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ABSTRACT

A short-term fish early life-stage toxicity test using sac-try of the goldfish
Carassius auratus L. was developed using a simple multichannel flow-through
system. The physiological mechanisms behind the routinely used sublethal test
endpoints of growth were investigated by examining energy partitioning within the
developing sac-fry, and alternative endpoints of ammonia excretion and oxygen

consumption were also investigated.

A technique was developed for goldfish broodstock management which gave the
potential for year-round production of eggs and sac-fry for laboratory
experimentation. This was achieved by holding two females and one male each in
isolation in 120 litre tanks with 14L : IOD photoperiod at 20°C. Females were
conditioned by induced ovulation by spiking the tank water with 3 pg.l ' ot goldfish
ovarian fluid, avoiding the need for stressful handling and/or temperature shocking
normally required for induced spawning. Additionally, this technique allowed the
repeated spawning of the same fish throughout the year. Eggs obtained by this
method hatched after five days incubation at 20°C and reached a maximum body

mass (in the absence of an external food supply) 4 days after hatching.

Three chemicals: cadmium chloride, 3,4-dichloroaniline (DCA) and chlorpyrifos,
differing in water solubility and exhibiting different modes of action, were used as
reference compounds to examine the physiological responses to toxic chemical
stress in goldfish sac-fry during the period prior to first feeding. In preliminary
studies of acute lethal toxicity, cadmium was the least toxic (96 h LC50 = 3404
pg.l ), DCA was intermediately toxic (96 h LC50 = 2359 pg | ') and chlorpyrilos
the most toxic (96 h LC50 = 22.6 pg.l'). Further studies with DCA which
examined the effect of exposing from the egg stage (age 30 h) indicated that for
this compound at least, including the egg stage reduced test sensitivity (96 h EC50
= 3332 pg.l ). It was concluded that the egg stage was generally resistant to toxic
exposure when compared with the sac-fry stage, since the former was less likely
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to accumulate toxic chemicals due to its possession of a relatively impermeable

chorionic membrane.

A simple conceptual model of the effects of toxic chemical exposure on energy
partitioning in developing fish sac-fry was developed and tested. Among the
physiological endpoints investigated, growth, yolk utilization efficiency and oxygen
to nitrogen ratio (O : N) were equally sensitive for all three chemicals tested, with
no-effect concentrations (NOECs) of 500 pg.l ' for cadmium, 25 pg.l ' for DCA
and 0.25 pg.l ' for chlorpyrifos. Oxygen consumption was significantly (P<0.05)
affected by two of the chemicals tested: cadmium (NOEC = 500 pg |") and DCA
(NOEC = 25 pg.l ") but was unaffected at all concentrations of chlorpyrifos tested.
In contra.st, increased ammonia excretion was consistently the most sensitive
parameter measured for all three chemicals tested: cadmium (NOEC = 250 pg.l ),

DCA (NOEC = 25 pg.l ") and chlorpyrifos (NOEC = 0.25 pg | ).

More detailed studies of patterns of oxygen consumption under sublethal chemical
exposure revealed that oxygen consumption was indeed .sensitive to low-level
exposures. The complex of interacting factors determining oxygen consumption
resulted in a non-monotonic response which was difficult to interpret due to
confounding causal factors. In contrast ammonia excretion gave a simple monotonie
response increasing with exposure, in line with predictions on increased protein
breakdown under sublethal toxic exposure, indicating its potential value as an

endpoint in fish early life-stage tests.
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CHAPTER 1

GENERAL INTRODUCTION

There are many ways in which we alter the freshwater environment. Agriculture
is responsible for 68% of our water pollution (Caduto, 1990). Other sources of
pollution include industry, paper mills, polluted precipitation and urban run-off. The
world’s chemical industries now produce over 50,000 chemicals in quantities
greater than one ton per annum, and estimated 1000 new chemicals are added to
the list each year (Bourdeau, 1984). Risk, which is defined as the .scientific
judgement of the probability of harm and safety, defined as the value judgement
of the acceptability of a given risk (Cairns, 1989) to evaluate the chemicals remains
the central point of the debate concerning the management of chemical impacts on
the natural environment (Baird, 1994). The control and evaluation of the ecological
effects of an ever-increasing list of chemicals has become a key environmental
challenge to scientists. To take up this challenge a new scientific discipline

‘ecotoxicology’ has emerged.

1.1 The science of ecotoxicology

Ecotoxicology was first defined by Truhaut in 1969 (reported in Truhaut, 1977) as
‘the branch of toxicology concerned with the study of toxic effects, caused by
natural or synthetic pollutants, to the constituents of ecosystems, animal (including
human), vegetable and microbial, in an integral context’. Published definitions over
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the past 20 years demonstrate that there is a difference in opinion concerning the
scope and methodology of ecotoxicology. Moriarty (1991) defined ecotoxicology
as the study of the effects of pollutants on ecosystems, where pollutants are defined
as substances that occur in the environment at least partly as a result of man’s
activities, and which have deleterious effects on living organisms. Butler (1984)
considered ecotoxicology as a study of the effects of released pollutants on the
environment and on the biota that inhabit it. It could be said that man is the most
important species of the earth’s biota and thus the effects of pollutants on human
health are central to ecotoxicology. There are also close connections between
human activities and ecotoxicology: (a) human beings not only alter the
environment but also produce and release pollutants and (b) all changes in the
environment or its biota may affect directly or indirectly, the physical, economic
or aesthetic well-being of mankind. Klaassen and Eaton (1991) defined
ecotoxicology as a specialized area within environmental toxicology that focuses
more specially on the impacts of toxic substances on population dynamics within
an ecosystem. Forbes and Forbes (1994) defined ecotoxicology as the field of study
which integrates the ecological and toxicological effects of chemical pollutants on
populations, communities and ecosystems with the fate (transport, transformation

and breakdown) of such pollutants in the environment.

The field of aquatic toxicology has evolved as the qualitative and quantitative study
of the adverse or toxic effects of chemicals and other anthropogenic materials or
xenobiotics on aquatic organisms. Toxic effects include both lethality (mortality)
and sublethal effects such as changes in growth, development, reproduction,
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pharmacokinetic responses, pathology, biochemistry, physiology and behaviour.
Aquatic toxicology is also concerned with the concentration or quantities of
chemicals that can be expected to occur in the aquatic environment in water,
sediment or food (Rand and Petrocelli, 1985). Forbes and Forbes (1994) considered
the definition of aquatic toxicology (given by Rand and Petrocelli, 1985) as

equivalent to a definition of aquatic ecotoxicology.

Although ecotoxicology is a multidisciplinary subject which has its roots in both
toxicology and ecology, ecotoxicology has a different research agenda (Butler,
1984). Ecotoxicological research is designed to achieve one or more of the
following objectives, (1) to generate data to provide the basis for strategies of risk
assessment and for environmental decision making, (2) to meet legal requirements
regulating the development, manufacture or release of potentially dangerous
substances and (3) to develop empirical or theoretical principles to further
understanding of the behaviour and effects of chemicals in living systems (Forbes

and Forbes, 1994).

In general, ecotoxicology can be defined as the science of studying potential
chemical effects and fate of chemicals in the ecosystem. Thus an emphasis is
needed on prediction rather than description, on solutions rather than problems. The
need to predict the environmental impacts of chemical substances has led to the
implementation of guidelines and legislation which require, among other things,
that chemicals must pass an ecotoxicological evaluation programme before being
marketed, in order to avoid damage to the ecosystem. The best way to predict the
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effects of a chemical is the study of the effects on ecosystems but it is impossible
to test the effects of all of the chemicals on ecosystems due to the long list of
chemicals and also due to the complexity of ecosystems. Alternatively, prediction
can be made by acquiring acute and chronic toxicity information about a chemical
for organisms with a range of .sensitivities or even for a few key species, however,
this goal is .seldom achieved (Giesy and Graney, 1989). Therefore, ecotoxicologists
are forced to make predictions about chemicals from the short-term toxicity test
results under laboratory conditions, although there is no one perfect, short-term test
which will allow prediction of effects at the ecosystems level because there are
complex interaction among individuals, species and their environment. Most of the
laboratory based short-term toxicity tests still suffer from uncertainties and
weaknes.ses to be ecologically relevant tests. There is still scope for improvement
of laboratory ba.sed toxicity tests to make them more aligned to ecologically
relevant tests, thus research is needed for the development of more relevant test
concepts and methodologies, to be integrated into the ecotoxicological evaluation
programme, and re.search is al.so needed to provide a .sound scientific background

for the test developed.



1.2 Environmental stress and response to stress

1.2.1 Stress concept

The concept of stress in biology has been defined by various authors in different
ways. All definitions of .stress incorporate the concept of a ‘stimulus’ and the
effects of the applied stimulus on the biological sy.stem (the response) but the
concepts used are often different. The word ‘stress’ was first used in medicine and
human physiology. The classical work on the physiological response of an animal
to stress was pioneered by Hans Selye, who defined stress as an applied stimulus
and its response (Selye, 1946). He (Selye, 1950) applied it as the sum oi all the
physiological responses, by which an animal tries to maintain or re-establish normal
metabolism in the face of a physical or chemical force. However, in a later work
Selye (1974) redefined it as the response of the system to a stimulus, the stimulus

being termed the ‘stressor’.

Brett (1958) defined stress as any environmental factor (i.e. stimulus) which
extends the normal adaptation response of an animal, or which disturbs the normal
functioning to such an extent that the chances of survival are significantly reduced.
This definition did not recognize the effects that do not affect survival of an animal
but still can affect the animal by reducing growth and/or reproductive capacity,
which have consequences for long term survivorship of the species. Esch and
Hazan (1978) defined stress as the effect {i.e. response) of any environmental
alteration or force that extends homeostatic or stabilizing processes beyond their
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normal limits, at any level of biological organization, whereas Ivanovici and Wiebe
(1981) defined stress as ‘response’ in terms of reduced adenylate energy charge

(see section 1.2.2).

Recently, the concept of stress was examined in a symposium organised by the
Linnean Society of London, held in June 1988 to clarify and consider its use as a
commonly defined meaning in ecology and evolutionary biology. Grime (1989)
placed the idea of stress in its original physical context (force per unit area), for
use in ecological and evolutionary research in the same manner as its use in
physics to establish a useful commonality between stress analyses conducted upon
living and non living structure, and described stress as ‘external constraints limiting
the rates of resource acquisition, growth and reproduction of organisms’. Sibly and
Calow (1989) defined stress in general as an environmental condition that, when
first applied, impairs Darwinian fitness, by reducing survivorship and/or fecundity
and/or increasing the time between life cycle events. Bradshaw and Hardwick
(1989) defined stress as anything which reduces growth or performance. Koehn and
Bayne (1989) consider stress as an environmental change that results in reduction
of net energy balance. However, among the above definitions of stress, the
definition given by Koehn and Bayne (1989) is the most appropriate in
ecotoxicology to study the potential effects of chemicals in the ecosystem (lor a

more detailed explanation of the logic behind this concept, see section 1.2.2).

If energy resources are limiting either in terms of availability or in terms ol an
organism’s capacity to acquire them, resources must be apportioned wisely into
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physiological components. The fitness of a population depends on the interaction
of individuals with their environment. A major part of this interaction involves the
uptake and utilization of resources and depends largely on physiological functioning
(Calow and Townsend, 1981). Therefore, in this thesis the word ‘stress’ will be
used as a ‘stimulus’ which when applied is capable of disturbing normal
physiological functioning of an organism related to energy acquisition and

utilization, unless otherwi.se stated.

1.2.2 Response to stress: advantage of using physiological responses

Selyc (1946, 1974, 1976) suggested that all noxious stimuli induce the same
general response in mammalian systems and termed this response the General
Adaptation Syndrome (GAS). The GAS proceeds through three stages, (1) the
alarm reaction, immediately after the stimulus, followed by, (2) resistance, during
which the organism continues to function despite the action of the stimulus, leading
to, (3) exhaustion, and finally death if the stimulus is of sufficient intensity or
duration. Animals expo.sed to continuous stress for long periods necessarily go
through all three pha.ses of GAS. This triphasic nature of GAS recognizes that the
body’s ability to tolerate stress, and the resources available to achieve this are finite

(Selye, 1974, 1976).

Selye’s GAS concept is further complicated by a sub-component of the general
respon.se, the Local Adaptation Syndrome (LAS)(Selye, 1976), in which stressors
or groups of stressors produce specific localized responses. The overall response
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is a blend of both specific and general components. Hence, GAS occurs irrespective
of the stressors type but how it is manifested may depend on the type and
magnitude of the localized specific action of the particular type of stressors.
Although it is not universally agreed that GAS occurs in fishes it is widely
accepted that the stress response as a whole is characterised by predictable
physiological changes in fishes (Wedemeyer and McLeay, 1981). There is no
reference to a non-stressed state in Selye’s (1950) concept of stress, which makes
quantitative and qualitative predictions difficult (Barber, 1990; Pickering, 1981).
Subsequent definitions established a control or non-stressed condition that is the
ba.seline response (Brett, 1958) and that stress increa.sed mortality risk (Grime,
1979; Sibly and Calow, 1989). Others (lvanovici and Wiebe, 1981; Lugo, 1978;
Odum, 1967) have emphasized the stress response in terms of the energy demands
imposed by stress. For example, Ivanovici and Wiebe (1981) u.sed reduced
adenylate energy charge (AEG) as an index of environmental stress which can be
calculated from measured amounts of adenosine triphosphate (ATP), adenosine
diphosphate (ADP) and adenosine monophosphate (AMP) whereby
ATP + /2 ADP
AEG = (11
ATP .- ADP + AMP

(Atkinson, 1977; Hochachka and Somero, 1984).

This value of AEG under steady state conditions of the components (ATP, ADP,
AMP) was found to be 0.85 (Atkinson, 1977). With increased energy demand the
high energy compound ‘ATP’ converts to ADP and relea.se energy, ATP is
produced in metabolism by phosphorylation of ADP.
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However, such measurements at the biochemical levels require sophisticated
instruments and highly specialized personnel; furthermore, they may not translate
into effect at individual and population levels because of homeostatic compensation
(Calow, 1989), thus making them difficult to implement in environmental

monitoring programmes.

It is now generally accepted that stressed systems may exhibit a resultant decrease
in energy availability and/or an increa.se in energy utilization. Koehn and Bayne
(1989) considered the effects of stress primarily from the point of view of the
physiological energetics of the organisms, i.e. the physiological traits (feeding,
absorption and the metabolic costs of maintenance, growth and reproduction) that

together comprise the energy budget.

Physiological responses have three important attributes, (1) they represent an
integration of the cellular and biochemical processes that can alter the response to
environmental changes, (2) they represent non specific (general) responses to the
sum of environmental stimuli which are complementary to more specific respon.ses
at the biochemical level and (3) they are capable of reflecting deterioration in the
environment before effects manifest themselves in the population or the community
(Widdows, 1985). Therefore, an integrated measurement of physiological
parameters related to energy acquisition and its utilization pattern will provide an
important tool to quantify an organism’s performance under conditions of

environmental stress.






1.3 The use of short-term fish early life-stage toxicity test in ecotoxicology

Acute toxicity tests have been used extensively to determine the effects of
potentially toxic materials such as pesticides, metals and industrial effluents on
aquatic organisms during short-term (usually 96 h or less) exposure. Among the
aquatic test organisms freshwater fishes have been used extensively in acute
toxicity tests due to their importance in the aquatic ecosystem and also because
there is more well documented biological information than for other aquatic
organisms (Solbe, 1993). In aquatic acute tests, test results are expressed in terms
of an LC50 (/.e. the concentration of the toxicant at which 50% of the test animals
die within 96 or 48 h). Therefore, acute tests have been useful in providing rapid
results with minimum cost but from an ecological point of view, acute toxicity may
be of limited relevance in the sense that contaminants are frequently present in the
natural water at concentrations too low to cause rapid mortality (Lloyd, 1992), but
they may impair the physiological functioning of organisms. Many of the
impairments resulting from low level exposure have ecological significance, in that
they reduce the fitness of an organism in its environment by increasing the
allocation of resources required for stress tolerance, reducing the available resource

for growth or reproduction (Sibly and Calow, 1986).

A method of assessing low-level exposure effects is the chronic toxicity test. A
chronic toxicity test is designed to expo.se all life-stages of the test animal to a
range of chemical concentrations to bracket the threshold concentrations for
significant deleterious effects (Pctrocclli, 1985). One of the earliest reports of



chronic exposure to consecutive life-stages is Olson and Foster’s (1956) summary
of sodium dichromate toxicity to the eggs, fry and early juvenile stages of
salmonids. An early published account of a full life-cycle toxicity test was that of
Mount and Stephan (1967). In their study Pimephales promelas were exposed to
a series of pesticides concentrations throughout their life-cycle and the effects of
the toxicants on survival, growth and reproduction were measured and evaluated
in terms of MATC (maximum acceptable toxicant concentration), which has been
defined as the hypothetical toxic threshold concentration falling between the highest
concentration showing no effect and the next higher concentration showing a
significant toxic effect. Sub.sequently, life-cycle toxicity studies were conducted by
many scientists with different fish and chemicals (Eaton, 1970, 1973, 1974; Hansen
and Parrish, 1977; McKim and Benoit, 1971, 1974; Mount and Stephan, 1969;
Smith, 1973) and no effect concentration {i.e. NOEC: no observed effect
concentration) and effect concentration (i.e. LOEC: lowest observed effect
concentration) measured. NOEC and LOEC are defined as the highest concentration
of a material in a toxicity test that has no statistically significant (P> 0.05) adverse
effect on the test organisms and the lowest concentration of a material in a toxicity
test that has statistically significant (P< 0.05) adverse effect on the test organisms
as compared with the controls, respectively (Rand and Petrocelli, 1985). NOEC and
LOEC can not be given with statistics like LC50 with confidence limits. As the
concentrations used in the test are predetermined, the measured value of no effect
and effect concentrations are only approximation and can lie at any point within the

range of NOEC and LOEC.
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A life cycle test demands a minimum laboratory exposure of the animal from
embryo to embryo, which can be six to twelve months in some fish but can last up
to two years or longer in other species (Benoit et al., 1982). The test organism may
appear tolerant but a particular stage in the life-cycle may be particularly sensitive
and this is the crucial stage in relation to the success of a population exposed to
an environmental pollutant. Hynes (1960) and Tarzwell (1967) emphasised the
necessity of conducting bioassays with the most susceptible life stage(s) of the test
organism and in general embryonic developmental or larval stages of an animal are
more sensitive than adult stages. The possibility of focusing research effort on more
sensitive stages is one approach to reduce the duration of toxicity tests and hence
improving utility and cost-effectiveness without sacrificing sensitivity (Kulshrestha

et al., 1986; McKim, 1985).

In fish, early life-stage exposure was originally defined in terms of exposure of the
test organisms during most and if not all of the embryogénie period and exposure
of fry for a certain period after hatch: 30 days for warm water species and 60 days
for cold water species (Macek and Sleight, 1977). Early lile-stages were shown to
be the most sensitive in the life-cycle (Alderdice, 1985; Eaton et al., 1978; McKim
et al., 1975, 1978; Pickering and Cast, 1972; Pickering and Thatcher, 1970; Sauter
et al., 1976). An early life-stage toxicity test with early developmental stages
(embryo, larvae and early juvenile) of fish can be considered equivalent to a lile-
cycle test, since early life-stage toxicity tests measure toxicity of chemicals at

levels which are similar or almost similar to levels that measured in life-cycle test
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(Benoit et ciL, 1982; McKim, 1977; Ward and Parrish, 1980; Woltering, 1984).
Early life-stage (ELS) toxicity tests make it feasible to test important fish species
that can not be studied in life-cycle tests because of problems of large size or age
at maturity, spawning requirements or other factors unconducive to laboratory
culture. ELS tests greatly reduce the time needed to produce information on the
toxicity of chemicals and thus can speed up the hazard assessment process (van
Leeuwen et ciL, 1990). Recently, 7-day larval growth and survival tests (Birge et
al.,, 1985; DeGraeve et al,, 1991; Norberg-King, 1989; Norberg-King and Mount,
1985) and 8-10 day embryo-larval growth and survival tests (Dave et al., 1987;
OECD, 1992) are being recommended as estimators of chronic effects. Developing
embryo or larvae are the most sensitive stages in the life-cycle of leleosls, but
differences in susceptibility exist between the different early developmental stages.
In general, the younger embryonic stages are more vulnerable than the later
embryonic stages (Kuhnhold, 1972; Sharp and Neff, 1980, 1982). Even though the
relative susceptibility of early embryonic stages has been well documented, the
yolk-sac or alevin stage is known to be the most sensitive stage in the life-cycle
(Linden, 1974; Paflitschek, 1979; Schimmel et al.,, 1974; van Leeuwen et al.,,
1985). For this reason, it is possible that simple, but reliable and cost-effective
toxicity tests with the most sensitive life-stages (i.e. sac-fry) can be used in place
of more complex embryo-larval tests by measuring the short-term sensitive

physiological parameters.
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One interesting feature of such tests is that the sac-fry is completely dependent on
the food in its yolk-sac for energy. Although the effects of toxic chemicals on
external food supply or feeding rate are immaterial at this stage, yolk must be
assimilated, which is analogous to feeding if we consider the yolk-sac to be
external to the ‘body’ of the developing larvae. If the developing sac-fry has to
utilize some of its fixed energy supply for elevated activity resulting from an
avoidance reaction, for detoxification of chemicals or for the repair of tissue
damage, the consequence will be reduced growth. If environmental factors affect
larval growth due to increased metabolic costs, the size of the larvae at first feeding
will be reduced, hence it could be more susceptible to predation (Blaxter, 1988;
May, 1974). In natural populations, the timing of first feeding is of importance for
the survival of larvae (Heming and Buddington, 1988), and any changes in this
timing of first feeding due to disturbed yolk utilization could induce increased
mortality by breaking natural synchrony of ‘critical period’ (changes from internal
to external feeding) with the availability of food of the appropriate size and
quantity for larval feeding (Blaxter, 1988; Rosenthal and Alderdice, 1976), which

could affect the population as a consequence of this increased mortality.

