmoregulatory enzyme Na+-K+-ATPase, associated with 

hypophysectomy can be attributed to the absence of the needed pituitary 

hormone adrenocorticotropic hormone, a stimulatory hormone affecting the 

adrenal cortex and thus cortisol production.  In vitro studies using the coho 

salmon as a model have demonstrated the stimulatory effect cortisol has on 

gill Na+-K+-ATPase, indicating the afore mentioned direct effects on chloride 

cells.  Increased cell height was observed as a result of cortisol administration 

in vitro although there was not found to be an increase in chloride cell density 

(McCormick and Bern, 1989; McCormick, 1990).  In contrast in vivo 
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examination of the effects of increased cortisol on chloride cells of tilapia 

indicates other factors may be involved, as there was a marked increase in 

chloride cell density but no change in chloride cell size (Foskett et al, 1981).  

These differences suggest there are potentially other hormones involved in 

the control of osmoregulatory ability. 

 The development of chloride cells and the time course for the 

appearance of different cell types may be a factor in the effectiveness of 

cortisol as a hormone affecting osmoregulatory ability.  Experiments on the 

effectiveness of cortisol in regulating Na+-K+-ATPase in chloride cells of 

Atlantic salmon and coho salmon both in vivo and in vitro have found 

correlations with the natural time course of Na+-K+-ATPase activity, for these 

species highest levels occur in early spring (McCormick et al., 1991).  

Although these changes are influenced by environmental cues such as 

photoperiod and water temperature, there is an increase in cortisol receptors 

in the gills observed in several euryhaline species prior to or during 

movement to an environment with increased salinity (Maule and Schreck, 

1990).  The presence of cortisol receptors as related to osmoregulation is 

also evidenced by the decrease of cytosolic receptors and an increase in 

nuclear receptors in response to seawater (Weisbart et al, 1987).  Exogenous 

cortisol administration at levels comparable to those occurring during the 

natural migration of brook trout to higher salinity environments during a sea 

run elicits a similar response in the translocation of cortisol receptors 
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(Weisbart et al., 1987).  The exact role of cortisol receptor density and 

location as related to osmoregulatory ability has yet to be firmly established. 

 The role cortisol plays in ion regulation remains unclear.  Freshwater 

rainbow trout respond to exogenous cortisol administration with an increase in 

Na+ and Cl- and an increase in chloride cell density.  In addition, experiments 

on the European eel, the bullhead catfish and tilapia found characteristic 

morphological changes including an increase in the surface area of each 

cell’s apical crypt (Laurent and Perry, 1990; Perry et al., 1992).   

 There is an additional role cortisol plays in osmoregulation that cannot 

be overlooked.  Water balance, particularly in developing larvae facing a 

hypo-osmotic challenge, is essential.  One immediate response observed in 

tilapia facing hypotonic or hypertonic environments is an increased drinking 

rate (Lin et al., 2000).  They found exogenous cortisol administration rapidly 

promotes (within hours) drinking activity in tilapia larvae transferred from 

freshwater to saltwater, as opposed to the several day response time found in 

most studies involving increased cortisol (Lin et al., 1999; Lin et al., 2000).  

These results highlight the more immediate stress related response expected 

from a hormone like cortisol in addition to the more long term osmoregulatory 

adaptations it promotes such as chloride cell morphology and Na+-K+-ATPase 

activity. 
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1.5.2 Growth hormone and Insulin-like Growth Factors 

 The body of literature on growth hormone (GH) as related to 

osmoregulation primarily focuses on experiments involving salmonids.  

Primarily growth hormone has indirect effects including increasing Na+-K+-

ATPase activity and altering levels of insulin-like growth factor.  Several 

studies have found exogenous administration GH to increases 

osmoregulatory ability independent of its effects on body size.  Increased 

tolerance to salinity has been induced with elevated levels of GH in Atlantic 

salmon, sockeye salmon, and both the rainbow and brown trout by increasing 

chloride cell density and Na+-K+-ATPase activity (Komourdjian et al., 1976; 

Clarke et al., 1977; Bolton et al., 1987; Madsen, 1990).  The combined role of 

GH and cortisol in restoring Na+-K+-ATPase indicate a synergistic effort to 

increase osmoregulatory ability.  An example of such a relationship is a GH 

induced increase in cortisol receptors as observed in coho salmon following 

exogenous GH administration (Shrimpton et al., 1995).  Similarly, GH has 

been shown to increase the sensitivity of the interrenal to pituitary ACTH in 

both in vitro and in vivo studies on the coho (Young, 1988).    

 High concentrations of GH receptors are found in the osmoregulatory 

organs.  The liver contains some of the highest concentrations of GH 

receptors with the levels responding to external salinity (Sakamoto and 

Hirano, 1991).  These high concentrations of hepatic receptors indicate a 

connection between the role of growth hormone and the associated insulin-
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like growth factor I in seawater adaptation.  McCormick et al. (1991) found 

administration of ovine GH and bovine insulin-like growth factor I facilitated 

the adaptation of rainbow trout to a hypertonic environment.   

 Insulin-like growth factor I (IGF-I) is a hepatic peptide whose synthesis 

is stimulated, in part, by growth hormone.  IGF-I has been isolated in high 

concentrations in the salmonid liver, kidney, and gills (Sakamoto et al., 1993).  

IGF-I immunoreactivity has been demonstrated in the plasma of salmon with 

a rise correlated with adaptation to seawater (Daughady et al., 1985; Lindahl 

et al., 1985).  High concentrations of IGF-I has been shown to confer short 

term osmoregulatory advantage when administered experimentally.  Much 

like growth hormone, IGF-I has increased salinity tolerance within 48 hours in 

both the rainbow trout and the Atlantic salmon (McCormick et al., 1991).  The 

known mitogenic effects of this growth factor are a likely explanation for the 

rapid effects of IGF-I in osmoregulation.   

 As has been observed for cortisol and growth hormone, IGF-I confers 

more long term benefits in osmoregulatory ability by stimulating chloride cells 

and Na+-K+-ATPase activity.  McCormick (1995) found an increase in Na+-K+-

ATPase mRNA increased with the combined administration of cortisol, GH, or 

IGF-I although the effects were not observed unless all were present.  

McCormick (1995) also found that the responsiveness of gill Na+-K+-ATPase 

to cortisol is increased in response to elevated levels of IGF-I.  This result is 
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most likely correlated to elevated levels of GH acting in concert with the IGF-I 

to increase osmoregulatory ability. 

 

1.5.3 Thyroid hormones 

 The body of research examining the effects of thyroid hormones on 

osmoregulation has primarily centered on salmonid species.  Thyroxine (T4) 

and 3, 5’, 3’, triiodo-L-thyronine (T3) have been shown to confer advantages 

in salintity adaptation and tolerance of coho salmon and Atlantic salmon when 

administered with food (Saunders et al., 1985).  Making a direct correlation is 

difficult however given that salinity tolerance has been shown to be size 

dependent in many cases (McCormick and Naiman, 1984).  

 Levels of thyroid hormones, particularly T4 and T3 have been found in 

particularly high levels during the process of smoltification in salmonid 

species.  The major thyroid hormone produced is T4 followed by a conversion 

to T3 (most receptors have a higher affinity for T3)(Eales, 1989).  A peak in T4 

is observed a few weeks prior to the parr-smolt transformation with a 

corresponding rise in T3 levels.  The elevated levels of these thyroid 

hormones, corresponding to a period just prior to the movement to a more 

saline environment, indicate they play a significant role in increasing 

osmoregulatory ability.   

 Thyroid hormones alone have not been indicated as increasing the 

enzyme activity of Na+-K+-ATPase.  Despite the fact that a correlation has 
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been made associating higher levels of T4 with increased activity and chloride 

cell numbers during the parr-smolt transformation (Madsen and Koorsgaard, 

1989), questions remain whether thyroid hormones can act alone or if other 

hormones need to be present for an effect to be observed.  An example of the 

combined effects was the ability of T4 combined with cortisol to increase Na+-

K+-ATPase activity in Tilapia (Dange, 1986).  The interaction between cortisol 

and T4 is further explained by the findings of Young and Lin (1988) indicating 

an increase in interrenal sensitivity to ACTH with increased T4.  It has been 

postulated that in addition T4 and T3 faciltitate the binding and regulation of 

cortisol and growth hormone. 

 

1.6 Growth  

 The high variation in inter-specific growth rates of adult Sebastes 

species makes it difficult to elicit characteristic growth patterns or rates for 

these fish (Chen, 1971).  The two methods of assessment of growth, field 

versus laboratory observations, can produce extremely variable results.  In a 

summary of work done on growth of larval and juvenile Sebastes species 

Boehlert and Yoklavich (1983) reported a greater than six-fold difference in 

results from laboratory studies examining growth rates and almost a four-fold 

difference in field observations examining growth rates.   

 The differences between results from laboratory studies and the data 

generated from field observations is due in part to the variety of conditions the 

 34



fish are exposed to during their early life history, a period of extensive growth 

and development.  In the laboratory growth is highly dependent on 

temperature.  The average growth of field collected S. melanops at 18º 

Celsius was 3.4 times that of fish reared at 7º Celsius.  In the same study it 

was noted that both ration and fish size were significant factors as well, with 

the growth rate being maximized with satiation rations while increasing with 

size (Boehlert and Yoklavich, 1983).  An ontogenetic shift in optimum 

temperature has been observed in the laboratory in growth studies of S. 

melanops and S. diploproa.  There is a declining thermal optimum as fish size 

increases through the juvenile period of development with smaller fish 

growing faster at higher temperatures (Boehlert, 1981).   

 The widely varying environmental conditions fish in the natural 

environment are exposed to can result in dramatically different growth rates 

being observed from those measured in the laboratory.  Field measurements 

of fish growth rates during the larval and juvenile period typically rely on the 

examination of annuli of otolith bones (which exhibit daily incremental 

patterns) to estimate age.  The daily appearance of annuli has been 

confirmed as a valid and reliable occurrence first confirmed in larvae and 

juveniles of S.  melanops (Yoklavich and Boehlert, 1987) and has since been 

used extensively.   

 Several studies on Sebastes species in the field using otolith analysis 

methods demonstrate linear growth rates over the sizes measured.  The 
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slowest growth rate reported in the studies surveyed was 0.109 mm per day 

in a species from the Atlantic (Penney and Evans, 1985) and the two fastest 

overall growth rates recorded during the larval and early juvenile period were 

that of S.  paucispinis with a growth rate of 0.666 mm per day and that of S. 

jordani with a growth rate of 0.568 mm per day (Moser and Boehlert, 1991).  

Laboratory rearing trials for larvae of several different species of 

Sebastes indicate growth rates ranging from 0.08 to 0.14 mm per day.  These 

experiments are not necessarily characteristic of larval growth in the field as 

mortality rates are high and feeding conditions are often less than optimal 

(Moser and Boehlert, 1991).  Although there have been rearing trials 

attempted on over 50 different species most have met with limited success.  

In a review of laboratory rearing trials for seven of the most predominant 

species of the northeast Pacific, Kendall and Lenarz reported that only S.  

dalli larvae survived past 40 days to a length of 10 millimeters (1987).  The 

variation of growth rates recorded in these seven species varied significantly 

with S.  constellatus reaching a size of 7 mm in 38 days and larvae of S. 

caurinus reaching a size of 9 mm in 24 days (Kendall and Lenarz, 1987).  

Additionally success has been reported in the rearing of S. rastrelliger past 40 

days to a length of 9.58 millimeters (Barron et al., 1995).   

Some of the highest growth rates in larvae reared in the laboratory 

have been recorded for S.  schlegeli in Japan with growth rates reaching 

0.385 mm per day through 50-70 days of culture (Kendall and Lenarz, 1987).  
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This success and high growth rate may be attributable to the larger egg size 

and the size of the larvae at parturition (6.89 mm), in part because larger 

foods can be utilized at an earlier stage (Kusakari, 1991).   

The distinction between larvae and pelagic juveniles is often difficult 

but surveys of coastal populations have found pelagic specimens ranging 

from 12 mm standard length to 58.7 mm standard length.  Otolith analysis 

indicates that new recruits to the pelagic shallow water zone are 

approximately 60 to 70 days of age (Moser and Boehlert, 1991).  Growth 

increments measured for pelagic juveniles of S. aurora and S.  melanostomus 

found in the stomachs of albacore (a pelagic predator) indicated a range in 

length from 15 mm to 31 mm with an age range from 47 to 101 days old 

(Kendall and Lenarz, 1987).  Determination of growth rates by otolith aging of 

21 field collected juveniles ranging in size from 9.0 mm to 42.7 mm of S.  

diploproa (Boehlert, 1981), was considerably less than those of the juveniles 

sampled from the albacore stomachs (Kendall and Lenarz, 1987).  The 

growth rates of species in the field during the pelagic period have been 

analyzed up to a length of 42 mm and an age of 225 days and have generally 

been characterized as linear (Boehlert, 1981).   

The result of this comprehensive analysis of the growth rates of these 

Northeast Pacific species is a developing picture indicating a period of slow 

larval growth from 5 to 10 mm with increased growth during the transition to a 

pelagic juvenile period up to 30 mm in length (Kendall and Lenarz, 1987).  It 
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is important to relate the developmental characteristics and the increase in 

growth rates observed in both laboratory studies and field observation during 

the transition from planktonic larva to pelagic juveniles.  Critical development 

occurs in most species when larvae reach approximately 10 mm in length.  

Notochord flexion occurs when larvae reach 7 to 8 mm in length associated 

with or followed closely by caudal fin development (Kendall and Lenarz, 

1987).  In laboratory reared S. rastrelliger caudal fin development began 

between days 11 and 15 as the larvae increased in size from 6.05 mm to 6.51 

mm.  When caudal fin development was first observed only 5 rays were fully 

formed with 25.59% total fin development.  It was not until the larvae reached 

an age of 40 days and a length of 9.58 mm that the caudal fin development 

neared completion, 97.32% developed with 19 fin rays, indicating a direct 

relationship between larval growth and both caudal fin development and fin 

ray number (Barron et al, 1995).  Further correlations have been made 

associating increased growth rates post-flexion in studies on laboratory 

reared S. rastrelliger.  Moreno (1995) noted an incremental growth rate of 

0.07 mm/day in larvae less than 8 mm that were pre-flexion contrasting with a 

growth rate of 0.36 mm/day in larvae between 10.0 and 27.7 mm in length.  

The acceleration in growth relative to age and length has also been observed 

in  S. goodei with growth rates of 0.135 mm/day in larvae less than 40 days 

old (Sakuma and Laidig, 1995) relative to the rate of 0.399-0.555 mm/day in 

larvae and juveniles older than 40 days (Woodbury and Ralston, 1991).  
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Laidig et al. (1991) summarized a pattern of growth in S. jordani relative to 

flexion noting slow growth prior to flexion, little or no growth during flexion, 

and rapid growth following flexion.  A similar pattern in fin development 

relative to size is observed in S. auriculatus (Barron et al., 1995).  Thus the 

increase in growth rates observed in several species is due in part to the 

increased motility associated with the morphological development occurring 

during the transition from the larval phase to the juvenile phase of growth 

(Kendall and Lenarz, 1987).  

 The increasing pressure on the fisheries of the Pacific Rim makes it 

essential that a comprehensive understanding of the complete life history of 

this diverse group of species is achieved in order to ensure successful 

conservation and management of the remaining populations.  While recent 

research has proved valuable in understanding the growth and development 

of these species in the wild, there remains a paucity of information describing 

the details of rockfish life history that is needed for effective management and 

to increase culture capacity for food resource and enhancement programs.   

 Research for developing management plans ensured an early focus on 

information from surveys and fisheries statistics allowing for a large scale 

examination of fish movement and growth rates.  These field studies rely in 

large part on extrapolated data on growth and development resulting from 

examination of indirect indicators the primary example of which is otolith 

microstructure.  While valuable and capable of providing unique information 
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on rockfish growth and age, as well as providing insight into early larval 

movement and dispersal, such indirect analysis cannot provide the 

comprehensive analysis needed particularly for the establishment of growth 

parameters for fish in culture.   

 Laboratory studies have begun to establish baseline data that further 

elucidating the details of rockfish growth and development, particularly during 

the early periods of larval and juvenile phases.  This research has indicated 

direct correlations between developmental parameters and rates of growth, 

parameters that are difficult to establish using field analysis based on 

extrapolation techniques.  The link between development of rockfish larvae 

and juveniles and the rate of growth is especially important for the 

development of methods for successful cultivation.  There remains a 

substantial need for research into larval and early juvenile development and 

growth in order to better increase the understanding of the unique 

characteristics of rockfish biology.  

 Recent interest in the effects of environmental conditions on growth 

and development in rockfish, for both management and aquaculture, 

increases the demand for direct examination of larval and juvenile parameters 

in culture.  It is not until a complete foundation of information on the normal 

processes that occur during the critical phases of development is established 

that the effects of changes in the environmental conditions can be completely 

understood.  Further compounding the value of this information is the 
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potential for increased insight into the adaptations unique to a viviparous 

reproductive strategy that contribute to the diversity and success of rockfish 

throughout the Pacific Rim.    

 

1.7 Viviparity 

 An understanding of the evolution and the physiology of various levels 

of viviparity is essential prior to the use of model species employing different 

reproductive strategies for examinations of various aspects of osmoregulatory 

development.   Along the evolutionary scale there exists a range of 

reproductive strategies between oviparity and true viviparity.  There is no 

stasis in the evolutionary process and the assignment of a particular 

reproductive strategy to any group or individual should not be considered 

definitive and must be made in the context of the overall continuum.   True 

oviparity (or ovuliparity) is when an egg or ovum contained within a cellular 

matrix is released into the external environment in an unfertilized condition.  

Zygoparity evolved from ovuliparity and references the strategy by which 

internal fertilization occurs followed by release into the external environment 

of a zygote prior to any further embryonic development.  Oviparous egg 

retention (or embryoparity) is the term used to describe the strategy by which 

eggs are internally fertilized and undergo a period of development within the 

maternal environment prior to deposition for the completion of embryogenesis 

outside the mother.  Viviparity is the strategy by which eggs are internally 
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fertilized and development to term occurs in the maternal environment 

(Blackburn, 1998; Moore, 2000).   

The occurrence of viviparity in teleosts is variable and has evolved 

independently amongst a wide range of species.  In some cases several 

families of a single order contain viviparous genera, while in other instances 

an order may contain families one of which is oviparous, one lecithotrophic 

and still another matrotrophic.  In still other instances isolated cases of 

lecithotrophy occur within single families or genera (Turner, 1947).  Viviparity 

in teleosts is confined to the Chondrichthyes (cartilaginous fishes) and the 

Osteichthyes (bony fishes), and in the case of the bony fishes only 2-3% are 

viviparous (approximately 510-520/25,000-28,000 species) (Wourms, 1994).  

The evolutionary event that seems to lead to viviparity as the reproductive 

strategy seems likely to be internal fertilization.  In those species where 

fertilization occurs internally 57% are viviparous (Wourms, 1994).  After 

internal fertilization has evolved the evolutionary path leads through the 

retention of embryos and the utilization of the female reproductive tract as the 

site of gestation.  To allow for and maximize gestational function within the 

oviduct or ovary certain structural modifications have evolved of varying 

complexity within the maternal system.  In addition embryonic modifications 

have occurred in order to maximize the benefits of internal development.   

The evolution of viviparity has occurred independently in 13 families of 

teleost fish.  In the case of Scorpaenidae (the scorpion fish and rockfishes) 
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110/338 species are viviparous (Wourms, 1994).  In most vertebrate species 

gestation occurs in the uterus or other modified oviductal structure.  Teleosts 

do not have oviducts of Müllerian origin and both the production of oocytes 

and gestation occurs in the ovary proper (Wake, 1985).  In most cases 

teleosts do have gonoducts that are embryologically derived from ovarian 

tissue.  Gestation within the ovary is limited to two forms: intrafollicular, in 

which the embryos spend the entirety or part of development within the follicle 

itself, and intralumenal gestation, in which embryonic development proceeds 

within the lumen of the ovary.  In most instances of intralumenal gestation 

fertilization occurs and embryogenesis commences within the follicle and 

upon release into the lumen the follicle remains closely associated, (although 

the extent varies), with the embryo in order to facilitate maternal-embryonic 

exchange (Turner, 1947).  Only in viviparous Zoarcids  and Scorpaenids is 

ovulation known to precede fertilization (Wourms et. al, 1988).  

There exists a continuum within the viviparous reproductive strategy 

between lecithotrophy, where embryos within the mother depend solely on 

original yolk reserves, and matrotrophy, in which case embryos receive 

supplemental nutrition from the mother over the course of gestation (Wourms, 

1981; Wourms et. al., 1988; Blackburn, 1998; Eldridge et at., 2002).  

Instances of matrotrophy having evolved from lecithotrophy are considered to 

be due to fact that the supply of yolk reserves needed to meet the metabolic 

requirements of the extended period of development within the mother are 
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inadequate, hence an increased dependency on the maternal contribution 

(Needham, 1942; Wourms, 1981; Wourms et. al. 1988).  The general 

hypothesis is that in the case of advanced matrotrophy larger, more 

developed embryos are produced given that development is no longer 

dependent on the original endogenous yolk reserves (Wourms, 1991; 

Wourms, 1995). 

Traditionally, the categorization of species as lecithotrophic versus 

matrotrophic has been determined through the examination of weight gain 

versus weight loss over the course of embryogenesis (Needham, 1942; 

Wourms et. al., 1988).  In the case of minimal weight loss or weight gain it is 

assumed that maternal nutrients are being supplied, whereas significant 

weight loss (20-25%) would be indicative of a species that is lecithotrophic.  

The utilization of the ratio of weight gain versus weight loss over the 

gestational period as the sole method for the determination of maternal 

contribution has been shown to produce variable results and it has been 

determined that in order for more accurate assessment energetic studies 

must also account for respiration and catabolic metabolism (Wourms, 1991).  

Previous studies on whether lecithotrophic versus matrotrophic 

reproductive strategy is employed have produced a range of results.   In one 

case transfer of radio-labelled phospholipids from the maternal blood supply 

to the embryo over the course of the gestation period in the yellowtail rockfish 

(S. flavidus) was shown to occur (MacFarlane and Bowers, 1995).  This same 
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study found that there was a decrease in yolk proteins in the serum of 

pregnant females as pregnancy progressed.  Given that vitellogenin is 

considered to be the most prevalent phosphorylated protein in the serum of 

teleost fish it was concluded that the decrease in serum protein coupled with 

the potential for maternal-embryonic transfer of phospholipids indicated 

matrotrophic capabilities (MacFarlane and Bowers, 1995).  However, in a 

later study on the same species, analysis of lipid and protein contents of 

gonadal tissues showed a decline over the course of the gestational period 

coupled with a lecithotrophic pattern of yolk utilization (Eldridge et. al., 2002).  

This pattern is characterized by an acceleration of the yolk utilization 

corresponding to the significant developmental events of the later stages of 

embryogenesis.  It was determined the yellowtail rockfish is lecithotrophic with 

a primary dependency on endogenous yolk reserves deposited over the 

course of vitellogenesis (Eldridge et al., 2002).  The suggestion has been 

made that although the primary strategy of the yellowtail rockfish is a 

lecithotrophy there remains the possibility of adaptive capabilities in response 

to variations in environmental conditions that would warrant more significant 

maternal contributions to energy reserves of the developing embryos 

(Eldridge et al., 2002).   

Additional analysis of the energetics (using respirometry and 

calorimetry) through embryonic development indicate that matrotrophy occurs 

in the black rockfish (S. melanops) (Boehlert and Yoklavich, 1984), in the 
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Korean rockfish (S. schlegeli) (Boehlert et. al, 1986) and in the copper 

rockfish (S. caurinus) (Dygert and Gunderson, 1991).  Accurate classification 

of the maternal-embryonic relationship in rockfish species is difficult due to 

the number of variables potentially affecting energetics analyses. The 

potential, as noted in the above studies, exists for additional energy 

contributions from either residual pre-fertilized eggs and or from the energy 

released from atretic embryos as they decay within the lumen of the ovary 

(Boehlert and Yoklavich, 1984; Boehlert et. al., 1986; Eldridge et. al., 2002).   

While oophagy and or adelphophagy (defined as the feeding by embryos 

upon ova or other embryos respectively) has been known to occur in some 

species of teleosts, it is primarily a strategy observed in more evolutionarily 

advanced matrotrophic systems (e.g. many shark species) (Wourms et. al., 

1988).   

 

1.8 Goal of Present Work 

The physiological adaptations associated with the evolution of 

viviparity although numerous can generally be relegated to 5 categories: 

trophic, osmoregulatory, endocrinological, respiratory and immunological 

(Wourms, 1991).   The focus of this dissertation is centered on examinations 

of the trophic and osmoregulatory adaptations using the rockfish as the model 

species.  This project characterizes the component phases of the life cycle of 

rockfish under culture conditions to determine the extent to which 
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reproductive events and growth related to broodstock management can be 

manipulated in the development of strategies for the culture of selected 

rockfish species.   

The viviparous reproductive strategy of the rockfish presents unique 

challenges for broodstock management.  Spawning is the culmination of a 

prolonged phase of synchronized oocyte maturation, internal fertilization from 

stored sperm, embryonic development within the ovary and the abrupt 

release of larvae in an advanced stage of organogenesis.  These 

reproductive events were characterized and the conditions that optimize 

progression through the component stages of pregnancy and parturition were 

evaluated through longitudinal and cross-sectional sampling of adult fish at 

various stages of the cycle.   

A series of in vitro incubation experiments was designed in order to 

characterize the ontogeny of osmoregulatory development, to determine the 

optimal conditions for development and growth of embryos and larvae, as well 

as to further elucidate the level of dependency of the embryos on the 

maternal environment throughout various stages of pregnancy.  The findings 

can be applied to the existing knowledge of the endocrine control of 

osmoregulation and more specifically on the existing body of data on the 

endocrine control of pregnancy in the rockfish.  Additionally, the protocols 

developed will facilitate further examinations of the hormonal controls of 
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osmoregulation and the responses of embryos to various changes in 

environmental conditions.  

Lastly, post-spawn larval and juvenile growth patterns were analyzed.  

This allowed for the complete characterization of the various components of 

development from oocyte and embryonic development, through sensitive 

larval stages to sexual maturity.   This information will serve as a foundation 

on which to increase the capacity for understanding the effects various 

changes in the environment have on different stages of the life cycle of 

nearshore rockfish, specifically effects on various aspects of reproduction, 

development and growth. 
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2.1 Introduction 

Many of the existing studies on the reproductive physiology of rockfish 

(Sebastes spp.) include, in some form, reference to the morphological 

changes of oocytes and embryos throughout the reproductive cycle.  

Histological observations have been used to characterize seasonality of 

cycles as well as to facilitate the understanding of the hormonal regulation of 

vitellogenesis in oocytes (Mizue, 1959; Moser, 1967(a); Moser, 1967(b); 

Takemura et. al., 1987; Moore, 2000; Mori et. al., 2003; de Bruin et. al., 

2004).    