1.4 The goldfish as a test organism in aquatic toxicology studies

Fish are found in almost all aquatic environments and show great variety in their
means of adaptation to different habitats. Beyond their economic value, fish play
an important role within aquatic food webs and established knowledge about fish
is much more diverse, detailed and comprehensive than that of other aquatic
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animals, which is why fish, especially freshwater fish, have been used extensively

in aquatic toxicity studies (Solbe, 1993).

The choice of test organisms to create standard methodologies that will be usable
on a wide geographic scale in ecotoxicological research programmes is of great
importance. Rand and Petrocelli (1985) considered several criteria for the suitability
of a species in toxicity testing: species should encompass a broad range in
sensitivity, they should be widely available and abundant, indigenous or
representative of natural systems, recreationally, commercially or ecologically
important, amenable to routine maintenance in the laboratory, techniques should be
available for culturing and rearing them in the laboratory and adequate background
information should be available in selecting organisms for toxicity testing. Boudou
and Ribeyre (1989) added other criteria for the selection of test species; the average
life span of individuals, the size of the fish and growth rate, the species

susceptibility to handling stress and social behaviour.

It is difficult to find a species of fish with all of the above properties. The most
commonly used fish for toxicity tests are those which can be readily obtained from
a commercial supplier (e.g. rainbow trout) or which can be readily bred in the
laboratory (e.g. zebrafi.sh). However, the.se are not always the most sensitive species
of fish (e.g. zebrafish is relatively less sensitive, Nagel et a!., 1991). The ideal fish
should be convenient to maintain in the laboratory by way of size and requirements

and which can be bred round the year in the laboratory (Lloyd, 1992).
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The goldfish {Carassius auratus) lives in eastern Asia from Amur to eastern India
(Grzimek and Ladiges, 1973), inhabiting standing and slowly flowing waters.
Goldfish have acquired a global distribution through widespread introduction for
ornamental purposes. Escapes and deliberate releases have resulted in natural
populations in over 20 countries and its actual distribution is probably far wider
(Welcomme, 1988). Goldfish {Carassius auratus) are members of the carp family
(Cyprinidae) of fishes. Carps are widely distributed throughout the world and are
of importance as aquaculture species in Eastern Europe and many Asian countries,

such as China, India and Bangladesh.

Goldfish are eurytolerant fish, and can be reared at a wide range of water
temperatures (Cossin et al., 1977), are found in waters of varying salinities and are
tolerant to handling stress (Grzimek and Ladiges, 1973). The fish has been bred for
800-1000 years in China and Japan, it reaches its breeding age at the end of its first
year of life and has the potential to breed repeatedly up to year seven (Grzimek and
Ladiges, 1973). There is a possibility of obtaining fully mature goldfish at any
desired time of the year from laboratory rearing (Razani and Hanyu, 1986a and
1986b; Razani et al., 1989; Yamamoto et al., 1966), and mature goldfish can be
induced to artificial spawning in the laboratory (Sokolowska et al., 1984; Stacey
et al.,, 1979). As many as 15000 eggs can be obtained from a single spawning
(Horvath et al., 1992). These make goldfish highly suitable for extensive use in
regulatory testing of chemicals. There are already a great deal of background data

on the response of goldfish to chemical stress. In one of the earliest published
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toxicity testing studies, Powers (1917) found that the survival time of the goldfish

had a clear dependence on the concentration of a variety of toxic substances.

1.5 Toxicants

There is obvious value in monitoring the effects of known stres.sors on the
physiology of organisms: such studies provide a standard by which the severity and
significance of other environmental stressors can be measured (Leatherland and
Sonstegard, 1984), because organisms show general response to stress irrespective
of the type of stress (Selye, 1976). Therefore to study general stress responses in
goldfish sac-fry, three reference toxicants: a water-soluble heavy metal, an
intermediately water-soluble aniline and a poorly water-soluble organophosphate
were chosen. The toxicants used were cadmium chroride, 3,4-dichloroaniline (here
after called DCA) and chlorpyrifos. Cadmium was .selected by considering its
suitability in laboratory studies (known and easy handling and analytical
techniques) DCA and chlorpyrifos were selected as a part of an EC research project
on an integrated approach to the development and validation of ecologically
relevant toxicity tests for the impact of poorly water-soluble compounds on aquatic
ecosystems. These toxicants have three different mode of action: cadmium alfects
enzyme, damage skin and gill, DCA has non-specific anaesthetizing effect and
chlorpyrifos affects acetylcholinesterase. Any response common to cadmium, DCA
and chlorpyrifos exposure will be considered as a general response, because these
chemicals represent three different broad groups of chemicals, arc different in
water-.solubility and also different in their mode of action on a biological system.
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1.5.1 Cadmium

Cadmium is a biologically non-essential heavy metal (Table 1.1). It is a
nondegradable cumulative pollutant which interferes with the metabolism of
essential metals in animals and human beings (Allen, et ai, 1974). Cadmium is
normally present in soil and water at low concentrations. Due to mining activities
and its u.se in the manufacture of a wide range of industrial products (Mance,1987)
it may be present in much higher concentrations in natural waters: for example in
Srisagar Lake, India, concentrations of up to 1 mg.l ' have been recorded (Agarwal,
1978). Due to its increasing use in industries cadmium poses a serious potential
hazard (Duffus, 1983). Cadmium also has the potential to became bioconcentrated
in aquatic food chains, with a high bioaccumulation factor i.e. a ratio of cadmium
in the tissue to cadmium level in the water of up to 10,000 has been previously

reported (Pascoe and Mattey, 1977).

Cadmium is reported to be lethal to fish early life-stages both at low level ie.g. 2.4
pg.l 5, Carrol et al.,, 1979; for brook trout fry) and high level (e.fi. 9200 pg.l ', van
Leeuwen et al., 1985; for rainbow trout eyed egg). Cadmium level as low as 0.47
pg.l ' can impair yolk utilisation and has been found to have negative effects on
growth of Atlantic Salmon sac-fry (Rombough and Garside, 1982). In developing
fish embryos, cadmium induces abnormal development of the spinal column
(Rombough and Garside, 1982) by impairing calcification through interference with

calcium metabolism (Eaton, 1974; Rombough and Garside, 1984). Cadmium can
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also interfere with osmoregulation and has been shown to delay water hardening
and the process of water uptake in the eggs of the Pacific herring, Clupea pallasi
(Alderdice et al., 1979). Garpike (Belone helone) embryos reduced their heart rate
when exposed in water containing 1.0 mg.l ' of cadmium (von Westernhagen et al.,
1975). Clupea harengus embryos exposed to cadmium concentrations higher than
1 mg.r' showed a reduction in eye diameter (von Westernhagen et al., 1974), and
in another study on this species, cadmium concentrations as low as 3.0 pg.l"’
reduced larval growth (Ojaveer et al., 1980). Cadmium, like many other metals,
such as zinc may damage mitochondria and impair energy transfer and metabolism
of protein (Somasundaram et al., 1984). Cadmium is also reported to interfere with
insulin secretion and to influence carbohydrate metabolism by reducing muscle
glycogen and increasing blood glucose (Forlin et al.,, 1986) and this effect may
become persistent. Haux and Larsson (1984) have reported persistent effects of

cadmium on carbohydrate metabolism after one year of exposure in rainbow trout.
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1.5.2 3,4-dichloroaniline

3,4-dichloroaniline (DCA) is a halogenated aromatic amine (Table 1.2), which is
used as an intermediate in the production of herbicides, pigments and
pharmaceuticals. The total annual worldwide production of DCA during the last
decade was between 42,000 and 47,(KX) metric tons (Livingston and Willacy, 1991).
DCA is released to the environment through the degradation of herbicides used in
agriculture, of which the most widely used are propanil, diuron, linuron, and
neburon (Chow and Murphy, 1975; DiMuccio et al., 1984; EI-Dib and Aly, 1976;
Hutson and Roberts, 1987; Kalsch et al., 1991; Still and Herrett, 1976; Tatsumi et
al., 1992; Viswanathan et al.,, 1978). It is also present in the effluents from dye
manufacturing plants (Adema and Vink, 1981; Crossland and Hillaby, 1985; Games
and Hites, 1977). It has been shown to be present in surface waters (Wegman and
deKorte, 1981) and in rice field water (Deuel et al., 1977). It is resistant to
biodegradation (Kuiper and Hanstveit, 1984; Wolff and Crossland, 1985), but
subject to photo-degradation (Miller et al., 1980; Wolff and Crossland, 1985) and
has a half-life in shallow temperate ponds of 2 - 6 days (Wolff and Crossland,
1985). DCA can cause an imbalance in enzyme activity and can cause respiratory
uncoupling resulting in reduced ATP production, it may also decrease the oxygen
carrying capacity of the haemoglobin which could result in impaired growth (Chow
and Murphy, 1975). Adema and Vink (1981) reported lethal values of 0.1 mg.l ' to
20 mg.l ' and sublethal values of 0.01 mg.l ' to 1 mg.l ' of DCA for a range of

organisms.
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Fathead minnow eggs exposed to the herbicide propanil at concentrations of 3.8
pg.l ' showed significantly reduced egg hatching (Call et al., 1983). However, early
life-stage exposure (28 d) of fathead minnow eggs showed no significant effect on
egg hatchability and survival up to 5 days at concentrations up to 160 pg.l ' but
mean total biomass per chamber (integrated effect of survival and weight) was
significantly reduced by exposure to concentrations as low as 7.1 pg.l ' of 3,4-
dichloroaniline (Call et al., 1987). A bioaccumulation factor of 45 has been
reported for DCA injuvenile rainbow trout (Crossland, 1990). DCA is of particular
interest to ecotoxicologists because of its potential toxicity due to its unusually high
acute to chronic ratio (ACR), which was found to be as much as 1200 (Call el al.,
1987). DCA is considered as a useful model of chlorinated hydrocarbons (Meer et
al., 1988) and it has been recently used in an interlaboratory calibration exercise

for a toxicity test using early life-stages of the zebrafish (Nagel et al., 1991).

1.5.3 Chlorpyrifos

Chlorpyrifos is a poorly water-soluble organophosphate insecticide (Table 1.3), with
a water solubility at 25°C of 0.2 mg.l ' (Kersting and van Wijngaarden, 1992). It
is used to control mosquitoes, fire ants, household insects, turf and ornamental
plant insects, agricultural crop insects and for other purposes (Berg, 1983; Worthing
and Walker, 1983). It is an important threat to the aquatic environment due to its
widespread use as mosquito larvicide (Jarvinen et al., 1983), and may be applied

directly to ponds, lake margins and wetland areas. Chlorpyrifos like other
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organophosphate insecticides exerts a toxic effect through an acetylcholinergic
mode of action (Rodrigues et al. 1983). Its effects have been studied on different
groups of organisms and it has been found to be highly toxic at low level exposure;
for example, the 96 h LC50 for Daphnia Icm”ispina is 0.3 pg | for Gammarus
pulex it is 0.07 Mg.l' and for Gasterosteus aculeatus it is 8.5 pg.l"' (van
Wijngaarden et al., 1993). Its toxicity to both freshwater and saltwater estuarine
fish is also documented. The 96 h LC50 for freshwater fish varies from 2.4 pg.l"'
(bluegill: Lepomis macrochirus) to 280 pg.l ' (channel catfish; Ictaluru.s punctatus)
(Johnson and Finley, 1980) and for saltwater fish varies from 1.3 pg.l ' (Menidia
peninsalae) to 520 pg.l ' (Op.sanus beta) (Clark et al., 1985). NOEC and LOEC
derived in ELS tests with estuarine atherinids exposed to technical grade
chlorpyrifos ranged from 0.28 to 0.75 pg.l “ and 0.48 to 1.8 pg.l ', respectively
(Goodman et al., 1985). NOEC and LOEC derived from ELS tests with fathead
minnows (Pimeplutles promelas) exposed to technical grade chlorpyrifos ranged
from 1.6 to 3.2 pg.l * (Jarvinen and Tanner, 1982). The acute (96 h LC50) to
chronic (geometric mean of NOEC and LOEC, measured on fish early life stage
test) ratio for chlorpyrifos is very low 2.4 to 4.6 (calculated from data reported by

Clark et al., 1985 and Goodman et al., 1985).
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1.6 Fish early life-stage toxicity test endpoints

Toxicity test endpoints are defined in terms of a response that is the reaction of the
test organism to a stimulus (Solbe, 1993). The basis for substituting early life-stage
tests for life-cycle tests is the need to derive a more rapid, less costly, and yet
reliable means of estimating the chronic toxicity of test chemicals. However,
tradition doesn’t necessarily provide the most useful approach as has been pointed
at by Dave (1993) and it is appropriate and timely to re-evaluate the selection of

toxicity test endpoints.

Survival has been the most frequently studied endpoint in both acute and chronic
studies of the effects of toxicants on aquatic organisms. More recently, other
endpoints relating to the impairment of growth and/or reproduction have been
measured. Impairment of growth in length and/or weight has become the sublethal
response of choice in most fish early life stage toxicity tests. The reasoning behind
this choice is that many otherwise different undetected effects of toxicants may
show up as an impaired ability to convert food into tissue growth (Dave, 1986;
Dave et at., 1987). Growth, being a sublethal response, is believed to be more
sensitive than survival. However, in a review of 173 chronic, subchronic and early
life-stages toxicity tests (Woltering, 1984) larval survival was the most sensitive
endpoint in 57% of the early life-stage toxicity tests. In a later review ol 136 tests
Kristensen (1990) concluded that growth was the most sensitive endpoint in 70%
of the early life-stage tests when the juvenile stage was included. But growth of
fish early life-stage toxicity test has been reported in different ways (e.f*. length,
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wet weight, dry weight, individual weight, treatment weight) by different authors.
Reporting of test endpoints without detailed information of the test methodology
can be misleading: the reporting of growth in terms of average individual growth,
average treatment growth, dry weight or wet weight should be explained clearly
and standardized. It is possible that the same data on growth reported in different
ways can lead to different conclusions e.g. lower treatment growth with fewer

surviving larvae can give higher individual growth in larval growth test.

Recently, a 7-day growth and larval survival test using the fathead minnow
{Pimephales promekis) has been advocated (DeGraeve et al., 1991; Norberg-King,
1989; Norberg-King and Mount, 1985). But differences in growth response might
have arisen in this type of test due to the influence of ration and individual
interaction during group rearing as affected by partial kills (Dave, 1986). To avoid
the effect of ration, an embryo-larval test with embryo and sac-fry has been
suggested (Dave, et at., 1987; OECD, 1992). Although growth is a widely used
endpoint for fish embryo-larval toxicity test the underlying mechanisms of growth
are poorly studied. The possible endpoints regarding yolk (limited resource)
utilization and the efficiency of yolk utilization are yet to be addres.sed
systematically in fish early life-stage toxicity tests. Sublethal effects are defined as
"tho.se responses to environmental changes: histological, morphological,
physiological or ethological- that may be induced in one stage of development but
be expressed at a later stage of organization or development in terms of reduced

survival potential”, (Rosenthal and Alderdice 1976). This definition emphasizes the
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effects influencing survival potential of organisms but does not recognize those
effects which do not affect survival of the exposed organisms but still have
ecological relevance e.g. impairment of reproductive capacity. Sublethal effects
consider those which do not cause rapid death but impair the functioning of
organisms at the biochemical, physiological, behavioral or life-cycle level (Boudou
and Ribeyre, 1989). For practical convenience, an organism’s response to a
potential stress may be viewed on different time scales and sublethal responses can
be categorized as primary responses, which includes release of hormones from
endocrine tissue; secondary response, which includes changes in blood chemistry,
depletion of nutrient stores and metabolic changes such as negative nitrogen
balance; and tertiary response which involves impaired growth and reproduction,
and increased vulnerability to diseases (Wedemeyer and McLeay, 1981). Detection
of some effects in suborganismal responses can be difficult and may require
sophisticated instrumentation and would be difficult to implement in environmental
monitoring. But individual physiological responses, such as feeding rate, oxygen
consumption, oxygen to nitrogen ratio are sensitive to environmental change
(Widdows, 1985) and comparatively easy to measure. Hence, increasing attention
has been directed towards the measure of sublethal effects by employing
physiological indices (Koehn and Bayne, 1989; Larsson et al.,, 1988). The
determination of a physiological endpoint related to yolk utilization of yolk feeding
sac-fry and its use in short term fish early life-stage toxicity test could prove useful

for regulatory purpo.ses.
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Fish rely, predominantly, upon lipid and proteins as respiratory substrates, and the
approximate oxycalorific co-efficient for use in estimating energy metabolism in
fish has been suggested to as 13.59 KJ/g or 19.4 Kill oxygen consumed (Jobling,
1994; Kamler, 1992). The use of an oxycalorific co-efficient to estimate energy
expenditure is based on the principle that metabolism occurs aerobically

(Dabrowski, 1989; Rombough, 1988).

It is usual to find one of the major components of a balanced energy equation
estimated by difference in order to produce a balance (Jobling, 1994). All errors
associated with the determinations of the measured components, however, become
a pooled error in the component estimated by difference. Further problems may
arise because it is not possible to obtain information about the energy content of

the particular experimental organism both before and after an experiment.

Assumptions have been made to calculate the bioenergetics equation e.g. energy
value of yolk mass over the period of endogenous feeding considered constant
(Lasker, 1962; Quantz, 1985; Raciborski, 1987) to study energetics early life-stages
of fish. It has become common practice in bioenergetics studies to borrow parts of
a physiological process from well-studied, closely related fish species or size-
classes to a complete bioenergetics model of a poorly investigated fish species, e.g.
Boi.sclair and Sirois (1993) borrowed caloric density value of sockeye salmon for

the calculation of energetics of brook trout.
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Yolk is the source of energy and materials for growth of fish sac-fry. The
mobilization of yolk reserves in teleostean sac-fry occurs through the vitelline
syncytium, a thin tissue which envelops the whole yolk mass. Yolk utilization is
analogous to feeding of external feeding animals, i.e. food absorption through the
gut wall being analogous to yolk absorbed through yolk syncytium. Yolk absorbed
by a sac-fry larva provides materials to be deposited in the growing tissue and
supplies energy for respiration. No faeces are produced by fish larvae prior to
initiation of exogenous feeding, only metabolites are excreted. Therefore, the

energy consumed from yolk is partitioned as follows:

C=P R+U

or P=C-(R 1 U)

Where, C is the energy consumed from yolk and P, R, U are production (somatic

growth), respiration and excretion respectively in terms of energy.