The extent to which the phases of the reproductive cycle can be 

normally expressed in culture and the conditions required to optimize their 

progression is essential for maximizing the culture potential of various 

species.  This study seeks to identify developmental events in order to 

determine and continuously monitor reproductive status over the course of 

the reproductive season.  The requirement for internal fertilization complicates 

broodstock management.  As is the case for many oviparous teleosts, the 

culture of S. schlegeli on the Western Pacific Rim depends on the collection 

and rearing of pregnant specimens (Kusakari, 1991).  The development of 

successful strategies for mating and fertilization in culture requires detailed 

information on oocyte maturation and the timing of maturational events in 

relation to successful fertilization and impregnation.  As a prelude to the 

development of mating strategies for culturing rockfish, or the development of 
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artificial insemination procedures the degree to which oocyte maturation 

proceeds in unmated cultured specimens must be established.  To this end, 

females introduced into culture at various stages of oocyte development were 

monitored throughout their cycle in order to determine the ovarian conditions 

that are associated with future pregnancies and optimal output of viable 

healthy larvae.   

Detailed descriptive analyses of the time-course and morphological 

changes occurring over the entire period of embryonic development are 

considerably scarcer than those examining oocyte development.  The first 

comprehensive characterization of embryonic development in rockfish was 

done by Yamada and Kusakari for the Korean rockfish S. schlegeli in 1991 

and is based on a scheme originally proposed by Oppenheimer (1937) for 

Fundulus heteroclitus.  While various components of embryonic and larval 

development were previously examined by Boehlert and Yoklavich (1984) 

and Boehlert et al. (1986), these studies were carried out in the context of an 

examination of the energetics of the process and were not centrally focused 

on the developmental processes as they occurred in fish in culture.  It was not 

until Yamada and Kusakari’s study that a complete staging scheme was 

established specific to a species in the laboratory.  Given the diversity of 

habitats in which the myriad of species can be found, it is difficult to assign a 

single developmental timing scheme.  While the sequence of developmental 

events is certain, the timing of these events varies dramatically between 
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species and these variations are clearly evidenced by the few studies that 

have been done.  The length of gestation for S. schlegeli is 48 days at 9.8ºC 

(Yamada and Kusakari, 1991).  A study done on another Western Pacific rim 

species, S. oblongus, reports the average length of gestation to be 39 days at 

temperatures ranging between 9-13 ºC.  The length of gestation for an 

Eastern Pacific rim species, the yellowtail rockfish (S. flavidus), when 

maintained in culture at 12 ºC was reported as 29.2 ± 5 days (Eldridge et. al., 

2002).   

 A comprehensive understanding of the role of the yolk in any species is 

essential given the critical role it plays as the source of endogenous nutrition 

during embryonic development.  In the case of oviparous species the yolk is 

the sole source of energy and thus the rate of development, growth and 

survival are all dependent on the amount endowed and the efficiency with 

which it is consumed.  There are selective advantages to those species, or 

individuals within a species, that are less dependent on the need for 

exogenous energy supply (and thus more resistant against starvation), those 

that begin life as a larger size (and thus have increased capacity to consume 

larger foods), and those that are more capable of surviving in physiologically 

challenging environmental conditions.   

 It is particularly important to understand the normal patterns of yolk 

consumption and the environmental conditions that optimize efficiency of 

energy utilization.  From an ecological point of view this would facilitate a 
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better understanding of how even small changes in the environment could 

translate to dramatic effects on embryo and larval survival and growth.  The 

need for this understanding is particularly important for those fish species that 

are potential candidates for mariculture so that optimal conditions can be 

identified to ensure maximum survival and accelerated growth.   

 Yolk is primarily comprised of yolk granules (or platelets) and oil 

globule(s).  The yolk granules have a semi-permeable outer sheath with 

mucopolysaccharides and a protein core (Ohno et al., 1964).  The core is 

made up of proteins arranged in a crystalline lattice (Lange et al., 1982) that 

may or may not remain intact as ova mature (Balinsky, 1970).  It is the 

crystalline lattice that is clearly visible in atretic oocytes that have matured but 

failed to become fertilized.  The oil globules are primarily comprised of 

triglycerides.  Depending on the species, complete coalescence of the oil 

globules may or may not occur.  In rockfish coalescence is not always 

complete until just prior to or at the beginning of cleavage.   

 In teleosts cleavage is meroblastic.  This ensures the formation of an 

extra-embryonic yolk sac that goes on to form the yolk syncytium.  The 

syncytium is specialized tissue responsible for the absorption of yolk.  The 

yolk syncytium is surrounded by overlaying mesoderm and ectoderm which 

spreads to enclose the entire yolk.  Endoderm does not cover the yolk and 

therefore gut tissue development remains separate from the yolk syncytium.  

Extensive vitelline circulation develops within the walls of the yolk sac and 
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thus embryonic blood can be in direct contact with the syncytium.  This yolk-

blood exchange is further facilitated by the incomplete endothelial wall of 

many vitelline capillaries (Shimizu and Yamada, 1980).   

 Absorption of yolk is primarily achieved through endocytosis by the 

syncytium, intra-synctial digestion and synthesis with metabolites released 

into the vitelline circulation.  When yolk reserves are exhausted the syncytium 

is reabsorbed (Yamada, 1959).  Two components of the yolk syncytium are 

involved in yolk absorption, the smooth endoplasmic reticulum (ER) and the 

rough ER and Golgi apparatus combined.  The smooth endoplasmic reticulum 

contains large numbers of mitochondria combined with a high density of 

glycogen granules.  It is the smooth ER that is primarily responsible for 

carbohydrate and or lipid metabolism throughout the syncytium.  The rough 

endoplasmic reticulum combined with Golgi complexes often stretch across 

the entire syncytium and serve to synthesize and transport protein 

complexes.  It is thought that the Golgi apparatus supplies the necessary acid 

hydrolases necessary for the degradation of yolk granules (Hamlett et al., 

1987; Heming and Buddington, 1988).  In addition to the combined role the 

rough ER and Golgi play in the degradation of yolk it has been found that yolk 

itself contains certain enzymes that facilitate breakdown (Hamor and Garside, 

1973).  There are two types of yolk granules that have different enzymes with 

this function.  The embryonic yolk granule contains enzymes that allows for 

nutrients to be released prior to the establishment of the yolk syncytium.  The 
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second granule type lacks these enzyme complexes and can only be 

digested by the syncytial enzymes.  It should be noted that the classification 

of these two types as embryonic versus non-embryonic must be used with 

caution when describing the process of yolk utilization in viviparous fish 

species given the variation in the timing of hatching as related to parturition.   

Morphological differences in development and differences in 

reproductive strategies lead to variations in the mechanisms for yolk 

absorption.  While one school of thought has categorically stated that the 

extra-embryonic sac is the sole site of yolk absorption in teleosts (Heming 

and Buddington, 1988), and this may very well be the case, there are 

examples such as the Chondrichthyean fishes, where only a small portion of 

the yolk mass is contained within the yolk sac.  A large portion breaks down 

into fluid that can be absorbed through the gills and later ingested through the 

mouth.  In species (many sharks) that on some level exhibit oophagy 

(consumption of ova) similar mechanisms facilitate nutritional uptake not only 

of yolk but of other ova and embryos (adelphophagy or embryophagy) within 

the same uteri (Wourms et. al., 1988).  In the case of the rockfish the potential 

for oophagy and adelphophagy has been suggested but its relative 

occurrence cannot be proven until further experiments on maternal 

contribution are completed. 

 Yolk absorption can be generally divided into 3 distinct phases for most 

fish species.  The pre-hatch phase is characterized by a slow but steadily 
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increasing rate of absorption during which time yolk granules and oil globules 

are consumed at a fairly equal rate (Nakagawa and Tsuchiya, 1972).  Shortly 

before or at hatching, the rate increases dramatically to a new constant rate 

of utilization.  From a morphological standpoint it is at this point that there is a 

marked increase in the absorptive area of the yolk sac as well as an 

increased capacity for metabolic activity of the yolk syncytium.  During this 

second phase yolk granules are consumed at a higher rate than oil globules 

(May, 1974; Eldridge et. al., 1982; Li and Mathias, 1982; Quantz, 1985; 

Heming and Buddington, 1988).  The final or terminal phase is a period when 

the bulk of the yolk granules have been previously consumed and the 

remainder of the oil globule is utilized.  The rate of absorption during the 

terminal phase tends to be slower possibly as a function of a smaller yolk sac 

as well as a function of the changing composition of the remaining lipid 

material.  

The objectives of the following studies were to elucidate the precise 

timing of developmental events throughout the reproductive cycle using both 

histological analysis and digital images.  The development of a 

comprehensive library of images of oocytes and embryos at various stages 

coupled with a characterization of yolk utilization and embryonic growth 

patterns is essential in order to be able to assess reproductive condition of 

fish either in the wild or in culture.  Additionally, the data provides the 
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foundation on which detailed examinations of the effects of environmental 

changes on reproductive processes can be better understood.   

 

2.2 Materials and Methods 

2.2.1 Fish collection and housing 

Adult rockfish were caught by commercial fishers and University of 

California collectors in various coastal waters of Southern and Central 

California.  All protocols were approved by the Institutional Animal Care and 

Use Committee of the University of California at Santa Barbara. 

Fish were housed in either 1000-2000 liter fiberglass tanks in a 

covered outdoor facility under natural photoperiod or in an indoor spawning 

tank (1000 liters).  Seawater was drawn from intakes located in the Santa 

Barbara Channel, 2,500 ft offshore, and at a depth of 51ft. The seawater was 

filtered to remove particulates down to 20 µm in size and continuously 

supplied to the tanks at a rate of 500 l/hr.  Seawater quality was monitored 

with an Aquanode XL500 with probes to measure dissolved oxygen, 

temperature, conductivity and pH (Aquadyne Computer Corp. San Diego, 

CA).  The dedicated spawning tank was housed indoors and seawater was 

further filtered through a series of 10 and 5 µm filters and sterilized with ultra-

violet light.  An artificial photoperiod and temperature set to mirror ambient 

conditions throughout the year.   
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 A maximum of 6 fish were housed in each tank.  Air supply was 

provided via coarse airstones with a maximum flow rate of 22 liters/minute.  

PVC pipe and cinder block were provided for habitat structure.  The dietary 

regimen consisted of a variety of food including anchovies, sardines, squid, 

mackerel and prawns.  Fresh food was stored at -18ºC until use and was 

defrosted in a refrigerator at 4ºC.  All fish were individually fed and 

consumption was recorded.  Food was stored and handled in accordance 

with USDA guidelines.    

The primary species examined for both the longitudinal and cross-

sectional studies was the grass rockfish S.  rastrelliger.  Other nearshore 

species examined were the brown rockfish (S. auriculatus) and the gopher 

rockfish (S. carnatus).   

 

2.2.2  Longitudinal Study Group 

In total 79 female grass rockfish, 10 female brown rockfish, and 6 

female gopher rockfish were received in various stages of reproductive 

condition and were monitored in captivity for periods of 1 to 11 months.  Any 

fish no longer utilized for longitudinal study were either released or assigned 

to the cross-sectional study group (see below).  Reproductive condition was 

determined by ovarian aspiration within one week of arrival.   Fish were 

anesthetized by immersion in tricaine methanesulfonate (MS-222; Argent 

Chemical Laboratories, Redmond, WA, 150mg/L of seawater).  Small 
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samples of ovarian tissue were aspirated by inserting a length of medical 

grade silicon tubing (Dow Corning, Midland, MI, 2 mm outside diameter) 

through the genital pore and applying gentle suction with a 3 cc syringe.  

Digital images of fresh ovarian samples were acquired with a Zeiss Universal 

reflected light microscope and a Pixera 120es digital camera system (Pixera 

Corp., Los Gatos, CA).    

 

2.2.3 Cross-sectional study group 

161 adult female grass rockfish (ranging in size from 349 to 2437 

grams in weight and 27 to 50.0cm in total length) and 90 adult male grass 

rockfish (ranging in size from 169 to 1589 grams and 21.5 to 44.5 cm in total 

length) were collected during all 12 months of the year.  Fish were 

anesthetized by immersion in MS-222.  Fish were weighed and measured.  

The spinal cord was cut to ensure mortality prior to dissection.  The ovaries 

and testes were dissected.  Small pieces of tissue were fixed in a buffered 

2.5% glutaraldehyde (EM grade) and 2.0% paraformaldahyde fixative (0.2 M 

Phosphate buffer, pH 7.2-7.4).  Samples were dehydrated through a series of 

graded alcohol solutions (70% - 95%), followed by 50/50 monomer and 

absolute alcohol rinse.  Tissues were embedded in glycol methacrylate (JB-4 

Plus, Polysciences Inc., Warrington, PA),  and then sectioned at 1-5 µm 

thickness using glass knives and stained for histological analysis with 

methylene blue-azure II with a basic fuchsin counter-stain (Humphrey and 
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Pittman, 1974).  A 1% methylene blue solution was used for vital staining of 

fresh ovarian samples obtained by aspiration from the genital pore.    

 

2.2.4 Growth analysis 

Equations with mathematical properties applicable to the measurement 

of the growth of organisms were tested including, the monomolecular 

equation developed by von Bertalanffy, the logistic equation and the 

Gompertz equation (Laird, 1965, review).  The model that most accurately 

represents the pattern of growth over the periods of this study were 

determined using the Marquardt-Levenberg algorithm as programmed in the 

curve-fitting software SigmaPlot 2001 (SPSS, Chicago, IL.).  The best fitting 

model was selected using the correlation coefficient (R), the coefficient of 

determination (R2) and the adjusted R2.   An ANOVA of the residual sum of 

squares due to regression allowed for further assessment of the applicability 

of various growth models to the data sets.    

 

2.3  Results: 

2.3.1  Reproductive development in culture 

10 grass rockfish that exhibited no signs of pregnancy when collected 

from the field during November, December and January became pregnant 

while in captivity.  At capture, these fish contained oocytes in either early (7 

fish) or late (3 fish) stage V of development ranging in size from 570-940 μM 
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(mean, 697 μM; Fig. 2.1A).  These oocytes progressed through stage VI of 

development prior to fertilization (Figs. 2.1B and 2.1C) and the establishment 

of pregnancy (Fig. 2.1E). The time between the introduction of non-pregnant 

rockfish into culture and the first detection of pregnancy ranged from 14-55 

days with normal spawning episodes occurring between late December and 

late March.       

18 grass rockfish obtained in various stages of pregnancy successfully 

spawned in our facility.  Two grass rockfish that were obtained in an advanced 

stage of pregnancy in March spawned in our facility during the same month 

(March 16 and 23).  The examination of sequential biopsies for a 12-month 

period following spawning revealed normal seasonal ovarian recrudescence 

as characterized by the complete progression of vitellogenesis and oocyte 

development.  Oocytes biopsied on November 11 had developed to a stage V 

condition while a subsequent sample taken on January 9 contained oocytes at 

stage VI.  During sampling on February 3 both fish were observed extruding 

large quantities of tissue through the genital pore.  Microscopic examination 

showed this extrusion to contain numerous atretic oocytes comprised of a 

chorion enclosing an amorphous cellular mass with crystalline inclusions (Fig. 

2.1D).  Continuous extrusion followed with one fish losing 70 grams in body 

weight in 4 days leaving the abdomen flaccid with conspicuous stretch marks.  

Massive atresia of the oocyte population was considered to be the 

consequence of the lack of fertilization in the absence of male fish.  
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In the two developmental situations described above, stage V oocytes 

were characterized by a centrally located acidophilic nucleus with several 

basophilic nucleoli visible on the periphery of the nuclear membrane.  

Numerous oil droplets surrounded the nucleus and had not yet coalesced.  

Vitellogenesis had begun as indicated by an outer layer of dark-staining 

basophilic yolk globules occupying approximately one half of the cytoplasmic 

volume.  The follicular cells encapsulating the oocyte consisted of a single 

layer of granulosa cells surrounded by a single layer of theca cells.  An 

extensive network of capillaries surrounded the follicle (Fig. 2.1A).  Stage VI 

oocytes contained a migrating nucleus surrounded by an irregularly shaped 

nuclear membrane with several nucleoli still visible.  Almost all of the 

cytoplasmic volume was comprised of yolk globules and the oil droplets had 

not yet completely coalesced (Fig. 2.1B).  These features were sufficiently 

discernible in vitally stained specimens to allow rapid evaluation of oocyte 

development in aspirated samples (Fig. 2.1C).  

 

2.3.2 Oocyte and embryonic development and timing 

An essential component of this study on intra-ovarian development 

was to establish the stages of significant developmental events as they are 

related to the timing of the pregnancy in the grass rockfish.  Characterization 

of oocyte development throughout the reproductive cycle was performed 

using both digital and histological samples.  All events up to parturition were 
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considered part of embryogenesis rather than larval development and 

representative stages noted from the longitudinal sampling in order to 

establish accurate parameters with corresponding images for reference.  The 

average total length of gestation was 27 days and all stages up to parturition 

were considered embryogenesis.   

The 7 stage oocyte scoring scheme developed by Bowers for the 

yellowtail rockfish (S.  flavidus) (1992) was applied to describe oocyte 

development for the grass rockfish examined in the present study.  Stage I 

oocytes were found to be concentrated in oogonial nests surrounded by 

dense well vascularized ovigerous tissue within the germinal epithelium (Fig. 

2.2).  Stage II oocytes had begun to progress away from the nests although 

no oil vacuoles were visible (Fig. 2.2).  Stage III oocytes had moved further 

from the nests and begun to migrate around forming ovarian lamellae.  At this 

stage several oil vacuoles were visible around the periphery of the dark 

staining nucleus.  Several nucleoli became visible within the larger nucleus by 

stage III (Fig. 2.2).  Follicular development was marked by the formation of a 

layer of granulosa cells outside of the vitelline membrane that was 

surrounded by a layer of theca cells.  The development of the follicle and the 

appearance of yolk granules forming a layer outside of the oil vacuoles were 

the criteria for stage IV categorization (Fig. 2.1A).  According to the 

convention of Bowers (1992), oocytes were considered stage V when 

approximately ½ the volume of the oocyte was occupied by yolk granules.  

 63



Stage V oocytes ranged in size from 570-940 μM (mean, 697 μM) and were 

arranged around an ovarian lamellae with many oocytes still clearly linked to 

a well developed capillary system (Fig. 2.4).  Oocytes in a stage VI condition 

had a migratory nucleus and the oil vacuoles had begun to coalesce (Fig. 

2.1C and D).   Stage VII was considered ovulation/fertilization.   

 

2.3.3 Embryonic development 

Clear or translucent yolk and primary oil globule coalescence is 

considered to be indicative of fertilization having occurred (Bowers, 1992) and 

the sample aspirated from a fish with this appearance was classified as Stage 

1 of embryonic development (Fig. 2.5) (based on the scheme of Yamada and 

Kusakari, 1991).  Stages 2 and 3 (27 days pre-spawn) were observed in the 

same sample with the formation of the germinal disc, first cleavage, growth of 

the perivitelline space and the centering of the primary oil globule all visible.  

It was noted that in the grass rockfish complete oil globule coalescence did 

not always occur (Fig. 2.6).  The early stages (through the morula, blastula 

and gastrula) progress rapidly over only a few days.  Development had 

reached stage 15 by 24 days pre-spawn marked by the formation of the 

embryonic shield and the beginnings of the embryonic body (Fig. 2.7A, digital 

image; Fig. 2.7B, histological section).   Stage 18 (23 days pre-spawn) is the 

time at which the initial 10 somites become visible as well as the optic 

vesicles (Fig. 2.8).  The lens and auditory placodes are formed by stage 22 
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(21 days pre-spawn) (Fig. 2.9) and the initial appearance of the otoliths is the 

next noted event (stage 24, 19 days pre-spawn)(Fig. 2.10).  The otoliths are 

clearly visible seated in the auditory placodes behind the brain and clearly 

developed eye with lens (Fig. 2.11).  One of the most readily visible markers 

occurs 17 days pre-spawn at stage 25 of development and that is the 

pigmentation of the retina (Fig. 2.12).  Blood circulation can be observed at 

stage 27 (16 days pre-spawn) and this is most readily visible if embryos are 

removed from the chorion for examination (Fig. 2.13).  Over the next few 

days, between stages 27-28, a number of dramatic developmental events 

take place.  By stage 28 (12 days pre-spawn) the mouth and anus are open 

and the heart is clearly formed (Fig. 2.14A).  The opening of the mouth and 

active circulation is particularly significant from an osmoregulatory standpoint 

(discussed in more detail in chapter 3).  Figure 2.14B shows further the 

progression of organogenesis that has occurred with increasing pigmentation 

of the peritoneal wall visible 9 days pre-spawn.  The urinary tract and further 

development of the integument were observed at stage 30 (Fig. 2.15, 7 days 

pre-spawn; Fig. 2.16, 6 days pre-spawn).  By stage 31 (5 days pre-spawn) a 

full complement of somites had formed, teeth were visible and yolk had been 

significantly reduced.  Stage 32 (2 days pre-spawn) is most notable for the 

significant pigmentation of the body usually observed along with active 

peristalsis of the gut and very little of the original yolk and oil globule 

remaining (Fig. 2.18).  Stage 32 is the point at which hatching is thought to 
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occur followed shortly by parturition (Stage 33, Fig. 2.19).   The 

representative developmental events, in combination with information on yolk 

utilization and measurements of total length are essential for assessing 

normal progression in culture as well as determining the impacts of any 

changes in environmental conditions on rockfish embryos throughout 

gestation (Table 2.1).   

 

2.3.4 Yolk utilization 

 Overall, yolk was utilized in a tri-phasic pattern as determined by the 

perimeter of the yolk mass.  (Yolk perimeter was used as a relative index for 

and proved to be the most an efficient mechanism for quantifying the 

utilization.)  Over the course of gestation yolk was utilized in a bi-phasic 

pattern (Fig. 2.20).  The first phase of embryonic yolk utilization was 

characterized by minimal decline in yolk perimeter with an average of 70% 

remaining 7 days pre-spawn.  During the last week of gestation within the 

ovary the yolk utilization accelerated significantly with 54% remaining 6 days 

pre-spawn, 40.36% remaining 5 days pre-spawn, and only 34.30% remaining 

2 days pre-spawn.  The remaining yolk declined from 34.30% to 9.48% of the 

original perimeter at spawn, a value that remains constant over the course of 

the first five days of larval development and is considered to be the period 

when the remainder of the oil globule and the residual yolk is being 

reabsorbed in the final phase of utilization.  The residual yolk mass will be 
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reabsorbed into the surrounding tissue and was not considered to contribute 

significantly to endogenous energy reserves after this point.    

 

2.3.5 Embryonic growth 

Growth of aspirated nearshore rockfish embryos over the course of 

gestation was most accurately described by the Gompertz curve.  The 

formula for the 4-parameter Gompertz curve used in this analysis is: 

F = y0+a*exp(-exp(-(x-x0)/b)) where, x = days in culture; a, b, x0 and y0 are 

independent parameters.   

For the grass rockfish, embryonic growth (Fig. 2.21) is best 

represented by the Gompertz equation: 

Standard length = -0.9093+7.2079*exp(-exp(-(x-(-22.7517))/b)); R2 = 0.971. 

For the brown rockfish, embryonic growth (Fig. 2.22) is best represented by 

the Gompertz equation: 

Standard length = -42.0887+50.3461*exp(-exp(-(x-(-50.7544))/14.8908));  

R = 0.980 

 

2.3.6 Atresia 

 There are stages during the unique rockfish reproductive cycle when 

there are reductions in potential fecundity and some of these stages may be 

sensitive to environmental perturbations.  Marked atresia was observed in 

relation to oocyte recruitment and vitellogenesis (Fig. 2.24A), at fertilization 

 67



(Fig. 2.1D), embryonic attrition during pregnancy (Figs. 2.24B-F) and losses 

during the parturition event.    

 

2.4 Discussion 

The establishment of a complete characterization of development from 

oocyte through embryonic stages to parturition for the nearshore grass 

rockfish is a significant step in developing a comprehensive understanding of 

reproductive performance that are of direct relevance to the development of 

culture for commercial or remedial purposes.  The observations establish that 

the examined species can be maintained for prolonged periods in culture and, 

under appropriate environmental conditions, display characteristic patterns of 

reproductive activity and somatic growth.  Under ambient conditions of 

photoperiod and water temperature, component phases of reproductive 

development critical to brood stock management proceeded with a seasonal 

cyclicity corresponding to that observed in nearshore denizens with oocyte 

recruitment, vitellogenesis, fertilization, pregnancy and spawning occurring in 

culture during the Winter and Spring (Love and Johnson, 1998; Moore et al., 

2000; Collins et al., 2001). 

Fish introduced into culture in an advanced stage of oocyte 

development later established normal pregnancies while isolated from males 

(Fig. 2.1E).  This observation is consistent with the view that prolonged sperm 

storage and delayed fertilization occur in the genus (Mori et al., 2003). For 
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aquaculture operations where successful mating in culture has not been 

achieved, this observation establishes that potential spawners are not 

confined to captured pregnant fish but can include specimens in late 

vitellogenesis.  The latter condition can be readily determined by reference to 

histological preparations (Figs. 2.1A and B) or vitally stained aspirated 

ovarian samples (Fig. 2.1C).   

Previous studies have characterized the hormonal control of 

pregnancy in order to better understand the endocrine control of reproduction 

in viviparous teleosts (Moore et al., 2000; Collins et al., 2001).  Despite the 

establishment of hormone profiles in relation to gestation there remains a 

paucity of information on oocyte and embryonic development.   

 The timing of hatching from the chorion appears to vary considerably 

amongst rockfish species.  Studies on S. flavidus indicate hatching occurs as 

up to 6.2 days prior to parturition (Eldridge et. al., 2002) whereas it may occur 

just prior to or at the moment of parturition for S. schlegeli (Yamada and 

Kusakari, 1991).  Given the aspiration techniques used to remove embryos 

from the ovary it is difficult to ascertain definitively the timing of hatching as 

the process itself could likely be a cause for the rupture of the delicate 

chorionic envelope.  Sebastes rastrelliger were sampled with the chorion still 

intact 5 days pre-spawn.  In samples taken 2 days pre-spawn no embryos 

were enclosed in the chorion.   
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Yolk utilization patterns of yellowtail rockfish previously examined by 

gravimetric analysis found that the most rapid declines of yolk and oil globule 

dry mass did not occur until the last week prior to parturition, a decline from 

40% remaining at 6 days pre-spawn to 14% at birth (Eldridge et al., 2002).  In 

yellowtail rockfish the most rapid increases in larval tissue occur over the last 

2 weeks of development prior to spawn.  This data corresponds to a general 

bi-phasic pattern of yolk utilization although there appears to be a slower 

utilization of energy reserves during the early periods of development 

followed by an earlier onset of significant decline.  In the grass rockfish 70% 

of the yolk remains 7 days pre-spawn, 54% of yolk remains at 6 days pre-

spawn down to 9.48% at parturition (Table 2.1, Fig. 2.20).  The timing of the 

onset of major yolk utilization could be a factor of a slightly shorter gestation 

of only 27 days on average for the grass rockfish as compared to a range of 

27-33 days gestation length for the yellowtail rockfish (Eldridge et al., 2002).  

The overall energy content of the gonad in the copper rockfish (S. caurinus) 

was reported as declining in a quadratic pattern over the course of gestation 

(Dygert and Gunderson, 1991).  It may be that with further analysis the data 

might indicate more of a biphasic pattern with a significant decline in gonadal 

energy content over the course of the final 10 days as would correspond with 

their observed significant increase in respiration rates over that same period 

(Dygert and Gunderson, 1991).  The yolk utilization data generated from the 

longitudinal studies on grass rockfish in this study add to the mounting 
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evidence of a period of increased embryonic energy use that corresponds 

with a suite of developmental events in preparation for parturition.  

Yolk reserves in oviparous species are depleted within a few days of 

hatching and the transition between endogenous to exogenous food occurs 

when the larvae is at an earlier stage of organogenesis than the rockfish.  The 

yellowtail rockfish has only 14% of the yolk and only 8% the oil globule (as 

determined by dry mass) remaining at parturition.  Given these limited energy 

reserves at parturition S. flavidus larvae need an exogenous food supply 

within the first few days post-spawn which can play a critical role in 

recruitment success (Eldridge et al., 2002).  Only 9.48% of the original yolk 

remains in the grass rockfish larvae at parturition, and this is considered to be 

the final phase of utilization of residual yolk.  Although depleted endogenous 

energy reserves ensure the need for transfer to exogenous food sources 

relatively early, experiments on grass rockfish larvae indicate that larvae in 

100% seawater can survive up to 11 days without the introduction of an 

exogenous food supply (see chapter 3).  Experiments with grass rockfish 

larvae reared in a reduced salinity the length of survival has been shown to 

be significantly extended.  Limited energy reserves ensure that food 

availability can affect larval survival but other environmental conditions may 

play an important role as well.  To date examinations of ichthyoplankton 

sampling and larval mortality related to salinity have not been performed.  

While potentially significant, particularly in nearshore habitats subject to 
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extreme variations in environmental conditions, these observations are 

perhaps most aptly suited to benefit those seeking to culture rockfish species.  

The relationship between salinity and its effects on embryos and larvae is 

discussed in detailed experiments outlined in chapter 3. 

Characterization of standard length over the course of embryonic 

development has not previously been established as it corresponds to the 

gestational period for many rockfish species.  Growth of embryos sampled 

from both grass and brown rockfish used as part of the longitudinal study was 

best described with the sigmoidal Gompertz curve (Figs. 2.21 and 2.22).  The 

applicability of this particular curve to growth is discussed in more detail in 

chapter 4 of this study.  The establishment of a mathematical formula that 

accurately describes the relationship between days pre-spawn and the length 

of the embryo provides further methodology for accurately predicting the time 

to parturition.  The established developmental parameters combined with the 

known patterns of embryonic growth over the course of gestation can be used 

to elucidate the effects changes in the environment have on the reproductive 

processes.   

Considerable degeneration has been reported during embryonic 

development in several species of rockfish and this is reflected in decreasing 

fecundity estimates during the course of gestation (Boehlert et al., 1986; 

Kusakari, 1991).  Poor larval survival, which can be attributed to premature 

parturition, has been reported in S. dalli (Moser and Butler, 1981).  Our 
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experiences with grass rockfish have confirmed that premature parturition 

results in a dramatic decrease in larval survival.  There have been few studies 

designed to quantify changes in potential reproductive output throughout the 

reproductive cycle in rockfish.  There is definitive evidence that there is the 

potential for focal atresia over the course of the gestational period with some 

oocytes and embryos affected while others develop normally in close 

proximity (Figs. 2.24A-F).  From a culture standpoint it might be possible that 

some of these stages could be manipulated to increase production potential.  

Additionally environmental perturbations which may affect reproductive output 

in rockfish include, but are not limited to, water temperature, salinity, maternal 

food availability and environmental toxins (discussed in more detail in the 

chapter 5).  The next chapter of this study examines the effects of salinity and 

the potential to manipulate the osmotic conditions to minimize atretic losses of 

embryos during pregnancy and at parturition.   
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Figure 2.1  Legend on next page.
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Fig. 2.1. Light micrographs of oocytes and larva of grass rockfish (S. 
rastrelliger).  A, histological section of a stage V oocyte from a fish 
recently introduced into culture that subsequently became pre
gnant and spawned in the absence of a male. B, histological 
section of a stage VI oocyte showing progression of vitellogenesis and 
maturation (including nuclear migration) from the condition seen in
 a previous biopsy,(micrograph A). C, biopsied oocytes stained with 
vital dye (1% methylene blue) as a method to assess oocyte 
condition.  D, atretic oocytes from a fish which had passed through stages
 V and VI of oocyte development in culture.  Degeneration is considered 
to result from a failure of fertilization. E, developing embryo (7 days pre-
spawn) aspirated from a fish introduced into culture with stage 
V oocytes and kept in isolation from males.
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Figure 2.3.  Stage III and IV oocytes.  Initial yolk accumulation, follicular development begins
in early Stage IV.

Figure 2.2. Stage I and II oocytes in oogonial nests.  Stage III oocytes migrating away from 
nests.
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Figure 2.4.  Stage V oocytes (final yolk accumulation) attached to a 
single branch of lamellae with non-recruited stage I oocytes.  Capillary 
supply of maternal blood to developing oocytes remains visible.

Blood supply

V
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Figure 2.6.  Stage 2, 27 days pre-spawn.  First cleavage, germinal disc formation, 
centering of primary oil globule, growth of perivitelline space.

Figure 2.5.  Stage 1,  mature fertilized ovum.  Oil globule has coalesced and 
yolk is homogenous and clear.  
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Figure 2.7 Stage 15, 24 days pre-spawn.  Embryonic shield formation. (A, digital 
image of aspirated embryo.  B, histological section)
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Figure 2.9.  Stage 22, 21 days pre-spawn.  Formation of lens, auditory placodes 
visible.   

Figure 2.8.  Stage 18, 23 days pre-spawn.  Optic vesicles formed with 10 somites 
visible.  
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Figure 2.10.   Stage 24, 19 days pre-spawn.  Appearance of otoliths, 25-27 
somites. 

Figure 2.11.   Stage 24, 19 days pre-spawn (high magnification).
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Figure 2.12.   Stage 25, 17 days pre-spawn.  Pigmentation of the retina. 

Figure 2.13.   Stage 27, 16 days pre-spawn.  Blood circulation, transparent lens.  
(Chorion broken during aspiration.)
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Figure 2.14.   A. Stage 28, 12 days pre-spawn.  Mouth and anus open.  B.  Stage 29,  9 days pre-spawn.  Pigmentation 
of the peritoneum.   (Chorion broken during aspiration.)
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Figure 2.15.  Stage 30, 7 days pre-spawn.  Fully formed urinary tract. (Chorion 
broken during aspiration.)

Figure 2.16. Stage 30, 6 days pre-spawn.  (Chorion broken during aspiration.)
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Figure 2.17.  Stage 31, 5 days pre-spawn.  Full somite formation, teeth visible, reduction of yolk, advanced organogenesis.  
(Chorion broken during aspiration.)
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Figure 2.18.   Stage 32, 2 days pre-spawn.  Pre-hatching, peristalsis observed in gut, significant yolk and oil globule depletion, 
pigmentation of body.  

 

86



Figure 2.19.  Stage 33, parturition.
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5.195.1930, fully formed urinary tract30, fully formed urinary tract--77

n/an/a2 2 –– 3, germ disc 3, germ disc –– early cleavageearly cleavage--27 27 

4.454.4528, mouth and anus open28, mouth and anus open--1212

3.513.51--1515

1.411.4115, embryonic shield15, embryonic shield--2424

1.881.8822, lens, auditory 22, lens, auditory placodesplacodes--2121

3.493.4925, pigmentation of the retina25, pigmentation of the retina--1717

5.675.6733, parturition33, parturition00

5.975.9731, pre31, pre--hatching, peristalsishatching, peristalsis--22

4.974.9729, pigmentation of 29, pigmentation of peritoniumperitonium--99

3.513.5127, transparent lens, blood circ.27, transparent lens, blood circ.--1616

Mean N.L. (mm)Mean N.L. (mm)Stage, descriptionStage, descriptionDayDay

Table 2.1.  Developmental parameters of grass rockfish embryos.  Length was represented by notochord length (N.L.) and the yolk was 
quantified by the yolk perimeter.  Yolk perimeter was found to be an accurate method for determining relative amounts of yolk at different
developmental stages.  Yolk was not expressed in volume due to the irregular shape of the surface of the yolk sac.   
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Figure 2.20.  Grass rockfish embryonic yolk utilization compiled from longitudinal 
series.
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Figure 2.21.  Grass rockfish embryonic growth compiled from longitudinal 
series.
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Figure 2.22.  Brown rockfish embryonic growth compiled from longitudinal series.
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Figure 2.23.  Images of atresia observed at different stages of oocyte and embryonic 
development.
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CHAPTER 3 

Osmoregulation and Incubation Experiments 
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3.1 Introduction 

The ability of larvae to adapt to a seawater environment that is hyper-

osmotic to the ovarian fluids in which they develop is essential for a 

successful spawn resulting in large numbers of viable larvae.  Retention of 

developing embryos in the ovary until an optimal stage of morphological and 

physiological development is reached is a primary determinant of larval 

survival in rockfish.  Experiments in which rockfish have spawned in culture 

have confirmed that premature parturition results in a dramatic decrease in 

larval survival immediately after birth (Moser and Butler, 1981).  Pragmatically 

manipulations of salinity in culture situations can dramatically affect larval 

growth and survival.  For example, culture at hypo-osmotic salinities has been 

shown to confer significant growth advantage in several species of marine 

teleosts (Woo and Kelly, 1995).  This effect may be attributable to a reduction 

in the metabolic cost of osmoregulation at lower salinities resulting in protein 

sparing and the diversion of nutritional elements towards carbohydrate and 

lipid utilization (Woo and Kelly, 1995).  The ability to maintain osmotic balance 

in a marine environment depends on the development of ion transport 

mechanisms in various tissues, an example of this are the chloride cells in the 

gills and their Na+/ K+-ATPase ion exchange mechanisms (van der Heijden et 

al., 1999).  The present work: 1) establishes the necessary protocols for 

effective long-term incubation studies of rockfish embryos and larvae in its 

role as a model viviparous teleost; 2) evaluates the onset of osmotic 
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competence in grass rockfish by examining the growth and survival of 

embryos and larvae at various stages of development when exposed to 

different osmotic environments; 3) further elucidates the degree to which the 

maternal environment contributes to and regulates the development and 

growth of embryos at various stages of the gestational period.  To best 

understand the advantages a viviparous reproductive strategy confers in 

terms of adaptive capabilities to varying environmental conditions, parallel 

larval salinity experiments on the oviparous (egg laying) white seabass 

(Atractoscion nobilis) were performed. 

 

3.2 Materials and Methods 

3.2.1 Fish collection and sampling 

Adult grass rockfish were collected and housed in our outdoor 

seawater spawning facilities as previously described.  The reproductive 

condition of collected specimens was assessed and monitored and fish that 

were identified as appropriate for oocyte and embryo incubation experiments 

were individually isolated in separate 2000 liter tanks. Fish were anesthetized 

by immersion MS-222 and small samples of ovarian tissue were aspirated by 

inserting a length of medical grade silicon tubing through the genital pore by 

applying gentle suction with a 3 cc syringe.  Digital images of fresh ovarian 

samples as well as oocytes and embryos during the experiments were 
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acquired with a Pixera 120es digital camera system (Pixera Corp., Los Gatos, 

CA, USA) attached to a Zeiss transmitted light microscope. 

 

3.2.2 Incubation Preparations 

The incubation apparatus consisted of a Dubnoff Metabolic Shaking 

Incubator (Precision Scientific/GCA, Chicago, Illinois, USA) placed inside a 

Beckman Mobile Refrigeration Unit – Model 133A (Beckman Coulter, Inc., 

Fullerton, CA, USA).  The water bath of the incubator was filled with nanopure 

water and the temperature of the water maintained at that of ambient 

seawater (15.0° C during experimental period).  All incubation experiments 

were done using sterilization protocols that required all surfaces to be washed 

with 70% ethanol and all glassware to be stored at 115°C prior to use.  All 

other precautions were taken to minimize contamination throughout the 

experiment.   

The incubation solution used was Hanks Balanced Salt Solution 

(HBSS) that has been determined to be isotonic with the maternal ovarian 

fluid (Moore, 2000).  The osmolality of the ovarian fluid of the rockfish is 340 

mOsM/kg (Boehlert et al.,1986).  The composition of the Hanks Balanced Salt  
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Solution (HBSS) used in this study was: 

 
NaCl = 8 g/L 
CaCl = 0.19 g/L 
KCl = 0.20 g/L 
Na2HPO4 = 0.035 g/L 
NaHCO3 = 0.35 g/L 
KH2PO4 (monobasic) = 0.06 g/L 
MgCl2 * 6 H2O = 0.10 g/L 
MgSO4 * 7 H2O = 0.10 g/L 

 

Stock HBSS was prepared in 1 liter batches and refrigerated stored at 4ºC.  

Dextrose was added immediately prior to use to a concentration of 0.01 g/ml.  

The pH of the HBSS was between 7.41-7.49 for all experiments.  Stock 

salinity solutions were prepared from seawater that was previously filtered 

through 5µm filter units and UV sterilized.  The solutions were comprised of 

100% seawater (SW) (865 mOsM/kg, 35 ppt), 75% SW (648.75 mOsM/kg, 

26.25 ppt), 50% SW (432.5 mOsM/kg, 17.5 ppt) and 25% SW (216mOsM/kg, 

8.75 ppt).  Nanopure water was used for all dilutions.  All stock solutions were 

further filtered through 0.22µm pre-sterilized vacuum-driven Millipore 

Stericups (Millipore Corporation, Billerica, MA, USA) and placed in the 

incubator for temperature acclimation.    

 

3.2.3 Oocyte Incubation Experiments: 

 An ovarian sample containing a mass of oocytes connected by 

gelatinous material was sampled from a female fish and placed immediately 

into a Petri dish containing HBSS.  A sub-sample of oocytes was separated 
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out for digital imaging and analysis and the remainder placed into a 25 ml 

Erlenmeyer flask containing 15 ml of HBSS that had been previously 

saturated with 95% O2/CO2 gas mixture.  The flask was sealed under gas to 

ensure maximum oxygen availability.  Oocytes were sampled at intervals for 

imaging and morphometric analysis and any atretic oocytes were removed.   

At the time of sampling up to 50% of the solution was replaced depending 

upon the amount of atresia and the appearance of the solution.  Control flasks 

containing only HBSS were sampled at various intervals in order to determine 

the extent to which the solution degraded and to monitor any changes in pH.  

It was determined that an optimal pH range was maintained for at least 3 

days without any replacement of solution.   

 

3.2.4  Incubation Experiments: 

Experiment #1. 14 – 7 days pre-spawn: 

 The same female fish used for the oocyte incubation experiment was 

monitored until it was determined that fertilization had occurred.  A biopsy 

was performed and approximately 125 embryos were removed and initially 

placed in HBSS.  Sub-samples were used for initial digital imaging and 

morphometric analysis as well as weight determination.  Based on 

established staging criteria (Chapter 2), it was determined that embryos were 

14 days pre-spawn.  Sub-samples of embryos were placed into Petri dishes 

containing HBSS, 100% SW, 75% SW, 50% SW and 25% SW respectively.  
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Twenty embryos were further checked for viability prior to transfer into 

Erlenmeyer flasks containing 15 ml of solution previously saturated with a 

95% O2/CO2 gas mixture.  The flask was sealed under gas to ensure 

maximum oxygen availability.   Mortality counts were performed daily and any 

atretic embryos were removed.  Additionally, each solution was gently 

bubbled with a 95% O2/CO2 gas mixture for 30 seconds and the air in the 

flask flushed for an addition 1 minute.  After 3 days all embryos were removed 

and placed into a Petri dish with the appropriate solution.  The embryos were 

then transferred into a new sterile flask containing new solution (previously 

gassed and incubated to ensure appropriate conditions).  Bubbling of the 

solutions was not done after this initial transfer in order to minimize stress and 

disturbance of the environment.  At the end of the experimental period of 1 

week all embryos were removed, digital images taken for morphometric 

analysis and the embryos weighed.   

 

Experiment #2. 7 days pre-spawn – parturition: 

 A biopsy was performed on the same donor mother 7 days prior to 

spawn and the incubation experiment outlined above was repeated with 20 

new embryos for each respective solution.  Mortality was assessed daily and 

at the end of 7 days, coinciding with the mother’s natural spawn, the 

experiment was terminated and samples taken for images, morphometrics 

and weights.   
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Experiment #3. Larval incubations (continuation experiment): 

Embryos derived from experiment #2 were maintained for a period of 

18 days after the day of the donor mother’s natural spawn.  This was 

considered to be a larval incubation experiment given that under natural 

circumstances these embryos would have hatched and been extruded from 

the mother into the external environment.  Identical procedures as used in the 

embryo incubation experiments were repeated.  Larval mortality was 

assessed daily over the experimental period.  

 

Larval Salinity Experiments 

Experiment #4. Grass rockfish larval incubations 

All post-spawn larval salinity experiments were done using larvae 

spawned naturally by adult female grass rockfish into 100% seawater under 

artificial ambient conditions in our spawning and larval rearing facility in the 

Marine Biotechnology Center at UCSB.  All salinity experiments were done in 

a specially designed system of tanks maintained at ambient seawater 

temperature and ambient photoperiod.  The total volume of each tank was 37 

liters and three tanks were maintained at each of the respective salinities 

tested (100% SW, 75% SW, 50% SW and 25% SW).  Within each tank two 

white sub-population cylinders (made of PVC pipe) with 105 µm mesh 

bottoms.  Each cylinder had a volume of 9.82 L when suspended.  
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Immediately following spawning the larvae were collected from the 

spawn tank and placed into 100% seawater that was previously filtered 

through 5µm filter units and UV sterilized.  50 larvae were placed into each 

sub-population cylinder (2/tank).  One sub-population was used solely for 

mortality assessment and the other was designated as the source for 

samples to be used for imaging and morphometric analysis, both performed 

daily.     

 

Experiment #5.  White seabass larval incubation 

Parallel experiments were performed using a model oviparous species, 

the white seabass (Atractoscion nobilis).  Unhatched egg specimens were 

obtained from the Hubbs-Sea World Research Institute’s Marine Fish 

Hatchery in Carlsbad, California.  The eggs were transported to our spawning 

and larval rearing facility at UCSB and were maintained prior to hatching in 

100% SW at 13.9ºC (ambient SW temperature).  Immediately after hatching 

the larvae were transferred to the respective salinity solutions and the 

protocols used for the larval rockfish experiments were repeated for the white 

seabass experiments.   

 

3.2.5 First feeding experiments 

 Experiments to determine the timing at which rockfish larvae first feed 

were performed as part of a larger larval rearing experiment (discussed in 
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more detail in Chapter 4).  Day 1 post-spawn brown rockfish larvae were fed 

twice daily a diet comprised of enriched (Algamac-2000, Aquafauna Bio-

Marine, Hawthorne, CA, USA) rotifers (Brachionus plicatilus) at a density of 

3/ml.  Rotifers were introduced with green water (Nanno 3600, Reed 

Mariculture, Campbell, CA, USA).  The natural fluorescence of pigments 

contained in alginate based microparticulate diets has been utilized previously 

to quantify consumption in successful rearing experiments on silver sea 

bream (Sparus sarba) (Kelly et al., 2000; Deane et al., 2003).  The 

fluorescence of microparticles developed in this laboratory were used to 

establish an appropriate indicator of the background levels to expect if indeed 

algal pigments were visible using two different exciter/barrier filter 

combinations, 365/420 nm (UV) and 450-490/520 nm (wide  band 

interference filter).  A Zeiss Verticle Illuminator IV epi-fluorescence system on 

a Standard RA microscope (Carl Zeiss, Thornwood, NY, USA) with a Pixera 

120es digital camera system (Pixera Corp., Los Gatos, CA) attached was 

used to excite pigment and capture images.  Rotifers that had been 

previously enriched for 24 hours with Algamac-2000 were sampled and 

photographed along with larvae sampled at days, 1, 2, and 10.   
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3.3 Results: 

3.3.1 Embryo incubation experiments: 

Experiment #1. 14 – 7 days pre-spawn  

Embryos at the start of this experiment were at stage 27 (14 days pre-

spawn) and over the course of the 7-day experiment the development of the 

embryos progressed to stage 30.  The highest survival over the experimental 

period was 80% recorded for embryos incubated in Hanks Balanced Salt 

Solution (HBSS).  HBSS is a solution that has been determined to be isotonic 

with the maternal environment (Moore, 2000).  The survival rates in the 

different incubation solutions were as follows, 45% remained in 25% SW 30% 

in 50% SW, and 20% survival for both 75% SW and 100% SW groups (Fig. 

3.1).    

 

Experiment #2. 7 days pre-spawn – parturition: 

In the experiments where embryos were incubated over the final 7 

days pre-spawn (the period that corresponded with the final week of 

pregnancy in the donor mother) high survival rates (87% or more) were seen 

in all groups with the exception of embryos incubated in 100% SW (which 

showed only 55% survival) (Fig. 3.2).  The weights of embryos incubated in 

25% SW were heaviest and were found to be significantly greater than those 

spawned by the mother (p<0.01) and significantly greater than those 

incubated in HBSS (p<0.01).  The weights of embryos incubated in 50% SW 
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were also significantly greater than those incubated in HBSS (p<0.05), 

although there was not a significant difference between the weights of the 

embryos incubated in 50% SW and those spawned by the mother (p-value = 

0.079) (Fig. 3.3).  A significant difference was observed between the lengths 

of embryos incubated in 25% SW as compared to embryos from the mother 

(p<0.04) and as compared to embryos incubated in HBSS (p<0.03) (Fig. 3.4).  

No significant difference was observed in the yolk perimeter (Fig. 3.5) or oil 

globule volume (Fig. 3.6) between embryos spawned by the donor mother as 

compared with embryos incubated at various salinities.  However, there was 

significantly less yolk in embryos incubated in HBSS (Fig. 3.5).  Images were 

taken of all embryos for morphometric analysis but the most pronounced 

differences were between the embryos incubated for final week of pregnancy 

in 25% SW (Fig. 3.6 (top)) as compared with the larvae spawned naturally by 

the donor mother (Fig. 3.7 (bottom)).  

 

Experiment #3. Larval incubation (continuation experiment) 

Embryos that survived incubation during experiment #2, i.e. survived to 

the time when they would naturally have been spawned, were reclassified as 

larvae.  Larvae that continued to be incubated beyond the day the donor 

mother spawned exhibited high survival rates in all salinities for 7 days 

(>90%)(Fig. 3.8).  Survival then declined at rates that generally increased with 

increasing salinities.  Total mortality was observed for larvae maintained in 
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HBSS after 10 days.  Total mortality progressed in succession through 

decreasing salinities and was recorded for 100% SW at 11 days, for 75% SW 

at 12 days, for 50% SW at 14 days.  After 17 days 20% of the larvae 

incubated in 25% SW remained alive with complete mortality not observed 

until 18 days post-spawn (Fig. 3.8). 

 

Larval Salinity Experiments 

Experiment #4. Grass rockfish larval incubations 

Larvae that were naturally spawned into full strength seawater and 

then transferred to the respective solutions (100%, 75%, 50% and 25% SW) 

for rearing exhibited similar patterns of survival as were seen in experiment 

#3.  Larvae that remained in 100% SW exhibited an immediate and steady 

decline in survival with only 47% remaining by day 5 and complete mortality 

recorded on day 11 post-spawn.  Greater than 89% survival was recorded for 

larvae in the other solutions after 7 days although by day 11 all larvae had 

expired in the 75% SW population.  Complete mortality was recorded after 16 

days for the 25% SW group and after 18 days for the 50% SW group (Fig. 

3.9). 

 

Experiment #5. White seabass larval incubation 

In the white seabass salinity experiments significant mortality was 

recorded on the first day post-hatch (26% dead) (Fig. 3.10).  Those larvae 
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that did survive in 100% SW had significantly less yolk than those incubated 

in the reduced salinities on day 2 post-hatch (for 50% SW p<0.001 and for 

25% SW p<0.010) (Figs. 3.11, 3.12 and 3.13).  There was no significant 

difference between the yolk utilization for larvae incubated in 100% SW and 

those incubated in 75% SW.  The results indicate that the highest survival 

rates occur in reduced salinities over the course of the experimental period.  

By day 4 there was only 13% survival in the larvae incubated in full strength 

seawater.  The entire population did not expire until day 9.  The salinities with 

the highest survival rates were 25% SW and 50% SW.  In this case 50% SW 

provided the optimal conditions for survival with complete mortality observed 

on day 14 (Fig. 3.9). 

 

3.3.2 First feeding experiments 

 Microparticles were found to fluoresce when exposed to two different 

excitation/barrier levels.  Fluorescence of pigments contained in the alginate 

based microparticles when exposed to 450-490/520 nm produced an orange-

red glow (Fig. 3.14A).  Previous experiments have allowed for assessment of 

microparticle fluorescence in the gut of a silver seabream larvae.  Ultra-violet 

light exposure (365/420 nm) also stimulates fluorescence of the 

microparticles and is easily detected in the gut of silver seabream (Fig. 

3.14D).  Algae is clearly visible in the guts of rotifers under the light 

microscope (Fig. 3.14E) those have been enriched with Algamac-2000 and 
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nannochloropsis (in the form of green water) distinctively fluoresce when 

exposed to the different wavelengths of light 450-490 nm and 365 nm 

respectively (Figs. 3.14F and 3.14G).   

 No rotifers were visible in the guts of brown rockfish larvae sampled on 

day 1 and when exposed to both wavelengths of light no fluorescence was 

observed.  Rotifers were clearly visible in the guts of larvae sampled on day 2 

although there was, on average, only 1 small rotifer visible (Fig 3.15A).  

Consumption was confirmed using fluorescence in order to detect the 

presence of algal pigments delivered to the gut via the rotifer (Figs. 3.15B, 

3.15C and 3.15D).  A sample of larvae was taken on day 10.  Although 

rotifers were no longer visible under the light microscope, numerous individual 

fluorescent particles were clearly visible in the mid gut region (Fig. 3.15E and 

F). 

 

3.4 Discussion 

The incubation experiments were designed to determine the optimal 

environmental conditions that maximize development and growth of oocytes 

and embryos; to allow for the analysis of the ontogeny of osmoregulatory 

abilities of embryos and larvae; and to allow for a comprehensive assessment 

of the degree to which rockfish embryos at various stages are dependent 

upon contributions from the mother.    
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The present work is the first long-term examination of the development 

of Sebastes oocytes and embryos through in vitro incubation.  Previously it 

was thought that longitudinal study of rockfish oocytes from the primary 

oocyte stage to maturation was not feasible due to the inability to maintain 

individual fish in culture conditions that would allow for serial sampling (de 

Bruin et. al, 2004).  The longitudinal study outlined in Chapter 2 clearly 

indicates that it is possible to monitor oocyte and embryo development in vivo 

with minimal effects on the mother or aspirated specimens.  The use of lower 

vertebrates, and specifically Sebastes, as a valuable model for examination of 

the causes of follicular atresia has recently been suggested.  It has also been 

suggested that it is not feasible to maintain rockfish for laboratory study of 

ovarian processes (de Bruin et. al., 2004).  In their recent study on long-lived 

Sebastes species they found that there is limited reproductive senescence 

over time.  This is in contrast with the phenomena observed in mammalian 

ovaries in which oocyte aging and associated damage is responsible for a 

decrease in fertility as well as the potential for an increased incidence of 

aneuploidy (Pellester et. al., 2005).  Additionally, the debate as to whether 

mammalian oogenesis is relegated only to prenatal development versus the 

potential for de novo oogenesis, as recently suggested (Johnson et. al., 

2004), highlights the need for comparative studies of model vertebrate 

species.  When coupled with the ability to study rockfish oocytes in vivo, the 
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potential to incubate in vitro oocytes as established in this study further 

highlights its value as a potential model for this purpose.   