Each component of the right hand side of the energy budget equation (equation 1.7)
is a physiological process that can be readily measured and converted into energy
equivalents (J.h ). The energy budget thus provides a means of integrating the.se
basic physiological processes (yolk absorption, respiration and excretion), an index
of the energy available for growth. Due to the applied stress, a trade-off occurs
(Sibly and Calow, 1986) between growth and stress tolerance i.e. by increasing R

or U of the equation 1.6, resulting in negative effects on net energy balance (Koehn
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and Bayne, 1989) i.e. reduced growth (P). The available energy for growth (net
energy balance) measured from the energy budget has been referred to as ‘scope
for growth’ by Warren and Davis (1967). The advantages provided by this energy
budget approach are, (1) sensitivity in the ability to detect immediately the more
subtle effects of an environmental change and (2) an understanding of the
bioenergetics of production in an assessment of the energy status of the individual
and the various components of growth under different environmental conditions

(Bayne et al., 1985).

The use of scope for growth has proved to be useful both in the laboratory (Bayne,
1975; Widdows, 1978; Widdows and Bayne, 1971) and in the field (Bayne and
Widdows, 1978; Widdows et al., 1981) with bivalves, and more recently with other
species such as Crustacea (Naylor et al.,, 1989). With fish, most ot the studies
employing growth as an index of toxic effect have used the direct measurement of
growth rather than determining it together with the balanced energy equation. The
knowledge of measured components of the basic energy equation together with
environmental factors can be used to demonstrate the organism’s performance
under environmental stre.ss, so can be used in ecological modelling (Borgmann and
Whittle, 1992, Brandt and Hartman, 1993: Madon and Culver, 1993; Ney, 1993;

Vaughan et al., 1984; Weininger, 1978) for environmental management.

34






CHAPTER 2

GENERAL MATERIALS AND METHODS

Techniques common to all experiments in the present study are described below.
Methodology specific to individual experiments are described in the relevant

chapters.

2.1 Procurement of eggs and sac-fry

2.1.1 Brood stock rearing and egg incubation system

Two groups of goldfish Carassius auratus L. (comet variety), each composed of
males and females of ages 0+ (30.83 £ 5.14 g, 8.93 + 0.71 cm) and 1+ (137.2 £
59.06 g, 14.54 + 1.86 cm), imported from Israel were obtained from C. Murray
Aquatics, Glasgow, Scotland. Fish were maintained in a recirculatory system in a
20 £ 1°C constant temperature room, at the Institute of Aquaculture, University of
Stirling. The recirculatory system (Figure 2.1) was comprised of four 120 I glass

aquaria and each received water at a rate of 1.7 L.Lmin ' through a delivery pipe
fitted with a valve to control the flow rate. The outflows from individual tanks
were channelled to a sump tank through a .series of settling tanks with biofiltcr
rings. A pump (Otter 750, Beresford, UK) was used to pump the water from the
sump tank to the holding tanks and excess water was collected in the sump tank

through a bypass pipe fitted with a valve. Water quality was monitored at

36



fortnightly intervals and water quality levels remained within the following values:
pH 7.4 - 7.8 (measured by using a digital pH meter. Model PW 9409, Philips, UK),
oxygen 7.6 - 8.2 mg.l', and NH, 0.08 - 0.15 mg.l ' (for analytical methods, see
section 2.2 and 3.2.6). A photoperiod regime of 14L : IOD was maintained for all
experiments and broodstock manipulations, with light intensity on the water surface
of 80 - 120 Lux (measured by using an optometer. Model 40X, United detector
Technology Inc., UK). Fish holding tanks were aerated by air-stone, and additional

aeration was provided in the sump tank.

The fish were fed ad libitum twice daily with trout pellet (BP standard expanded
diet N0.3; protein content 40%; BP Nutrition (UK) Ltd., Inverbreakie, Scotland).
Waste materials were cleaned by siphoning and the system refilled with fresh water

on a daily basis.

The egg incubation system consisted of five 10" x 7" x 12" chambered glass tank
fitted to a recirculatory system (Figure 2.2). Water was delivered to each chamber
through delivery pipes, water being pumped from the reservoir sump tank by a
Fluval 303 pump to the incubation chamber via an eight watt UV steriliser. The
outflow from the chamber was directed through a fine net (400 pm mesh) that

fitted on the spillway to a drain and ultimately collected in the sump tank.
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Sump tank

Figure 2.1 Water recirculatory system for rearing brood stock. The dashed line with
arrow indicates direction of flow.
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UV steriliser

Figure 2.2 Egg incubation recirculatory system. The dashed
line with arrow indicates direction of flow.
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2.1.2 Fertilization and incubation of eggs

Milt was collected from male fish into capillary glass tubes by applying gentle
pressure on the abdomen. Artificially ovulated female fish were anaesthetized in
a 1:10,000 benzocaine solution. The anaesthetized fish were rinsed with fresh water
and then dried with soft paper tissue to remove excess water. The eggs from
ovulated female were then extruded by applying gentle abdominal pressure and
collected in a Petri dish. Between 5000 and 42,000 eggs were collected from each
fish at each spawning, which were then divided among several Petri dishes
(incubation plates). The milt was diluted in a microcentrifuge tube with telcost
physiological saline (Burnstock, 1958) at a ratio ot 1 part milt to 5 parts saline. A
drop of diluted milt was then poured on the eggs in each Petri dish, and small
amounts of water (15-20 ml) added, after which the Petri dish was shaken gently
by circular movement to ensure effective fertilization. Eggs were spread in a
monolayer so that they did not overlap. Petri dishes were kept on the table for a
few minutes to allow water hardening of the eggs, and to allow the eggs to stick
to the surface of the Petri dish. Eggs were sub.sequently washed with water several
times and placed in an incubation chamber (Figure 2.3) maintained at 20 + 1°C.
After 24 hours, white opaque eggs were dislodged from the Petri dish by roiling
them gently with the help of a Pasteur pipette under a magnifying glass, and
discarded. Fertilization rate was calculated at that point, although it was recognised
that this would tend to overe.stimate infertility, since no distinction could be made
between unfertilized eggs and those dying during early development. The
development of embryos proceeded as follows: cleavage occurred around 30 - 40
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minutes after fertilization, with the blastula stage being reached after 9-10 hours
(Figure 2.4). Eyed stage was reached after 72 hours and hatching of the embryos
as yolked sac-fry began after 110 hours and 90% of the embryos hatched out as

yolked sac-fry after 125 hours of incubation.

2.1.3 Selection of experimental sac-fry

Sac-fry obtained from a single female were examined under a dissecting
microscope at hatching and transferred to a Petri dish containing dilution water.
Sac-fry were judged to be normal if they showed no obvious morphological
deformities and if the angle between the longitudinal axis of the head and that ot
the body was approximately 135° or greater under a dissecting microscope
(Olympus, Japan). If this angle was less than 135° but the sac-fry showed no
deformities, it was considered premature (Wiegand et cil., 1988). Deformed sac-fry,
which included structurally deformed and premature individuals were separated
from normal sac-fry (Figure 2.5) and discarded. Normal sac-fry were then randomly
allocated in groups of five to each exposure chamber until the designed total

number of sac-fry per chamber was reached.
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Water level

An egg incubation chamber

Figure 2.3 Egg incubation in an incubation chamber. Eggs attatched
to framed petridish.
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Figure 2.4 Development of goldlish egg and embryo in the laboratory.
(a) fertilized egg (10-15 min), (b) first cleavage (3()-4() min),
(c) second cleavage (1-2 h). (d) advanced stage ol cleavage
(6-7 h). (e) blastula (9-10 h), (0O an embryonic .stage (48 h).
(g) eyed stage (72 h). (h) advanced stage of embryo (96 li).
(i) sac-fry larvae shortly alter hatching (125 h) and
(Y) yolk mass.
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Figure 2.5 Goldfish sac-fry larvae after hatching, (a) normal sac-fry,
(b) abnormal sac-try, (c) lordosis, (d) scoliosis,
(e) abnormal yolk sac (f) Pericardial oedema and (y) yolk.



2.2 Dilution water

For toxicity tests, soft or moderately hard artificial waters are commonly used {e.g.
those described in ASTM, 1980). Here M7 artificial water (Anonymous, 1991) was
selected on the assumption that it contains all the macro and micronutrients
required for the culture of most aquatic organisms. M7 water was used routinely
both for egg incubation media and in toxicity tests, in contrast to broodstock, which
were maintained in mains tap water. The dilution water was prepared according to
the recipe given in Table 2.1, using nanopure water (conductivity <0.05 ps cm ',
resistivity 18.3 megohm cm, organic level <20 ppb total organic carbon). Nanopure
water was obtained from a filtration system (Barnstead D4752). Prepared dilution
water was aerated for at least 24 hours before use in the constant temperature room
to ensure it reached air saturation, and a constant temperature of 20°C. The water
hardness (238 - 253 mg CaCO,.I "), pH (7.9 - 8.2) and oxygen (9.0 - 9.2 mg.l ")
were monitored using standard methods (APHA, 1989), digital pH meter (Model
PW 9409, Philips, UK) and oxygen meter (Model 781, Strathkelvin Instruments,

UK) respectively.
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Table 21 Chemical composition of dilution water (M7 medium)

Chemicals Amount in stock Volume of stock solution Concentration in dilution
solution (mg.rf) (ml added to 10 / of water (nig.l #
nanopure water)

Micronuthents

H,BO, 7148.7 1 0.715
MnCI3.4H;0 901.2 1 0.090
LiCl 765.0 1 0.077
RbCI 1775 1 0.018
SrClj.6HjO .580.0 1 0058
NaBr 40.0 1 0.004
NajMoO. 2H;0 1575 1 0016
CUC1;.2H;0 42.0 1 0.004
ZnClI .52.5 4 0.013
CoCl6HP 25.0 4 0.010
Kl 8.1 4 0,003
Na”SeO, 55 4 0.002
NH4Vo , 14 4 0.001
NaEt)TA.2HjO 5(KX) - 0.625
FeS0..7H;0 1991 - 0 249
FCEDTA™’ - 25 -

Macronutrients

CaCl;.2Hjo"” 295800 UK) 293 8(H)
MgSO.THjO"" 12550.0 1(K) 123,3(M)
NaHCO,"" 6480.0 1% 64.8(H)
KCI™ 145(K).0 4 58(M)
NaSio,..SHjo"” I(MKH) 0 10 tO(KK)
NaNO, 685.0 4 0.274
KHjPO. 357.5 4 0 145
KjHPO. 460.0 4 0 184
Vitamins*"

Thiamine-HCI 750.0 0075
Cyanocobalamine 10 0(8)1
Kiotin 75 1 0001

(a) Boih solutions were prepared separately, mixed and autoclaved immediately in order to produce the FeEiDTA
solution
(h) Prepared when re~fuired. used within a week
(c) Vitamin stock solutions were always stored Iro/en. Vitamin stock solutions were added to the medium shortly betére use.



2.3 Toxicants solution

All toxicant stock solutions were prepared immediately prior to the start of each

experiment.

2.3.1 Cadmium solution

Cadmium chloride (anhydrous CdClj, Analar grade. Sigma Chemicals Ltd., USA)
was used to prepare the stock solution. 163.2 mg of anhydrous CdClj was weighed
out and added to 100 ml of dilution water (M7) in a 1000 ml volumetric Oask. The
weighing vessel was rinsed three times and washings added into the llask, the
volume was then made up to 1000 ml to produce a 100 mg.l' (as Cd™™) stock
solution for range finding and LC50 tests. Similarly, 32.64 mg ol CdCK was
dissolved in 1000 ml of dilution water to produce a 20 mg.l ' (as Cd’) stock
solution for sublethal studies. The appropriate amount of stock solution was mixed

with prepared dilution water to make up the required exposure concentrations.

2.3.2 3,4-dichloroaniline (DCA) solution

3,4-dichloroaniline (DCA) was obtained from Aldrich Chemicals Ltd. UK. The
DCA was powdered using a pestle and mortar to make it more easily soluble. 50
mg of powdered DCA were weighed out and added to 5(K) ml of dilution water in
a 1000 ml conical llask. The weighed vessel was rinsed out and washings added
into that conical flask and this was repeated three times to ensure that all chemicals
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were added. The water in the flask was then made up to one litre by adding
dilution water. The flask was shaken in a dark orbital incubator (XX1 C,
Gallenkamp, UK) at 20°C at 180 rpm for 24 hours to make stock solutions of 50
mg.l ' for range finding and LC50 tests. Similarly, a second, 10 mg.l ' stock
solution was made by weighing 10 mg of powdered DCA for sublethal studies. The
conical flasks containing DCA stock solutions were wrapped with aluminium foil
to avoid photodegradation. Exposure concentrations were made by mixing
appropriate quantities of stock solution with dilution water. Stock solutions were

kept in a refrigerator in the dark except when in use.

2.3.3 Chlorpyrifos .solution

Chlorpyrifos (99% pure chlorpyrifos standard) was obtained from the University
of Coimbra, Portugal. Chlorpyrifos was powdered by using pestle and mortar. KXK)
pg of powdered chlorpyrifos was weighed out and propan-2-ol (1 ml) was added
into a 5 ml volumetric flask and shaken slowly until completely dissolved. When
dissolved the solution was poured into a one litre volumetric flask with ICK) ml
dilution water. The flask was then shaken well for mixing. The 5 ml flask was
rinsed with dilution water five times into the one litre volumetric flask. The volume
was finally made up to 1000 ml gradually by adding dilution water to make a stock
solution of 1000 pg.l ' with a carrier of propan-2-ol (1 ml.l'). The exposure
concentrations were made by mixing appropriate quantities of the stock solution
with the dilution water. The stock solution was kept in a refrigerator in the dark
except when in use.
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2.4 Flow-through system

To maintain a constant exposure level and prevent the build-up of waste products
and also to minimize the design complexity of commonly used flow-through
systems, a simple flow-through system was developed. The design was based on
inexpensive off-the-shelf components, which were potentially disposable, if
required. It consisted of a series of truly independent channels allowing independent
channel maintenance and providing test data which were suitable for analysis by
inferential statistics (e.g. ANOVA). The basic design of the test system is
repre.sented in schematic plan view in Figure 2.6(a) illustrating its simple, modular
construction, based on independent channels linked to a multichannel peristaltic
cassette pump which could accommodate up to 16 channels simultaneously. A
single channel of the system in elevation view consisted of a reservoir holding the
premixed test compound in its test medium linked to an exposure chamber
containing the test organisms (Figure 2.6(b)). The flow-through system was
completely closed, since substances with a low water solubility may become
concentrated in the microlayer at the water air interface (Lloyd, 1992) it any air

was allowed to enter the system.

Toxicant reservoir

Fifteen 1/ amber glass bottles were used to deliver three replicate treatments ot
four different concentrations of toxicants and the dilution water as control. They
were randomly allocated to different treatments. The reservoirs were tilled with
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freshly prepared toxic solutions of different concentrations and dilution water at the
start of each experiment and thereafter refilled with prepared toxic solutions and

dilution water on a daily basis.

Toxicant delivery system

Toxicant solutions were delivered to individual exposure chambers using a variable
speed peristaltic multichannel cassette pump (Model 202 S, Watson Marlow, UK).
Siliconized tubes (Manifold pump tubing of 1.52 mm internal diameter, Watson
Marlow, UK) connected to individual channel frames (cassette) were used to
deliver the toxicant solutions or dilution water constantly, at a regular speed. The
speed of the pump and the internal diameter of the tubing determined the flow rate.
Both free ends of the tubes were connected to translucent silicone tubing. One end
of the tube was connected to the individual re.servoir containing exposure solutions
or dilution water, the other end was embedded in a bored silicone bung to lit into
the open end of the exposure chamber. Construction materials of the system that
came into contact with test solutions or dilution water were all either glass or
silicone. Despite their relatively high cost these were selected on the basis of their
relative non-reactivity, as they did not contain any substances which could be
leached into aqueous solutions. The use of relatively inert substances also
minimized adsorption of test chemicals from the solutions or dilution waters to

contacting surfaces.
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Exposure chamber

The exposure chambers comprised fifteen 130 ml capacity glass syringes connected
to 0.8 mm diameter (internal) silicone tubes. The outlets to which the silicone tubes
were attached were reduced by fixing silicone glue to prevent fry escape. Cylinders
were arranged side by side on a grooved plastic gutter placed on a table.
Outflowing toxicant solution and dilution water were collected in a 50 / plastic
container for disposal. In a previous study Siriwardena (1993) maintained out flow
from the exposure chamber by using clamps fitted to the outflow tube that comes
from the tissue culture flask (exposure chamber) against the constant inflow
maintained by peristaltic pump. It was found that exposure chambers sometimes
cracked due to pressure when sealed tightly and to avoid this, they were sealed
loosely to allow overflow. To overcome these problems, in this study, glass
cylinders, which can endure high pressure without deformation were used, keeping
the system completely closed, but enabling precise flow rate control without any

requirement for clamps on the outflowing tube.

Flow rate of the system

Siriwardena (1993) reported a flow rate of 1.12 ml.min ' in tilapia sac-try How-
through toxicity tests. He reviewed the How rates used in tish ELS toxicity tests
and reported 1.12 ml.min ' to be the lowest ever reported flow rate for fish early
life-stage toxicity test. The flow rate of the pre.sent system was maintained at 0.51
ml.min', with a measured intrachanncl co-efficient of variation <1% and
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interchannel co-efficient of variation 4.1%. Daily flow per channel was 734 ml,
equivalent to 5.65 volumes of exposure chamber per day which is within
recommended values of water exchange {e.}’. 4.8 -8.0 volumes: Sprague, 1969; 5
volumes: OECD, 1992). Flow rate depends on size of the exposure chambers and
loading density. To minimize the u.se of toxic media, smaller size exposure
chambers (130 ml) were used. Loading density was maintained within the
recommended value (less than 0.5 g.l ' per 24 h and not exceeding 5 g.l © of
solution at any time; OECD, 1992). In fact densities were maintained (0.29 g.l ' wet
weight; 0.05 g.l “ dry weight) well below OECD (1992) recommended maximum
level for both lethal and sublethal tests. The use of less toxic media for toxicity
tests is important to minimize quantities of chemical used, risks of contamination
and costs, although the flow rate should be at a level that is suitable for the

requirements of the test organisms.
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2.5 Preparation of the system for experiments

New reservoirs and exposure chambers were cleaned to remove any chemical or
other residues remaining from the manufacture or accumulated during construction
and storage. Hypochlorite at 200 mg.l ' (5 ml of household bleach in one litre of
water) was put into the reservoir bottle and the chambers were immersed in the
.solution for six hours followed by several cycles of rinsing with tap water to
disinfect. Nitric acid (5%) was then used in a similar way for five to six hours to
remove mineral deposits and any metal residues. The system was also run for 2 to
3 hours with 5% nitric acid to clean any residues in the tubing. Again reservoirs
and exposure chambers were rinsed with nanopure water and the system was run
for five to six hours with nanopure water. In case of DCA and chlorpyrilos the
system was run for an additional five to six hours with 2% acetone to remove any
organics. Further, with chlorpyrifos the whole system was washed with 20%
cyclohexane. Then the whole system was rinsed with nanopure water tor five to six
hours. Finally the system was washed with dilution water and the flowthrough
system was run overnight with dilution water before the sac-try were introduced

into the exposure chambers.

2.6 Monitoring toxicants concentration

The nominal concentrations of the toxicants used in the present study were
maintained by regulating the concentration of the toxicants in the stock solutions.
The actual concentration of the toxicants in the exposure chamber during each
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experiments were analyzed as follows:

Cadmium

Samples were acidified with 1% nitric acid and analyzed using an atomic
absorption spectrophotometer, Perkin-Elmer 2280 ( Golterman et al., 1978). The
actual concentration of cadmium did not vary more than +10% of the nominal
concentrations. The lowest detection level of cadmium was 0.5 pg.l “ (W. Struthers,
personal communication). The relationship between nominal and actual cadmium

concentrations is shown in Figure 2.7.

3,4-dichloroaniline

Water samples were analyzed for 3,4-dichloroaniline (DCA) by using a HPLC
(LDC Analytical, USA) at 242 nm with a 500 pi loop and 25 cm Partisil ODS 3
retention column using an eluent of 70% acetonitrile and 30% nanopure water.
Calibration was made with 100 pg.l ' DCA in mobile phase. A peak was resolved
in 4.25 - 453 minutes. Actual concentrations did not vary more than 20 % of the
nominal concentration in any of the experiments. The relationship between nominal

and actual DCA concentrations is shown in Figure 2.8.