While limited in scope, the oocyte incubation experiment determined 

that it is possible to maintain advanced stage oocytes in a physiological saline 

(HBSS) that is considered comparable to the osmolality of the ovarian fluid.  

Significant growth was not observed in the incubated oocytes over the 

experimental period of 8 days.  Examinations of maternal oocytes in the final 

week prior to fertilization indicated that growth is limited during this period 

although significant growth of the incubated oocytes would not expected 

given their already advanced condition (chapter 2).  By day 8 the oocytes had 

begun to decay marked by an increase in the perivitelline space and irregular 

shape of the chorion.  Coalescence of the oil globules did not occur in vitro.  

While there was clear evidence of degradation of the oocytes the 

characteristic crystalline structures observed in unfertilized oocytes 

undergoing natural atresia in the mother were never observed (see Fig. 

2.1D).  Lastly, given that the oocyte incubation period was the period of 1 

week prior to fertilization occurring in the mother, it can be concluded that 

sperm had not penetrated the egg or, that if sperm had attached, the 

conditions were not met for fertilization to occur in vitro.   

Previous incubation experiments of Sebastes embryos were primarily 

designed for short-term examinations of energetics in order to determine the 

degree of maternal contribution over the course of the gestation period, or to 
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establish the time-course of embryonic development.  Boehlert and Yoklavich 

(1984) performed experiments on S. melanops embryos using a Gilson’s 

respirometer with incubation times not exceeding 5-10 hours.  Similar 

experiments were performed by Dygert and Gunderson (1991) on S. caurinus 

with experimental incubations ranging from 3-10 hours.   In their 

comprehensive study that established the staging criteria for embryonic 

development, Yamada and Kusakari (1991), in addition to longitudinal 

sampling of embryos, allowed some to develop in physiological saline.  The 

overall length of time that embryos were incubated was not specified.  The 

timing of nutrient uptake (using radio-labeled amino acids) and the site of any 

uptake was examined through short term (24 hours maximum) in vitro 

incubations in physiological saline and uptake was seen to be correlated with 

the opening of the mouth (stage 28) (Yoklavich and Boehlert, 1991).  The 

ability of embryos of S. schlegeli and S. melanops to absorb exogenous 

nutrients through the epidermis was investigated by incubating embryos for 1-

4 hours in vitro with horseradish peroxidase and ruthenium red used as 

tracers and rectal absorption capabilities were found to be associated with 

stage 28 (Shimizu et al., 1991).   In an examination of the ontogeny of the 

sodium pump in two rockfish species, S. schlegeli and S. taczanowskii, Conte 

et al. (1990) performed embryonic ouabain mortality assays and concluded 

that late stage embryos (Stage 28-33) have the ability to be salt tolerant for 

no more than 72 hours.  The present study is the first to develop effective 
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techniques for long-term incubation of rockfish embryos.  The ability for in 

vitro incubation of embryos allows not only for further examinations of 

developmental parameters (see chapter 2) but also establishes the potential 

for the examination of the effects changes in environmental conditions have 

at various stages of development.    

The results of incubation Experiment #1, which examined the period of 

14 days - 7 days pre-spawn (Stages 27 – 30) indicate that the embryos had 

not yet attained the ability to osmoregulate in environments significantly 

different from that of the maternal ovary.  The only incubation solution with 

greater than 50% survival was the physiological saline HBSS.  Embryos 

incubated in the hypotonic 25% SW solution exhibited the second-highest 

survival rate (45%) (Fig. 3.1)  Together these results clearly indicate that 

overall an isotonic environment or a hypotonic environment is optimal during 

this period of development.  The physiological stress imposed immediately 

upon transfer to the respective incubation solutions is indicated by an 

immediate significant mortality event in the first day of incubation.  This event 

highlights the inability to readily osmoregulate at the stage of embryonic 

development corresponding with the initial start of this experiment (stage 27).   

As discussed in detail in the section on osmoregulatory mechanisms 

there are cytological changes that occur naturally over the course of 

embryonic or larval development as well as in response to varying degrees of 

salinity exposure.  Cellular apoptosis of certain types of chloride cells has 

 111



been shown to occur in response to increased salinity in the gills of adult fish 

but this cell death has not been observed in larvae exposed to different 

salinities.  Increased apoptosis of chloride cells has been shown to occur in 

adult tilapia in response to increased salinity with replacement by 

morphologically and enzymatically different chloride cells.  These cells were 

found to be more capable of osmoregulation in higher salinities (Wendelaar 

Bonga and van der Meij, 1989).  However this does not appear to occur in 

tilapia larvae upon transfer to increased salinities.  It has been proposed that 

the lack of apoptosis of chloride cells in tilapia larvae after transfer is due to 

the fact that cellular reorganization has previously occurred at the time of 

hatching from the chorion (van der Heijden and van der Meij, 1999).   

In fact there is a cellular reorganization that occurs within the 

pluricellular complexes of chloride cells over the course of development 

(Jacobson et. al., 1997).  Specifically the ability to facilitate high turnover of 

ions in order to maintain osmotic balance in increased salinities is dependent 

upon leaky junctions between chloride cells (Sardet et al., 1979).  In studies 

examining the larval epithelia of ayu, carp and flounder these leaky junctions 

were only predominant in fish adapted to seawater (Hwang and Hirano, 

1985).  Larval ayu and juvenile flounder have the ability to rapidly adapt to 

changes in salinity with the formation or loss of leaky junctions observed 

within 3 hours of initial transfer (Hwang and Hirano, 1985).  Similarly, marked 

changes in the diameter of the chloride cell tubulo-vesicular system after 
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transfer to increased salinity have been observed in the embryos of molly. 

This indicates that molly have adaptive capabilities as embryos in order to 

maintain osmoregulatory ability (Depeche, 1973).      

In experiment #1 (Fig. 3.1), a percentage of the embryos were capable 

of surviving the initial die-off event and remained alive over the course of the 

7 day incubation period.  This indicates that there may exist a limited capacity 

for cellular adaptation after a significant number is lost due to extreme 

physiological stress, although those embryos that survived could also simply 

have developed to a stage where osmoregulation was feasibly possible.  This 

adaptive capability, possibly indicative of cellular reorganization of chloride 

cells, is highlighted by the fact that there was 20% survival in the higher 

salinities of 75% and 100% SW.    Embryos in HBSS had the highest survival 

at the end of the period at 80%, as would be expected given that it is isotonic 

to that of the maternal ovarian fluid.  The fact that there was 45% survival in 

hypotonic 25% SW solution as compared to the 30% survival in the 50% SW 

solution emphasizes the benefits of development in isotonic or slightly 

hypotonic environments.     

The survival plots for embryo incubation experiment #2 (Fig. 3.2), 

examining embryos over the period of 7 days pre-spawn to parturition (stages 

30 – 33), indicates that increased osmoregulatory capacity develops at least 1 

week prior to spawning.  Veith (1980) examined the ability of Clinus 

superciliosus (a viviparous species) and observed that small embryos had the 
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ability to tolerate 40-50% strength seawater but had high mortality in solutions 

close to full strength seawater.  In contrast, large embryos were found to be 

capable of surviving in full strength SW for extended periods.  Thus the ability 

to osmoregulate is in part a function of morphology with increased capacity 

for ion exchange with increased embryonic size.   

A fundamental component of osmoregulation is the development of the 

of the Na+-K+-ATPase mechanisms that facilitate ion exchange (Holmes and 

Donaldson, 1969).  The integument has been identified as the initial site of 

osmoregulation in early teleost larva prior to the development of the gills.  

While examinations of the ontogeny of these enzyme mechanisms for 

Sebastes have been limited to a single study, it has been determined that the 

ability to osmoregulate in S. taczanowskii is associated with the timing of the 

opening of the mouth and the maturation of the mid and hind gut (Conte et al., 

1991).  Morphological examinations of the gut tract of embryos of S. schlegeli 

by electron microscopy indicate that at stage 28 there is extensive formation 

of epithelial absorptive cells and the hindgut is characterized by a striated 

surface consisting of columnar cells and numerous microvilli (Shimizu et al., 

1991).  While the role of the hindgut in the absorption of nutrients will be 

discussed shortly, from an osmoregulatory standpoint it is clear that by stage 

28, the correlation between the opening of the mouth and differentiation of the 

hindgut epithelium allows for exposure of potential osmoregulatory sites to 

ingested ovarian fluid.   
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In the present study on S. rastrelliger, the opening of the mouth and 

anus classified as stage 28 (Yamada and Kusakari, 1991) occurs 12 days 

pre-spawn (Table 2.1).  When put into the context of the in vitro incubation 

survival plots this corresponds to the point at which in Experiment #1 there 

was a plateau in mortality after the initial die-off event (Fig. 3.1).  This 

observation offers definitive evidence that S. rastrelliger embryos are capable 

of adapting to various environmental conditions at least 12 days pre-spawn 

and or have the potential to benefit from maternal contributions.  From a 

culture standpoint it is possible to utilize this information in order to facilitate 

survival of embryos incubated in vitro.  This information is extremely valuable 

in terms of understanding the effects on embryonic survival in the case of 

premature parturition events, either in culture or in the wild.  Lastly, this 

provides additional empirical evidence in support of previous work showing 

that stage 28 of development corresponds with an increase in Na+-K+-ATPase 

(Conte et al., 1991) and morphological development of absorptive epithelia 

(Govoni et al., 1986; Shimizu et al., 1991).   

The fundamental role that hormones play in osmoregulation has been 

largely overlooked in the case of viviparous embryonic development accept in 

a very few cases.  The only study this author is aware of examining the role of 

thyroid hormones by direct measurement in a viviparous teleost happened to 

use the rockfish as the model species.  In their study Kwon et al. (1999) 

measured plasma and ovarian thyroxine levels (T4) over the course of the 
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reproductive season to determine to what extent, if any, T4 played in 

vitellogenesis and gestation.  Compared to oviparous fish species the rockfish 

was found to have significantly higher levels of T4 in both plasma and in the 

ovary during the reproductive season.  The overall levels of T4 were found to 

continually increase through the course of gestation with maximal levels 

corresponding with late developmental stages within the ovary.  Extremely 

high levels of T4 were detected in the late-stage embryos and “larvae” (post-

hatch embryos).  There is definitive evidence of the role thyroid hormones 

play in osmoregulation for a number of different fish species.  Examples of 

this are the natural levels measured in fish immediately prior to movement to 

a higher salinity (i.e. smoltification) (Madsen and Koorsgaard, 1989) and the 

increased tolerance to salinity conferred with artificial supplementation in food 

(Saunders et al., 1985).  The highest levels of T4 exposure over the course of 

gestation occurring during later stages of embryonic development could be an 

additional explanation for the increased capacity of these embryos to survive 

incubations in higher salinities (Fig. 3.2). 

The ontogeny of cortisol production during embryonic development in 

rockfish has not been established.  However the role of cortisol in the 

development of osmoregulatory capacity should not be overlooked.  In 

studies using the silver sea bream, Deane and Woo detected an 11-fold 

increase in cortisol 7 days post-hatch (2003).  Any increase in cortisol has the 

potential to increase Na+- K+-ATPase activity and thus will increase 
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osmoregulatory capacity (Deane and Woo, 2003).  It would be quite useful to 

elucidate the timing of endogenous cortisol production by rockfish embryos 

and establish the hormone’s profile in the plasma and ovary of the mother 

over the course of gestation.  This could further indicate the timing of the 

embryonic capacity to adapt to changing conditions on a hormonal level to 

supplement the data from the incubation experiments. 

The weights and lengths of embryos incubated in hypotonic SW (25%) 

were significantly greater than both those recorded for embryos recovered 

from the mother and those incubated in hypertonic SW or isotonic media.  In 

spite of the differences in growth rates, the yolk perimeters (Fig. 3.5) and oil 

globule volumes (Fig. 3.6) were comparable in all groups.  These data 

indicate that culture of rockfish embryos in hypotonic solutions confers 

advantages possibly by directing energy reserves towards growth rather than 

other metabolic processes during critical phases of development, resulting in 

larger embryos endowed with comparable amounts of energy reserves (Fig. 

3.7).     

There is general agreement amongst researchers that there are 

metabolic costs associated with osmoregulatory processes in fish, the extent 

of these costs, however, and the relationship to the overall physiology of the 

organism remains obscure.  There is an extensive body of literature 

examining the influence of salinity on fish development and early larval stages 

in both freshwater and saltwater fish species.  However, the correlation 
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between the effects of various salinities on growth and development in 

embryos of viviparous fish has yet to be clearly defined.  It has been 

proposed that the lowest energetic cost for ion regulation is obtained in an 

isotonic environment and that the energy conserved has the potential to be 

diverted to other physiological processes, such as growth (Boef and Payan, 

2001; Laiz-Carrion et. al., 2005).  This general hypothesis is based upon a 

suite of studies examining the percent of energy consumed for the processes 

of osmoregulation.  In tuna, which have high metabolic rates, osmoregulation 

is thought to account for 54-68% of the overall energy budget (Bushnell and 

Brill, 1992).  In studies on species with lower metabolic rates, osmoregulation 

was found to account for 10-50% of the energy expended and that this value 

is dependent, in part, on the environmental salinity (Kirshner, 1993; Morgan 

and Iwama, 1999; Boef and Payan, 2001).  While the energy saved from 

reduced osmoregulatory energy expenditure has the potential to be diverted 

towards growth, the inter-relatedness of a number of physiological processes 

has proven to make definitive evidence of this hard to ascertain.  The 

physiological processes include but are not limited to, endocrine control, 

tissue permeabilities, respiration, functional surface area, and the types of 

energy sources available (Swanson, 1998).  Food intake is often related to 

external salinity and is primarily controlled by the central nervous system.  In 

the case of reduced salinity, signals from the CNS could trigger enhanced 

food intake, which would lead to increased growth (Boef and Payan, 2001).  
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Examination of the relationship between salinity and growth in embryonic 

development in the viviparous rockfish eliminates many of the factors that 

complicate matters in experiments examining this relationship in larval, 

juvenile and adult euryhaline fish species since rockfish embryos in vitro are 

reliant solely on endogenous yolk reserves (thus food intake is a non-factor).      

In the present study there was no significant difference in yolk or oil 

globule consumption between embryos that were incubated in various 

salinities nor was there a significant difference between the in vitro 

populations and embryos developing within the maternal ovary (Figs. 3.5 and 

3.6).  These data indicate that endogenous energy utilization did not account 

for the increased weight (Fig. 3.3) and length (Fig. 3.4) gain recorded for 

embryos incubated in a hypotonic environment and that in fact the reduced 

energy consumption for osmoregulatory purposes was most likely responsible 

for the increased growth (Fig. 3.6).  Additionally, a hypotonic confers 

significant survival advantages, once osmoregulatory capabilities are 

developed. These data indicate that the ability to osmoregulate and adapt to 

varying conditions occurs at stage 28 (12 days pre-spawn), information that 

could find applicability for increasing culture capabilities and also provides 

insights into the effects of a premature spawn on the embryos.  However, in 

order to assess the overall feasibility of utilizing rockfish embryos previously 

incubated in larval rearing experiments it is necessary to determine the 

survival rates after the theoretical spawning event.   
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Experiment #3 (Fig. 3.8) was performed in order to assess the survival 

capabilities of previously incubated embryos past the time at which the donor 

mother had spawned.  Surviving embryos previously incubated in their 

respective solutions for 7 days pre-spawn all exhibited over 100% survival for 

6 days with the exception of those embryos that had been incubated in 

HBSS, which had 90% survival.  The embryos in HBSS exhibited complete 

mortality after 10 days post-spawn followed in order by the embryos in 100% 

SW at 11 days, the embryos in 75% SW at 12 days, the embryos in 50% SW 

at 14 days and the embryos in 25% SW at 18 days.  These data clearly 

highlight the fact that embryos that had previously been incubated in a 

hypotonic solution and continued to be incubated in the same solution past 

the point at which normal parturition would have occurred had a significant 

survival advantage.  Thus the characteristic massive mortality event 

associated with parturition can be ameliorated through previous embryonic 

incubation and the realized spawn of the mother can be made to more closely 

resemble the potential spawn capacity.   

At hatching the embryo (or if this correlates with a spawning event, 

larvae) must adapt to the change in its external environment from that of the 

perivitelline fluid to either the external water conditions (in oviparous species) 

or the conditions of the ovarian fluid (in viviparous species).  In oviparous 

species the chorion can represent 15-30% of the dry weight of the egg, 

versus the chorion making up only 1.6% of the total dry weight of the embryo 
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for the viviparous rockfish, S. melanops (Boehlert and Yoklavich, 1984).  In an 

examination of S. paucispinus embryos the chorion was found to be only 1µm 

thick and not a substantial barrier (Moser, 1967a).  For the rockfish the role of 

the chorion as related to the maintenance of the osmolality of the perivitelline 

fluid versus that of the ovarian fluid has not been definitively determined and 

the significance as to whether or not an embryo has the ability to 

osmoregulate in this new environment (outside of the chorion) cannot be 

overlooked.  The difference could be sufficient to contribute to the large 

mortality events that are observed naturally at parturition.  The timing of 

hatching relative to parturition varies considerably within the genus.  

Longitudinal studies indicate S. rastrelliger embryos remain within the chorion 

until just prior to parturition.  Aspiration or osmotic shock often ruptures the 

fragile chorion and embryos used in the incubation experiments were 

exposed to fluid different from that of the perivitelline environment.  Removal 

from the chorion and transfer to a reduced salinity ensures a transitional 

period whereby the embryo is not immediately forced to adapt to an extreme 

environment as compared to that of the perivitelline fluid.  

It was necessary to validate the conclusion that significant survival 

advantages were conferred due to previous incubation in a hypotonic 

solution.  Incubation experiments were designed to determine the pattern of 

survival for larvae that were naturally spawned into full strength seawater and 

then transferred to the respective incubation solutions (100%, 75%, 50% and 
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25% SW) for rearing (Fig. 3.9).  Larvae that were used were part of the 

realized spawn population that survived the initial massive mortality event at 

parturition.  The results paralleled those of experiment #3 with the highest 

survival recorded for larvae in reduced salinities.  Larvae reared in 25% SW 

survived for 16 days and those incubated in 50% SW survived for 18 days 

post-spawn.   

The results of the parallel larval salinity experiments on the oviparous 

white seabass (Atractoscion nobilis) indicate that the highest survival rates 

occur in reduced salinities (Fig. 3.10).  Only 13% larvae incubated in full 

strength seawater were alive after 4 days.  The fact that the entire population 

did not expire until day 9 is perhaps indicative of limited cellular 

reorganization allowing for increased osmoregulatory capacity.  The salinities 

with the highest survival rates were 25% SW and 50% SW.  In this case 50% 

SW provided the optimal conditions for survival with complete mortality 

observed on day 14.  There is a clear correlation that reduced salinity 

provides the optimal conditions for survival in the oviparous white seabass, as 

was observed for the viviparous grass rockfish.   

All of the survival experiments were performed without the introduction 

of exogenous food supply, thus, in addition to increasing survival of embryos 

and larvae for extended periods of time, there are some significant 

conclusions that can be made in terms of the timing of the introduction of an 

appropriate food source.  The specific timing of first-feeding for rockfish larvae 
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has not been clearly elucidated experimentally.  From a culture standpoint it is 

essential that the nutritional needs of the larvae are met with an available 

food supply as needed.  Recent rearing experiments on the brown rockfish 

(S. auriculatus) have successfully produced juvenile fish but not without 

massive losses of the larval population over the first 10 days.  The first major 

mortality event resulted in the loss of approximately 65% of the larvae (out of 

an already depleted population that had survived the initial losses associated 

with parturition).  In order to place into context the results of the above 

incubation experiments performed without food provisions it was necessary to 

determine precisely at what point in the critical post-spawn period larvae first 

feed. 

Utilizing the auto-fluorescence of the chlorophylls contained within 

micro-algae enriched rotifers (Figs. 3.14F and 3.14G) it was possible to prove 

with certainty that rotifers were not consumed prior to Day 2 post-spawn.  No 

fluorescence was observed from within the intestinal tract of larvae sampled 

on day 1 while rotifers were clearly visible using both light microscopy and 

under fluorescent excitation in the intestinal tract of day 2 larvae (Figs. 3.15A-

D).  Day 2 larvae were exhibiting feeding behavior and the presence of 

rotifers in the gut confirmed consumption.   Observations of day 2 larvae 

clearly indicate a preference for smaller prey items, (in this case the smaller 

rotifers in the introduced population), and it is possible that if smaller food 

particles were provided (such as oyster trocophores) some may be consumed 
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on day 1.  In this case rotifers were the only food provided and these 

experiments clearly indicate none were consumed prior to day 2.   For 

comparative purposes a sample of larvae reared to day 10 was taken and 

clearly indicated significant consumption of numerous rotifers (Fig. 3.15F).    

 A few postulations can be made when the timing of first feeding for 

larvae reared under ambient conditions in full strength seawater is placed into 

the context of the incubation experiments.  Embryos that have been 

incubated in reduced salinities for a period of 7 days pre-spawn (Stage 30) 

have a greater than 90% survival rate for at least 7 days post-spawn without 

the introduction of food (Fig. 3.8).  It may be possible (and perhaps even 

beneficial) to delay the introduction of rotifers for a period beyond the time at 

which larvae normally begin to feed.  If the variable of food introduction could 

be delayed this may minimize those factors that could potentially lead to 

increased mortality while at the same time ensure critical developmental 

events occur (such as swim-bladder inflation) prior to the first feeding.   

 Larvae that have been previously incubated (as embryos) in a reduced 

salinity are both significantly heavier and longer than those that have naturally 

developed in the mother (Fig. 3.7).  Such a size advantage eliminates the 

concerns related to the fact that larvae only feed on the smaller rotifers in a 

population.  Given that rotifers are essentially the delivery mechanisms for the 

nutritional value of the product with which they have been enriched, and that 

larger larvae (as a result of previous incubation) would be capable of 
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consuming larger (and more nutritious) rotifers, there exists the potential to 

accelerate growth.  In addition to the increased capacity for higher nutritional 

input from exogenous sources there is an equal amount of yolk and oil 

globule available for utilization during the critical 48 hour period immediately 

post-spawn.   

 Recent experiments by Berkeley et al. (2004) have found that size of 

the oil globule at birth has a significant impact on the rates of larval survival 

and growth and that it was the most important source of energy during the 

critical period immediately post-spawn.  In their novel study on the 

relationship between maternal age and larval growth and survival in black 

rockfish (S. melanops),  Berkeley et al. found survival was increased three-

fold and growth nearly four-fold for larvae born from older mothers.  The 

single most predominant factor they found was that the larvae from older 

females had larger oil globules and exhibited increased growth and survival.  

In aggregate the conclusions of Berkeley et al. (2004) and those of this study 

offer valuable insights into the relationship between conditions pre-spawn and 

immediately post-spawn and the factors that contribute to the ability of larvae 

to adapt to changing environmental conditions.  The advantages of embryo 

incubation in reduced salinities for the purposes of increasing larval survival 

and accelerating growth for culture purposes is further validated given that 

reduced salinities resulted in an increase in larval size and survival without 

affecting normal yolk and oil globule consumption rates.   
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 There have been extensive examinations of the effects of mixed 

feeding (exogenous and endogenous supply) and or delayed feeding for a 

number of different species of cultured marine fish (Rogers and Westin, 1981; 

Eldridge et. al, 1981; Eldridge et. al., 1982; Heming et. al., 1982; Powell and 

Chester, 1985).  There is consensus that the introduction of food prior to the 

complete consumption of the yolk and oil globule is essential not only for 

ensuring adequate energy supply for growth and development but also for 

acclimatizing larvae to the presence of food to encourage feeding behavior.  

In rearing experiments of larval herring (Clupea harengus) prey density is a 

key factor in the initiation of first feeding and there is an increase in foraging 

success with higher densities of prey (Munk and Kiorboe, 1985; Temple et. 

al., 2004).  There is a clear difference between the laboratory environment 

and the natural environment in terms of food supply and this can lead to 

“precocious” feeding, behavior that can cause increased mortality due to the 

consumption of excessive amounts of food or the consumption of 

inappropriate food items (Hurley and Brannon, 1969).  In contrast the 

phenomena termed the “confusion effect”, which results in the reduction of 

the ability of larvae to capture prey when present in high densities, has been 

proposed as a cause of increased mortality (Laurel et. al., 2001).  Simple 

abiotic factors are affected as well that could cause the decrease in larval 

survival with higher prey densities.  Increased mortality often results from a 

decrease in water quality.  This decrease can be caused by an increase in the 
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release of metabolites from the food and an increase in detrital matter as the 

food items decay.   

In our studies on S. auriculatus the inflation of the swim-bladder has 

been found to be an essential developmental event necessary for survival 

past the critical first 48 hour period.  Within hours after a spawn larvae were 

observed at the surface actively gulping air in order to facilitate inflation.  In a 

study on larval ayu, Pecodlossus altivelis, it was found that premature feeding 

resulted in a proportion of the population swallowing food items into the 

pneumatic duct of the swim bladder.  The breakdown of food in the duct of the 

swim bladder was often followed by bacterial and fungal infections and 

ultimately resulted in death of the larvae (Ochiai et. al., 1977). Thus anything 

that can be done to minimize changes in water quality due to the addition of 

food and to minimize anything that potentially could inhibit proper swim 

bladder inflation would significantly improve larval survival during the first 48 

hour critical period.   

The findings of this study in regards to the timing of first feeding, when 

combined with the established protocols and the evident potential benefits of 

embryonic incubation, have novel applications in facilitating marked 

improvements in culture capabilities.  Additionally these findings provide 

insights into the optimal conditions for larval growth and development which is 

essential in understanding how environmental changes can potentially affect 

recruitment of this valuable marine species in the wild.   
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 The characterization of the maternal-embryonic relationship and the 

assignment of either lecithotrophy or matrotrophy as the definitive 

reproductive strategy is particularly complicated in viviparous systems.  This 

study sought to further examine the extent to which embryos were dependent 

on the maternal environment for energy contributions through in vitro 

incubation.  Previous examinations of energy budgets have led to the 

conclusion that matrotrophy occurs in the black rockfish (Boehlert and 

Yolklavich, 1984), in the Korean rockfish (Boehlert et. al., 1986) and the in the 

copper rockfish (Dygert and Gunderson, 1991).  These conclusions were 

based on the significant discrepancy between the energy reserves initially 

deposited during vitellogenesis and the energy that was utilized by the 

embryo during gestation.   Boehlert et al. (1986) suggest that oophagy and 

adelphophagy were most likely the source of the nutrients and thus while 

matrotrophy occurs within the ovary in fact the overall strategy is a 

lecithotrophic one.  In the yellowtail rockfish, the latest study concludes that 

although it was originally proposed as a matrotrophic species in fact, 

lecithotrophy is the overall strategy that is employed given the decline in 

energy stored in gonadal tissue as gestation progresses (Eldridge et al., 

2002).   