Chlorpyrifos

Analysis of either chlorpyrifos stock solutions or exposure concentrations tor the

actual of the nominais were not possible in this study, but stock solutions prepared
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Figure 2.7 Relationship between nominal and actual
concentration of cadmium.
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Nominal concentration of DCA (ng/l)

Figure 2.8 Relationship between nominal
and actual concentration of DCA.
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CHAPTER 3

YEAR-ROUND SPAWNING OF AND EARLY LIFE HISTORY TRAITS OF

GOLDFISH

3.1 Introduction

3.1.1 Year-round spawning of gold fish

Under natural conditions, the timing of reproduction in fish is controlled by
changes in environmental conditions, enabling the production ol young to be
synchronized with periods of maximal food supplies. This seasonality of
reproduction, which is of considerable adaptive significance to wild stocks of fish,
is often a disadvantage in research studies where supplies of eggs and fry may be
required throughout the year. For the routine study of fish early life-stages to
evaluate the toxicity of the ever increasing number of chemicals for regulatory
purposes, a constant supply of fish eggs and larvae of consistent quality throughout

the year is a prerequisite.

Aquatic ecotoxicologists commonly carry out fish early life-stage toxicity tests
using fish obtained from commercial suppliers or which have been bred under
laboratory conditions (Lloyd, 1992). For example rainbow trout is widely farmed
in temperate areas and eggs can be obtained from the supplier. But such supplies
arc often unreliable and may only be available at certain times of the year and it
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is often difficult to know the history of the material supplied. On the other hand
some laboratories use the tropical zebrafish (Brachydanio rerio Hamilton
Buchanan) for early life-stage toxicity tests. These fish are obtained from
commercial suppliers and bred as required under laboratory conditions. B. rerio has
been chosen as a standard species by the International Organization for
Standardization (ISO, 1984) for toxicity studies due to its small size and its all-
year-round availability. Interlaboratory studies of early life-stage toxicity tests have
also been performed (Dave et ai, 1987; Nagel et al.,, 1991) on this species.
However, it is a warm water fish and requires high temperatures (-i-25°C) to breed,
inviting dubious relevance in the toxicity test results (Dave et al., 1987) which may
be difficult to interpret, due to variable and high rates ol larval deformity, and high
egg and larval mortalities (Dave, 1993). Its .sensitivity to stress is also poor when

compared with other .species (Nagel et al., 1991).

Furthermore, zebrafish produce only a small number of eggs in a spawning. For the
procurement of required amount of eggs and larvae of zebrafish for early life-stages
toxicity tests it is necessary to allow the fish to perform group spawning (5 - 10
fish in a batch: OECD, 1992). Eggs and larvae thus produced from group spawning
may be heterogenous and may produce different responses when exposed to
toxicants. It is widely accepted that organisms from the different environment and
different gene pools may vary in their response to stress ef> Baird et al. (1991),
found different response to toxicants by different clones ol Daphnia ma”na.

Therefore it is important to use the eggs and larvae from the same set ot brood-tish
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for the consistency of test results.

Goldfish (Carassius ciuratus) is a well known fish of the Cyprinidae family which
can produce as many as 15,000 eggs in a single spawning (Horvath et al., 1992).
It has the potential to breed repeatedly over the course of its life span and
throughout the year under controlled laboratory conditions (Razani and Hanyu,
1986a, Razani et ai, 1989). But detailed information on the conditioning of
laboratory-held brood fish for the production of a continuous supply of eggs and
sac-fry of consistent quality is lacking. Finding an appropriate combination of
factors for stimulating full maturation of ovaries and induced breeding is of
importance for the continuous supply of eggs and larvae for early life-stage toxicity

tests.

In the natural environment increasing day-length and temperature stimulate ovarian
growth, maturation and ovulation in goldfish (Gillet et al., 1978). Oocyte growth
starts during winter and progresses to ovulation by spring when the water
temperature reaches a level of 18 - 20°C (Melotti, 1986). In the laboratory female
goldfish maintained in cold water (13 - 14°C) develop to a pre-ovulatory condition
(Yamazaki, 1965), and from females with mature ovaries, ovulation can be induced
within two days at a temperature increa.se from cold (13 - 14°C) to warm water
(20°C) (Yamamoto et al., 1966). This technique has been used in several studies
for the ovulation in this species (e.g. Stacey et al., 1979). Other external factors

such as photoperiod (Stacey et al., 1979), presence ol active males (Hervey and
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Hems, 1968), presence of aquatic vegetation (Stacey et cil., 1979) and standing
water (Peter et ai, 1978) also regulate the ovulation of goldfish. Critical
photoperiod for ovarian maturation and ovulation in goldfish reared in warm water
(24°C) lies between 13L : 1ID to 14L : IOD photoperiod (Razani et ai, 1987) but
there is no critical level of such photoperiod for ovarian maturation and ovulation
in fish reared in cold water (16°C) (Razani and Hanyu, 1986a, 1986b). The critical
temperature for ovarian maturation of goldfish has been suggested to lie between
18 and 21°C regardless of photoperiod (Razani et al., 1987). Male goldfish remain
mature all-year-round when maintained in cold water (13 - 14°C) and can produce
sufficient milt within a day for fertilization of ovulated eggs by transferring to tank
water at 20°C (Yamamoto et al., 1966). Milting condition of males held at 20 *
1°C can be maintained by routine injection of human chorionic gonadotropin

(Wiegand et al., 1988) or carp pituitary extract (Wiegand et al., 1989).

In most published research studies on goldfish, spawning involves collection of
mature goldfish from a supplier and rearing for a short conditioning period. Fish
are then spawned by altering environmental factors such as temperature,
photoperiod and the presence of spawning substrate (Yamamoto et al., 1966; Stacey
et al., 1979) and/or by hormonal induction (Moriwaki et al.,, 1991; Peter et al.,
1987; Sokolowska et al., 1984, 1985; Suzuki et al., 1988). Although hormonal
treatment is a relatively straightforward method to spawn fish (e./*. Das et al., 1992;
Haider et al.,, 1991; Peter et al.,, 1988), the repeated use of hormone and in

particular Human Chorionic Gonadotropin (HCG) can induce ovarian rclractoriness
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in brood stock (VanDer Kraak et al, 1989) which may develop some antigenicity
to HCG (Donaldson and Hunter, 1983; Fukein- Chiangsu- Chekiang- Sanghai
Cooperative Group, 1977) and ultimately fish may become unresponsive to HCG
injections (Fukein-Chiangsu-Chekiang- Sanghai Cooperative Group, 1977). Despite
these difficulties, efforts have been made to obtain year-round rematuration and
spawning of goldfish in the laboratory by hormone injection. Razani et al. (1988a,
1988b, 1989) conducted studies on the maturation of both male and female goldfish
under different combinations of temperature and photoperiod over a 12-month
period (July to June) and found that at low temperature (16°C) males remain
mature all the year-round irrespective of photoperiod whereas at high temperature
(24°C), maturity, expressed in terms of milt production was dependent on
photoperiod. Females matured, rematured and spawned all-year-round (Table 3.1)
at low temperature (16°C), but spawned only for a short period (July-August) at

high temperature (24°C).
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Considering the critical range of temperature (18 - 20°C: Razani et al., 1987) for
goldfish maturation, natural history of spring (>12 h light period in a day)
spawning (Hrevey and Hems, 1968; Melotti, 1986) and in view of proper utilization
of laboratory space, brood fish were reared at 20°C and 14L : IOD photoperiod. It
was also desirable to produce eggs and sac-fry under the same laboratory
conditions, with both fish and larvae located in the same laboratory. In this study,
in addition to the brood fish rearing at 20°C and 14L : IOD photoperiod to prepare
them for spawning, several preliminary experiments on goldfish spawning by using
the technique of temperature change only (Stacey et al.,, 1979) and changing
temperature in combination with hormone injection (Sokolowska et al. 1984) with
minor modification on the basis of laboratory facilities available were also planned
to select simple induced spawning techniques for goldfish under laboratory

conditions to procure eggs and sac-fry.

In this study fish were maintained in tanks of a recirculatory system separating
them by sex. Once they had reached milting condition males remained in that
condition and required no hormonal treatment. Females, which it had been
originally planned to spawn over a period of time, one by one, on the other hand,
ovulated in groups in the morning without any treatment. These females rematured
after three months and same phenomenon (group spawning) happened again. As a
result of these synchronized ovulation, routine experiments suffered, leaving long

gaps without a supply of material (eggs).
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To obtain eggs throughout the year alternative approaches were investigated. From
reproductive physiological reports (ldler et cil, 1987; Scott et al., 1991) it was
evident that reproductive activity might be controlled by some pheromone; defined
here as a chemical communication signal and considered to be the evolutionary

consequence of interactions with other individuals (Stacey, 1991).

Recently, the study of pheromones and their role in maturation in fish has
significantly advanced (Cardwell etal., 1991; Sorensen, 1991 ; Sorensen and Stacey,
1987; Sorensen et cil., 1991 ; Stacey et al., 1987). In all cases reported so far, teleost
reproductive hormones and their metabolites released by fish into the surrounding
water exhibit some pheromonal activity (Stacey and Sorensen, 1991). Goldfish sex
pheromones have been identified as a mixture of unmodified hormones and
metabolites (Sorensen et al., 1991). Goldfish females sequentially release two
steroid hormonal pheromones: a primer pheromone (slower physiological responses)
and a releaser pheromone (rapid behavioral responses). Water-borne preovulatory
primer pheromone released by female increases milt volume by acting via olfactory
receptors to increase blood GtH (Gonadotropic Hormone) in males, which in turn
stimulates the testes (Sorensen and Stacey, 1990). Water-borne postovulatory
releasers induce the male to engage in courtship (Sorensen and Stacey, 1990). The
female primer pheromone system seems common to all members of the carp family
so far studied (Cardwell et al.,, 1991). Recent evidence suggests that gonads
produce nonsteroidal, water-soluble proteins which specifically regulate the

production and secretion of gonadotropin in mammals (Ying, 1988). Inhibin is
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identified as a suppressor of pituitary FSH (Follicle Stimulating Hormone)
secretion, whereas activin has been identified as a stimulator of FSH secretion.
Peter et al. (1991) extracted both inhibin and activin from the goldfish ovarian
extract and found that both type of proteins acutely stimulate GtH secretion in

goldfish.

Pheromones can provide information about reproductive state and gender but it has
not yet been experimentally proven whether hormonal pheromones can provide
species-specific information, particularly in sympatrically-spawning species
(Cardwell et al.,, 1991). In natural environments, closely related species may live
sympatrically and yet maintain differences in spawning period. Considering the
pheromonal sensitivity and their species-specificity and also considering the
complexity and incompatibility of the existing techniques of goldfish spawning, an
experimental programme was planned to evaluate goldfish ovarian fluid as a
stimulant for ovulation of goldfish as an easily workable, dependable, yet simple

method of goldfish spawning under laboratory conditions.

3.1.2 Early life history traits of goldflsh in the flow-through system

Before carrying out toxicity tests using a new test organism and/or a new test
exposure system, it is first necessary to demonstrate that the test organisms perform
satisfactorily within the system in ‘unstressed’ conditions (i.e. with no toxicant

added). The loading density of the test organisms, defined as the ratio of sac-fry
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biomass to the volume of solution in an exposure chamber of the toxicity testing
system should be such that they can maintain ‘normal’ physiological functions.
There should be no stress due to produced metabolites (e.g. ammonia), or
impairment by reduced oxygen supply. It is also important to determine an
appropriate duration for the test exposure, on the basis of the physiological status
of the experimental organisms. In the case of fish sac-fry, held without external
food supply over the chosen exposure period, it is important to determine the stage
at which the maximum dry body mass is attained. Larval growth in terms of dry
mass is more relevant than the wet mass as water content in the tissue may vary
under different conditions water content of the tissue may increase under
starvation. Hemming and Buddington, 1988) possively resulting in dubious results
of yolk utilization efficiency. Energy equations for fish early lite-stages change
during the later part of yolk utilization (Kamler, 1992). Sac-fry growth progresses
as long as absorbed yolk energy is surplus to metabolic costs and its body mass
reaches its maximum level at a certain point. After this the sac-lry enters a state

of starvation with regressed growth without external food supply.

3.1.3 Aims

The aims of the work described in this chapter were:

1. to develop a brood stock management system tor the continuous supply
of good quality eggs and sac-fry of goldlish from a small stock ot brood
fish.

2. to establish the time taken to attain maximum dry body mass of
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goldfish sac-fry in the absence of external food supply.
3. to determine a loading density of fish sac-fry in each exposure
chamber of the test system suitable for conducting early life-stage toxicity

tests.

3.2 Materials and Methods

3.2.1 Techniques of ovulation of goldfish under controlled laboratory

conditions

3.2.1.1 Preliminary experiments

Preliminary experiments were conducted to induce ovulation to search lor a reliable

production method for consistent quality eggs and sac-lry:

(a) Ovulation of goldfish by raising water temperature and changing

photoperiod

Changing in temperature (from cold to warm) was initially used to ovulate lemale
goldfish (Yamamoto et cil, 1966; Stacey et at., 1979). In this study mature +1
female goldfish were reared individually in a 120 / glass tank maintained at 15°C
and subjected to 12L : 12D photoperiod for either two, three, lour or five weeks
during April and June, 1992. Mature females Irom which a lew eggs could be
extruded by gentle pressure on the abdomen were selected lor the experiments. The
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fish were transferred to a tank set at 20°C and 14L : IOD photoperiod. On the
second day a male was added to the tank a few hours after the onset light and
removed near the end of light period to ensure female was ready to spawn during
early hours of the light period, rather than spontaneously spawning during the latter
part of the dark period which would otherwise occur in the continuous company
of the male fish (Hervey and Hems, 1968; Melotti, 1986). This was repeated on
succeeding days. Using this procedure females ovulated in one to five days.
Ovulated females were stripped in the morning (7 am to 10 am) and eggs fertilized
and incubated as described in section 2.1.2. Fertilization and hatching performance

were recorded.

(b) Ovulation of goldfish by pimozide and LHRH-a injection

Ovulation by temperature manipulation proved to be unreliable. Spawning trials
were therefore conducted using pimozide and LHRH-a (des-Gly™*’ [ D-Ala"” ]
Luteinizing Hormone Releasing Hormone ethylamide) injection. LHRH-a (Sigma
chemical Co. Ltd., St. Louis, USA) was dissolved in freshwater teleost
physiological .solution (PS; Burnstock, 1958). A synthetic dopamine antagonist
‘Pimozide’ (Sigma chemical Co Ltd., St. Louis, USA) was suspended in a vehicle
containing 0.7% NaCl and 0.1% sodium metabisulphite (Sokolowska et al., 1984).
Mature females were selected from fish reared at 15°C and 12L : 12D photoperiod
from which a few eggs had been extruded by gentle pressure on the abdomen to
confirm the preovulatory maturation state. Fish were transferred to tanks maintained
at 2()°C and subjected to a 14L : IOD photoperiod. Fish and mature females
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maintained at 20°C were injected intraperitoneally with pimozide at the dose of 10
pg.g ' body weight (10 pl.g ' body weight) and LHRH-a at the dose of 0.1 pg.g *
body weight (5 pl.g “ body weight) as per Sokolowska et a/.(1984), at the base of
the pectoral fin of anaesthetized fish at 2 pm and 5 pm, respectively, on the second
day of temperature shock. Ovulation was checked on the following morning (7 am
to 10 am). Ovulated females were stripped and eggs fertilized and incubated as

de.scribed in section 2.1.2. Fertilization and hatching performance were recorded.

3.2.1.2 Ovulation of goldfish by inoculating ovarian fluid into the water

of spawning tanks

Eggs from pimozide and LHRH-a injected female from an earlier experiment were
stripped in a petridish and the ovarian fluid was pipetted with a digital Finnpipette
(5 - 40 pi) in microcentrifuge tubes. The ovarian fluid was frozen at -70°C tor later
use. Thereafter ovarian fluid was collected following manual stripping ot fish
ovulated by this technique. Preovulated females were kept in a spawning tank
maintained at 20°C and the tank water was spiked with the thawed ovarian fluid
(stored at -70°C for up to 1 month) at 10 - 11am, to give a concentration of 2 pi,
3 pi, and 4 pi of ovarian fluid per litre of tank water. A male was added with a
female in a tank just after spiking of ovarian fluid and kept in the tank for the light
regimes only. Ovulation was checked for the next five consecutive mornings.
Ovulated females were stripped and eggs fertilized and incubated as described in

section 2.1.2. Fertilization and hatching performance were recorded.
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Between 5000 and 42,000 eggs were collected from a single spawning by manual
stripping from females of 58 g to 310 g body weight. From the whole volume of
eggs, measured in a graduated cylinder, 3 samples of 1 ml of eggs were transferred
to Petri dishes, water was added and eggs were spread in a monolayer. After water
hardening the number of eggs in each sample was counted under a dissecting
microscope. The total number of eggs was calculated by using the following

formula.

n XV
N = (3.1)

where N = total number of eggs in a spawning

n = average number of eggs in a sample
V = total volume of eggs in a spawning
v = volume of the sample used

Numbers were rounded to the nearest thousand.

3.2.2 Optimisation of broodHsh stocking density for procuring all-year-round

good quality eggs and sac-fry

Both 1+ age group males and females were kept separately in a 120 / tank fitted
in a recirculatory system (sec 2.1.1) at 20 £ 1°C and 14L : IOD photoperiod.
Female fish were maintained in three separate tanks at densities ol three, two and
one fish per tank (120 /) for three months. The readiness of the female fish lor
induced ovulation was checked weekly by gentle abdominal pressure. 1 he fish from
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which a few ova could be extruded by abdominal pressure were induced to ovulate

by inoculating ovarian fluid into the water of the spawning tanks.

3.2.3 Effects of selected spawning substrate on the goldfish early life stages

Artificially ovulated eggs collected in a Petri dish by manual stripping were
fertilized and spread on glass slides and polystyrene Petri dishes. Petri dishes were
attached to a polystyrene pipette frame for easy handling in the incubation system
(see Figure 2.3). Glass slides were placed on a slide racks and hung in the
incubation system (Figure 3.1). Fertilization and hatching performance were

recorded.

3.2.4 Survival of goldfish sac-fry in the exposure chamber of the

flowthrough toxicity testing system

Normal sac-fry (see Figure 2.5a) hatched in the incubation system were stocked at
30, 40, and 50 sac-fry per exposure chamber in the Oowthrough system. The sac-
fry were expo.sed to dilution water (M7 medium: see section 2.2) in the exposure
chambers by daily reFilling of reservoirs with dilution water. Trials were terminated
when mortality (lack of reaction to mechanical stimulus) exceeded 50% in all the
chambers. Mortality was checked daily. Dead sac-fry, if any, were removed from
the exposure chamber every day, preferably at the same time of the day (between

10 and 12 am).
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Figure 3.1 A view of the eggs uttuched on the glass slides placed on a slide rack
in achamber in the incubation system.
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3.2.5 Hatching success at different loading densities of eggs in the exposure

chamber of the toxicity testing system

Artificially ovulated eggs collected in a Petri dish by manual stripping were
fertilized and spread on glass slides. Subsequently, the glass slides were placed in
slide racks and placed in an incubation chamber (Figure 3.1) in the incubation
system for 24 hours. The rate of fertilization was recorded by counting transparent
eggs (live) and white eggs (dead) under a magnifying glass. Dead eggs and/or
excess eggs on the selected slide were gently removed with the help of a Pasteur
pipette. Five triplicate densities of eggs (30, 40, 50, 60 and 70 eggs.glass slide ")
were placed in exposure chambers in the flow-through system. The rate of hatching
and presence of abnormalities among the hatched sac-fry were recorded after a total
of 125 hours of incubation by counting emerged sac-fry and identifying them as
normal and abnormal (.see section 2.1.3) under a dissecting microscope (Olympus,

Japan).

3.2.6 Oxygen and ammonia concentration at different densities in the

exposure chamber of the toxicity testing system

To find out the suitable loading density of sac-fry in the exposure chambers for
toxicity testing, oxygen and ammonia concentrations were measured in the
outflowing water from the test chambers for different densities ol sac-fry. Three
replicate densities of sac-fry (30, 40 and 50 sac-fry per chamber) were introduced
into the exposure chamber of the flow-through toxicity testing system. At 24. 48
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and 96 hours after the introduction of newly hatched sac-fry into the exposure
chambers, oxygen levels were determined by withdrawing water samples from the
exposure chamber outflow tube with a syringe, and injecting the sample into a
Jacketed flow-cell microelectrode (TC 500, Strathkelvin Instruments, UK)
connected to a dissolved oxygen meter (Model 781, Strathkelvin, Instruments, UK).
At 24 and 96 hours after introduction of newly hatched sac-fry into the exposure
chambers, 5 ml of outflowing water from each test chamber was transferred into
a clean plastic vial, stoppered and frozen for analysis of ammonia at a later date.
Ammonia was measured colometrically in an autoanalyser by standard methods
(Technicon Sampler 1V, Gradko International Ltd., UK). Measured oxygen content
and ammonia content of the exposure medium with diflerent loading densities were
compared with the recommended values ot OECD (1992) and Widdows (1985)

respectively for toxicity test conditions.

3.2.7 Early life-history growth traits of goldfish in the exposure chamber of

the toxicity testing system

Before carrying out toxicity tests with sac-lry, and considering physiological
aspects of growth as test endpoints it is important to know the growth pertormance
of sac-fry within the test system with no toxicant added, lor the valid interpretation
of test results. Thirty newly-hatched sac-fry were exposed to dilution water in each
exposure chamber. From 20 randomly selected newly hatched sac-lry, 10 whole
sac-fry and 10 .sac-fry with yolks removed by dissection were placed individually
in previously weighed (using a microbalance of Ipg accuracy, MT5, Mettler, UK)
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cones of aluminium foil after removing surface water by tissue blotting, weighed
and stored in microcentrifuge tubes, labelled and frozen individually at -70°C. After
24, 48, 72, 84, 96, 108 and 120 h, respectively, pooled samples of 20 fish larvae
were taken from two randomly selected exposure chambers. Ten of the 20 larvae
were dissected under dissecting microscope to remove their yolk mass, if present.
The larvae were then dried on absorbent paper, placed individually in a preweighed
aluminium foil cone, weighed and placed in individually labelled microcentrifuge
tube and frozen at -70°C. To obtain a dry mass estimate, those samples were freeze
dried to a constant weight using a freeze dryer (Modulyo 4K, Edwards, UK) and
re-weighed. Dry mass estimation was carried out on individuals, using the
microbalance. Yolk mass was calculated indirectly by subtracting the body mass

from the whole mass.

3.3 Results

3.3.1 Induced spawning of goldfish

Low temperature (15°C) conditioning for different periods to prepare the fish tor
induced ovulation (Table 3.2) indicated that two out of three fish conditioned for
28 days and three out of four fish conditioned for 35 days successfully ovulated as
aresult of changing temperature and photoperiod and adding males during the light
regime. Fish conditioned for less than 28 days did not ovulate (Table 3.2).

Ovulation occurred within five days of temperature shock.
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Three out of five fish conditioned at low temperature (15°C) and injected with
pimozide and LHRH-a successfully ovulated (Table 3.3) but in the case of fish
maintained at 20°C constant temperature and injected with pimozide and LHRH-a,

only two fish out of five ovulated.

Inoculating tank water with ovarian fluid at concentrations of either 2 pi, 3 pi or
4 pi ovarian fluid per litre of tank water gave 100% success with fish maintained
at a constant temperature of 20°C (Table 3.4). To test the repeatability of using
goldfish ovarian fluid to induce ovulation of goldfish as a successful technique, a
total of 15 fish were induced by inoculating the intermediate concentration ot
ovarian fiuid (3 pl.I ' of tank water). Thirteen fish out of 15 females ovulated as
a result of this technique. Ovulation occurred within three days of being exposed

to ovarian fluid and the addition of a male during the light regime.

Arcsine transformed values of percentage of fertilization success, hatching success,
and proportion of normal sac-fry emerged on hatching of eggs (see section 2.1.3)
were analyzed by one way ANOVA. There were no significant differences between

fertilization success (F = 0.81; df = 4, 40; P>0.05), hatching success (F = 0.04; df

4, 40; P>0.05) and proportion of normal .sac-fry emerged on hatching of eggs (F

0.52; df = 4, 40; P>0.05) obtained by different ovulation techniques. The
percentage of fertilization success, hatching success and normal sac-fry emerged

on hatching of eggs was always above 90% in all the techniques used.
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3.3.2 Conditioning of goldfish brood stock at different densities under 20°C

and 14L : 10D photoperiod

The rate of maturity (preovulatory stage: a few eggs could be extruded by gentle
abdominal pressure) was found to be between 2.7 and 25.3 per individual per year
(Table 3.5) among the groups reared at densities one - three fish per 120 / capacity
tank maintained at 20°C and 14L : IOD photoperiod fitted in a recirculatory
system. The re-maturation of goldfish females reared at density of one fish per tank
of 120 / capacity gave maximum spawning success (Table 3.5). Fish reared
individually in a tank rematured every ten to eighteen days. Fish reared for three
months at the density of 3 fish per tank spawned 2.7 times per year per individual,
2 fish per tank gave 4.7 ovulation per year per individual and 1 fish per tank gave
25.3 ovulation per year per individual (Table 3.5). Fish stocked individually in a
tank inoculated with ovarian fluid (3 pg.l ' of tank water) was subsequently used
for induced spawning of goldfish. From September 1993 to February 1994, each

fish spawned 12, 11 and 10 times, respectively, by this technique.
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3.3.3 Performance of goldPish early life-stages in the incubation system and

in the exposure chambers of the toxicity testing system

The percentage of fertilized eggs, percentage of hatching and percentage of normal
sac-fry emerged on hatching of eggs using two substrates (polystyrene petridish and
glass slide) are shown in Figure 3.2. The percentage of fertilization (F = 4.09; df
= 1, 4; P>0.05), percentage of hatching (F = 0.00; dl = 1,4; P>0.05) and
percentage of normal sac-fry emerged on hatching of eggs (F = 5.45; di = 1,4;
P>0.05) were not significantly different between the two substrate used. The
percentage of fertilization, percentage of hatching and percentage of normal sac-fry

emerged on hatching of eggs in all trials was over 90%.

Sac-fry exposed to dilution water at 30, 40, and 50 per chamber showed no
mortality until the 11th day of exposure under starvation. For fry starved at 50
sac-fry per chamber, more than 50% mortality occurred on day 12, whereas at 30

and 40 sac-fry per chamber this occurred on day 13 (Figure 3.3).

The hatching success of eggs in the exposure chamber of the toxicity testing system
is shown in Figure 3.4. Hatching success for eggs stocked at 30 eggs per chamber
was 90% but this reduced as the density was increased (Figure 3.4) and only 79.5%
eggs hatched when stocked at 70 eggs per chamber. Hatching was negatively
correlated (r = - 0.78, p<().05, n = 15) with the density of eggs incubated in the
flowthrough system. There were significant differences in hatching success (F =
4.09; df = 4, 10; P<0.05) between 30 and 70 fry per chamher.
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Oxygen and ammonia concentrations in the exposure system loaded with different
densities of sac-fry are shown in Figure 3.5 and Figure 3.6. Oxygen levels of the
exposure water decreased with increased sac-fry loading density and also within
each density over time as expected. Oxygen levels were always above OECD
(1992) recommended value (Figure 3.5). Oxygen levels in chambers having density
of 30 sac-fry per chamber were above 90%. In other chambers it was above 90%
for up to 24 h period and then went down with time although it never reached
below 80% of the saturation level. On the other hand ammonia levels of the
exposure water increased with higher sac-fry densities and also within each density
over time (Figure 3.6) but remained below 140 pg.l' in all cases. Ammoniacal

nitrogen concentration >140 pg.l ' is considered inhibitory (Widdows, 1985).

The yolk utilization patterns of goldfish sac-fry are shown in Figure 3.7. Goldfish
sac-fry attain maximum dry body mass within 96 h after hatching at 20°C (Figure
3.7a), although some yolk remained at this stage. Whole dry mass also attained its
maximum at 96 hours after hatching. Whole wet mass attained a maximum at 108
h after hatching, whereas wet body mass attained a maximum at 120 h alter
hatching (Figure 3.7b). The ratio of dry mass to wet mass declined with time
within the experimental period (Figure 3.8) i.e. water percentage increased with the

age of goldfish sac-fry. Yolk contained less water than body.
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Time after hatching (d)
Figure 3.3 Mortality pattern of goldfish sac-fry at different densities

exposed to dilution water in the exposure chambers of the
toxicity testing system.
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Density of egg per chamber

Figure 3.4 Percentage of hatching .success of goldfish eggs attached on glass
slides and incubated into exposure chambers of the toxicity testing
system at different densities. (Bar indicates + standard error).
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Figure 3.5 Influence of stocking density of goldfish sac-fry on the oxygen concentration in the

exposure chamber of the flowthrough .system. Data are means + standard errors.
Critical level for toxicity tests is shown by a line.

Critical level
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Figure 3.6 Influence of stocking density of goldfish .sac-fry on the ammonia concentration in
the exposure chamber of the flowthrough system. Data are means + standard errors.
Critical level for toxicity tests is shown by a line.
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Figure 3.7 Pattern of growth and yolk utilization of goldfish
sac-fry expressed as, (a) dry mass and (b) wet mass.
Data are means + standard errors.
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Time after hatching (h)

Figure 3.8 The ratio of dry mass to wet mass of goldfish
sac-fry body and yolk over the yolk absorption period.
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3.4 Discussion

3.4.1 Induced spawning of goldfish

Different techniques of ovulation of goldfish were investigated together with
optimization of brood stock density to produce eggs for use in year-round routine

toxicity tests with goldfish early life-stages.

Preliminary experiments in the present .study on induced ovulation by changing
temperature and photoperiod from 15°C and 12L : 12D to 20°C and 14L : 10D
resulted in successful ovulation in five out of seven females (i.e. 71% success), a
high rate of ovulation success (94%) has been previously reported by raising water
temperature from 13 - 14°C to 20°C (Yamamoto et al. 1966). Although this
technique of spawning was found to be adequate, the technique is complex and
incompatible due to the requirements of two sets of laboratory conditions and the

long time required for the conditioning of brood fish.

In another experiment in this study a 60% success rate of ovulation was obtained
in fish treated with temperature change (from 15°C and 12L ; 12D to 2()°C and
14L : 10D) as well as hormonal injection at the dose of 10 pg.g ' body weight (10
pl.g ' body weight) pimozide and 0.1 pg.g ' body weight (5 pl.g ' body weight)
LHRH-a. By contrast Sokolowska et al. (1984) reported 88% success rate in fish

treated with temperature change (from 13°C to 2()°C) and using the same dose of
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pimozide and LHRH-a. In this study ovulation occurred within 14 - 17 h after
LHRH-a injection, and this timing of ovulation was similar to the results of Peter
et ill. (1978) and Sokolowska et al. (1984). The technique of ovulation by injecting
pimozide and LHRH-a was found nonreproducible, and required two sets of
laboratory conditions and more floor space. Frequent stress due to transfer of fish

and repeated use of hormone may limit the repeated spawning of the same fish.

In another experiment fish were matured and maintained at 20°C and 14L ; IOD
photoperiod and were induced to ovulate by injecting pimozide at the dose of 10
pg.g ' body weight (10 pl.g ' body weight) and LHRH-a at the dose of 0.1 pgg'
body weight (5 pl.g ' body weight). Although stress, which may effect reproductive
activity (Safford and Thomas, 1987) due to transfer from one set of conditions to
another was reduced in this experiment, it gave a success rate of only 40%. No
such technique has been found reported without temperature change for comparison
of the reproducibility of the technique. Nevertheless, this technique was judged

unreliable due to the poor success of ovulation.

In order to fulfil one of the aims of this study, ‘the procurement of eggs and sac-
fry of consistent quality from a small stock of brood fish’, by repeatedly using the
same brood stock, and in quest of a simple technique of maturation and ovulation,
induced ovulation was investigated by inoculating ovarian fluid into the tank water.
Fish held at 20°C and 14L : 10D photoperiod were stimulated to ovulation by
inotroducing ovarian fluid into the water of the spawning tank at the concentration
of 2 pi, 3 pi and 4 pi ovarian fluid per litre of rearing water, which gave 1(K)%
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success rate of ovulation. The repeatability of the technique of induced ovulation
by inoculating ovarian fluid was confirmed by a 87% successful ovulation using
3 pi ovarian fluid per litre of tank water i.e. the intermediate of the used
concentrations used in the earlier experiment as a stimulant. This success rate is
comparable with any of the existing techniques that have been u.sed for ovulation
of goldfish and is much simpler. This technique required comparatively less
laboratory space and eliminated the facilities required for temperature shock.
Further advantages also exist; (1) fish can be matured and spawned under the same
conditions suitable for larvae, and (2) it reduces the stress associated with repeated

capture and anaesthesia.

3.4.2 Conditioning of broodfish at different stocking densities under 20°C and

14L : 10D photoperiod

Among the three stocking densities (1,2 and 3 female of 1+ age group in each
tank of 120 / capacity in a water recirculatory system at 20°C and 14L : IOD
photoperiod) investigated for rematuration of brood stock in order to have a routine
supply of eggs and larvae, one female stocked per tank (120 /), rematured
fortnightly. There is no such published report of goldfish rematuration under the
laboratory conditions specified here. However, Razani et ul. (1989) reported a
rematuration rate of only a maximum of 2.5 per female per year for goldfish
stocked at a stocking density of 50 fish (25 male and 25 female) in a tank of 1750

/ in a flowthrough (1 - 1.5 /.sec ') system at 16°C and 16L : 8D photoperiod.
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This high rematuration rate (25 per female per year; see table 3.5) under laboratory
conditions results in goldfish eggs and sac-fry being available all-year-round from
a small brood stock. This makes goldfish a suitable species for routine toxicity tests
by removing the constraints of material supply for fish early life-stage toxicity

tests.

3.4.3 Performance of goldfish early life-stages in the incubation system and

in the exposure chambers of the toxicity testing system

Here, in this study suitable control conditions for flowthrough toxicity studies using
goldfish early life-stages were investigated. Dissolved oxygen is an important
controlling factor in toxicity te.sts since exposure of fish to a toxicant may increase
the rate at which they consume oxygen. A minimum level of 60% air saturation
value (ASV) is recommended for test solution used in fish early life-stage toxicity
studies (OECD, 1992), whereas air saturation levels of 90 - 100% and not less than
75% at any time has been recommended by USEPA (USEPA, 1982). In the present
study oxygen levels (>80% ASV) in exposure chambers of the toxicity testing
system stocked with different densities of sac-fry were always above the minimum
recommended level. The oxygen concentration was found to decrease with density.
The decrease in oxygen with density was due to more oxygen consumption by the
larvae. The decrease in oxygen concentration with time was related to an increase
in oxygen consumption rate of the larvae. An increa.se in oxygen consumption with
time was found in carp sac-fry (Kamler, 1992). Ammonia concentration was always
below the maximum acceptable level of 140 pg.l ' (Widdows, 1985). Ammonia
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concentration was found to increase with density and over time as expected. During
embryonic development carbohydrate, lipid and protein are consumed prior to
hatching while protein and lipid catabolism predominate after hatching (Heming
and Buddington, 1988; Kamler, 1992). During the sac-fry stage a large proportion
of yolk protein is utilized for energy, resulting in high levels of ammonia excretion.
In carp larvae metabolic rate has been found to increase up to the maximum body
mass attained (without external food supply) and then declines during starvation
(Kaushik et al., 1982). In the present experiment an increa.se in rate of ammonia
excretion was observed in goldfish sac-fry (.see Figure 3.6) up to maximum body
mass reached without external food supply, as observed in carp, a close relative of
goldfish. Elevated ammonia concentration can inhibit the rate of normal
physiological activity. An ammoniacal nitrogen level of approximately 140 pg.l"'
is considered inhibitory (Widdows, 1985), and although the level varies with

species we can assume this level as the bench-mark.

The survival of goldfish sac-fry up to the yolk utilization stage among the three
tested densities (30, 40 and 50 sac-fry per chamber) was always above 95% of the
initial number in each exposure chamber of the toxicity testing system, which is
above the OECD (1992) recommended minimum (80%) survival of control
treatments. However, hatching success of eggs decreased significantly with density
in the flowthrough system. Considering these factors a density of 30 sac-fry per

chamber has been selected for future studies.
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Yolk utilization and growth pattern indicated that the maximum dry mass of sac-fry
was attained before the wet mass (Figure 3.7). Maximum body mass was attained
before full yolk utilization, as has been reported in several studies (in herring:
Heming and Buddington, 1988; Blaxter, 1969; in tilapia: Rana, 1986). The ratio of
dry mass to wet mass decreased as the larvae grew, which supports the view that
high density, low moisture yolk mass is transformed into low density, high
moisture body mass (Blaxter, 1969; Heming and Buddington, 1988). The wet mass
will be less representative for any comparison of the yolk utilization for the
calculation of larval growth on account of differences in moisture content of the
body and yolk and also on account of the variability of moisture content of tissues
under different physiological and stressed conditions, c.g. starved larvae contain
more moisture than non-starved larvae (Hemming and Buddington, 1988). Both wet
body mass and dry body mass attained maximum values before total yolk
absorption. The yolk remaining in the yolk-sac may have some adaptive value and
may provide energy for emergency requirements. Starved larvae of striped bass
(Morone saxatilis) retained oil globules for a longer time than fed ones, the rate of
oil absorption increasing progressively with an increase in food concentration
(Eldridge et al., 1982). In the coregonid Corefionusfera, the energy rich oil globule
remained unabsorbed at the final absorption of the remaining yolk (Loewe and
Eckmann, 1988). Left over yolk may sometimes remain at the point of death from

starvation in striped bass (Rogers and Westin, 1981).
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CHAPTER 4

PATTERNS OF LETHAL TOXICITY IN GOLDFISH EGGS AND SAC-FRY

4.1 Introduction

A toxicant is an agent that can produce an adverse response (effect) in a biological
system, seriously damaging its structure or impairing its function or resulting in
death (Rand and Petrocelli, 1985). In measuring the toxicity of a chemical, the
objective is to estimate as precisely as possible the range of chemical
concentrations that produce selected, readily observable and quantifiable responses
in a group of test organisms under controlled conditions. An acute response is
defined as a response which is expressed as rapidly-occurring, irreversible harm to
the organism resulting in death within a short period of time by the fastest acting
toxic mechanisms of the chemical substance used. Acute toxicity tests have been
designed to determine the concentration of a substance that produces a toxic effect
on a specified percentage of test organisms within a relatively short period of time,
normally either 48 h or 96 h so that either two or one test(s) can be completed

within working days of a week (Lloyd, 1992).

In determining the relative toxicity of chemicals to aquatic organisms, lethality has
been extensively used as an endpoint in acute tests. Since death is easily detectable
it is widely used as an acute respon.se. The criteria used to determine death in free-
living organisms include the lack of movement and lack of reaction to gentle
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prodding (OECD, 1992).

In fish, lethal toxicity is normally measured in terms of the 96 h LC50, since the
50% response is the most reproducible measure of the toxicity of test materials and
96 h usually covers the period of acute lethal action of most toxicants (Rand and
Petrocelli, 1985). However, the period of acute lethal action depends on the modes
of action of the toxicant and the target sites of the test organisms. Where a
response other than mortality (say immobilisation, hatching success, abnormality)
is used, the measured toxicity is expressed as an EC50 (effective concentration 50:
concentration at which 50% of exposed group respond). Toxicity in terms of LC50
or EC50 is measured on the basis of the quantal response (all or none) by
calculation, and the 95% confidence limits are reported with the value of mean
lethal concentration. Macek et al. (1978) have stated that acute lethality te.sts
provide means for;
1 deriving estimates of the upper limit of concentrations that produce toxic
effects
2. evaluating the relative toxicity of large numbers of test materials
3. evaluating the relative sensitivity of different aquatic organisms to test
materials
4, evaluating the effects of water quality temperature, dissolved oxygen
concentration, hardness, pH, salinity and suspended materials) on the
toxicity of test materials, and
5. developing on understanding of the concentration response relationship
and of the significance of duration of exposure to the test materials.
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There are limitations of acute tests; they usually do not provide substantive
information about the sublethal or cumulative effects of a test material (Parrish,
1985). They are not predictive of potential chronic toxicity (Macek et al., 1978).
In addition, the death of a proportion of a population might not affect the survival
of the population rather it may stimulate the population if the stress is short lasting,
ef> the mortality of a fraction of a crowded population increa.ses the survival

chances of individuals in the remainder of the population (Pickering, 1981).