The in vitro experiments of this study were designed and performed in 

part in order to further elucidate the extent to which embryos are reliant upon 

contributions from the mother.   Incubation of the embryos in various salinities 
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provides insight into the relationship between the mother and the embryo over 

the course of gestation.  In addition in vitro experiments allow for the 

identification of the optimal conditions for embryonic development.  There is a 

myriad advantages lead to the evolution of viviparity (see Wourms, 1994) and 

these advantages include, but are not limited to, the ability of the mother to 

maintain control of the environment as the embryo develops while allowing for 

the allocation of additional energy reserves during the gestational period.  

Perhaps the most significant advantage is that at birth embryos are at an 

advanced stage of organogenesis as compared to oviparous larvae.  There 

exists the potential for this extended period of maternal development to 

impose certain limitations on embryogenesis.  The gestation period for 

developing eggs of Sebastes appears to be 5-10 times too long when 

compared to the developmental rate of oviparous Scorpaeniform fishes 

(Moser et. al., 1977).  Two explanations for why this might occur have been 

proposed by Wourms (1991), either that there has been a genetic change in 

the developmental program or, that the rate of development of embryos is 

physiologically suppressed in the maternal environment.   

Embryos of the barred surfperch, Amphistichus argenteus, exhibit a 

characteristic hypertrophied hindgut thought to be the site of nutrient uptake 

from the ingested fluid of the ovarian cavity that, in combination with enlarged 

fins, are essential for osmoregulation.  Incubation experiments on A. 

argenteus found that there was an acceleration of the metamorphosis 
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process for embryos incubated in vitro in reduced salinities and that the 

hindgut and fins developed and became characteristic in appearance to those 

of newborn larvae.  It has been suggested that for this species a lack of 

ovarian hormones that potentially act as inhibitors may be responsible for this 

phenomena (Triplett, 1960).   

Growth inhibition within the maternal environment as experienced by a 

rockfish embryo could be caused by two fundamental problems and or a 

combination of the two.  The first problem that arises is the limited capacity of 

the maternal ovary or oviduct to supply the nutritional needs of the embryo 

once yolk utilization accelerates.  The second major problem that arises for 

the embryo is that its’ respiratory requirements begin to exceed the capacity 

of the unspecialized exchange surfaces within the maternal ovary.  The 

complex maternal-embryonic interactions in the rockfish include much more 

than the transfer of nutrients from one to the other as growth is limited by the 

capacity of the maternal ovary or oviduct to supply other needs of the 

developing embryo.  Energetic and calorimetric analyses of eggs, embryos 

and larvae have produced a wide range of assessments as to the utilization of 

matrotrophic versus lecithotrophic strategies in different rockfish species.  

Given that there is increased growth despite comparable yolk utilization in 

reduced salinities, the in vitro experiments of this study indicate that 

osmoregulatory demands must be taken into account in addition to the 

maternal energy reserves of the gonadal tissue, the energy content of the 
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eggs prior to fertilization and the energy content of embryos and larvae at 

parturition.  There is a clear need for further investigation into this relationship 

in order to better understand how the capacity of the ovarian environment to 

meet the needs of the developing embryos changes over time and how this 

capacity might be affected by the environmental exposure of the pregnant 

mother.  Such examinations would provide insights as to how there can be 

such a wide range of levels of viviparity amongst different rockfish species 

(Dygert and Gunderson, 1991).     

Respiration and gas exchange is a primary reason for limitation of 

growth of embryos in viviparous fish.  In many species there are distinct 

adaptations in maternal-embryonic interaction that facilitate exchange.  

Examples of embryonic adaptation include the formation of a pericardial 

hood, trophotaeniae, hypertrophy of the fins, reliance upon pseudoplacental 

interactions between the embryo and follicular tissue, and highly vascularized 

ovigerous folds (Turner, 1947; Amoroso, 1960).  Ovarian fluid and its capacity 

to meet the osmoregulatory and nutritional needs of the embryo, as well as 

facilitate removal of metabolic waste, is critical, especially in those species 

that do not have extra-embryonic exchange mechanisms such as the 

rockfish.  In Sebastes, the vascularization of the ovarian system has been 

noted to be particularly exaggerated to accommodate the large numbers of 

synchronously developing embryos.  Rockfish have been found to have a 

relative high blood supply to the ovary facilitated by an arterial loop formed 
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from the confluence of branches of the anterior and posterior ovarian arteries 

(Moser, 1967).   High vascularization may help to ensure an adequate 

environment is maintained within the ovary and that the ovarian fluid remains 

in an optimal condition for growth of the developing embryos.   

The elevated energetic costs of gestating a large number of embryos 

have been shown to have significant effects on the mother from a respiratory 

standpoint.  Gestating S. schegeli consume 68% more oxygen than a non-

gestating fish, and while this exceeds the demands of embryos within the 

ovary alone (Boehlert et al., 1986), it does highlight the increased costs of 

associated with high fecundity.  It may be possible that one of the 

physiological inhibitions to embryonic growth is the cost of respiration within 

the maternal environment.  The in vitro incubation experiments of this study 

indicate that there is decrease in one or more factors that served to inhibit 

growth in the mother as compared to reduced salinities during the final stages 

of embryonic development.   The increased growth could be due to a 

decrease in the energy expended for osmoregulation coupled with a decrease 

in energy expended for respiration.  Future experiments are necessary to fully 

elucidate the respiratory benefits as related to osmoregulation and the linkage 

between the two as translated into embryonic growth in vitro.   
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Figure 3.1. 14 days pre-spawn embryo used in incubation experiment #1 
(top).  Percent survival over 1 week incubation corresponding to the 
period of 14-7 days pre-spawn (bottom).
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Figure 3.2.  7 days pre-spawn embryo used in incubation experiment 
#2 (top).  Percent survival corresponding for 1 week incubation
corresponding to the period of 7 days pre-spawn to parturition.
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Figure 3.3.  Weights of embryos at the end of incubation experiment #2 
(7 days pre-spawn to parturition). 
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Figure 3.4.   Lengths of embryos at the end of incubation experiment 
#2 (7 days pre-spawn to parturition). 
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Figure 3.5.  Yolk perimeter of embryos at the end of incubation experiment 
#2 (7 days pre-spawn to parturition). 
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Figure 3.6.  Oil globule volume at the end of incubation experiment
#2. (7 days pre-spawn to parturition).
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Figure 3.7.  Embryo incubated in 25% SW for the period corresponding to 7 days 
pre-spawn to parturition (top).  Larvae spawned naturally from the donor mother (bottom).

139



Days in Culture

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

P
er

ce
nt

 S
ur

vi
va

l

0

10

20

30

40

50

60

70

80

90

100

HBSS
100%
75% 
50% 
25% 

Figure 3.8.  Percent survival of larvae in experiment #3.  Larvae were derived 
from those embryos that survived incubation experiment #2.

140



Days Post-Spawn

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

P
er

ce
nt

 S
ur

vi
va

l

0

10

20

30

40

50

60

70

80

90

100

100% SW
75% SW
50% SW
25% SW

Figure 3.9.  Percent survival of larvae spawned into 100% SW and 
subsequently incubated in different salinities (experiment #4).
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Figure 3.10.  Percent survival of white seabass larvae hatched in 100% SW 
and subsequently incubated in the different salinities (experiment #5). 
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Figure 3.11.  Yolk circumference of white seabass larvae spawned and 
subsequently incubated in 100% SW.
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Figure 3.12.  Yolk circumference of white seabass larvae spawned and 
subsequently incubated in 50% SW.  On day 1 there was significantly
more yolk than those embryos incubated in 100% SW (Fig.3.10) 
(∗p<0.001).
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Figure 3.13.  Yolk circumference of white seabass larvae spawned and 
subsequently incubated in 25% SW.  On day 1 there was significantly
more yolk than those embryos incubated in 100% SW (Fig.3.10) 
(∗p<0.01).
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Figure 3.14.  Digital images of food particle fluorescence.  A, microparticle fluorescing 
when exposed to blue light (450-490/520 nm).  B, microparticle fluorescing in gut of 
seabream larvae (450-490/520 nm).  C, microparticle fluorescing when exposed to 
ultra-violet light (365/420 nm).  D, microparticle fluorescing in gut of seabream larvae 
(UV exposure).  E, enriched rotifer, Brachionus plicatilus, without fluorescent light exposure.  
F, enriched rotifer fluorescing (450-490/520 nm).  G, enriched rotifer fluorescing exposed
to UV light.
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Figure 3.15.  Light and fluorescent digital images used to ascertain timing of the first 
feeding event.  A, 2 day old brown rockfish larvae with rotifer visible in mid gut.  B, rotifer
fluorescing in mid gut of 2 day old larvae (450-490/520 nm exposure).  C, high power
view of rotifer in mid gut.  D, individual rotifer fluorescing in the gut of a day 2 larvae. 
E, day 10 brown rockfish larvae.  F, multiple rotifers fluorescing in the gut of a day 10
brown rockfish larvae (450-490/520 nm).
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4.1. Introduction 

 Evaluation of the potential of individual rockfish species from the 

Eastern Pacific region for culture has been particularly hampered by the lack 

of comprehensive growth data over the size range pertinent to culture. Field 

studies, where growth rates are based on size at an estimated age, deal 

predominantly with specimens larger than the desirable market size. Growth 

rates vary among different species of the genus (Boehlert and Yoklavich, 

1983; Woodbury and Ralston, 1991). For individual species, available 

evidence indicates that growth rates differ at different phases of their life-

history with rates declining as fish mature (Love et al., 1991). There have 

been few and extremely limited comparisons of growth rates of individual 

species in the wild as compared to growth in culture and existing studies have 

been confined to small segments of early development (Kendall and Lenarz, 

1987). 

The present study examines growth characteristics of local nearshore 

rockfish during phases of development pertinent to the culture of the species 

for food resource and replenishment programs. Three local nearshore 

species, grass (S. rastrelliger), brown (S.  auriculatus), and copper (S. 

caurinus) rockfish were identified as having the potential for viable 

aquaculture.  These species mature relatively early (Love and Johnson, 

1998), grow at a rate close to the mean for the genus (Love et. al., 1990), 

transport readily for the live-fish trade, and are extremely palatable.  In 
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addition they are among species primarily targeted for effective management 

under California's Nearshore Fishery Management Plan (California 

Department of Fish and Game, 2002).   

The present quantitative analysis of growth is a component of a long-

term effort by many members of the Collins’ laboratory to successfully 

characterize the growth characteristics of larval and juvenile nearshore 

rockfish.  For the purposes of developing a comprehensive understanding of 

the patterns of growth during the most critical phases, the data were 

combined in the present form to allow for the development of accurate growth 

curves.  

 

4.2 Materials and Methods 

4.2.1 Fish collection and  maintenance 

Adult grass, adult brown, young brown and young copper rockfish were 

obtained from nearshore waters of the Santa Barbara Channel.  All fish were 

housed in a covered outdoor facility under natural photoperiod at the 

University of California, Santa Barbara in flow through fiberglass tanks.  

Groups of small brown and copper rockfish were separately housed in 600 L 

tanks while older brown and adult grass rockfish were housed in 2000 L 

tanks.  Pregnant fish in advanced stages were transferred to a dedicated 

1000 L spawning and larval rearing tank.  Seawater was drawn from intakes 

located in the Santa Barbara Channel, 2,500 ft offshore, and at a depth of 
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51ft. The seawater was filtered to remove particulates down to 20 µm in size 

and continuously supplied to the tanks at a rate of 500 l/hr.  Seawater quality 

was monitored with an Aquanode XL500 with probes to measure dissolved 

oxygen, temperature, conductivity and pH (Aquadyne Computer Corp. San 

Diego, CA).  The spawning/larval rearing tank was outfitted with several 

cement bricks and PVC tubing to provide structure and filtered seawater 

(sand, 15µm cartridge filter, and ultraviolet) was supplied by a flow through 

system.An artificial photoperiod and temperature set to mirror ambient 

conditions throughout the year.   

Pregnant adult rockfish were fed a mixed diet of commercially bought 

frozen squid, anchovies and sardines to satiation prior to spawning.  Larvae 

used for growth studies were fed an evolving diet as the trials progressed.  

Initial trials were run that utilized a combined diet of rotifers (Brachionus 

plicatilus) and brine shrimp (Artemia franciscana).  Subsequent experiments 

on rearing grass rockfish utilized a microparticulate diet developed by Prof. 

Peter M. Collins, University of California at Santa Barbara, previously used in 

successful rearing experiments on silver sea bream (Sparus sarba) (Kelly et 

al., 2000; Deane et al., 2003).  The brown rockfish rearing trials that were 

ultimately successful resulting in survival beyond the transition to a juvenile 

stage of development, were fed twice daily a diet comprised of enriched 

(Algamac-2000, Aquafauna Bio-Marine, Hawthorne, CA, USA) rotifers 

(Brachionus plicatilus) at a density of 3/ml for the first 42 days.  Rotifers were 
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introduced with green water (Nanno 3600, Reed Mariculture, Campbell, CA, 

USA).  Wild caught calanoid copepods (Calanus pacificus) were integrated 

into the larval diet on day 18 and a mixture of larger zooplankton (copepod 

nauplii, barnacle nauplii, crab zoea, polychaete larvae and amphipods) was 

introduced on day 37.  Juvenile rockfish reared from larvae in the laboratory 

were fed a diet consisting of live mysid shrimp (Acanthomysis sculpta and 

Archaeomysis gebnitzkii), frozen euphasids, commercial flake food (Spirulina 

20, Aquatrol Inc., Anaheim, CA, USA) and minced squid.  All wild caught 

juvenile fish were fed commercial trout pellets (Silver Cup, Nelson & Sons, 

Inc., Murray, Utah, USA) throughout the duration of their captivity.  The 

populations of small brown and copper rockfish were fed 3/32 – 1/8” pellets in 

amounts adjusted monthly to 1% of the fish mass per day. Larger brown 

rockfish were fed 1/4" pellets daily to satiation. 

 

4.2.2 Larval growth studies 

 Wet weights of reared larvae were determined at regular intervals 

through the initial larval period of 40 days.  Larvae were rinsed with de-ionized 

water and placed briefly on Whatman filter paper prior to being placed on the 

scale.  Image analysis software was used to measure notochord length (NL), 

standard length (SL) and total length (TL) using images acquired with a Zeiss 

Universal reflected light microscope and a Pixera 120es digital camera system 

(Pixera Corp., Los Gatos, CA).  Wet weights and total length for juvenile 
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brown rockfish reared successfully from birth were taken on days 46, 64, 81, 

105, 128, 151, 175, 203, 287, 335 and 365.  Fish were anesthesized, 

measured, weighed and photographed using a standard digital camera. 

 

4.2.3 Wild caught juvenile growth studies 

 A cohort of 14 small brown rockfish was collected in August. An 

additional 31 fish of similar size were obtained in September and the two 

groups combined. Changes in weight and linear dimensions were recorded at 

various intervals for a total of 688 days for the combined group of 45 fish. Six 

small copper rockfish were also caught during August and October and 

cultured for 236 days with parameters of growth also determined periodically. 

By reference to our growth curves, both groups of small rockfish were 

determined to be in their first year of growth at the beginning of the study (see 

discussion). A group of 25 larger brown rockfish were collected in October and 

growth characteristics were determined over a period of 591 days. These fish 

were determined to be in their second year of growth at the beginning of the 

study (see discussion). For ease of description, the younger and older groups 

of fish are referred to as fingerlings and juveniles respectively. 

 

4.2.4 Growth analysis 

Equations with mathematical properties applicable to the measurement 

of the growth of organisms were tested including, the monomolecular 
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equation developed by von Bertalanffy, the logistic equation and the 

Gompertz equation (Laird, 1965, review). 

The model that most accurately represents the pattern of growth over 

the periods of this study were determined using the Marquardt-Levenberg 

algorithm as programmed in the curve-fitting software SigmaPlot 2001 (SPSS, 

Chicago, IL). The best fitting model was selected using the correlation 

coefficient (R), the coefficient of determination (R2) and the adjusted R2 

(R2
(adj)).  An ANOVA of the residual sum of squares due to regression allowed 

for further assessment of the applicability of various growth models to the data 

sets.    

 

4.3. Results: 

4.3.1 Larval growth in culture 

Grass rockfish larvae were successfully reared in culture in several 

different experiments, with increased survival observed with each subsequent 

trial.  The first two rearing trials each exhibited complete mortality after 30 

days.  In the third rearing trial complete mortality was observed after 40 days.  

The fourth rearing trial, while only lasting 38 days, had the highest survival 

rate for all trials using the grass rockfish and was used for growth analysis.   

Brown rockfish were successfully reared in culture in two separate 

experiments.  The initial brown rockfish rearing trial lasted 78 days although 

only two individuals remained after day 47 and only one remained after day 

 154



53.  The second brown rockfish rearing trial was one of the first reported 

successes of brown rockfish culture in California and one of only a few 

reported successes ever.   

Among the different mathematical models used to predict growth in 

culture, the Gompertz curve provided the most accurate fit to the data.  The 

formula for the 4-parameter Gompertz curve used in our analysis is:  

F = y0+a*exp(-exp(-(x-x0)/b)) where, x = days in culture; a, b, x0 and y0 are 

independent parameters.  

Growth of grass rockfish larvae reared in culture for 38 days (Figs. 4.1 

and 4.2) is represented by the Gompertz equations: 

Body weight (mg) = 0.1712+58.9693*exp(-exp(-(x-99.1553)/67.3044));  

R2= 0.988 

Notochord length (mm) = 1.1266+11.8390*exp(-exp(-(x-0.7673)/56.8018)); 

R2=0.981 

 Growth of brown rockfish larvae during the first 35 days, part of a 78 

day culture series (sampling ended on day 35) (Figs. 4.3 and 4.4) is 

represented by the Gompertz equation: 

Body weight (mg) = -0.4532+511.2616*exp(-exp(-(x-170.6054)/197.4439));  

R2= 0.9422 

Notochord length (mm) = -9.7398+23.3498*exp(-exp(-(x-(38.6821))/44.6462)); 

R2=0.985 
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 Growth of brown rockfish larvae and juveniles from birth to 365 days 

(the only successful rearing trial beyond juvenile stages) (Figs. 4.5 and 4.6) is 

represented by the Gompertz curves: 

Body weight (g) = -0.0306+33.2881*exp(-exp(-(x-231.2457)/111.0662)); 

R2=0.999 

Total length (mm) = -5.7066+125.4045*exp(-exp(-(x-99.5921)/104.2892)); 

R2=0.997 

 

4.3.2 Wild caught juvenile growth in culture 

The population of 45 brown rockfish fingerlings introduced into culture 

during their first year of growth had an average weight of 9.47 ± 0.53 grams 

when initially weighed on September 7.  These fish exhibited an exponential 

increase in body weight over the experimental period of 688 days (Fig. 4.7).  

During the first 34 days in culture fish grew at a rate of 0.012 g/day to a final 

weight of 9.87 ± 0.48 grams.  The incremental growth rate increased 

progressively during subsequent phases of growth to maximum values of 

0.317 and 0.309 g/day recorded between days 304-573 and 574-688 days in 

culture respectively with fish attaining a final weight of 181.94 ± 13.32 g (Fig. 

4.8).  

The population of 25 brown rockfish introduced into culture during their 

second year at an initial weight of 120.12 ± 11.84 g grew at an approximately 

constant rate (Fig. 4.9) with an average incremental growth rate of 0.338 
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g/day over the study period of 591 days resulting in a final weight of 322.62 ± 

14.62 g (Fig. 4.8).  This growth rate was closely similar to that recorded during 

the final phases of growth of the younger group of fish. 

The standard length of the younger group of brown rockfish showed an 

early exponential increase from an initial value of 6.83 ± 0.12 cm (Fig. 4.10).  

The incremental growth rate rose from 0.0026 cm/day between days 1-34 to 

0.020 cm/day between days 55-75 with fish attaining a length of 7.50 cm. This 

incremental rate was maintained constantly during the 76-89, 90-187, 188-235 

and 236-303 periods of evaluation (Fig. 4.11).  This resulted in an 

approximately linear phase of growth between culture days 76-303 (Fig. 4.10). 

In subsequent age groups, the incremental growth rates declined to 0.014 

cm/day and 0.011 cm/day in the 304-573 and 574-688 day age groups 

respectively (Fig. 4.11) as the length velocity curve passed the point of 

inflection (Fig. 4.10). The population of fish introduced into culture in their 

second year of development showed a further decline in incremental growth 

from a rate of 0.0175 cm/day between days 1-266 in culture to 0.0123 cm/day 

in the final culture period, days 506-591 with the fish attaining a final length of 

25.26 ± 0.43 cm (Fig. 4.12). 

The small group of copper rockfish introduced into culture during their 

first year of growth showed a similar early growth pattern and comparable 

growth rates to those recorded in the corresponding group of fingerling brown 

rockfish. Body weight increased exponentially from an initial weight of 7.7 ± 
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0.97g to a final weight of 55.52 ± 4.57g (Fig. 4.13) with incremental growth 

rates increasing progressively from 0.0810 to 0.3150 g/day during the culture 

period (Fig. 4.14). 

The formula for the 4-parameter Gompertz curve used in our analysis 

of larval growth and growth in culture from birth through the first year provided 

the most accurate fit to the data on juvenile growth in culture.   

Growth for brown rockfish introduced into culture during their first year 

(Figs. 4.7 and 4.10) is represented by the Gompertz equations: 

Body weight =3.8561+301.1254*exp(-exp(-(x-475.4295)/331.4843));  

R2=0.999. 

Standard length =6.0826+12.3463*exp(-exp(-(x-224.1826)/197.7925)); 

R2=0.999. 

Growth for brown rockfish introduced into culture in their second year  

(Figs. 4.9 and 4.12) is represented by the Gompertz equations: 

Body weight = -1207.1391+1777.3363*exp(-exp(-(x-(-1119.3340))/908.36)); 

R2 = 0.997.  

Standard length = 71.0458+99.3828*exp(-exp(-(x-(-987.2279))/465.1215));  

R2 = 0.993. 

 By combining the data sets at overlapping phases of growth in 

fingerlings and juvenile fish, a curve was generated encompassing growth 

over a total of 1083 culture days. Growth for brown rockfish over this entire 
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culture period (Figs. 4.15 and 4.16) is represented by the Gompertz 

equations: 

Body weight = -1.1227+472.5282*exp(-exp(-(x-638.7455)/462.3457));  

R2 = 0.998. 

Standard length = -1.8590+38.5634*exp(-exp(-(x-311.9638)/717.2898));  

R2 = 0.987. 

 

4.4. Discussion 

The most difficult aspect of ensuring success in the rearing rockfish in 

culture is ensuring survival through the larval and early juvenile growth 

periods.  There is a series of distinct phases that have been characterized 

each of which represent a period of development that if not addressed 

appropriately can lead to significant mortality events.  The specifics of these 

phases, while accomplished as part of the larval rearing experiments from 

which the larval growth curves in this study were derived, were not addressed 

in this treatment of the data.   

The present study elucidates patterns of growth during the initial years 

of rockfish life-history that are not easily estimated using field-sampling 

techniques. The monitoring of larval growth in culture from birth and growth of 

the two rockfish populations introduced into culture in their first and second 

year revealed overall sigmoidal patterns of growth.  These patterns were 

characterized by an exponential increase to a point of inflection followed by a 
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phase of decay.  A comparison between the changes in linear dimensions 

and weight with time revealed that the length velocity curve had clearly 

passed the point of inflection and began to decay during a period when 

weights were still increasing at an approximately linear rate.  This divergence 

in the changes in the two growth parameters was reflected in the incremental 

growth data where increases in weight in the fingerling population rose 

progressively to a maximum growth rate (approx. 0.3 g/day) that was 

sustained in fish introduced into culture during their second year of growth 

(Fig. 4.8).  In contrast incremental increases in length reached maximum 

rates in fingerling fish during the first year in culture and fell dramatically 

during the remainder of the 688 day culture period (Fig. 4.11).  Accordingly, 

cultured rockfish during the juvenile phase of development accrued body 

mass at a relatively greater rate as compared to the associated increases in 

body length.  This observation may be of particular relevance in an 

aquaculture context where marketable size is assessed primarily in terms of 

weight.  

A number of attempts have been made to develop equations to 

describe patterns of individual growth, including the von Bertalanffy, the 

logistic, the Richards and the Gompertz functions (Laird, 1965, Laird et al., 

1965, Ricker, 1979).  In fish, the prediction of size as a function of age is most 

commonly addressed through the application of monomolecular type of 

equations such as the von Bertalanffy growth model (von Bertalanffy, 1960).  
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This model has been appropriately applied to rockfish in a fisheries context to 

generate growth curves by reference to age (usually determined by 

observations of otolith annuli) relative to length (Beamish and McFarlane, 

1987; Laidig et al., 1991).  The development of a mathematical model to 

describe each of the component phases of growth in rockfish is complicated 

by the extreme longevity of the genus.  The application of the von Bertalanffy 

model in the back-calculation of growth rates in younger fish from parameters 

established in older specimens is extremely limited and the usefulness of this 

type of mathematical model is confined to the properties of growth in older 

organisms that are beyond the inflection point and have entered a phase of 

exponential decay in incremental growth rates (Laird, 1965).  The von 

Bertalanffy growth curve model was not applicable over the early growth 

phases encompassed in our study.  The mathematical function that provided 

the most useful description of growth in younger fish during the larval, 

fingerling and juvenile phases of growth was the Gompertz growth model.  

This equation recognizes that the growth of an organism from birth to early 

maturity is comprised of two genetically determined processes of exponential 

growth and of exponential decay of the specific growth rate (Laird et al., 

1965).  The Gompertz equation precisely represented the growth 

characteristics, in terms of weight, of grass and brown rockfish reared through 

the larval phases (Figs. 4.1 and 4.2, respectively), of brown rockfish during 

their first year of growth from birth (Fig. 4.5), of both brown and copper 
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rockfish introduced into culture during the season of their birth (Figs. 4.7 and 

4.13, respectively), growth of brown rockfish beginning in their second year of 

development (Fig. 4.9), and the combined growth data for the younger and 

older groups of brown rockfish over a total of 1083 days in culture (Fig. 4.15).  

The Gompertz equation also accurately described the changes in length 

during the corresponding periods of growth in larval grass and brown rockfish 

(Figs. 4.2 and 4.4, respectively), in fingerling brown (Fig. 4.10), and in juvenile 

brown rockfish (Fig. 4.12).  The Gompertz equation well represented the 

pattern of overall growth in length over the total of 1083 days in culture (Fig. 

4.16).  The shortcomings of the von Bertalanffy growth model and the more 

precise applicability of the Gompertz equation in providing back-calculated 

growth estimates during the early stages of development has also been 

demonstrated in the short belly rockfish, S. jordani (Laidig et al., 1991).  