4.1.1 Range-finding test

The first step towards determining the acute toxicity of a substance involves
conducting a range-finding test. In a range-finding test, generally a smaller group
of organisms (five or more) is exposed to a series of concentrations in a geometric
series (e.g 1, 10, 100, 1000 pg.l ") together with a control in dilution water only,
or dilution water plus carrier solvent at the maximum concentration used in the
toxicant series. The duration of the range-finding test may be shorter than the
planned definitive test and if this is the case then the concentration range of test
substances to be selected for the definitive test ha.s to be adjusted to allow tor a
greater potential toxicity on the latter part of the definitive test. Ideally the duration
of the range-finding test and the number of organisms used should be the .same as
in the definitive test. Parrish (1985) emphasized that the range-finding test serves
its function best when it most closely follows the conditions planned for the

definitive test and sometimes produces results as good as a definitive test.
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4.1.2 Definitive test

The results of a definitive test are used to calculate the 96 h LC30 for mortality or
EC50 for other acute responses. An appropriate number of organisms (suitable for
statistical analysis) should be exposed to a series of concentrations of test substance
spaced at logarithmic intervals (EIFAC, 1975). Concentrations should be spaced
such that in 96 h, fewer than 35% of the test animals in one treatment (other than
control) are killed or affected and more than 65% of the test animals in another
treatment are killed or affected (Parrish, 1985), or at least two partial mortality
exposures bracketing the 50% level (USEPA, 1985). It is best to have several lest

concentrations with partial response (ASTM, 1980).

4.1.3 Sensitivity of fish egg and sac-fry to stress

In general, embryonic and larval stages of fish are more sensitive to environmental
and chemical stress than juvenile and adult lish (Alderdice, 1985, Eaton et ul.,
1978). Considering their sensitivities, early life stage toxicity tests have been
developed not only because they are quicker and cheaper but that they are capable
of estimating the chronic safe concentration of toxicant (Dave, 1993; McKim,
1985). In the development of short-term ecologically relevant toxicity tests, the
originally-proposed period of early life-stage toxicity tests ol one to two months
(Maeek and Sleight, 1977) has been reduced to one week (cj™. Birge et al., 1985;

DeGraeve et al., 1991). Two different types of short-term EI.S toxicity lest have
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emerged, (1) short-term larval survival and growth (integrated effect) test (e.*. the
7-day larval survival and growth test with fathead minnow {Pimephales promelas):
DeGraeve et al.,, 1991; Norberg-King, 1989) and (2) the short-term embryo-larval
growth test {e.g. 8 - 10 d embryo-larval growth test with zebrafish {Brachiodimio
rerio): Dave, 1993; Dave et al., 1987; OECD, 1992). The former tests omitted the
egg stage, since this stage is considered to be less sensitive, and this simplities the
test design. However, a complication remains regarding how to feed the larvae and
the uneven space allowance for the groups of fish with differential survival in
different treatments. The latter test places more emphasis on the use of internal
food (i e. yolk) to avoid problems arising from the maintenance of an external food

supply but the test design remains complex.

During the process of development of fish early lile-stage toxicity tests including
embryo and larvae, eggs arc exposed arbitrarily Irom immediately alter lertilization
(e.g. Blaylock and Frank, 1979 on Cyprinu.s carpio) to several hours alter
fertilization (e.g. Dave and Xiu (1991) start with 4 - 8 h old eggs of H. rerio). With
warm water fish, P. promelas and B. rerio, generally the percentage ol early
embryo mortality is determined after 24 h (Dave, 1993) and a definite number ol
eggs from the remaining live eggs (transparent) arc exposed tor lurther period. Al
hatching, hatching success is determined, the proportion ot detormed larvae
estimated and a pre-defined number of normal larvae are exposed tor the remaining
period of the test (OECD, 1992). Thus test of early life-stage including embryo

requires a complicated test design.
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In addition to the complex design, there remains some ambiguity about the starting
point of the test. The quality of the starting materials, in terms of early embryonic
mortality (Dave, 1993) or fertilization rate (Nagel et al., 1991) is usually
determined after 24 h, when dead eggs (fertilized eggs with dead embryos and
unfertilized eggs) have turned white while living embryos are transparent, is
variable. There are two ways to minimise the variability of starting materials, (1)
separation of fertilized and unfertilized eggs by comprehensive microscopic
examination prior to the start of the experiment but this is time consuming, and (2)
starting the test with embryos aged for 24 h (e.g. Stewart et al.,, 1990). Other
problems also remain in this sort of test, the variability of abnormality of the sac-
fry emerged on hatching of eggs under controlled conditions which makes
interpretation of results difficult. Above all, it is well known that once the egg is
fertilized it absorbs water, the perivitelline space forms and the chorion hardens and
the egg become relatively impermeable (Billard et al.,, 1986; Heming and
Buddington, 1988) resulting in reduced sensitivity to stress particularly tollowing
the blastula stage. Although the egg remains sensitive prior to the blastula stage
(Sharp and Neff, 1982), it is well documented that the sac-fry stage is the most

sensitive in the life-cycle (Schimmel et al.,, 1974; van Leeuwen et al., 1985).

Since eggs (embryos) are more resistant than other early lile-stages, the inclusion
of eggs in the early life-stage toxicity test complicates test designs and makes the
results of fish ELS toxicity tests difficult to interpret, a simple short term toxicity

testing method was planned to explore lethal and sublethal (physiological) stress
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sensitivity of goldfish sac-fry. To support this approach, it was considered
necessary to determine the relative sensitivity of goldfish sac-fry and eggs, and to

investigate the differences in sensitivity of these stages in terms of acute sensitivity.

4.2 Materials and Methods

4.2.1 Lethal effects of cadmium DCA and chlorpyrifos on goldfish sac-fry

4.2.1.1 Range finding test with cadmium, DCA and chlorpyrifos

For range finding tests three replicate treatments of a control (designated as 0 pgl. ")
and four exposure concentrations: 10, 100, 1000, and 10(XX)pg.I' tor cadmium; 10,
100, 1000, and 10000 pg.l' for DCA and 0.1, 1.0, 10.0, and 100.0 pg.l * for
chlorpyrifos were randomly allocated among fifteen flowthrough channels (see
section 2.4). The concentration ranges selected encompassed the reported lethal
concentration of cadmium, DCA and chlorpyrifos to other similar test organisms
(see section 1.5.1, 1.5.2, and 153 for cadmium DCA and chlorpyrifos
respectively). The reservoirs were filled with freshly prepared solutions of toxicants
and dilution water at the start of the experiment. Thirty sac-fry were randomly
placed in each exposure chamber as indicated in section 2.1.3. From the stock
solutions of 100 mg.l ' of cadmium (prepared as described in 2.3.1), 50 mg.l"'
DCA (prepared as described in 2.3.2) and 1 mg.l ' chlorpyrifos (prepared as
described in 2.3.3) appropriate amounts were taken and mixed with pre-acrated
dilution water to make appropriate test concentrations. Reservoirs were refilled with
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freshly made test concentrations of toxicant and dilution water each day. The
experiment was conducted for 96 h except if all the sac-fry in a treatment were
dead when the particular channel was disconnected until the end of the experiment.
Mortality was judged as noted in section 4.1 and recorded daily. Dead sac-fry were
removed every day, and if possible at the same time of the day (between 10 and

12 am).

4,2.1.2 Definitive test with cadmium, DCA and chlorpyrifos on goldfish

sac-fry to estimate LC50

For the definitive test, 30 sac-try were exposed in each ol 15 randomly selected
exposure chambers of the four triplicate concentrations ot each toxicant and a
triplicate control (a carrier control for chlorpyrifos). The concentrations selected
were: 1000, 2100, 4600, and 10000 pg.l ' cadmium; 1000, 2KX), 46(K), and KKKX)
pg.l ' DCA; and 125, 25.0, 50.0, and 100.0 pg.l ' chlorpyrifos, respectively. Test
concentrations were made by mixing appropriate amount of stock solutions ot 1(X)
mg.l ' cadmium, 50 mg.f" DCA and 1mg.l ' chlorpyritos (added with 1 mll ot
propan-2-ol) with pre-aerated dilution water. Experiments were run for 96 h by
daily refilling of reservoirs with test media. The mortality was Judged as noted in
section 4.1 and recorded daily. Dead sac-fry were removed every day if possible

at the same time of the day (between 10 to 12 am).

Similarly, a second test was carried out tor each ot the toxicants. Test
concentrations used were: 3(XX), 3780, 4760, and 6(XX) pg.l ' cadmium; 2(XX), 27(X),
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3700, and 5000 Mg.l ' DCA; and 12.5, 25.0, 50.0, and 100.0 Mg.l ' chlorpyrifos with
control (in case of chlorpyrifos a carrier control of propane-2-ol at the
concentration of 100 pl.l ' i.e. the maximum of the carrier solvent used in any of

the treatment).

4.2.2 Definitive test with DCA on goldfish eggs to estimate EC50

To find out the relative sensitivity of goldfish eggs compare to sac-fry, acute tests
were also performed with goldfish eggs using DCA as a reference compound.
Artificially fertilized eggs (section 2.1.2) were spread on each of 15 glass slides so
that approximately 40 to 50 eggs were attached to one side only ot each glass slide.
The slides were rinsed several times with dilution water and placed on slide racks.
Slide racks were placed into dilution water in hatching chamber of the incubation
system by hanging (see Figure 3.1). The following day reservoirs were tilled with
freshly prepared triplicate concentrations ot 2000, 2700, 37(X), and 5(KX) pg.l ' ot
DCA and dilution water. After 30 h, dead (white) eggs were removed by gentle
removing with the help of a Pasteur pipette under a magnifying glass. Thirty live
eggs (transparent) were selected from the remaining surviving fertilized eggs
(attached to each glass slide) for each treatment by microscopic examination. The
individual glass slides were then placed randomly into each exposure chamber. A
continuous flowthrough experiment was run tor 96 h by refilling reservoir bt>ttles
with the toxicant solutions and dilution water on a daily basis. A total of 126 h
from point of fertilization was allowed for the eggs to hatch in the system. Dead
eggs, if any, were removed daily. At the end of the test, the numbers ot hatched
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larvae and thereafter normal and abnormal larvae (morphologically-deformed (see
Figure 2.5) and/or with pooled blood in the yolk and/or heart) were counted.
Abnormal larvae, together with dead and unhatched eggs were considered non-
viable larvae as they are dead or will die soon after hatching (Birge et cil., 1985)
and EC50 was calculated by probit analysis from this response nonviability.
Lengths of the normal larvae were also measured to one tenth of a mm of accuracy

in each treatment under a dissecting microscope by using an ocular micrometer.

4.2.3 Statistical analysis

LC50s were calculated by probit analysis (Finney, 1971) from the mortality data
from sac-fry tests. EC50 was also calculated by probit analysis from the data of

non-viable larvae from the egg test.

4.3 Results

The acute toxicities of cadmium, DCA and chlorpyrifos on goldfish sac-fry arc
presented in Table 4.1. From the definitive tests with cadmium, DCA and
chlorpyrifos, the ob.scrved mortality occurred between 48 and 96 h in case of
cadmium (Figure 4.1), between 72 and 96 h in casc of DCA (Figure 4.2) and

between 24 and 96 hours in case of chlorpyrifos (Figure 4.3).
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4.3.1 Cadmium

The range finding test revealed that the 96 h LC50 of cadmium for the goldfish
sac-fry lies between 1000 and 10000 Mgl '. LC50s were calculated for 24, 48, 72
and 96 h. From the first definitive test the 96 h LC50 value was calculated as 4216
(jg.1 ' and with 95% confidence limits was found in between 3983 and 4463 Mg.l'
where as the 96 h LC50 value was found to be 3404 ng.l ' and the 95% confidence
limits lay between 3352 and 3457 (Jg.l ' in the case of the second definitive test.
The repeatability i.e. co-efficient of variation measured from the log transformed
value of 96 h LC50 (Dave, 1993; Dave et al., 1987) was 1.3%. The LC50 values

at different time intervals are shown in Figure 4.4.

4.3.2 3,4-dichloroaniline

The results of the range finding test indicate that the 96 h LC50 ot DCA lor the
goldfish sac-fry lies between 1(X)0 and KXXX) pg |'. LC50s were calculated tor 24,
48, 72 and 96 h. From the first definitive test a 96 h LC50 value was calculated as
2718 pg.l ' and with the 95% confidence limits was between 2660 and 2776 pg |

whereas the 96 h LC50 value was found 2359 pg.l ' and 95% confidence limit lay
between 2297 and 2424 pg.l ' in case of second definitive test. The co-efficient of
variation measured from the log transformed value of 96 h LC50 was found to be
1%. The LC50 values at different time intervals are shown in Figure 4.5. A
comparative acute test with 30 h old egg gave a calculated 96 h EC50 value of
3332 pg.l ' and the 95% confidence limits lay between 1280 and 8676 pg.l '« In the
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treatments where eggs were exposed to concentrations of 5000 pg.l ' of DCA, a
small percentage (12%) of eggs hatched. Although 80% of eggs hatched in
treatments of 3700 pg.l ' all the emerging sae-fry in both 3700 and 5000 pg.l * were
found to be abnormal, principally as a result of pooled blood in the yolk and heart.
The length of the normal larvae which emerged from eggs exposed to 2000 and
2700 pg.l ' were significantly different from the control (F = 999.99; df = 2, 6;
P<0.05). Average lengths of the control treatments were found to be 4.8 mm in
contrast to 4.3 and 4.1 mm in the case of sac-fry which emerged in 2000 and 2700

pg.r' of DCA respectively.

4.3.3 Chlorpyrifos

The range finding test revealed that the 96 h LC50 ot chlorpyritos for the goldfish
sac-fry lies between 10 and 100 pg.f'. LC50s were calculated lor 24, 48, 72, and
96 h. From the first definitive test the 96 h LC50 was calculated as 25.0 pg.l * and
with 95% confidence limits it was in between 23.9 and 26.2 pg.l ' where as the
96 h LC50 value was found 22.6 pg.l ' and 95% confidence limit lied in between
21.4 and 23.9 pg.l ' in the case of the second definitive test. The co-efficient of
variation measured from the log transformed value of the 96 h LC50 (Dave, 1993),

was 1.6%. The LC50 values at different time interval are shown in Figure 4.6.
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Concentration of cadmium (mg/l)

Figure 4.1 Mortality pattern of goldfish sac-fry exposed to different
concentrations of cadmium with time. Group size = 90.
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24 h

Concentration of DCA (mg/l)

Figure 4.2 Mortality pattern of goldfish sac-fry exposed to different
concentrations of DCA with time. Group size = 90.
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Concentration of chlorpyrifos (pg/l)

Figure 4.3 Mortality pattern of goldfish sac-fry expo.sed to different
concentrations of chlorpyrifos with time. Group size = 90.



Time (h)

Figure 4.4 LC50 values of cadmium at 48, 72 and 96 h for goldfish sac-fry.
Cross indicates 95% confidence limits.
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Time (h)

Figure 4.5 LC50 values of DCA at 48, 72 and 96 h for goldfish sac-fry.
Cross indicates 95% confidence limits.
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Figure 4.6 LC50 values of chlorpyrifos at 24, 48, 72 and 96 h
for goldfish. Cross indicates 95% confidence limits.
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4.4 Discussion

In this chapter the relative toxicity of cadmium, DCA and chlorpyrifos on goldfish
sac-fry in terms of acute lethality was investigated. The relative sensitivity of eggs
and sac-fry in terms of acute lethality was also investigated. The results indicate
that cadmium and DCA are lethally toxic at the ppm level where as chlorpyrifos
is lethally toxic at the ppb level. From the Figure 4.4, 4.5 and 4.6, it is evident that
cadmium and DCA are slow acting chemicals whereas chlorpyrifos is rapidly
active. The mode of action of toxicants and also the target organ or system may be
responsible for this type of differences in toxicity. It is believed that in fish,
cadmium act mainly by damaging gills and skin or by infiuencing enzyme system
or by disturbing essential metal balance (Eaton, 1974; Rombough and Garside,
1984). DCA is a nonspecific anaesthetizing agent. Chlorpyrifos inhibits
acetylcholinesterase reducing acetylcholine (Rodrigues et ciL, 1983; Jarvenen et cil.,
1983). Cadmium toxicity showed delayed mortality observed in lethal toxicity
(Alabaster and Lloyd, 1982; Haux, 1985). This type of relatively delayed activity
of DCA can be justified by the assumption that anilines exert their toxic effects
after metabolic activation (van Leeuwen et al., 1990) and this metabolic activation
may be responsible for high ACR value which has been estimated as high as 12(K)

(Call et al., 1987).

The measured 96 h LC50 value of cadmium (3404 pg.l ') for goldfish sac-fry was

found to be much higher than the 96 h LC50 values that have been reported in
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previous studies by different authors for the similar life-stages e.g. 10 pg.l ' for
rainbow trout sac-fry stage (van Leeuwen et al., 1985), 21 - 148 pg.l ' for sac-fry
stage of tilapias (Siriwardena, 1993), 125 pg.l ' (192 h LC50) for fathead minnow
early life-stages including egg and sac-fry (Birge et al., 1985), and it was even
found to be much higher than the 180 h LC50 for goldfish early life-stage (egg
plus sac-fry) in a previous study, reported by Birge et al. (1985). But the
experimental conditions of those experiment were not the same as those of the
present one. It has been widely documented that toxicity of chemicals depends on
the conditions used in the test (Dave, 1986; Sprague, 1985). Hardness, for example,
has been found to have a great deal of influence on cadmium toxicity e.*. estimated
cadmium LC50 for brook trout fry has been found 2.4 pg.l ' and 26 pg.l ' with
water hardne.ss 44 and 340, respectively (Carrol et al.,, 1979) and the water
hardness of dilution water used in this study was very high (238-253 mg.l"’
CaCO,), which may be one of the reasons behind high LC50 value of cadmium in
this study. Furthermore, EDTA u.sed in dilution water (see Table 2.1) may have
contributed to the higher LC50 value of cadmium by adsorbing ionic cadmium
from the exposure medium resulting in the less amount of free cadmium available
to exert toxic effects. EDTA is a well known cation chelating agent (Hart and
Scaife, 1977). In the pre.sent study it was not possible to find out the actual
bioavailable cadmium concentrations. However, a subsidiary test was carried out
to determine 96 h LC50 of cadmium for goldfish sac-fry in ASTM soft water
(ASTM, 1980) with hardne.ss 48 mg.l ' CaCO, in absence of EDTA. The cadmium

EC50 value for goldfish .sac-fry was found to be 107.5 pg.l ' in ASTM soft water.
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This LC50 value for goldfish sac-fry is comparable to the LC50 value obtained in
ASTM soft water for a tropical fish {Tilapia zilli) sac-fry (see Table 1.1). Thus we
must assume that M7 is not a good medium for the laboratory studies of metal
toxicity. Despite difficulties M7 medium was used to study cadmium toxicity to
maintain the commonality of conditions for all the chemicals used here in this
study. In M7 all the necessary macro and micro nutrients have been incorporated
with the understanding that test animals will be unstressed in the control treatments.
However, these trials here proved that M7 is not a universal media for evaluation

of chemicals.

The calculated 96 h LC50 of DCA (2359 pg.l ') for goldfish sac-fry was found to
be similar to rainbow trout (2700 pg.] Crossland, 1990) and far less than the
value reported for other commonly used species of fish which have been widely
using in early life-stage toxicity studies e.f’. zebrafish (8500 pg.l Nagel, 1988,
reported by Nagel et al., 1991), fathead minnow (76(X)pg.l Call et cil., 1987). But
a valid comparison of LC50 values is not possible because of the changing toxicity
with alkalinity, dissolved oxygen, hardness, pH, temperature, species,
developmental stages, body size, and health including nutritional status of the test
animals used in the tests (Dave, 1986; Sprague, 1985). Apparently, in support of
the relative sensitivity of fish early life-stage compared with other life-stages, the
observed LC50 value is justified. Reported LC50s for standard species (zebrafish,
fathead minnow) have not been estimated on early life-stages. It was found that the

LC50 for goldfish estimated in this study lies within the range of LC50s for other

118



organisms (48 h LC50 of 510 gg.l ' for Daphnia magna and 96 h LC50 of 4400
pg.r' ior Aedes: Soares, pers.comm.) that have been estimated in studies under the

same set of conditions used here in this study.

The 96 h LC50 value of chlorpyrifos (22.6 |ag.l ") for goldfish sac-fry is well within
the range of reported LC50 values for freshwater fish (2.4 for blue gill: Lepomis
macrochirus to 280.0 pg.l ' for channel catfish: Ictalurus punctatus (Johnson and

Finely, 1980).

Results of acute toxicity tests with DCA on goldfish sac-fry and egg stages indicate
the relative lower sensitivity of the embryonic developmental stage than that of sac-
fry. Lower sensitivity of rainbow trout embryo than that of sac-fry has been
reported with cadmium (van Leeuwen et at., 1985). The higher susceptibility of
larvae in comparison to embryos has also been demonstrated by sheepshead
minnow (Schimmel et at.,, 1974) and cod (Dethlefsen, 1977) for chlorinated
hydrocarbons, and by tilapia for organophosphate insecticides (Paflitschek, 1979).
Inclusion of egg stage in fish early life-stage toxicity tests is an unnecessary design
complication. Hence, it may be possible to develop a successful toxicity test with
sac-fry only without losing the sensitivity of the embryo-larval toxicity tests, which
could prove u.seful if integrated in ecotoxicological evaluation programmes, which
are now demanding ecologically more relevant but short-term toxicity tests to cope
with the necessity of evaluating a va.st number of chemicals already in use and also

the increasing number of newly developed chemicals.

119



CHAPTER 5

SUBLETHAL PHYSIOLOGICAL EFFECTS OF TOXICANTS AND
VALIDATION OF A MODEL OF FISH EARLY LIFE-STAGE
SENSITIVITY

5.1 Introduction

The study of sublethal effects of toxicants at ecosystem level is difficult due to the
complexity of the ecosystem itself. Sublethal effects of a toxicant start as
biochemical effects at the subcellular or cellular level which in turn induce a
sequential change at the individual, population, community or ecosystem level and
ultimately can lead to irreversible and detrimental disturbances of integrated
functions of the ecosystem. Therefore, considering the difficulties of studying the
sublethal effects of toxicants at an ecosystem level and also considering the
sequential flow of effects from lower to higher levels of organization, most efforts
have been directed towards the measurement of the biological effect concentration
of a toxicant that does not cau.se rapid death but impairs the functioning of an
organism at the biochemical, physiological, behavioural or life-cycle level (Boudou

and Ribeyre, 1989) for the management of chemical impacts on natural ecosystems.

Recently, physiological energetics techniques have been employed increasingly to
measure the effects of sublethal environmental stress (Koehn and Bayne, 1989) due
to their low-level stress sensitivity and general expression of stress response
(Widdows, 1985). In this study an effort was made to predict biological effects of
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toxicants by describing the lowest exposure concentration that produces a
significant response (LOEC) and at the same time the highest exposure
concentration that does not produce any measurable response (NOEC) compared

with control response on goldfish sac-fry physiological energetics.

To study the NOEC and LOEC of toxicants (cadmium, DCA, chlorpyrifos) on

goldfish sac-fry physiological energetics, the following hypotheses were tested:

(i) Ho,: Cadmium has no effect on yolk utilization and the yolk utilization
efficiency in goldfish sac-fry.

(i) Ho2' DCA has no effect on yolk utilization and the yolk utiliz.ation efficiency
in goldfish sac-fry.

(iii) Ho,: Chlorpyrifos has no effect on yolk utilization and the yolk utilization

efficiency in goldfish sac-fry.

To disprove these hypotheses a preliminary conceptual model of the physiological
effects of sublethal exposure to toxicants on the developing fish sac-try is proposed
(Figure 5.1). In the suggested model it is indicated that there are two basic toxic
effects, (1) inhibition of energy (matter) acquisition (supply-side effects) and (2)

elevation of energy (matter) consumption (demand-side etfects).
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Figure 5.1 A conceptual model of the flow of energy through a goldfish sac-fry, showing
that toxic effects of chemicals may result in reduced energy supply ("-ve").
and/or in increased energy demand ("-i-ve").



5.1.1 Yolk absorption

Fish sac-fry grow and maintain themselves by utilizing a fixed amount of energy
from the yolk. Both the rate of yolk absorption and the efficiency of yolk
utilization are important determinants of early development, growth and survival.
Larval survival in the natural environment is dependent on the availability of food
in sufficient quantity and of adequate quality after yolk reserves are exhausted. The
importance of synchronizing the completion of yolk absorption, development of
feeding capability and the availability of suitable food has been stressed in previous
studies for better survival performance of fish larvae (Rosenthal and Alderdice,
1976; Heming and Buddington, 1988). It is also important for the sac-fry to
maximise the efficiency with which yolk is converted into tissues since larger
larvae have scored advantages over smaller larvae: larger larvae of a given species
can be expected to be stronger swimmers (Hunter, 1972), to be less affected by
competition (Hulata et al., 1976), more resistant to starvation (Rana, 1985), less
susceptible to predation (Ware, 1975), be able to commence feeding earlier
(Wallace and Aasjord, 1984), and able to have increased survival at first feeding

(Braum, 1967; Ellertsen et al., 1980).

Any factor influencing the rate of yolk utilization and/or its efficiency might break
the natural synchronization of the onset of exogenous feeding and availability of
suitable natural food, reduce the growth of sac-fry resulting in smaller, weaker
larvae at first feeding and ultimately reduce the chances of survival (see .section
1.3). Yolk utilization efficiency is reduced in extreme environmental conditions
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(e.g. temperature: Ehrlich and Muszynski, 1982; Kamler and Kato, 1983; Laurence,
1973) and exposure to sublethal concentrations of toxic chemicals (Crawford and

Guarino, 1985; Henderson et al., 1983; Rombough and Garside, 1982).

Considering the possible ecological relevance of yolk utilization patterns and the
assumption of the reduced energy supply through feeding (yolk absorption is
analogous to feeding, see section 5.1.7) under chemical stress (Baird et al., 1990),
yolk utilization and the efficiency of yolk utilization were considered as possible
short -term fish early life-stage toxicity test endpoints, neither of which have been

studied previously in fish early life-stage toxicity test.

5.1.2 Growth

Growth is an increase in body size, resulting from production of new tissues, and
may be represented in terms of length, wet weight, dry weight or energy content
with increasing validity of comparison (Blaxter, 1969). Growth, in this thesis will
he as.sessed in terms of dry mass added to the body if not otherwise stated to avoid
the possible variability of mass due to differential water content of larvae under

different conditions.
Sac-fry growth occurs by the absorption of yolk, and any factor that reduces the
rate of absorption of yolk will in turn reduce growth. On the other hand it is

possible that yolk absorption may remain unaltered or even increase yet still result

124



in reduced growth, if there is an increased requirement of yolk for maintenance
metabolism and/or increased costs of activity. The reason for this is simple.
Increased metabolism uses yolk materials which would otherwi.se go to growth,
therefore the rate and pattern of growth of sac-fry are functions of the following:
yolk digestion by the syncytium tissue, the uptake and transport of yolk nutrient
from the yolk mass to the developing tissues, activity of somatic synthetic
machinery, the metabolic demands of maintenance and activity. Thus it is expected
that sublethal toxicant exposure reduces somatic growth by interfering with any one
or more of the processes involved. For this same reason, growth is considered a
suitable endpoint for use in fish ecotoxicity tests, and has been used previously by
a number of workers (Call et al.,, 1987; Dave, 1985; Dave and Xiu, 1991;
Kristen.sen, 1990; Norberg-King, 1989). Growth during the endogenous nutrition
(nutrition received from the yolk materials without any external food supply) period
was reduced by extremes in pH (Nelson, 1982), sub-and supra-optimal temperatures
(Blaxter and Hempel, 1966; Ehrlich and Muszynski, 1982; Kamler and Kato, 1983),
low dissolved oxygen concentrations (Hamor and Garside, 1977), and exposure to
sublethal concentrations of toxicants (Henderson et al., 1983; Siriwardena, 1993;

Tilseth et al., 1984).
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5.1.3 Oxygen consumption

Organisms receive their energy for maintenance, activity, and structural turnover
by respiring different substrates: carbohydrate, protein and lipid. This respiration
may take place either aerobically and/or anaerobically. It is well known that aerobic
processes generate more energy than comparable anaerobic processes, and if energy
is generated aerobically then oxygen consumption rate can provide a rapid method
of estimating metabolic rate (Lampert, 1983). Injuvenile and adult fish, respiration
is aerobic and metabolic rate is usually calculated in terms of the energy value of

oxygen consumption (Jobling, 1994; Tytler and Calow, 1985).

Larval anatomy facilitates aerobic respiration. The high surface area to volume ratio
of larval fish facilitates the oxygen diffusion into tissues from surrounding water
(Oikawa and Itazawa, 1985) and in the case of cyprinid larvae high oxygen
retaining capacity of the red muscle increased the possibility of aerobic respiration
(El-Fiky et al., 1987), even in emergency high energy demand. Enzyme studies on
coregonid larval fish have indicated that the quantity of glycolytic enzymes
(enzymes responsible for glycolysis i.e. anaerobic respiration) in tissue is
comparatively very low when compared with levels in adult muscle (Hinterleitner
etal.,, 1987), and increased amount of oxidative enzymes (enzymes responsible for
aerobic respiration) have also been reported in larval fish (Dabrowski, 1989). For
these reasons it has been hypothesi.sed that in larval fish, oxygen is supplied across

the whole body surface and energy is supplied mainly through aerobic proces.ses
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(Dabrowski, 1989). When organisms are exposed to toxicants, they try to e.scape
from toxicant exposure (Lloyd, 1992), resulting in increased activity. This increase
in activity together with the processes of detoxification and repair, requires energy
(Sibly and Calow, 1989). To cope with the increased requirements for energy,
organisms increase oxygen consumption with the result that energy available for
growth will be in short supply (Bayne et ai, 1985) and this reduction of growth
due to short supply i.e. energy trade off from growth to defence, may lead to the
reduction of fitness of individuals in a population (Sibly and Calow, 1986). The
measurement of oxygen consumption as an indicator of energy expenditure has
been used in many aquatic studies (e.g. Brafield, 1985; Madon and Culver, 1993;

Philippova and Postnov, 1988; Rombough, 1988).

5.1.4 Nitrogen excretion

A small proportion typically 2 - 1% of the total energy absorbed by an organism
is excreted as metabolic waste products (Brett and Groves, 1979). Nitrogenous
excretory products are derived from the catabolism of proteins and nucleic acids
to amino acids. Ammonia is the most common excretory nitrogen product in
freshwater teleosts (Brafield, 1985; Kaushik et ai., 1982). The amount of
nitrogenous waste is dependent on the utilization of protein for energy and on the
rate of breakdown and turnover of protein (Jobling, 1993). It is well known that
stress affects the dynamic steady state of the hody hy increasing the rate of protein

damage (Barber, 1990; Garlick et al., 1975; Hawkins et al., 1987; Hawkins, 1991;
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Siriwardena, 1993) and this increased maintenance requirement is expensive in
terms of energy which may otherwise be deposited as tissue growth (Sibly and
Calow, 1989). As the stress increases non-specific protein damage, therefore
consistent increases in ammonia excretion can be expected with increases in

toxicant concentrations.

5.1.5 Oxygen to nitrogen ratio

A general response by an organism to stress is the utilization of nutrient reserves
to meet an increa.sed requirements for maintenance. In some cases this can be
measured in terms of reduction of carbohydrate, protein and lipid stores, but
generally these changes in chemical composition occur only under extreme stress
(Bayne and Thompson, 1970; Widdows, 1985). An alternative but sensitive
measure of stress response is the shifting of the balance between the catabolism of

carbohydrate, protein and lipid substrate.

The ratio between oxygen consumed and nitrogen excreted (O : N, calculated in
atomic equivalents) provides an index of the relative utilization of protein in energy
metabolism (Bayne et al., 1976; Widdows, 1978). The high rate of protein
metabolism relative to carbohydrate and lipid results in a low O : N ratio, which
is generally indicative of a stressed condition. The theoretical minimum value for
O : N, with only protein catabolism is approximately 7 (Mayzaud, 1973). The O
: N ratio has been studied in zooplankton (Conover, 1978), benthic molluscs
(Bayne, 1975; Bayne el al., 1976) and recently, in tilapia fish sac-fry (Siriwardena,
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1993). There are interspecific and intraspecific differences in the O : N value for
healthy animal (Widdows, 1985). Study of the oxygen consumption and nitrogen
excretion together with rate of yolk utilization and efficiency of yolk utilization
under sublethal exposure to three different toxicants (cadmium, DCA and
chlorpyrifos) will provide a comprehensive understanding of the general effects of

toxicants on the energetics of fish sac-fry.

5.1.6 Energy budget components of fish sac-fry

The bioenergetics model is a mass balance equation founded on the first law of
thermodynamics regarding the con.servation of matter and energy. All bioenergelics
equations are ba.sed on the simple formulation that all food consumed by a fish is
either lost as heat, incorporated into body tissue or excreted as waste (Winberg,
1960). The energy budget equation for endogenous feeding fish sac-fry has been
de.scribed in section 1.7. Energy budget equation can be solved for any of the
components, if the others are known or calculated. But the energy equation is
normally used to calculate growth (.scope for growth) or consumption if one or
other is known and appropriate expressions for energy and waste losses arc
available. The energy budget can be .solved on an instantaneous or cumulative basis

for short or long period of time (Knight, 1985).

The appeal of bioenergetics is that the approach links basic fish physiology and
behaviour with environmental conditions (Adams c/«/., 1982; Brandt and Hartman,
1993; Ncy, 1993). Energy equations have been employed to model the dynamics
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of contaminants in fish (Weininger, 1978; Borgmann and Whittle, 1992). The
energetics of young fish as well as older fish are well documented {e.g. Brett and
Groves, 1979; Coltant and Edsall, 1993; Elliott, 1979; Jobling, 1994; Tytler and
Calow, 1985), but little effort has been made in fish early life stages (e.g.
Dabrowski, 1989; Rombough, 1988) due to their rapidly changing complicated

process of development and their small size (Kamler, 1992).

5.1.7 Aims of the study

Toxic chemicals affect the bioenergetic performance of animals in two ways, (1)
by reducing the capacity to acquire energy, through inhibition of feeding and
digestion (supply-side effects), and/or (2) by increasing energy costs due to
increasing maintenance energy requirements or by inducing hyperactivity (demand-
side effects). Growth is a result of a combination of both supply and demand side
effects. Baird et al. (1990) observed significant reduction in the production (growth
+ reproductive investment) of different clones of Daphnia magna under chronic
exposure of cadmium and DCA, and suggested that this was due to a general
reduction in the energy supply through feeding. In a linked experiment. Barber et
al. (1990) found increa.sed protein degradation under cadmium and DCA stress and
suggested protein degradation as a general response. Although yolk sac-fry arc
nonfeeding, the process of yolk uptake by the developing sac-fry can be considered
analogous to feeding, since yolk must be assimilated through the yolk syncytium,

in an analogous fashion to food assimilation through the gut wall. In fish early life-
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stage toxicity tests,‘growth’ is a widely used endpoint (see section 1.6), but the
physiological mechanisms underlying the response are poorly studied. Therefore,
the study was designed to:
1. investigate po.ssible sublethal physiologieal test endpoints for use in fish
early life-stage toxicity tests.
2. validate a simple conceptual model (Figure 5.1) of fish early life-stage

response to sublethal toxicant exposure.

5.2 Materials and Methods

5.2.1 Stock solution and exposure concentration of toxicants.

Cadmium stock solution of 20 mg.l'; DCA stock solution of 10 mg.l' and
chlorpyrifos stock solution of 1 mg.l ' were prepared as described in section 2.3.1,
2.3.2, and 2.3.3, respectively. Exposure concentrations were then made by serial
dilutions of the stock solutions. Four exposure concentrations of each toxicant: 100,
250, 500 and 1000 pg.l ' cadmium; 10, 25, 50, and 100 pg.l ' DCA; 0.25, 0.5, 1.0,
and 2.0 pg.l ' chlorpyrifos were selected on the basis of the estimated LC50 values
(section 4.3) and on the basis of their reported chronic and/or fish ELS toxicity and
ACR (acute to chronic ratio) for other organisms (see section 1.5.1, 1.5.2 and 1.5.3)
and also on the basis of the results of some trial experiments, especially with
chlorpyrifos. The cadmium stock and exposure concentrations were checked using
graphite flame furnace Atomic Ab.sorption Spectrophotometry (Golterman et al.,
1978). DCA stock and test concentrations were checked by HPLC (method
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described in section 2.6 for each toxicant). It was not possible to estimate actual
concentrations of the stock and test concentrations of chlorpyrifos. Nominal

concentrations were taken into consideration.

5.2.2 Exposure of sac-fry to sublethal concentrations

In all the tests, 30 sac-fry were randomly assigned (following the section 2.1.3) to
each exposure chamber. Sac-fry were exposed in triplicate of four concentrations
of a toxicant and dilution water (or dilution water + maximum carrier solvent used
in exposure toxicant concentrations in ca.se of chlorpyrifos). The test medium was
renewed daily throughout the experiment. The tests were carried out for 96 h (i.e.
until sac-fry reached maximum dry body mass feeding on yolk mass, see section

3.4.3).

5.2.3 Oxygen consumption and ammonia excretion

All measurements of oxygen consumption were carried out on groups (n = 30) of
exposed sac-fry under semi-static conditions in the flow-through system that was
sealed for three to four hours starting from 92 - 93 h to 96 h exposure period of
sublethal experiments. Flow-through respirometry techniques provide advantage
over static respirometry but sometimes it is difficult to measure accurately the
differences of oxygen content between inflow and outflow. Widdows (1985)
advocated a flow-through respirometer that is sealed for a limited period of time
{i.e. a semi-static cel!) as the most suitable method. Groups of sac-fry (n = 30)
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were used for measurements of respiratory oxygen consumption with a minimum
of disturbance of experimental conditions and also to produce a detectable change
in oxygen content in water. Furthermore, the use of more than a single individual
organism of small size has been used in respiration and bioenergetics study, e.g.
Madon and Culver (1993) used up to 14 larvae and juvenile walleyes for
respiration measurements. After 92 - 93 h of sublethal exposure to toxicants, the
oxygen content of the water was measured by taking a 500 pi sample of the water
from the outflow tube of the exposure chambers with a 1 ml syringe and
immediately injecting into a jacketed flow-cell micro-electrode (TC500,
Strathkelvin Instruments, UK) connected to a dissolved oxygen meter (Model 781,
Strathkelvin Instruments, UK). The flow had been stopped after 92 - 93 h exposure
of sublethal exposure by switching off the peri.staltic pump and inflow and outflow
tube of the exposure chambers were clamped for 3 - 4 h to complete 96 h exposure
of the sublethal test duration. After 96 h exposure, the oxygen content of the water
was measured again by taking a second water sample. The amount of oxygen
consumed was calculated from the differences of the two measurements, using the
following equation,
(X, -YJxV
amount of oxygen consumed (pg.mg .h )= (5.1)
Tx W
Where, X,, = first measurement of oxygen (pg.l ")

Y.

second measurement of oxygen (pg.l")

V = volume of the chamber in litre

T = time (h) between two measurements
W = somatic dry weight of sac-fry (mg) in the chamber
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At the same times of sampling of water for oxygen measurement, 5 ml of water
from each chamber was transferred into a cleaned plastic vial, stoppered and frozen
for analysis of ammonia at a later date. Ammonia was measured on a autoanalyser
(Technicon Sampler IV, Gradko International Ltd., UK). The amount of ammonia
excreted was calculated by the differences of two measurements by using the

following equation.

(Y, -XJxV
amount of ammonia excreted (pg.mg “h ") = (5.2)
T x W
Where, = first measurement of ammonia (pg.l ")

= .second measurement of ammonia (pg.l ")

V = volume of the chamber in litre
T = time (h) between two measurements
W = somatic weight of sac-fry (mg) in the chamber

At the termination of the experiments after 96 h, larvae from each chamber were
killed by immersion in a 1:20,000 benzocaine solution, and immediately washed
with dilution water. Samples of 10 sac-fry from each exposure chamber were
placed in pre-weighed aluminium foil cones stored in a microcentrifuge tube and
frozen at -70°C. A further sample of 10 larvae was used to determine the remaining

yolk content by dis.section under a dissecting microscope.
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5.2.4 Yolk utilization and larval growth

Yolk mass, if present was dissected out under a dissecting microscope. Dissecting
needles were used to pierce the yolk epithelium. The yolk was collected in a
capillary ended Pasteur pipette fitted with rubber bulb. The yolk-less larvae were
placed in pre-weighed aluminium foil cone fitted in a microcentrifuge tube and
frozen at -70°C. On a later date frozen samples were freeze dried using a freeze
dryer (Modulyo 4K, Edwards, UK) and dry mass of both whole fry and yolkless
body were measured using a microbalance (MTS, Mettler, UK) of 1 pg accuracy.
In each test 10 whole sac-fry and 10 yolkless sac-fry at the start of the experiment

were also frozen, freeze dried and weighed.