The younger cohort of brown rockfish, were introduced into culture with 

an average weight of 9.47 ± 0.53 g.  The initial weight of brown rockfish 

larvae spawned in our facility was 0.00123 ± 0.00026 g.  By extrapolating the 

combined Gompertz curve to this initial value the young-of-the year fish were 

estimated to be 185 days old at the start of the culture period in September 

and would have been spawned in the wild in early March during the 

established spawning season for the species.  Brown rockfish introduced into 

culture during their second year of growth reached a length of 25.26 ± 0.43 

cm at the end of the culture period. The estimated final age of these fish 
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based on the length of the combined growth curve (1083 days) and the 

additional time from birth to the start of the culture period (185 days) was 

1268 days or 3.47 years.  The final size of fish in the older culture group 

corresponds closely with the size at which 50% of individuals of this species 

attain maturity in the wild (mean length 25.7 cm; Love and Johnson, 1998).   

Application of our combined length Gompertz equation predicts that this 

length would be attained, under culture conditions, 1280 days after birth or 

3.5 years.  This is within the broadly estimated age range for brown rockfish 

at first maturity in the wild of 3 - 6 years (Love and Johnson, 1998).  Thus, the 

Gompertz equation developed from the combined data sets for the two 

cultured groups provides a mathematical model that precisely depicts growth 

with age from birth to sexual maturity.   

We have recently successfully spawned and raised brown rockfish 

from birth in culture.  This allows validation of our growth model by reference 

to specimens of known age and size.  Using body weight as a parameter, the 

Gompertz equation developed from our combined growth data for brown 

rockfish yielded estimated values for age which were precisely correlated with 

the known ages of fingerling rockfish of given weights currently being reared 

from birth in our facility at UCSB (Table 4.1). 

This study establishes growth characteristics in three species of 

nearshore rockfish during the early phases of growth that are pertinent to the 

culture of the species.  While our data confirms the relatively slow growth 

 163



patterns of rockfish, they also indicate that a modest acceleration of growth 

during specific phases of development would improve the feasibility of 

economically viable culture of particular species in food resource or 

replenishment programs.  Experiences with S. schlegeli in commercial culture 

operations on the Western Pacific Rim have demonstrated that optimization 

of dietary regimens can dramatically improve the rate of weight gain as 

compared to a restricted diet (Lee et al., 2000).  Reference to our unique 

growth data set for grass, brown and copper rockfish, indicate that growth 

characteristics could be improved by an acceleration of the increasing 

incremental growth rate during the early exponential growth phases in larval 

and fingerling fish and/or sustaining or increasing incremental growth once 

maximum growth rate is achieved in juvenile fish.  The specific growth 

characteristics established for rockfish during the early years of rapid and 

exponential growth encompass a period of development when rockfish are 

normally recruited to the fishery.  This data may be applicable in the 

prediction of factors affecting recruitment fluctuations and year-class success 

of nearshore rockfish species. In the aggregate, the data on growth in relation 

to age may find broad application in fisheries management plans allowing for 

evaluation of population changes over time.  
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Figure 4.1.   Weight velocity curve of grass rockfish reared in culture for 38 days. 
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Figure 4.2.  Length velocity curve of grass rockfish reared in culture for 38 days.
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Figure 4.3.  Weight velocity curve of brown rockfish reared in culture for 35 days.
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Figure 4.4.  Length velocity curve of brown rockfish reared in culture 35 days.
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Figure 4.5 Weight velocity curve of brown rockfish introduced into culture 
in their first year of growth.
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Figure 4.6.  Length velocity curve for brown rockfish reared in culture for 
365 days (successful rearing trial).  
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Figure 4.7 Weight velocity curve of brown rockfish introduced into culture 
in their first year of growth.
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Figure 4.8.  Incremental growth in body weight of cultured brown rockfish.  Numbers 
above each column are the final weight (± SEM) at the end of the interval of culture.
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Figure 4.9.  Weight velocity curve of brown rockfish introduced into culture in 
their second year of growth.
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Figure 4.10.  Length velocity curve of brown rockfish introduced into 
culture in their first year of growth.
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Figure 4.11.  Incremental growth in length of cultured brown rockfish (S. auriculatus). 
Numbers above each column are the final weight (± SEM) at the end of the interval 
of culture.
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Figure 4.12.  Length velocity curves of brown rockfish introduced into culture 
in their second year of growth.
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Figure 4.13.  Weight velocity curve of cultured copper rockfish.
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the end of the interval of culture.
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Figure 4.15.  Weight velocity curve constructed by combining growth data 
for the two age classes of cultured brown rockfish.
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Figure 4.16.  Length velocity curve constructed by combining growth data
for the two age classes of cultured brown rockfish.
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Table 4.1 

Estimated values for age using the Gompertz equation for the combined 

weight velocity curve compared with the known ages of fingerling rockfish of 

given weights raised from birth in our facility at UCSB. 

Actual 
Weight 
(g) 

4.72 6.10 8.60 18.20 23.00 

Actual 
Age 
(days) 

151 175 203 287 335 

Estimated 
Age 
(days) 

149 170 204 295 320 

*R2 value for comparison between actual and estimated age = 0.989 
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Despite the important role rockfish play in ecosystems and fisheries 

around the world and their current threatened status in much of their existing 

habitats, there remains much that is unknown about their unique life history.  

This project builds upon the existing body of data on the reproductive biology 

and growth patterns of nearshore rockfish in order to assist in the 

development of effective culture techniques and increase the capacity for 

effective management.  Additionally, this highly fecund, long-lived and 

geographically diverse viviparous marine teleost is potentially vulnerable to 

the adverse effects of endocrine disruptors in the environment.  Accordingly, 

the existing work and proposed future studies may establish nearshore 

rockfish as a sentinel species for monitoring the health of marine ecosystems 

in the nearshore coastal waters.  

 The culture of selected rockfish species is one mechanism that can be 

used to alleviate some of the pressures on wild populations and can be used 

to meet the current and projected demand for fish sold to market.  The 

aquaculture policy of the National Oceanic and Atmospheric Administration 

states that aquaculture “should be conducted in concert with a variety of 

fisheries management techniques.”  The policy highlights the need for 

increased understanding in areas specifically related to the “maintenance of 

marine aquaculture species in captivity throughout their life cycle; control and 

synchronization of reproductive and growth cycles; improvement of technology 

for production and handling of larvae and all life stages in hatcheries; 
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definition and improvement of nutritional requirements and nutritional value of 

live feeds.”  The findings of this study characterized aspects of reproductive 

performance and growth that are of direct relevance to the development of 

successful culture of rockfish species for commercial and enhancement 

purposes.   

In terms of broodstock management and reproductive performance in 

culture this study serves to establish the necessary dietary regimens and 

environmental conditions allowing for the long-term culture of candidate 

rockfish species.  The establishment of developmental parameters provides 

convenient indices necessary for experiments examining contributing factors 

that lead to or affect the high fecundity expressed both naturally and in culture. 

By reference to these parameters, it is possible to monitor the sequence and 

establish the timing of component phases of both oocyte and embryonic 

development during the establishment and progression of pregnancy.  Data 

from these studies allowed for the documentation of specific information on 

the complete timing of embryonic development from first cleavage, through 

organogenesis and hatching.  The defined culture conditions allows for the 

expression of a full range of reproductive function in rockfish over prolonged 

periods in culture and provides the methodology and parameters for 

monitoring these processes.   

The development of incubation techniques allowed for long term 

maintenance of embryos taken from the mother and spawned larvae.  The 
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application of these protocols provided for the examination of the time-course 

of osmotic adaptation over a range of different developmental stages.  In 

concert with the use of serial biopsies of the mother these studies provided for 

a novel examination of the requirements for optimal development and growth 

in vitro versus in vivo.  The results of survival experiments and morphological 

analysis of embryos and larvae incubated in various environmental conditions 

definitively indicated that there is a significant advantage conferred in a 

reduced salinity.  Given that the delicate stages of early larval development 

and growth present the critical “road-block” for successful culture of many 

marine teleosts the identification of methodology for increasing survival and 

accelerating growth is essential.  While the primary variable examined in these 

experiments was salinity, the methodology for incubating embryos and larvae 

can be applied towards the testing of the effects of other environmental 

fluctuations, both those that have the potential to accelerate growth in culture 

and those that have negative impacts on survival and development in the wild.   

Anthropogenic effects, including global warming and eutrophication 

contribute to a lowered salinity and increased hypoxia in the ocean.  

Degradation of water and sediment quality may result from industrial 

processes, urban and agricultural effluents that introduce excess nitrogen, 

carbon, iron and phosphorous both into the air and into the water.  Trace 

metals, organic contaminants (e.g. polycyclic hydrocarbons formed by the 

incomplete burning of coal, oil and gas), organochlorine pesticides and excess 
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nutrients all find an outlet and are released into the coastal environment.  

Nutrient over-enrichment can lead to excessive production of algae that upon 

expiring sink to the ocean floor and decompose.  Even small increases in 

temperature, (such as those already being observed in some places), can 

accelerate this process.  Degradation and decomposition by high bacteria 

populations acts to significantly reduce the oxygen concentration in bottom 

waters, creating hypoxic and even anoxic conditions.  Salinity is reduced in 

nearshore habitats both in combination with increases in natural freshwater 

release into the oceans (as a function of increased temperatures) and in 

conjunction with increased run-off from irrigation and storm water release 

associated with ever-increasing coastal populations and land-use.  Changing 

weather patterns and conditions that can affect such phenomena as upwelling 

events, can lead to the dispersal of hypoxic water zones to areas previously 

unaffected (Grantham, 2004).  In many cases such conditions can lead to the 

establishment of "dead zones" void of any major marine life outside of 

massive bacteria populations.  A United Nations report recognizes over 150 

areas threatened by extreme aquatic hypoxia worldwide (United Nations, 

2003) and the number of zones is estimated to double every decade.   

One of the goals of this dissertation was to characterize the growth 

patterns during embryonic, larval and juvenile development of nearshore 

rockfish species.  The established parameters of growth for representative 

stages of rockfish development can serve as the foundation on which to 
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continue the comprehensive assessment of the effects changing 

environmental conditions, such as salinity and hypoxia, have on growth from 

oocyte development through to sexual maturity.   Conveniently, the criteria for 

assessing the effects of environmental perturbations can be applied directly 

towards the assessment of the positive effects incurred through embryonic 

incubation in reduced salinities (chapter 3).    

This study establishes the developmental parameters and yolk 

utilization patterns for the grass rockfish, as well as the specific weight velocity 

curves and incremental growth patterns for several representative nearshore 

rockfish species.  Additionally, the study establishes the general mathematical 

equation applicable to the characterization of growth patterns from embryos 

through larval to late juvenile growth, a pattern that is predicted to fit all 

Sebastes species with perhaps even wider applications for characterization of 

fish growth.  Utilizing the established growth curves it is possible to assess the 

effects any changes in conditions have on growth, either in a positive way in 

terms of optimizing aquaculture production, or in a negative way in terms of 

retardation of growth in response to environmental degradation.  Despite 

these established mechanisms for assessing changes in growth there remains 

a need for further development of applicable biomarkers that can be used to 

determine the effects of changes in environmental conditions. This is 

particularly important given that the use of physical growth parameters often 

requires a long experimental period and an extensive labor investment.  The 

 187



identification of effective biomarkers that accurately serve to predict changes 

in growth, prior to their manifestation in actual growth, would be extremely 

useful.   

It is periods of embryonic and larval development that are often most 

susceptible to even slight perturbations in environmental conditions.  To date, 

there have been only a few studies that specifically examine the effects 

changing conditions such as salinity and hypoxia have on fish embryos, and 

these studies have been limited to oviparous fish species.  In experiments 

using the zebrafish as a model species it has been found that hypoxia causes 

an increased incidence of skeletal malformation thought to be associated with 

the changes in levels of apoptosis in the brain (Shang and Wu, 2004).  

Interestingly, these same studies indicate a long term reduction in the heart 

rate under hypoxic stress, perhaps indicating an attempt to limit energy 

expenditure.  Experiments done in this laboratory on white seabass 

demonstrate that larvae incubated under hypoxic conditions have a 

dramatically lower survival rate, diminished growth rates and malformations in 

the body form (Schwab et al., 2006).  There are thus clear effects resulting 

from exposure to hypoxia during periods of early development in oviparous 

species.   

Given that a viviparous reproductive strategy is thought to confer 

advantages in terms of maternal protection during the sensitive early stages, it 

would be particularly useful to perform experiments using the rockfish that 
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differentiate between direct environmental effects on the mother, direct 

environmental effects on embryos and larvae, and trans-generational effects 

that influence embryonic development through a primary effect on the mother.  

Many of the methodologies outlined in this dissertation can serve as the 

template on which to build the protocols for such examinations.     

The hormonal parameters of growth have yet to be firmly established in 

the rockfish and given that, as in other vertebrates, growth in teleost fish is 

primarily regulated by a somatotropic endocrine axis, this could serve as a 

useful indicator of the effects changes in the environment are having on 

growth in sentinel (and often threatened) fish species.  The examinations of 

the effects of hypoxia on growth rates have been done on a number of 

different fish species although the methodology used has varied.  There is 

some evidence that the growth rates of two salmon species (Oncorhynchus 

kisutch and O. nerka) may be retarded upon exposure to low oxygen levels 

(Brett and Blackburn, 1981).  Additional studies on a number of different fish 

species indicate an overall decrease in biomass relative to decreasing oxygen 

levels (Petersen and Pihl, 1995; Thetmeyer et. al., 1999).  Specific 

examinations assessing the effects of hypoxia on growth of the common carp 

(Cyprinus carpio) indicate a dramatic reduction in food intake and food 

conversion efficiency (Zhou et al., 2001).  In these studies, while hypoxic 

conditions induced hypo-metabolism as a mechanism for reducing the energy 

needs, the overall result decreased the normally available energy for somatic 
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growth and gonadal function (Zhou et al., 2001).  Additionally, in these same 

studies, it was found that those fish exposed to hypoxic conditions had 

significantly lower RNA/DNA ratios than those in normoxic conditions, despite 

the absence of measurable change in specific growth rate.  This finding is 

significant in that it establishes RNA/DNA ratio as a sensitive biomarker that 

can be used as an indicator of fish growth under stressful conditions (Bulow, 

1970; Buckley, 1984; Zhou et al., 2001).   

The rockfish has the potential to provide novel insights not only into 

how hypoxia affects growth rates but additionally how changes in both hypoxia 

and salinity (as the primary examples) that translate through the reproductive 

system and ultimately decrease the capacity to produce large numbers of 

viable offspring.  Specifically, the indications that reduced salinity and hypoxia 

result in energy sparing in order to facilitate adaptation warrant further 

exploration, both in terms of the effects on gonadal function and reproductive 

output of the mother and in terms of the survival, development and growth of 

embryos and larvae.    

Examinations of the effects of hypoxia on reproductive steroid 

production has to date been limited to only a few studies on oviparous fish 

species.  Outside of the immediate impacts hypoxia can have on embryos and 

adult fish growth there are more long-term effects that could have a severe 

impact on fish populations around the world.  In adult carp, hypoxia exposure 

has been found to directly affect the ratio of testosterone (T) to estradiol (E2), 
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causing a decrease in sperm quality, a decrease in fertilization success and 

decreased hatching rates (Wu et al., 2003).  Subsequent examinations of 

zebrafish embryos have indicated that early exposure to hypoxia (within the 

initial periods of development) can affect sex hormone ratios and act as an 

endocrine disruptor (Shang and Wu, 2004).   

Hypoxia has been clearly shown to affect sexual differentiation in the 

zebrafish and thus has the potential to alter the sex ratio of an exposed 

population (Shang et al., 2006).  Another cause of an altered sex ratio has 

been an increase in apoptosis during sexual differentiation of oocyte 

populations leading to the formation of testicular tissue instead of ovarian 

tissue (Shang et al., 2006).  From a steroidogenesis standpoint any alterations 

in the ratio of T/E2 can have profound impacts on sexual differentiation and 

the sex ratio.  C19 steroids (the androstane family) are the precursors to C18 

steroids (the estrane family).  Any decrease in capacity to convert androgens 

ultimately will result in a decrease in estrogen production, and subsequently, a 

decrease in the levels of development of ovarian tissue and the capacity for 

the production of vitellogenin, the female yolk protein.  Despite an observed 

increase in T levels in hypoxia exposed females it has been shown that there 

is a corresponding decrease in the activity of the aromatase enzymes needed 

to convert T to E2.  It is suggested that it is the decrease in enzyme activity 

that is in part driving the masculinization of fish populations as a result of 

hypoxic conditions (Shang et al., 2006).   
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Using the established parameters of development and growth in 

rockfish combined with the developed protocols for embryonic and larval 

incubation future experiments can be performed that seek to elucidate the role 

hypoxia plays during early development using a viviparous fish model.  The 

ability to serially sample embryos from within the maternal environment allows 

for exposure of embryos to a range of conditions in vitro and compare them to 

naturally developing embryos within the original female.  Little is known about 

the trans-generational effects of maternal hypoxia exposure on oocytes and 

embryos developing within the ovary and to what extent overall reproductive 

output versus individual development of corresponding broods are affected in 

those rockfish species with multiple broods.   

The rockfish has the potential to provide novel insights into the effects 

of hypoxia on maternal steroidogenesis given that many of the profiles and 

mechanisms involved have been previously established in this laboratory 

(Moore et al., 2000; Collins et al., 2001; Collins et al., 2004; Collins et al., 

2006).  Pregnancy in the ovary proceeds in an environment of elevated 

17,20β- and 17, 20α-dihydroxylated steroids with 5β -pregnane-17,20β -diol 

showing the greatest fluctuations among different reproductive conditions.  All 

steroids dropped shortly before spawning to similar levels as those measured 

in non-pregnant fish.  Prostaglandins stimulated dose-dependant contractions 

of the ovarian wall with a periodicity similar to those occurring during 

parturition.  Contractions were inhibited by β -adrenergic receptor agonists 
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and this inhibition could be counteracted by β -adrenergic antagonists.  These 

data suggest that prostaglandins may act as physiological mediators of 

smooth muscle contractions in rockfish.  C-21 steroids may play a role in the 

maintenance of pregnancy by modulating the excitatory effects of 

prostaglandins and other agents on smooth muscle contractions in a manner 

analogous to the action of progesterone in other vertebrate groups.  The drop 

in 17, 20β -dihydroxylated steroids may act permissively in the initiation of 

prostaglandin-mediated contractions of the ovarian wall during spawning and 

thus expulsion of developed embryos.  What remains to be investigated is 

whether there are changing levels of steroidogenic enzymes as a result of 

hypoxic exposure over the course of pregnancy, to what extent do these 

enzymes affect levels of C21 steroids and how do these changes ultimately 

translate in terms of the timing of contractions and expulsion of embryos at 

various stages of development.   

While the bulk of the experiments performed in this study focused on 

elucidating the effects of different salinities, and the studies discussed above 

illustrate the importance of investigating the effects of hypoxia, the effects of 

other endocrine disruptors on rockfish reproduction should not be overlooked.  

There is rapidly growing concern the large amounts of chemicals being 

released into the environment and their effects on the reproductive systems of 

animal species around the world (Colburn et al., 1996).  A large number of 

chemicals have estrogenic properties that can seriously disrupt the normal 
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functions of the endocrine system (Colburn et al., 1993).  The effects of 

estrogenic substances have been observed in all classes of vertebrates 

including fish (Munkittrick et al., 1998) reptiles (Colburn and Clement, 1992; 

Colburn et al, 1993), birds (Colburn and Clement, 1992) and mammals 

(Colburn et al., 1993; Sharpe and Skakkebaek, 1993; Guillette, 2000; Aoki, 

2001; Skakkebaek et al, 2001; Sultan et al., 2001; Garry et al., 2002).   

In fish in particular there is a large body of evidence linking endocrine 

disrupting chemicals with abnormalities in reproduction, development, growth 

and behavior (Van Der Kraak et al., 2001) and this disruption has been 

documented worldwide (Monosson, 1997; Kime 1998).  It is not known 

whether fish are more susceptible to the effects of endocrine disrupting 

chemicals relative to other wildlife groups.  Determination as to whether or not 

this is the case is particularly difficult given the wide diversity in reproductive 

and life-history strategies amongst so many species (upwards of 20,000).  

With much of the world inhabiting coastal environments and an ever-

increasing reliance upon food resources harvested from them, it is imperative 

that a comprehensive understanding of the way chemicals affect reproduction 

is achieved. 

The physiology of fish in general may increase their susceptibility to 

endocrine disrupting chemicals as compared to other wildlife groups.  The 

decreased oxygen content of water as compared to air requires increased 

respiration, ensuring an increased flow of potential contaminants past the 
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absorptive epithelium of the gills.  Gill epithelia is particularly well vascularized 

with a high surface area that potentially increases exposure to water-born 

chemicals (Van Der Kraak, 2001).  Osmoregulation also plays a major role in 

determining exposure levels and marine fish in particular are dependent on 

osmoregulatory systems for the absorption of water and ions into the body 

system from the external environment.  Thus conditions that require 

increased osmoregulatory activity have the potential to lead to increased 

exposure.  All fish rely on lipid proteins as a source of endogenous energy 

during early life history stages, lipids that are transferred at different stages 

(depending on the reproductive strategy) from the maternal system to the 

eggs, embryos or larvae.  This provides an additional mechanism for transfer 

given that estrogenic substances known to be endocrine disruptors are 

particularly well suited to transfer via lipid exchange systems and may be 

additionally concentrated in the process.  Given these concerns about 

endocrine disruptors and their effects on fish reproduction it is apparent that 

there needs to be continued examination of the effects these compounds 

have in a wide range of fish species employing a range of various 

reproductive and life-history strategies.   

The rockfish is well suited to be a primary model species for future 

experiments examining the effects of endocrine disruptors.  To date there 

have only been few studies relating rockfish to endocrine disrupting 

chemicals.  The most significant (and alarming) study examined nearshore 

 195



rockfish populations of the Puget Sound in Washington State as part of the 

Puget Sound Ambient Monitoring Program (West et al., 2001).  This study 

found increasing exposure to PCBs in three species rockfish (S. maliger, S. 

auriculatus and S. caurinus) as related to levels of urbanization.  PCBs were 

detected in 100% of urban rockfish, 97.4% of near-urban rockfish and 6.7% of 

non-urban rockfish.  Levels were elevated with age for male rockfish but not 

females, a result potentially explained by trans-generational transfer via lipids 

to developing oocytes and embryos.  16.5% of those sampled exceeded 

levels at which increased enzyme activity, altered thyroid hormones, 

increased nephrosis and hepatocytes, increased fin erosion, altered liver 

lipids, decreased growth and decreased vitellogenin production in females 

have been observed in juvenile salmonid species as a result of PCB 

exposure.  The authors point out the problems of utilizing a sublethal 

threshold for salmonids on rockfish but do emphasize that if anything the 

effects are likely to be magnified given a leaner muscle mass in rockfish as 

compared to salmonids, thus PCBs would be more concentrated amongst the 

more limited lipid reserves.  Overall the Puget Sound study predicts that the 

presence of PCBs might serve as an indicator of exposure to a wide range of 

endocrine disrupting chemicals although clearly further work needs to be 

done to determine the extent of exposure and more importantly the effects 

this exposure is having on current and future rockfish populations (West et al., 

2001).   
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 The effects of several known estrogenic substances found in coastal 

waters of Korea were tested for their effects on sexual differentiation in the 

Korean rockfish (S. schlegeli).  It was found that sexual differentiation of 

young rockfish fry (first exposure 51 days) was affected by some estrogenic 

substances and that korean rockfish are more susceptible to estrogenic 

effects than other oviparous fish species commonly used (Lee et al., 2003).   

The only other known study examining an endocrine disrupting 

chemical’s effects on rockfish reproduction was a study done on the marbled 

rockfish (Sebastiscus  marmoratus), an extremely common rockfish of 

commercial importance found in coastal from Japan, in most coastal waters of 

China, south to the Phillipines.  The study examined the effects of the 

organotin compound tributyltin (TPT).  Tributylin is a common biocide that is 

widely used in anti-fouling paint mixtures (and thus readily dispersed in 

aquatic environments) was found to cause aromatase inhibition in female 

rockfish, thus affecting the T/E2 ratio and resulting in masculinization of 

females.  Even more alarming was the additional effect that the ubiquitous 

polycyclic hydrocarbon benzo(α)pyrene had on rockfish when combined with 

exposure to TPT.  In this case there is an additional decrease in E2 

production (Zheng et al., 2005).  The sensitivity of the marbled rockfish to 

even low levels of these known endocrine disrupting chemicals, and the 

pronounced effects a combination of these common marine pollutants had on 
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the sex hormones, highlights the need for further exploration of the use of 

rockfish as model species for such experiments.   
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IN SUMMARY 

The fundamental ability of any living organism to reproduce hinges in 

large part upon the numbers of females and their capacity to produce healthy 

viable offspring.  It is particularly important to further explore the level of 

conservation of the mechanisms that control reproduction amongst a wide 

range of species in order to further understand how even small changes in 

our environment can have lasting impacts.  The development and use of 

appropriate sentinel species is particularly important in the investigation of 

endocrine disruptors.  Prior to any selection as much information as possible 

has to be elucidated on the mechanisms controlling reproduction, 

development, growth and survival of the model organism.  It was the goal of 

this research to improve and build upon the foundation previously established 

on the reproductive biology of nearshore rockfish in a way that can be 

applicable to further examinations of the effects changing environmental 

conditions have on this threatened and valuable marine fish species.  It is 

hoped that the findings will prove useful for those interested in rockfish 

reproductive biology for the purposes of effective fisheries management, 

development of aquaculture and to further understand the effects of a suite of 

environmental disruptions.   

 199



REFERENCES 
 
Alderdice, D.F. 1988. Osmotic and ionic regulation in teleost eggs and larvae.  

In: Hoar, W.S. and D.J. Randall (eds) Fish Physiology, Volume 11A. 
Academic, San Diego, pp 163-251. 

 
Aoki, Y. 2001. Polychlorinated biphenyls, polychlorinated dibenzo-p-dioxins, 

and polychlorinated dibenzofurans as endocrine disruptors – what we 
have learned from Yusho disease? Environ. Res. 86:2-11. 

 
Archibald, C.P., Shaw, W., Leaman, B.M. 1981. Growth and mortality 

estimates of rockfishes (Scorpanidae) from B.C. coastal waters 1977-
1979.  Can. Tech. Rep. Fish. Aquat. Sci. 1048. 

 
Balinsky, B.I. 1970. An introduction to embryology. Saunders, Philadelphia, 

PA. 

Barron, B.R., Tsang, W.N., Larsen, S., Collins, P.M.. 1995. An evaluation of 
rockfish (Sebastes spp.) as modes for the study of reproduction and 
development in viviparous marine fish. Proceedings of the 5th 
International Symposium on the Reproductive Physiology of Fish, 
Austin, Texas, July 2-8. pp. 228.  

 
Beamish, R. J., McFarlane, G. A., 1987. Current trends in age determination 

methodology. In: R. C. Summerfelt, Hall, G. E. (Eds.), The age and 
growth of fish. The Iowa State Univ. Press, Ames, IA. pp. 15-42. 

Beckmann, A.T., Gunderson, D.R., Miller, B.S., Buckley, R.M.,Goetz, B. 1998. 
Reproductive biology, growth, and natural mortality of Puget Sound 
rockfish, Sebastes emphaeus. (Starks 1911). Fish. Bull. 96(2):352-356. 

 
Ben-Atia, I., Fine, M., Funkenstein, B., Cavari, B., and Getler, A. 1999. 

Preparation of recombinant gilthead seabream (Sparus aurata) growth 
hormone and its use for stimulation of larval growth by oral 
administration. Gen. Comp. Endocrinol. 113:155-164. 

 
Berkeley, S.A., Chapman, C., Sogard, S. 2004. Maternal age as a 

determinant of larval growth and survival in a marine fish, Sebastes 
melanops.  Ecology 85(5):1258-1264. 

 
Berkeley, S.A., Markle, D. 1999. Effects of fishing-induced age truncation on 

recruitment and reproductive potential in black rockfish (Sebastes 
melanops). Final Report R/OPF-143, Oregon Sea Grant, Corvallis, 
Oregon. 

 200



Bjornsson, B.T., Yamauchi, K. , Nishioka, R.S., Deftos, L.J. Bern, H.A. 1987. 
Effects of hypophysectomy and subsequent hormonal replacement 
therapy on hormonal and osmoregulatory status of coho salmon, 
Oncorhynchus kisutch. Gen Comp. Endocrinol. 68:421-430. 

 
Blackburn, D. G. 1998. Viviparity and oviparity: evolution and reproductive 

strategies. In: Encyclopedia of Reproduction (Knobil, E. & Neill, J. D., 
eds), pp. 994–1003. London: Academic Press. 

 
Boef, G., Payan, P. 2001. How should salinity influence growth? Comp. 

Biochem. and Physiol. Part C. 130:411-423. 

Boehlert, G.W. 1981. Effects of photoperiod and temperature on laboratory 
growth of juvenile Sebastes diploproa anda comparison with growth in 
the field. Fish. Bull. 79:789-794. 

Boehlert, G.W., Barss, W.H, and Lamberson, P.B. 1982. Fecundity of the 
widow rockfish Sebastes entomelas off the coast of Oregon. Fish. Bull. 
80:881-884. 

Boehlert, G.W., Kusakari, M., Shimizu, M. and Yamada, J. 1986. Energetics 
during embryonic development of the kurosoi, Sebastes schlegeli. J. 
Exp. Mar. Biol. Ecol. 101:239-256. 

Boehlert, G.W., Love, M.S., Wourms, J.P., Yamada, J. 1991. A summary of 
the symposium on rockfishes and recommendations for future research. 
Environ. Biol. Fish. 30:273-280. 

Boehlert, G.W., Yoklavich, M.M. 1984. Reproduction, embryonic energetics, 
and the maternal-fetal relationship in the viviparous genus Sebastes 
(Pisces: Scorpinaenidae).  Biol. Bull. (Woods Hole) 167:354-370. 

Boehlert, G.W., Yoklavich, M.M.. 1983. Effects of temperature, ration and fish 
size on growth of juvenile black rockfish, Sebastes melanops.  Environ. 
Biol. Fish. 8:17-28. 

 
Boehlert, G.W., Yoklavich, M.M.., 1983. Effects of temperature, ration and fish 

size on growth of juvenile black rockfish, Sebastes melanops.  Env. 
Biol. Fish. 8, 17-28. 

 
Bolton, J.P., N.L. Collie, H., Kawauchi, Hirano, T. 1987. Osmoregulatory 

actions of growth hormone in rainbow trout (Salmo gardneri). J. 
Endocrinol. 112:63-68. 

 201



Bowers, M. J. 1992. Annual reproductive cycle of oocytes and embryos of 
yellowtail rockfish Sebastes flavidus (Family Scorpaenidae). Fish. Bull, 
U.S. 90:231-242.  

 
Brett, B.A., Blackburn, J.M. 1981. Oxygen requirements for growth of young 

coho (Oncorhynchus kisutch) and sockeye (O. nerka) salmon at 15ºC. 
Can. J. Aqua. Sci.  38:399-404. 

 
Buckley, L.J. 1984. RNA-DNA ratios: an index of larval fish growth in the sea. 

Mar. Biol. 80:291-298. 
 
Bulow, F.J. 1970. RNA-DNA ratios as indicators of recent growth rates of fish. 

Can. Fish. Res. Board J. 27:2343-2349. 
 
Bushnell, P.G., Brill, R.W. 1992. Oxygen transport and cardiovascular 

responses in skipjack tuna (Katsuwonus pelamis) and yellowfin tuna 
(Thunnus albacares) exposed to acute hypoxia. J. Comp. Physiol. B. 
162:131-141. 

 
Cailliet G.M., Burton E.J., Cope J.M., Kerr L.A., Larson R.J., Lea R.N., 

Ventresca D, Knaggs EH. 2000. Biological characteristics of nearshore 
fishes of California; A review of existing knowledge and proposed 
additional studies for the Pacific Ocean Inter-jurisdictional Fisheries 
Management Plan Coordination and Development Project, Final report 
to Pacific States Marine Fisheries Commission. 

 
Cailliet, G.M., Andrews, A.H., Burton, E.J., Watters, D.L., Kline, D.E., and 

Ferry-Graham, L.A. 2001. Age determination and validation studies of 
marine fishes: do deep-dwellers live longer? Exp. Gerontol. 36:739-
764. 

 
California Department of Fish and Game, Marine Division, 2002. California 

Nearshore Fishery Management Plan [online]. Available: 
http://www.dfg.ca.gov/MRD/nfmp/entire.html [13/4/2006] 

 
Carlson, H.R., Haight, R.E., Helle, J.H. 1995. Initial behavior of displaced 

yellowtail rockfish Sebastes flavidus in Lynn Canal, Southeast Alaska.  
Fish. Res. Bull. 2(1):76-80. 

 
Chen, L.C. 1971. Systematics, variation, distribution and biology of the 

subgenus Sebastomus (Pisces, Scorpinaenidae, Sebastes). Bull. 
Scripps Inst. Oceanogr. 18:1-115. 

 
 

 202



Clarke, W.C., S.W. Farmer, and K.M. Hartwell. 1977. Effects of teleost 
pituitary growth hormone on growth of Tilapia mossambica  and on 
growth and seawater adaptation of sockeye salmon (Oncorhynchus 
nerka). Gen. Comp. Endocrinol. 33:174-178. 

 
Clay, D., Kenchington, T.J. 1986. World Bibliography of the redfishes and 

rockfishes (Sebastinae, Scorpaenidae).  Can. Tech. Rep. Fish. Aquat. 
Sci. 1429. 

 
Colburn, T., Clement, C. 1992. Chemically induced alterations in sexual 

development: the wildlife/human connection. Advances in Modern 
Environmental Toxicology, vol. 31. Princeton Scientific Publishers, 
Princeton, NJ.  

 
Colburn, T., Dumanoski, D., Meyers, J.P. 1996. Our stolen future: How we 

are threatening our fertility, intelligence and survival. Penguin Books 
Ltd., New York, NY. 

 
Colburn, T., vom Saal, F.S., Soto, A.M. 1993. Developmental effects of 

endocrine disrupting chemicals in wildlife and humans. Environ. Health. 
Perspect. 101:378-384. 

 
Collins, P. M., O’Neill, D. F., Barron B. R., Sherwood, N. M. 2001. GnRH 

content in the brain and pituitary of male and female grass rockfish 
(Sebastes rastrelliger) in relation to seasonal changes in reproductive 
status. Biol. Reprod. 65:173-179.  

 
Collins P.M., Moore R.K., Chaille P.M. and Tsang W.N. 2004. Endocrine 

mechanisms regulating pregnancy and parturition in a nearshore 
rockfish (Sebastes rastrelliger).  Abstracts of the 6th Asia-Pacific Marine 
Biotechnology Conference, Asia Pacific Society of Marine 
Biotechnology, Zhoushan, P.R. China. 

 
Collins P., Moore R., Chaille P., Tsang W.N., Scott A.P. and Sherwood N. 

2006. Regulation of pregnancy in a viviparous rockfish, Sebastes 
rastrelliger. Abstracts of the 15th International Conference on 
Comparative Endocrinology. Boston, Massachusetts, USA. J. Exp. 
Zool., 305:118.  

 
Conte, F.P., Takano, K., Takemura, A. Boehlert, G.W. 1991. Ontogeny of the 

sodium pump in embryos of rockfish of the genus Sebastes. Environ. 
Biol. Fish. 30:127-133. 

 

 203



Copeland, D.E. 1948. The cytological basis of chloride transfer in the gills of 
Fundulus heteroclitus. J. Morphol. 82:201-228. 

 
Dange, A.D. 1986. Branchial Na-K-ATPase activity in freshwater or saltwater 

acclimated tilapia, Oreochromis mossambicus: Effects of cortisol and 
thyroxine. Gen. Comp. Endocrinol. 62:341-343. 

 
Daughady, W.H., Kapadia, M., Yanow, C.E., Fabrick, K., Mariz, I.K. 1985. 

Insulin-like growth factor I and II of non-mammalian sera. Gen. Comp. 
Endocrinol. 59:316. 

De Bruin, J.P., Gosden, R.G., Finch, C.E., Leaman, B.M. 2004. Ovarian aging 
in two species of long-lived rockfish, Sebastes aleutianus and S. alutus. 
Biol. Reprod. 71:1036-1042. 

 
Deane, E.E., Kelly, S.P., Collins, P.M., Woo, N.Y.S. 2003. Larval 

development of silver sea bream (Sparus sarba): ontogeny of 
RNA/DNA ratio, GH, IGF-I, and Na+-K+-ATPase. Mar. Biotechnol. 5:79-
91. 

 
Deane, E.E., Woo, N.Y.S. 2003. Ontogeny of thyroid hormones, cortisol, 

hsp70, and hsp90 during silver sea bream larval development. Life 
Sciences. 72:805-818. 

 
Degnan, K.J. 1986. Cyclic AMP stimulation of Chloride secretion by the 

opercular epithelium: The apical membrane chloride conductance. J. 
Exp. Zool. 238:141-146. 

Delo, L J., Moore, R.K., Tsang, W.N., Woo, Norman Y.S., Collins, P. M. 
(2002). Early developmental patterns in cultured viviparous Sebastes 
rastrelliger and oviparous Sparus sarba teleosts. Proceedings of the 
World Aquaculture 2002 meeting, Beijing, China. 

Depeche, J. (1973). Ultrastructure of the yolks and pericardial sac surface in 
the embryo of teleost Poecilia reticulate. Z. Zellforsch. Mickrosk. Ant. 
141:236-253.  

 
Doyle, W.L., Epstein, F.H. 1972. Effects of cortisol treatment and osmotic 

adaptation on the chloride cells in the eel Anguilla rostrata. 
Cytobiologie. 6:58-73. 

 
Dygert, P.H., Gunderson, D.R. 1991. Energy utilization by embryos during 

gestation in viviparous copper rockfish, Sebastes caurinus. Environ. 
Biol. Fish. 30:165-171. 

 204



 
Eales, J.G., McLatchy, D.L.. 1989. The relationship between T3 production 

and energy balance in salmonids and other teleosts. Fish Physiol. 
Biochem. 7:289. 

Eldridge, M.B., J.A. Whipple, M.J. Bowers, B.M. Jarvis, and J. Gold. 1991. 
Reproductive performance of yellowtail rockfish, Sebastes flavidus. 
Environ. Biol. Fish. 30:91-102. 

Eldridge, M.B., Norton, E.C., Jarvis, B.M., Macfarlane, R.B. 2002. Energetics 
of early development in the viviparous yellowtail rockfish. J. of Fish Biol. 
61:1122-1134. 

 
Eldridge, M.B., Whipple, J.A., Bowers, M.H. 1982. Bioenergetics and growth 

of striped bass, Morone saxatilis, embryos and larvae. Fish. Bull. 
80:461-474 

 
Eldridge, M.B., Whipple, J.A., Eng, D., Bowers, M.J., Jarvis, B.M. 1981. 

Effects of food and feeding factors on laboratory-reared striped bass 
larvae.  Trans. Am. Fish. Soc. 110:111-120. 

 
Foskett, J.K., Bern, H.A., Machen, T.E., Conner, M. 1983. Chloride cells and 

the hormonal control of teleost fish osmoregulation. J. Exp. Biol. 
106:225-281. 

 
Foskett, J.K., Logsdon, C.D., Turner, T., Machen, T.E., Bern, H.A. 1981. 

Differentiation of the chloride extrusion mechanism during seawater 
adaptation of a teleost fish, the cichlid Sarotherodon mossambicus., J. 
Exp. Biol. 93:209-224. 

 
Foskett, J.K., Scheffey, C. 1982. The chloride cell: Definitive identification as 

the salt secretory cell in teleosts. Science. 215:164-166. 
 
Garry, V.F., Harkins, M.E., Erickson, L.L., Long-Simpson, L.K., Holland, S.E., 

Burroughs, B.L.  2002. Birth defects, season of conception, and sex of 
children born to pesticide applicators living in the Red River Valley of 
Minnesota, USA. Environ. Health Perspect. 110(suppl 3):441-449. 

 
Govoni, J.J., Boehlert, G.W., Watanabe, Y. 1986. The physiology of digestion 

in fish larvae. Env. Biol. Fish. 16:59-77. 
 
 
 
 

 205



Grantham, B.A., Chan, F., Nielsen, K.J., Fox, D.S., Barth, J.A., Huyer, A., 
Lubchenco, J., Menge, B.A. 2004. Upwelling-driven nearshore hypoxia 
signals ecosystem and oceanographic changes in the northeast 
Pacific. Nature. 429:749-754. 

 
Guillette, E.A. 2000. A broad based evaluation of pesticide-exposed children. 

Cent. Eur. J. Public Health. 8:58-89. 

Gunderson, D.R., Callahan, P., Goiney, B. 1980. Maturation and fecundity of 
four species of Sebastes. Mar. Fish. Rev. 42:74-79. 

Haldorson, L., Love, M.S. 1991. Maturity and fecundity in the rockfishes, 
Sebastes spp., a review. Mar. Fish. Rev. 53(2):25-31. 

 
Hamlett, W.C., Schwartz, F.J., DiDio, L.J. 1987. Subcellular organization of 

the yolk syncytial-endoderm complex in the pre-implantation shark yolk 
sac. Cell Tissue Res. 247:275-285. 

 
Hamor, T., Garside, E.T. 1973. Peroxisome-like vesicles and oxidative activity 

in the zona radiate and yolk of the ovum of the atlantic salmon (Salmo 
salar L.). Comp. Biochem. Physiol B. 45(B):147-151. 

Helvey, M. 1982. First observations of courtship behavior in rockfish, 
Sebastes flavidus. Copeia 4:763-770. 

 
Heming, T.A., Buddington, R.K. 1988. Yolk absorption in embryonic and larval 

fishes. In: Fish Physiology, eds. W.S. Hoar, D.J. Randall. Academic 
Press, New York, NY. 

 
Hemming, T.A., McInerney, J.E., Alderdice, D.F. 1982. Effects of temperature 

on initial feeding in alevins of chinook salmon (oncorhynchus 
tshawytshca).  Can. J. Fish. Aquat. Sci. 39:1554-1562 

 
Herndon,T.M., McCormick, S.D., Bern, H.A. 1991. Effects of prolactin on 

chloride cells in opercular membrane of seawater-adapted tilapia. Gen. 
Comp. Endocrinol. 83:283-289. 

 
Hirano, T. 1986. The spectrum of prolactin action in teleosts. In: Ralph, C.L. 

(ed). Comparative Endocrinology: Developments and Directions, pp. 
53-74. A.R. Liss, New York. 

 
Hirano, T., Morisawa, M., Susuki, K. 1978. Changes in plasma and coelomic 

fluid composition of the mature salmon (Oncorhynchus keta) during 
freshwater adaptation. Comp. Biochem. Physiol., A.  61A, 5-8. 

 206



Holliday, F.G.T. 1965. Osmoregulation in marine teleost eggs and larvae. 
Calif. Coop. Oceanic Fish. Invest. 10:89-95. 

 
Holliday, F.G.T., Jones, M.P. 1965. Osmotic regulation in the embryo of the 

herring (Clupea harengus). J. Mar. Biol. Assoc. U.K. 45:305-311. 
 
Holmes, W.N. 1959. Studies on the hormonal control of sodium metabolism in 

the rainbow trout (Salmo gairdnerii). Acta Endocrinol. 31:587-602. 
 
Holmes, W.N., Donaldson, E.M. 1969. The body compartments and the 

distribution of electrolytes. In: Fish Physiology, vol. 1, eds W.S. Hoar, 
D.J. Randall. Academic Press, New York, NY. pp. 1-89 

 
Hootman, S.R., Philpott, C.W. 1980. Accessory cells in teleost branchial 

epithelium. Am. J. Physiol. 238R:199-206. 

Hopkins, T.E., Eldridge, M.B., and Cech Jr, J.J. 1995. Metabolic costs of 
viviparity in yellowtail rockfish, Sebastes flavidus.  Environ. Biol. Fish. 
43:77-84. 

Humphrey, C. D., Pittman, F. E. 1974.  A simple methylene blue-azure II-basic 
fuchsin stain for epoxy-embedded tissue sections.  Stain Technology.  
49, 9-14. 

 
Hurley, D.A., and Brannon, E.L. 1969. Effect of feeding before and after yolk 

absorption on the growth of sockeye salmon. Int. Pac. Salmon. Fish. 
Comm., Progress Report:21. 

 
Hwang, P.P, Lee, T.H., Weng, C.F., Fang, M.J., Cho, G.J. 1999. Presence of 

Na-K-ATPase in mitochondria-rich cells, in yolk sac epithelium of 
larvae of teleost, Oreochromis mossambicus. Physiol. Biochem. Zool. 
72:138-144. 

 
Hwang, P.P., Hirano, R. 1985. Effects of environmental salinity on 

intercellular organization and junctional structure of chloride cells in 
early stages of teleost development. J. Exp. Zool. 236:115-126. 

 
Jacobson, M.D., Wil, M., Raff, M.C. 1997. Programmed cell death in animal 

development. Cell. 88:347-354. 
 
Johnson, J., Canning, J., Kaneko, T., Pru, J.K., Tilly, J. 2004. Germline stem 

cells and follicular renewal in the postnatal mammalian ovary. Nature. 
428:145-149. 

 

 207



Karnaky, K. J. 1986. Structure and function of the chloride cell of Fundulus 
heteroclitus and other teleosts. Amer. Zool. 26, 209-224. 

 
Karnaky, K.J., Kinter, L.B., Kinter, W.B., Stirling, C.E. 1976. Teleost chloride 

cell. II. Autoradiographic localization of gill Na-K-ATPase in killifish 
Fundulus heteroclitus adapted to low and high salinity environments. J. 
Cell. Biol. Assn. U.K., 70:157-177. 

 
Kelly, S.P., Larsen, S.D., Collins, P.M., Woo, N.Y.S. 2000. Quantitation of 

inert feed ingestion in larval silver sea bream (Sparus sarba) using 
auto-fluorescence of alginate-based microparticulate diets. Fish 
Physiol. and Biochem. 22:109-117. 

 
Kendall, A.W., Lenarz., W.H., 1987. Status of early life history studies of 

Northeast Pacific rockfishes. In: Proceedings of the International 
Rockfish Symposium, Anchorage, Alaska, Univ. Alaska, Alaska Sea 
Grant Report, 87-2. pp. 99-128. 

 
Keys, A.B., Wilmer, E.N. 1932. Chloride secreting cells in the gills of fishes 

with special references to the common eel. J. Physiol. 76:368-77. 
 
Kime, D.H. 1998. Endocrine disruption in fish. Kluwer Academic Publishers, 

Norwell, MA. 
 
Kirshner, L.B. The energetics aspects of osmotic regulation in ureotelic and 

hypoosmotic fishes. J. Exp. Zool. 271:19-26. 
 
Komourdjian, M.P., Saunders, R.L., Fenwick, J.C. 1976. The effect of porcine 

somatotropin on growth and survival in seawater of Atlantic salmon 
(Salmo salar) parr. Can. J. Zool. 54:531-535. 

 
Krieger, K. 1998. Distribution and abundance of shortraker rockfish, Sebastes 

borealis, and rougheye rockfish, S. aleutianus, determined from a 
manned submersible.  Fish. Bull. 97:264-272. 

 
Kusakari, M. 1991. Mariculture of kurosoi, Sebastes schlegeli.  Environ. Biol. 

Fish. 30:245-251. 

Kusakari, M., Mori, Y., Kudo, K. 1977. Studies on the breeding habit of a 
rockfish, Sebastes schlegeli.  On the breeding behavior of pregnant fish 
and just spawned larvae. J. Hokkaido Fish. Exp. St. 34:1-11. 

 
 

 208



Kwon, J.Y., Chang, Y.J., Sohn, Y.C., Aida, K. 1999. Plasma and ovarian 
thyroxine levels in relation to sexual maturation and gestation in female 
Sebastes inermis.  J. of Fish Biol. 54:370-379. 

Laidig, T.E., Ralston, S., Bence, J.R., 1991.  Dynamics of growth in the early 
life history of shortbelly rockfish, Sebastes jordani.  Fish. Bull. 89, 611-
621.  

 
Laird, A.K., 1965. Dynamics of relative growth. Growth 29, 249-263. 
 
Laird, A.K., Tyler, S.A., Barton, A.D. 1965. Dynamics of normal growth.  

Growth 29:233-248 
 
Laiz-Carrion, R., Sangiao-Alvarellos, S., Guzman, J., Martin del Rio, M.P., 

Soengas, J.L., and Mancera, J.M. 2005.  Growth performance of 
gilthead sea bream Sparus aurata in different osmotic conditions: 
Implications for osmoregulation and energy metabolism. Aquaculture. 
250(3-4):849-861. 

 
Lange, R.H., Grodzinski, Z., Kilarski, W. 1982. Yolk platelet crystals in three 

ancient bony fishes: Polypterus bichi (Polypteri), Amia calva L., and 
Lepisosteus osseus (L.) (Holostei). Cell Tissue Res. 222:159-165. 

Larson, R.J. 1991. Seasonal Cycles of reserves in relation to reproduction in 
Sebastes.  Env. Biol. Fish. 30:57-70. 

 
Laurel, B.J., Brown, J.A., Anderson, R., 2001. Behaviour, growth and survival 

of redfish larvae in relation to prey availability. J. of Fish Biol. 59:884– 
901. 

 
Laurent, P. 1984. Gill internal morphology. In: Fish Physiology, vol. 10A, eds 

W.S. Hoar, D.J. Randall. Academic Press, New York, NY, pp. 73-172. 
 
Laurent, P., Perry, S.F. 1990. Effects of cortisol on gill chloride cell 

morphology and ionic uptake in the freshwater trout, Salmo gardneri. 
Cell Tissue Res. 259:429-442. 

Leaman, B.M. 1991.  Reproductive styles and life history variables relative to 
exploitation and management of Sebastes stocks.  Environ. Biol. Fish. 
30:253-271. 

Leaman, B.M., Beamish, R.J. 1984. Ecological and management implications 
of longevity in some Northeast Pacific groundfishes.  Int. North Pac. 
Fish. Comm. Bull. 42:85-97. 

 209



 
Lee, S.M., Hwang, U.G., Cho, S.H., 2000. Effects of feeding frequency and 

dietary moisture content on growth, body composition and gastric 
evacuation of juvenile Korean rockfish (Sebastes schlegeli).  
Aquaculture. 187:399-409. 

 
Lee, W.K., Lee, K.W., Kwak, E.J., Yang, S.W., Yang, K.S., Park, J.C., Joo, 

H.S., Lee, W.J., Lee, W.B. 2003. Effects of environmental endocrine 
disruptors on the sex differentiation in Korean rockfish, Sebastes 
schlegeli. Water Sci. and Tech. 47:65-70. 

 
Leeworthy, V.R. 2001. Preliminary estimates from versions 1-6: Coastal 

Recreation Participation. NOAA, SEA division, National Ocean Service. 
 
Lenarz, W.H., Wyllie Echeverria, T. 1991. Sexual dimorphism in Sebastes.  

30:71-80. 
 
Li, S., Mathias, J.A. 1982. Causes of high mortality among culture larval 

walleye. Trans. Am. Fish. Soc. 111:710-721. 
 
Lin, L.Y., Weng, C.F., Hwang, P.P. 2000. Effects of cortisol and salinity 

challenge on water balance in developing larvae of tilapia 
(Oreochromis mossambicus). Physiol. Biochem. Zool. 73(3):283-289. 

 
Lin, L.Y., Weng, C.F., Wang, J.I., Hwang, P.P. 1999. Effects of cortisol on ion 

regulation in developing tilapia (Oreochromis mossambicus) larvae. 
Physiol. Biochem. Zool. 72:397-404. 

 
Lindahl, K.I., Sara, V., Fridberg, G., Nishimiya, N. 1985. The presence of 

somatomedin in the Baltic salmon, Salmo salar, with special reference 
to smoltification. Aquaculture. 45:177. 

 
Love, M.S., Carr, M.H., Haldorson, L.J., 1991. The ecology of substrate-

associated juveniles of the genus Sebastes. Env. Biol. Fish. 30, 225-
243. 

 
Love, M.S., Johnson, K., 1998. Aspects of the life histories of grass rockfish, 

Sebastes rastrelliger, and brown rockfish, S. auriculatus, from southern 
California. Fish. Bull. 87, 100-109. 

 
Love, M.S., Morris, P., McCrae, M., Collins, R.. 1990.  Life history aspects of 

19 rockfish species (Scorpaenidae: Sebastes) from the southern 
California Bight.  NOAA-TR-NMFS-87, La Jolla, CA. 

 

 210



Love, M.S., Yoklavich, M.M., Thorsteinson, L. 2002. The Rockfishes of the 
Northeast Pacific. Unviersity of California Press, Los Angeles, CA. 

Macfarlane, R.B., Bowers, M.J. 1995. Matrotrophic viviparity in the yellowtail 
rockfish Sebastes flavidus. J. Exp. Biol. 198(5):1197-1206. 

 
MacFarlane, R.B., Norton, E.C. 1999. Nutritional dynamics during embryonic 

development in the viviparous genus Sebastes and their application to 
the assessment of reproductive success. Fish. Bull. 97:273-281. 

 
Madsen, S.S. 1990. Effect of repetitive cortisol and thyroxine injectionson 

chloride cell number and Na-K-ATPase activity in gill of freshwater 
acclimated rainbow trout, Salmo gairdneri. Comp. Biochem. Physiol. A 
95:171-176. 

 
Madsen, S.S., Koorsgaard, B. 1989. Time course effects of repetitive 

oestradiol-17β and thyroxine injections on the natural spring smolting of 
Atlantic Salmon (Salmo salar). L. J. Fish Biol. 35:119-128. 

 
Marshall, W.S., Nishioka, R.S. 1980. Relation of mitochondria-rich chloride 

cells to active chloride transport in the skin of a marine teleost. J. Exp. 
Zool. 214:147-156. 

Mathews, S.B., Barker, M.W. 1983. Movements of rockfish (Sebastes) tagged 
in Northern Puget Sound, Washington. Fish. Bull. 82(1):916-922. 

 
Maule, A.G., Schreck, C.B. 1990. Glutocorticoid receptors in leukocytes and 

gill of juvenile coho salmon (Oncorhynchus kisutch). Gen. Comp. 
Endocrinol. 77:448-455. 

 
May, R.C. 1974. Effects of temperature and salinity on yolk utilization in 

Bairdiella icistia (Jordan and Gilbert)(Pisces: Scianidae). J. Exp. Mar. 
Biol. Ecol. 16:213-225. 

 
McCormick, S.D. 1990. Cortisol directly stimulates differentiation of chloride 

cells in tilapia opercular membrane. Am. J. Physiol. 259:R857-863. 
 
McCormick, S.D. 1995. Hormonal control of gill Na-K-ATPase and chloride 

cell function. In: Wood, C.M. and T.J. Shuttleworth (eds). Cellular and 
Molecular Approaches to Fish Ionic Regulation. Academic Press, San 
Diego, pp. 285-307. 

 
 

 211



McCormick, S.D. and H.A. Bern. 1989. In vitro stimulation of Na-K-ATPase 
activity and oubain binding by cortisol in coho salmon gill. Am. J. 
Physiol. 256:R707-715. 

 
McCormick, S.D., Dickhoff, W.W., Duston, J, Nishioka, R.S., Bern, H.A. 1991. 

Developmental differences in the responsiveness of gill Na-K-ATPase 
to cortisol salmonids. Gen. Comp. Endocrinol. 84:308-317. 

 
McCormick, S.D., Naiman, R.J. 1984. Osmoregulation in the brook trout, 

Salvelinus fontinalis. II. Effects of size, age and photoperiod on 
seawater survival and ionic regulation. Comp. Biochem. Physiol. A 
79:17-28. 

 
McCormick, S.D., Sakamoto, T., Hasegawa, S., Hirano, T. 1991. 

Osmoregulatory actions of insulin-like growth factor I in rainbow trout 
(Oncorhynchus mykiss). J. Endocrinol. 130:87-92. 

 
McLean, E., Devlin, R.H., Byatt, J.C., Clark, W.C., Donaldson, E.M. 1997. 

Impact of controlled release formulation of recombinant bovine growth 
hormone upon growth and seawater adaptation in coho (Oncorhynchus 
tshwytscha) salmon. Aquaculture. 156:113-128. 

 
Methot, R., Wallace, F., Piner, K. 2003. Status of the yelloweye rockfish off 

the west coast in 2002. Status of the Pacific Coast groundfish fishery 
through 2003, Stock Assessment and fishery evaluation. Pacific 
Fishery Management Council, Portland, Oregon. pp. 1-73. 

 
Ministry of Maritime Affairs and Fisheries of Korea, 2003. Statistical Year 

Book of Maritime Affairs and Fisheries. Seoul, Republic of Korea.  

Mizue, K. 1959. About the seasonal cycle of mature testis of Sebastes 
inermis.  Bull. Fac. Fish. Nagasaki Univ. 8:111-122. 

 
Monosson, E. 1997. Reproductive and developmental effects of contaminants 

in fish populations: establishing cause and effect. In: Chemically 
induced alterations in functional development and reproduction of 
fishes. Rolland, R.M., Gilbertson, M., Peterson, R.E. (eds).  SETAC 
Press, Pensacola, FL. pp. 177-194. 

 
Moore, R. K., Scott, A. P., Collins, P. M., 2000. Circulating C-21 steroids in 

relation to reproductive condition of a viviparous marine teleost, 
Sebastes rastrelliger (grass rockfish). Gen. Comp. Endocrinol. 117, 
268-280. 

 

 212



Moore, R.K. 2000. The physiological basis of gestation in a model viviparous 
teleost, the grass rockfish (Sebastes rastrelliger). Doctoral dissertation, 
University of California, Santa Barbara. 

Moreno, G. 1990. Description of the larval stages of five northern California 
species of rockfishes (Family Scorpinaenidae) from rearing studies.  
M.S. Thesis, California State University, Stanislaus. 68 p. 

Morgan, J.D., Iwama, G.K. 1999. Energy cost of NaCl transport in isolated 
gills of cutthroat trout. Am. J. Physiol. 277:R631-639. 

 
Mori, H., Nakagawa, M., Soyano, K., Koya, Y., 2003. Annual reproductive 

cycle of black rockfish Sebastes schlegeli in captivity. Fish. Sci. 69, 
910-923. 

Moser, H.G. 1967a. Reproduction and development of Sebastodes 
paucispinis and comparison with other rockfishes off California.  Copeia 
1967:773-779. 

Moser, H.G. 1967b. Seasonal histological changes in the gonads of 
Sebastodes paucipinis, an ovoviparous teleost (Family Scorpaenidae). 
J. Morph. 123:329-354. 

Moser, H.G., Ahlstrom, E.H., Sandknop, E.M. 1977. Guide to the identification 
of scorpionfish larvae (family Scorpaenidae) in the eastern Pacific with 
comparative notes on Sebastes and Helicolenus from other oceans.  
U.S. Dept. Commerce. NOAA Tech. Rep. NMFS CIRC. 402. 72 pp. 

Moser, H.G., Boehlert, G.W. (1991). Ecology of pelagic larvae and juveniles of 
the genus Sebastes.  Environ. Biol. Fish. 30:203-224. 

Moser, H.G., Butler, J.L. 1981. Description of reared larvae and early juveniles 
of the calico rockfish Sebastes dalli (Eigenmann and Beeson 1894). 
CalCOFI Rep. 2:88-95. 

 
Munk, K.M. 2001. Maximum ages of groundfishes in waters off Alaska and 

British Columbia and considerations of age determination. Alaska Fish. 
Res. Bull. 8:12-21. 

 
Munk, P., Kiørboe, T., 1985. Feeding behaviour and swimming activity of 

larval herring (Clupea harengus) in relation to density of copepod 
nauplii. Marine Ecology. Progress Series 24:15– 21. 

 
 
 

 213



Munkittrick, K.R., McMaster, M.E., McCarthy, L.H. 1998. An overview of 
recent studies on the potential of pulp mill effluents to impact 
reproductive function in fish. J. Toxicol. Environ. Health Part B. 1:347-
371. 

Murie, D.J., Parkyn, D.C., Clapp, B.G., Krause, G.G. 1993. Observations on 
the distribution and activities of rockfish, Sebastes spp., in Saanich 
Inlet, British Columbia, from the Pisces IV submersible. Fish. Bull. 
92:313-323. 

 
Nakagawa, H., Tsuchiya, Y. 1972. Studies on raibow trout egg (Salmo 

gairdnerii) IV. Changes of yolk content during embryogenesis. J. Fac. 
Fish. Anim. Husb., Hiroshima Univ. 11:111-118. 

 
Nakemura, M., Kobayashi, T., Chang, X.T., Nagahama, Y. 1998. Gonadal sex 

differentiation in teleost fish.  J. Exp. Zool. 281:362-372. 

Needham, J. 1942. Biochemistry and morphogenesis. Cambridge University 
Press, Cambridge. 785 pp. 

Ochiai, T., Kodera, K, Kon, T., Miyazaki, T., and Kubota, S.S. 1977. Studies 
on disease owing to erroneous-swalling in ayu fry. Fish. Pathol. 12:135-
139. 

O'Connell, V.M., Carlile, D.W. 1993. Habitat specific density of adult yelloweye 
rockfish in the eastern Gulf of Alaska.  Fish. Bull. 91:304-309. 

 
Ohno, S., Karasaki, S., Takata, K. 1964. Histo- and cytochemical studies on 

the superficial layer of yolk platelets in Trituris embryos. Exp. Cell. Res. 
33:310-318. 

Oppenheimer, J.M. 1937. The normal stages of Fundulus heteroclitus. Anat. 
Rec. 68:1-15. 

 
Pacific Fishery Management Council, 2004. Pacific Coast Groundfish Fishery 

Management Plan [online]. Available: 
http://www.pcouncil.org/groundfish/gffmp/fmpthru17.pdf  [3/4/2006] 

Pearcy, W.G. 1992. Movements of acoustically tagged yellowtail rockfish 
(Sebastes flavidus) on Heceta Bank, Oregon.  Fish. Bull. 90(4):726-
735. 

Pellestor, F.,  Anahory, T., Hamamah, S. 2005. Effect of maternal age on the 
frequency of cytogenetic abnormalities in human oocytes. Cytogenet. 
Genome Res. 111(3-4):206-12. 

 214



Pendleton, L.H., Rooke, J. 2006. Understanding the potential economic 
impact of marine recreational fishing: California. (in preparation) 
linwoodp.bol.ucla.edu/fish.pdf [8/21/2006] 

Penney, R.W. and G.T. Evans. 1985. Growth histories of larval redfish 
(Sebastes spp.) on an offshore Atlantic fishing bank determined by 
otolith increment analysis. Can. Journ. Fish. Aquat. Sci. 42:1452-1464. 

 
Perez-Sanchez, J., Marti-Palanca, H., Kaushik, S.J. 1995. Ration size and 

protein intake circulating growth hormone concentration, hepatic growth 
hormone binding and plasma insulin like growth factor-I 
immunoreactivity in a marine teleost, the gilthead sea bream (Sparus 
aurata). J. Nutri. 125:546-552. 

 
Perry, S.F. (1997). The Chloride cell: Structure and Function in Gills of 

Freshwater Fishes. Annu. Rev. Physiol. 59:325-47. 
 
Perry, S.F., Goss, G.G., Laurent, P. 1992. The inter-relationships between gill 

chloride cell morphology and ionic uptake in four freshwater teleosts. 
Can. J. Zool. 70:1775-1786. 

 
Petersen, J.K., Pihl, L. 1995. Responses to hypoxia of plaice, Pleuronectes 

platessa, and dab, Limanda limanda in the southeast  Kattegat: 
distribution and growth. Environ. Biol. Fish. 43:311-321. 

 
Phillips, J.G., Holmes, W.N., Bondy, P.K. 1959.  Adrenocorticosteroids in 

salmon plasma (Oncorhynchus nerka). Endocrinology. 65(5):811-818 
 
Pickford, G.E., Pang, P.K.T., Weinstein, E., Torreti, J., Hendlez, E., and 

Epstein, F.H. 1970. The response of hypophysectomized cyprinodont, 
Fundulus heteroclitus to replacement therapy with cortisol: Effects on 
blood serum and sodium-potassium activated adenosine 
triphosphotase in the gills, kidney, and intestinal mucosa. Gen Comp. 
Endocrinol. 14:524-534. 

 
Pickford, G.E., Phillips, J.G. 1959. Prolactin, a factor promoting survival of 

hypophysectomized killifish in freshwater. Science. 130:454-455. 
 
Pierce, A.L., Shimizu, M., Beckman, B.R., Baker, D.M., Dickhoff, W.W. 2005. 

Time course of the GH/IGF axis response to fasting and increased 
ration in Chinook salmon (Oncorhynchus tshawytscha). Gen. Comp. 
Endocrinol. 140:192-202. 

 

 215



Pisam, M., Auperin, B., Prunet, P.,  Rentierdelrue, F., Martial, J., Rambourg, 
A. 1993. Effects of prolactin on alpha and beta chloride cellsin the gill 
epithelium of the saltwater adapted tilapia Oreochromis niloticus. Anat. 
Rec. 235:275-284. 

 
Pisam, M., Caroff, A., Rambourg, A. 1987. Two types of chloride cells in the 

gill epithelium of a freshwater-adapted euryhaline fish, Lebistes 
reticulates: their modification during adaptation to salt water. Am. J. 
Anat. 179:40-50. 

 
Pisam, M., Rambourg, A. 1991. Mitochondria-rich cells in the gill epithelium of 

teleost fishes: an ultrastructural approach. Int Rev. Cytol. 130:191-232. 
 
Powell, A.B., Chester, A.J. 1985. Morphometric indices of butritional condition 

and sensitivity to starvation of spot larvae. Trans. Am. Fish. Soc. 
114:338-347. 

 
Pratap, H.P., Wendelaar Bonga, S.E. 1993. Effect of ambient and dietary 

cadmium on pavement cells, chloride cells, and Na-K-ATPase activity 
in the gills of the freshwater teleost Oreochromis mossambicus at 
normal and high calcium levels in the ambient water. Aquat. Toxicol. 
26:133-150. 

 
Quantz, G. 1985. Use of endogenous energy sources by larval turbot 

Scophthalmus maximus. Trans. Am. Fish. Soc. 114:558-563. 
 
Richman, N.H., Zaugg, W.S. 1987. Effects on cortisol and growth hormone on 

osmoregulation in pre and desmoltified coho salmon (Oncorhynchus 
kisutch) Gen. Comp. Endocrinol. 67:194-201. 

 
Ricker, W.E., 1979. Growth rates and models. In: Hoar, W.S., Randall, D.J. 

and J.R. Brett, (Eds.), Fish Physiology. Academic Press, New York, 
NY. 8, 678-738. 

 
Rogers, B.A., and Westin, D.T. 1981. Laboratory studies on effects of 

temperature and delayed initial feeding on development of striped bass 
larvae.  Trans. Am. Fish. Soc.  110:100-110. 

 
Sakamoto, T., Hirano, T. 1991. Growth hormone receptors in liver and 

osmoregulatory organs of rainbow trout: Characterization and 
dynamics during adaptation to seawater. J. Endocrinol. 130:425-433. 

 

 216



Sakamoto, T., McCormick, S.D., Hirano, T. 1993. Osmoregulatory actions of 
growth hormone and its mode of action in salmonids: a review. Fish 
Physiol. Biochem. 11:155. 

 
Sakuma, K.M., Laidig, T.E. 1995. Description of larval and pelagic juvenile 

Sebastes goodei with an examination of larval growth.  Fish. Bull. 
93:720-730.  

 
Sardet, C., Pisam, M., and Maetz, J. 1979. The surface epithelium of 

teleostean fish gills: Cellular and junctional adaptations of the chloride 
cell in relation to salt adaptation. J. Cell. Biol. 80:96-117. 

 
Saunders, R.L., McCormick, S.D., Henderson, E.H., Eales, J.G., Johnston, 

C.E. 1985. The effect of orally administered 3, 5, 3’ – triiodo-L-
thyronine on growth and salinity tolerance of Atlantic salmon (Salmo 
salar). Aquaculture. 45:143-156. 

 
Schwab, A., Chaille, P., Collins, P.M. 2006. The effects of aquatic hypoxia 

and oxygen supersaturation on early larval development in an 
oviparous marine teleost, Atractoscion nobilis. Undergraduate 
Research Colloquium, University of California, Santa Barbara, CA, May 
18, 2006. 

 
Shang, E.H. H., Yu, R.M.K., Wu, R.S.S. 2006. Hypoxia affects sex 

differentiation and development, leading to a male-dominated 
population in zebrafish (Danio rerio).  

 
Shang, E.H., Wu, R.S.S. 2004. Aquatic hypoxia is a teratogen and affects fish 

embryonic development. Environ. Sci. Technol. 38:4763-4767. 
 
Sharpe, R.M., Skakkebaek, N.E.. 1993. Are oestrogens involved in falling 

sperm counts and disorders of the male reproductive tract? Lancet. 
341:1392-1395. 

 
Shelbourne, J.E. 1957. Site of chloride regulation in marine fish larvae. 

Nature (London). 180:920-922. 

Shimizu, M., Kusakari, M., Yoklavich, M.M., Boehlert, G.W., Yamada, J. 1991. 
Ultrastructure of the epidermis and digestive tract in Sebastes embryos, 
with special reference to the uptake of exogenous nutrients. Environ. 
Biol. Fish. 30:155-163. 

 
 

 217



Shimizu, M., Swanson, P., Fukada, H., Hara, A., Dickhoff, W.W. 2000. 
Comparison of extraction methods and assay validation for salmon 
insulin-like growth factor-I using commercially available components. 
Gen. Comp. Endocrinol. 119:26-36. 

 
Shimizu, M., Yamada, J. 1980. Ultrastructural aspects of yolk absorption in 

the vitellin syncytium of the embryonic rockfish, Sebastes schlegeli. J. 
Ichthyol. 27:56-63. 

Shinomiya, A., Ezaki. O. 1991. Mating habits of the rockfish Sebastes inermis. 
Environ. Biol. Fish. 30(1):15-22. 

 
Shirai, N., Utida, S. 1970. Development and degeneration of the chloride cell 

during sea water and fresh water adaptation of the Japanese eel, 
Anguilla japonica. Z. Zellforsch. Mikrosk. Anat. 103:247-264. 

 
Shrimpton, J.M., Devlin, R.H., Donaldson, E.M., Mclean, E., Randall, D.J. 

1995. Increases in gill corticosteroid receptor abundance and saltwater 
tolerance in juvenile coho salmon (Oncorhynchus kisutch) treated with 
growth hormone and placental lactogen. Gen. Comp. Endocrinol. 98:1-
15. 

 
Sower, S.A., C.B. Schreck, and E.M. Donaldson. 1982). Hormone-induced 

ovulation of coho salmon (Oncorhyncus kisutch) held in sea water and 
fresh water. Can. J. Fish. Aquat. Sci., 39:627-632. 

Stanley, R.D., Leaman, B.M., Haldorson, L., O'Connell, V.M. 1994. 
Movements of tagged adult yellowtail rockfish, Sebastes flavidus, off 
the west coast of North America. Fish. Bull. 92(3):655-663. 

Stein, D.L., Tissot, B.N., Hixon, M.A. 1992. Fish-habitat associations on a 
deep reef at the edge of the Oregon continental shelf. Fish. Bull. 
90:540-551. 

 
Sultan, C., Paris, F., Terouanne, B. 2001. Disorders linked to insufficient 

androgen action in male children. Hum. Reprod. Update. 7:314-322. 

Swanson, C. Interactive effects of salinity on metabolic rate, activity, growth 
and osmoregulation in the euryhaline milkfish (Chanos chanos). J. Exp. 
Biol. 201:3355-3366. 

Takahashi, H., Takano, K., Takemura, A. 1991. Reproductive cycles of 
Sebastes taczanowskii, compared with those of other rockfishes of the 
genus Sebastes. Environ. Biol. Fish. 30:23-29. 

 218



Takano, K., Takemura, A., Furihata, M., Nakanishi, T., Hara, A. 1991. Annual 
reproductive and spawning cycles of female Sebasticscus marmoratus.  
Environ. Biol. Fish. 30:39-48. 

 
Takemura, A., Takano, K., Takahashi, H. 1987. Reproductive cycle of a 

viviparous fish, the white-edged rockfish, Sebastes taczanowskii. Bull. 
Fac. Fish. Hokkaido Univeristy. 40:1-7. 

 
Thetmeyer, H., Waller, U., Black, K.D., Inselmann, S., Rosenthal, H. 1999. 

Growth of European sea bass (Dicentrarchus labrax L.) under hypoxic 
and oscillating oxygen conditions. Aquaculture. 355-367. 

 
Triplett, E.L. 1960. Notes on the life history of the barred surfperch, 

Amphistichus argenteus Agassiz, a technique for culturing embiotocid 
embryos. Calif. Fish. Game. 46:433-439. 

 
Turner, C.L. 1947. Viviparity in teleost fishes. Scientific Monthly. 65(6):508-

518 
 
United Nations. 2003. U.N. Global Environment Outlook Year Book. 2003. 

United Nations, New York, NY. 
 
Utida, S. M., Kamiya, M., Shirai, N. 1971. Relationship between the activity of 

Na-K-activated adenosine-triphosphatase and the number of chloride 
cells in eel gills with special reference to sea-water adaptation.  Comp. 
Biochem. Physiol. 38A:443-448. 

 
Van der Heijden, A.J.H., van der Meij, J.C.A. 1999. Ultrastructure and 

distribution dynamics of chloride cells in tilapia larvae in fresh water 
and sea water. Cell Tissue Res. 297:119-130. 

 
Van der Kraak, G., Hewitt, M., Lister, A., McMaster, M.E., Munkittrick, K.R. 

2001. Endocrine toxicants and reproductive success in fish. Hum. 
Ecolog. Risk Ass. 5:1017-1025. 

Veith, W.J. 1980.  Viviparity and embryonic adaptations in the teleost Clinus 
superciliosus. Can. J. Zool. 58:1-12. 

 
Von Bertalanffy, L. 1960 In: Fundamental Aspects of Normal and Malignant 

Growth, ed. W.W. Nowinsky.  Amsterdam: Elsevier Publ. Co. p. 137-
259. 

 
Wake, M.H. 1985. Oviduct structure and function in non-mammalian 

vertebrates. Fortschr. der. Zool. 30:427-435. 

 219



Weisbart, M. 1968. Osmotic and ionic regulation in embryos, alevins and fry of 
the five species of Pacific salmon. Can. J. Zool. 46:385-397. 

 
Weisbart, M., Chakraborti, P.K., Gallivan, G., Eales, J.G. 1987 Dynamics of 

cortisol receptor activity in the gills of the brook trout, Salvelinus 
fontinalis, during seawater adaptation. Gen. Comp. Endocrinol. 
68:440–448. 

 
Wendelaar Bonga, S.E., van der Meij, J.C.A. 1989. Degeneration and death 

by apoptosis and necrosis, of the pavement and chloride cells in the 
gills of the teleost Oreochromis mossambicus.  Cell Tiss. Res. 259:235-
243. 

 
West, J., O’Neill, S., Lomax, D., Johnson, L. 2001. Implications for 

reproductive health in rockfish (Sebastes spp) from Puget Sound 
exposed to polychlorinated biphenyls. Puget Sound Ambient Water 
Monitoring Program report, Washington State Department of Fish and 
Wildlife, WA. 

 
Whitaker, M.J., Steinhardt, R. 1985. Ionic signaling in the sea urchin egg at 

fertilization. In: Biology of Fertilization. Metz, C.B. and A. Monroy (eds). 
Vol. 3., pp. 167-221.  

Woo, N.Y.S., Kelly, S.P. 1995. Effects of salinity and nutritional status on 
growth and metabolism of Sparus sarba in a closed seawater system. 
Aquaculture. 135:229-238. 

 
Woodbury, D., Ralston, S., 1991. Interannual variation in growth rates and 

back-calculated birthdate distributions of pelagic juvenile rockfishes 
(Sebastes spp.) off the central California coast.  Fish. Bull. 89:523-533. 

Wourms, J. P., Lombardi, J. 1992. Reflections on the evolution of piscine 
viviparity. Am. Zool. 32:276-293.  

 
Wourms, J.P. 1991. Reproduction and development of Sebastes in the 

context of the evolution of piscine viviparity.  Environ. Biol. Fish. 30:111-
126. 

Wourms, J.P. 1981. Viviparity: The maternal-fetal relationship in fishes. Am. 
Zool. 17:379-410. 

 
Wourms, J.P., Grove, B.D., and Lombardi, J. 1988. The maternal-embryonic 

relationship in viviparous fishes. In: Hoar, W.S. and Randall, D.J., eds. 
Fish Physiology. Vol 11B. Academic Press, San Diego, pp. 1-134. 

 220



Wourms, J.P. 1994. The challenges of piscine viviparity. Israel Journal of 
Zoology. 40:551-568. 

Wyllie Echeverria, T. (1987). Thirty-four species of California rockfishes: 
maturity and seasonality of reproduction.  Fish. Bull. 85(2):229-250. 

 
Yamada, J. 1959. On the vitelline syncytium and the absorption of yolk in the 

fry of two salmonids.  Bull. Fac. Fish. Hokkaido Univ. 10:205-210. 
 
Yamada, J., Kusakari., M., 1991. Staging and the time course of embryonic 

development in kurosoi, Sebastes schlegeli. Env. Biol. Fish. 30:103-
110. 

Yoklavich, M.M., Boehlert, G.W. 1987. Daily growth increments in otoliths of 
juvenile black rockfish, Sebastes malanops: an evaluation of 
autoradiography as a new method of validation. Fish. Bull. 85:826-83 

Yoklavich, M.M., Boehlert, G.W. 1991. Uptake and utilization of 14C-glycine by 
embryos of Sebastes melanops. Environ. Biol. Fish. 30:147-153. 

Yoklavich, M.M., Loeb, V.J., Nishimoto, M., Daly, B. 1996. Nearshore 
assemblages of larval rockfishes and their physical environment off 
central California during an extended El-Nino event 1991-1993. Fish. 
Bull. 94:766-782. 

 
Yoo, G.Y., Wang, X., Choi, S., Han, K., Kang, J.C., Bai, S.C. 2005. Dietary 

microbial phytase increased the phosphorus digestibility in juvenile 
Korean rockfish, Sebastes schlegi, fed diets containing soybean meal. 
243:315-322. 

 
Young, G. 1988. Enhanced response of the interrenal of coho salmon 

(Oncorhynchus kisutch) to ACTH after growth hormone treatment in 
vivo and in vitro. Gen. Comp. Endocrinol. 71:85-92. 

 
Young, G. and R. Lin. 1988. Response of the interrenal to adrenocorticotropic 

hormone after short-term thyroxine treatment of coho salmon 
(Oncorhynchus kisutch) J. Exp. Zool. 245:53-58. 

 
Zheng, R., Wang, C., Zhao, Y., Zuo, Z., Chen, Y. 2005. Effect of tibutyltin, 

benzo(α)pyrene and their mixture exposure on the sex hormone levels 
in gonads of cuvier (Sebastiscus marmoratus). Environ. Tox. and 
Pharm. 20:361-367. 

 

 221



Zhou, B.S., Wu, R.S.S., Randall, D.J., Lam, P.K.S. 2001. Bioenergetics and 
RNA/DNA ratios in the common carp. J. Comp. Physiol. B. 171:49-57. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 222



 

 223


	first 2 pages.pdf
	remainder prelim pages.pdf
	CHAPTER 1.pdf
	CHAPTER 2.pdf
	Ch 2 - All plates.pdf
	Fig. 2.1.pdf
	Fig. 2.1 Legend [Converted].pdf
	Fig. 2.2 and 2.3 [Converted].pdf
	Fig. 2.4 [Converted].pdf
	Figs. 2.5 and 2.6 [Converted].pdf
	Figure 2.7 (A and B) [Converted].pdf
	Fig. 2.8 and 2.9 [Converted].pdf
	Figure 2.10 and 2.11 [Converted].pdf
	Figs. 2.12 and 2.13 [Converted].pdf
	Figs. 2.14 (A and B) [Converted].pdf
	Figs. 2.15 and 2.16 [Converted].pdf
	Figure 2.17 [Converted].pdf
	Figure 2.18 [Converted].pdf
	Fig. 2.19.pdf
	Table 2.1 (new version).pdf
	Fig. 2.20.pdf
	Fig. 2.21.pdf
	Fig. 2.22..pdf
	Fig. 2.23.pdf

	CHAPTER 3.pdf
	Ch. 3 - All plates.pdf
	Fig. 3.1 [Converted].pdf
	Fig. 3.2 [Converted].pdf
	Fig. 3.3 [Converted].pdf
	Fig. 3.4 [Converted].pdf
	Fig. 3.5 [Converted].pdf
	Fig. 3.6 v#2.pdf
	Fig. 3.7 [Converted].pdf
	Fig. 3.8 [Converted].pdf
	Fig. 3.9 [Converted].pdf
	Fig. 3.10 [Converted].pdf
	Fig. 3.11 [Converted].pdf
	Fig. 3.12 [Converted].pdf
	Fig. 3.13 [Converted].pdf
	Fig. 3.14 [Converted].pdf
	Fig. 3.15. [Converted].pdf

	Chapter 4.pdf
	CH. 4 - All numbered plates.pdf
	CHAPTER 5.pdf
	IN SUMMARY.pdf
	REFERENCES.pdf