Yolk mass was calculated indirectly by subtracting the body mass from the whole
mass. The measured whole mass, body mass and yolk mass was calculated for
average individual. Yolk absorbed was calculated by subtracting the average yolk
remaining in each replicate from the average initial yolk mass. Growth, or increase
in dry body mass, was calculated by subtracting initial body mass from each of the
replicate average body mass. The efficiency with which yolk is transformed to body
tissue {i.e. yolk utilization efficiency) was measured as a ratio of dry mass gain of

body to dry mass loss of yolk (Blaxter, 1969) expressed as a percentage.
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5,2.5 Oxygen to nitrogen ratio (O : N)

The rate of oxygen consumed to nitrogen excreted was calculated in atomic
equivalents. First, oxygen consumed in mg.h ' divided by the atomic weight of
oxygen (16). Secondly, rate of ammoniacal nitrogen excretion in mg.h ' was divided
by the atomic weight of nitrogen (14).

mg Oj.h * mg ammoniacal nitrogen.h

Then, O : N = (5.3)
16 14

5.2.6 Energy budgets

Energy budgets of goldfish sac-fry, exposed to sublethal concentrations of each
toxicant: cadmium, DCA and chlorpyrifos, were calculated for assimilated yolk
energy using the equation 1.6. Budgets were calculated from the average absorbed
yolk dry mass (C), average increased in dry body mass (P), observed R and U were
used after being converted to energy value. Yolk dry mass and body dry mass was
converted into energy using the value of 25.2 J.mg ' and 19.9 J.mg ', from studies
on Cyprinus carpio eggs and larvae, respectively, a clo.se relative of goldfish
(Kamler, 1976). Oxygen consumed and ammonia excreted were converted to
energy by using value of 13.59 J.mg ' oxygen (Section 1.7 and Jobling, 1994) and
0.0249 J.pg ' ammonia (Elliott and Davison, 1975; Widdows, 1985), respectively.

Egg energy content and yolk energy content is less variable: Kamler and Kato
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(1983) found the value of 27.6 J.mg “and 27.9 J.mg * for egg and yolk respectively
in case of trout (Scdmo gairdneri). Ideally all the factors in the energy equation
should be measured independently but simultaneously over a period of time but this
is not always practicable, and it is often necessary to use values for physiological
processes from a well studied species or life-stages to complete the energy equation
of a poorly studied species e.g. Boisclair and Sirois (1993) borrowed caloric density

value of sockeye salmon for the calculation of energetics of brook trout.

Energy budget equations were constructed ba.sed on equation 1.6. Production (P)
in the energy budget was considered in two ways ‘expected growth (P,)’ and
‘observed growth (P2)’ respectively. In this energy budget study observed
production or growth (Pj) was calculated in terms of energy value of the measured
gain in dry body mass during the experiment, whereas, expected growth, also called
‘scope for growth,” was calculated as the energy value of the yolk mass remained
after spending for respiration and excretion by using the balance energy equation

1.7. The balance of energy of the budget was calculated in terms of percentage as.
(P2 - R + U x 100)

(5.4)

Where, each symbol carries its meaning described in section 1.7.
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5.2.7 Oxygen consumption over the period of sublethal exposure experiments

We would predict from the stress response (see section 1.1.2 and 1.1.3) that energy
is required to tolerate stress and this requirement of increased energy demand will
be manifested in increased respiration i.e. oxygen consumption in case of organisms
with aerobic pathway of energy production. Therefore, oxygen consumption will
depend on both intensity and duration of exposure (Figure 5.2). The basis of this
is that energy is required to resist the effect of toxicants and to maintain resistance
at the level of its capacity with continuous exposure in an exposure level or
increased concentration and eventually the organism expends all of its energy
reserve and ultimately dies. It would be important to determine the ellccts of
toxicants in terms of oxygen consumption with concentrations and also with time
to investigate the triphasic nature of GAS (Selye, 1974, 1976) as a general response
of toxicants, to be certain how precisely we can use oxygen consumption as a test

endpoint.

Oxygen consumption of stressed sac-fry over the experimental period exposed to
different selected sublethal concentrations were studied. Sac-fry were exposed to
four replicates of three concentrations of toxicant : 250, 500 and 10(X) pg.l"'
cadmium; 10, 25 and 50 pg.l ' DCA, and 0.25, 0.5 and 1.0 pg |I' chlorpyritos and
four replicates in dilution water only, or dilution water 4- carrier solvent in case ol
chlorpyrifos. Concentrations were .selected from the concentration series used to
calculate energy budgets. Oxygen consumption by sac-fry in two randomly selected
chambers from each treatment were measured following the method described in
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section 5.2.3 for 3 - 4 h exposure in sealed exposure chambers of the flowthrough
system. At the start of the experiment a sample of 10 larvae (yolk dissected out)
was frozen at -70°C after being placed in a preweighed aluminium foil stored in
a microcentrifuge tube for dry mass measurement at a latter date. After 3 - 4 h
initial exposure in sealed exposure chambers of the flow-through system, the
system was run for up to 48 h with sac-fry and at that point 8 channels were
randomly selected (two replicate of each three concentration and control) stopped
and sealed by clamping for 3 - 4 h and the oxygen content measured following the
method described in section 5.2.3. A sample of 10 randomly selected sac-fry from
each chamber was dissected to remove yolk and frozen at -70°C placed in a
preweighed cone of aluminium foil in a microcentrifuge tube. The remaining
channels were run up to 96 h, sealed for 3 - 4 h and the oxygen content of the
water measured as stated in section 5.2.3. A sample of 10 larvae from each
exposure chamber was dissected to remove yolk and placed in a preweighed
aluminium foil cone and stored in a microcentrifuge and frozen at -70°C. On a later
date dry weight was measured as described in section 5.2.3. Oxygen consumption
rate was calculated in pg of oxygen consumed per mg of larval dry body mass per
hour following equation 5.1. The measured rate of oxygen consumption during
initial period starting from 0 to 3 - 4 h expressed as 0 h oxygen consumption,
during the period starting from 48 to 51 - 52 h expressed as 48 h oxygen
consumption and during the period starting from 96 to 99 - 100 h was expressed

as 96 h oxygen consumption for the interpretation of results.
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Time

(i)

Stress intensity n

Figure 5.2 The possible effect of (i) duration of toxicant exposure and
(ii) intensity of toxicant exposure on oxygen consumption,
where A- alarm reaction, B- resistance, C- exhaustion .
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5.3 Results

The mean actual concentration estimated for each nominal exposure concentration

of cadmium and DCA are shown in Table 51 and 5.2, respectively.

5.3.1 Yolk utilization and somatic weight gain under sublethal stress.

The sublethal effects of cadmium, DCA and chlorpyrifos on the body weight gain,
yolk utilization and yolk utilization efficiency (arcsine transformed value) are

shown in Figure 5.3, 5.4 and 5.5, respectively.

(@) cadmium

There were significant differences in body weight gain, (F = 8.149; dt = 4, 10;
P<0.05) and in yolk utilization efficiency (F = 8.(X)5; df = 4, 10; P<0.05), but no
significant difference in yolk utilization (F = 2.00; df = 4, 10; P>0.05) among the
different cadmium concentrations tested. The lowest ob.served eltect concentration
for both body weight gain and yolk utilization etficiency was lound at the highest
concentration tested, i.e. 1000 pg.l ' when compared to the corresponding control
values. Although weight gain and yolk utilization clficiency were signilicantly
reduced there was no detectable difference in the total amount ol yolk consumed,

even at 1000 pg.l ' of cadmium compared to the control.
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(b) DCA

Significant differences in body weight gain (F = 77.839; df = 4, 10; P<0.05), in
yolk utilization (F = 30.293; df = 4, 10; P<0.05) and in yolk utilization efficiency

_ 44.155; df = 4, 10; P<0.05) were found for different sublethal DCA
concentrations tested. The lowest observed effect concentration was found to be 50
pg.l © for both body weight gain and yolk utilization efficiency and 100 pg.! ' for
yolk utilization when compared with corresponding control values. Although in
both 50 pg.l ' and 100 pg.l ' yolk utilization efficiency were significantly different
from the control value the efficiency of yolk utilization is significantly higher at

100 pg.l ' than at 50 pg-l '

(c) chlorpyrifos

There were significant differences in body weight gain, (F = 137.728; df = 4, 10;
P<0.05), yolk utilization (F = 78.548; df = 4, 10; P<0.05) and yolk utilization
efficiency (F = 38.708; df = 4, 10; P<0.05) for different sublethal chlorpyrifos
concentrations tested. The lowest observed effect concentration was 0.50 pg.l in

all cases when compared with control values.
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Figure 5.3 Effects of sublethui concentrations of (i) cadmium, (ii) DCA
and (iii) chlorpyrifos on body weight gain of goldfish sac-fry.
Bars are mean of three replicate given with 4 standard error.
Bars with common letter represent no significant difference.
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Figure 5.4 Effects of sublethul concentrations of (i) cadmium, (ii) DCA
and (iii) chlorpyrifos on yolk utilization by goldfish sac-fry.
Bars are mean of three replicate given with + standard error.
Bars with common letter represent no significant difference.
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Figure 5.5 Effects of sublethul concentrations of (i) cadmium, (ii) DCA
and (iii) chlorpyrifos on yolk utilization efficiency ot
goldfish sac-fry. Bars are mean of three replicate given
with + standard error. Bars with common letter represent
no significant difference.
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5.3.2 The effects of sublethal stress of cadmium, DCA and chlorpyrifos on
oxygen consumption, ammonia excretion and oxygen to nitrogen ratio

(demand-side effect).

The rates of oxygen consumption, ammonia excretion and oxygen to nitrogen ratio
under exposure to different sublethal concentrations are presented in Figures 5.6,
5.7 and 5.8, respectively. Cadmium induced increasing oxygen consumption with
increasing concentration and significant differences (F = 4.044; df = 4, 10; P<0.05)
in oxygen consumption were ob.served. The lowest observed effect concentration

was found at 1000 pg.l ' when compared with control value.

Under sublethal exposure to DCA oxygen consumption increased significantly at
low concentrations, and decreased at higher concentration (F = 19.305; df = 4, 10;
P<0.05). The lowest observed effect concentration in terms of oxygen consumption

was 25 pg.l ', at which oxygen consumption reached its maximum rate.

Unlike cadmium and DCA, there was no significant change in oxygen consumption
by sac-fry exposed to chlorpyrifos (F = 2.56; df =4, 10; P>0.05), although there

was evidence of a pattern of response similar to DCA.

Ammonia excretion consistently and significantly increa.sed with increa.sed exposure
concentration for cadmium (F = 15.984; dt = 4, 10; P<0.05); DCA (F = 36.721; dt
= 4,10; P<0.05) and also for chlorpyrifos (F = 87.923; df = 4, 10; P<0.05). The
lowest observed effect concentration for cadmium was 500 pg.l ', for DCA it was
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Figure 5.6 Effects of sublethal concentrations of (i) cadmium, (ii) DCA
and (iii) chlorpyrifos on rate of oxygen consumption by a
group of 30 goldfish sac-fry. Bars arc mean of three replicate
given with + standard error. Bars with common letter represent
no significant difference.
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Figure 5.7 Effects of sublethal concentrations of (i) cadmium, (ii) DCA
and (iii) chlorpyrifos on rate of ammonia excretion by a group
of 30 goldfish sac-fry. Bars arc mean of three replicate given
with + standard error. Bars with common letter represent no
significant difference.
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Figure 5.8 Effects of sublethal concentrations of (i) cadmium, (ii) DCA
and (iii) chlorpyrifos on oxygen to nitrogen ratio of goldfish
sac-fry. Bars are mean of three replicate given with

standard error. Bars with common letter represent
no significant difference.



5.3.3 Energy budget of goldfish sac-fry under sublethal stress of cadmium,

DCA and chlorpyrifos.

The energy budget calculation under control and various exposure levels of
sublethal cadmium, DCA and chlorpyrifos stress are shown in Table 5.3. The
allocation of energy acquired from yolk into different components under various
sublethal levels of cadmium, DCA and chlorpyrifos exposure are presented in
Figure 5.9. The percentage contribution of ‘scope for growth’ calculated from the
energy budget are presented with other components of the balanced energy equation
in Figure 5.10. Scope for growth and observed growth were found to be highly
correlated with each other (Figure 5.11). The percent balance of the energy budgets
under different sublethal exposure of cadmium, DCA and chlorpyrifos remained

above 95% except for two treatments of DCA.

The regression equation for scope for growth (P,) on observed growth (P,) was

found to be,

P, = 2.65 + 0.99 P,
P, = 12.58 + 1.03 P,
P, =-9.38 + 1.13 Pj

for goldfish sac-fry under the exposure of cadmium (5.5), DCA (5.6) and

chlorpyrifos (5.7), respectively.
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Figure 5.9 Allocation of assimilated energy to growth. >-cspiration
and excretion by the goldfish sac-fry under sublethal
(i) cadmium, (ii) DCA and (iii) chlorpyrifos exposure.
U - excretion. R - respiration and P, - observed growth.
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Figure 5.10 Hourly energy budget .showing percentage energy distribution
of expected growth, respiration and excretion under different
level of sublethal (i) cadmium, (ii) DCA and (iii) chlorpyrifos
exposure. U - excretion, R - respiration, P, - expected growth
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growth arc expressed as rate in energy unit (mJ.mg n ).
Pi - scope for growth, P, - observed growth.
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5.3.4 Oxygen consumption over the period of sublethal exposure of cadmium,

DCA and chlorpyrifos

Oxygen consumption patterns under sublethal exposure to cadmium, DCA and
chlorpyrifos are shown in Figure 5.12. Initial oxygen consumption under different
sublethal cadmium exposure was significantly (F = 9.856; df = 3, 4; P<0.05)
different from control. It was also different at 48 h (F = 36.615; df = 3, 4; P<0.05)
and 96 h (F = 11.359; df = 3, 4; P<0.05). Oxygen consumption increased with
cadmium concentration and the lowest effect concentration (.see section 1.3) was
found to be 500 pg.l ' at 0 and 48 h but 1000 pg.l ' at 96 h. Oxygen consumption
rate by the goldfish sac-fry at different sublethal concentrations of cadmium over
time are shown in Figure 5.13. Active swimming of sac-fry in cadmium exposure
concentrations was observed during the first few hours, whereas, sac-fry in the
control treatments were attached to the wall of the exposure chambers within half
an hour of active swimming and showed little activities there after for up to tourth
day when they increased their movement again, perhaps in search of food because
of the absorbtion of yolk sac. Increased activity in the form of sudden erratic

movement was observed in 1000 pg.l ‘ during the later part of the experiment.

Oxygen consumption under DCA sublcthal exposure concentrations showed
significant (F = 26.22; df = 3, 4; P<0.05) differences under initial exposure (0 h
oxygen consumption) but showed no significant differences (F = 0.488; df = 3, 4;
P>0.05) at 48 h and again showed significant differences at 96 h (F = 18.696; df
= 3, 4; P<0.05). Oxygen consumption patterns under exposure to DCA arc given
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in Figure 5.12 and Figure 13. At the start of the experiment (0 h) significant
differences in oxygen consumption were found at the lowest DCA concentration
tested (10 pg.l) when compared with control but there were no significant
differences among 10, 25 and 50 pg.l' concentrations. At 48 h oxygen
consumption reached the control level in all treatments. At 96 h, again oxygen
consumption increa.sed in all treatments compared with the control. Sac-fry activity
under different exposures were observed by eye estimation. During the initial
exposure period, sac-fry in all DCA treatments were actively swimming in the
exposure chambers, whereas, sac-fry in the controls were attached to the wall of
the exposure chambers and showed little activity. Then the activity of sac-fry under
DCA exposures were reduced and attached to the wall of the exposure chambers.
No apparent differences in movements were observed between control exposures
and DCA exposures. However, during the last part of the experiment the sac-fry
especially the sac-fry expo.sed to higher concentrations were found settled in the
bottom of the exposure chambers whereas sac-fry in the control treatments were

frequently moving, perhaps in search of food due to absorbtion of yolk.

Oxygen consumption under sublethal chlorpyrifos exposure concentrations is shown
in Figure 5.12 and Figure 5.13. There were a significant differences (F = 68.366;
df = 3, 4; P<0.05) in oxygen consumption at 0 h (which corresponds 3 to 4 h
exposure) compared with the control. At 48 h it was also significantly dillerent (F
= 96.032; df = 3, 4; P<0.05) but instead of an increa.se in oxygen consumption
compare with control it was significantly reduced at 0.5 and 1.0 pg.l ' At 96 h
oxygen consumption was insignificantly variable (F = 1.333; df = 3, 4; P>0.05).
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Figure 5.12 Oxygen consumption pattern ot goldfish sac-fry under
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(iii) chlorpyrifos. Data are means * standard errors.
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5.4 Discussion

The response due to sublethal stress of cadmium, DCA and chlorpyrifos on
endogenous feeding goldfish sac-fry energetics was investigated in terms of NOEC
and LOEC. In the present study the effect concentrations (see section 1.3) are not
the same in different test endpoints studied (Table 5.4). Body weight gain, yolk
utilization efficiency and oxygen to nitrogen ratio were found to be equally
sensitive for all three toxicants tested. Oxygen consumption and ammonia excretion
were found to be comparatively more sensitive than other endpoints in case ol
cadmium and DCA. In the case of chlorpyrifos all the endpoints were equally
sensitive. These differences in the expression of NOEC and LOEC among the
different toxicants may be due to the different mode of action (see section 1.5) of

toxicants.

The body weight gain under cadmium, DCA and chlorpyrifos in terms of dry mass
indicated a general reduction in energy utilization for growth from yolk. In yolk
feeding sac-fry, the body weight gain is the integrated effect of the amount of yolk
utilization and the efficiency by which the absorbed yolk energy is assimilated in
the body. In the present study yolk utilization under DCA and chlorpyrifos
exposure was reduced but under cadmium exposure, yolk utilization was found to
be similar to control levels. Thus cadmium did not affect yolk utilization although
hody weight gain and yolk utilization efficiency was affected. Similar type of effect
of sublethal cadmium exposure were found by Siriwardena (1993) in Oreochromis
niloticus and TiUtpia zilli sac-fry, whereas Rombough and Garside (1982) found a

165



reduction in growth and impaired yolk utilization. Siriwardena (1993) intended to
justify this type of result with cadmium by stating that increased metabolic costs
may contribute to differences in growth and yolk utilization efficiency without any
significant effect in yolk utilization rate. Here that statement is justified in case of
goldfish sac-fry by the balance (99.4%) of the energy equation (Table 5.3). Baird
et ill. (1990) found decreased growth in Daphnia magna under sublethal cadmium
and DCA and suggested reduced feeding as a general response. In fish sac-fry yolk
utilization is analogous to feeding (see section 5.1.7), but different results with
cadmium might be due to the cadmium adsorption by the suspended daphnid-food
(Taylor and Baird, pers. comm.). As sac-fry are yolk feeding, cadmium did not
affect yolk-mass like suspended daphnid-food. Another reason for the no effect of
cadmium in this case may be the use of EDTA in the dilution water, which is a
metal chelating agent. The available cadmium was sufficient to cause increased
activity resulting in the corresponding decrease in available energy for growth but

not sufficient to disrupt the process of yolk absorption.

Yolk utilization efficiency was significantly reduced due to higher metabolic
demand. This is supported by the increased oxygen consumption and increased
ammonia excretion with increasing cadmium concentration. But this interpretation
of reduced yolk utilization efficiency due to higher metabolic cost is complicated
by concurrent activity change under toxicants exposure, which was experienced in
the case of DCA and chlorpyrifos. In the case of DCA yolk utilization efficiency
increased significantly at the highest concentration compared with intermediate
concentrations. This increase in yolk utilization ctficiency at higher concentrations
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may be related to the concurrent reduction of activity (larval movements). There
are reports that chemicals suppress activity making available more energy for
growth and increasing yolk utilization efficiency. Leduc (1978), for example, found
increased efficiency of yolk utilization in Atlantic salmon {Salmo salar) sac-fry

exposed to hydrogen cyanide with increased concentration.

In the present study ammonia excretion increased with increasing concentrations
of cadmium, DCA and chlorpyrifos. The ammonia excretion comes from two
sources, endogenous and exogenous (Jobling, 1993). Endogenous nitrogen excretion
results from tissue protein breakdown (protein degradation) and exogenous
nitrogenous excretion results from direct deamination of amino acid during
assimilation of ingested food. Under non-stressed conditions endogenous nitrogen
excretion is generally quite low (Jobling, 1993) whereas under stressed conditions
due to increased protein degradation, it is high (Barber, 1990; Hawkins et at., 1987;
Siriwardena, 1993). Therefore, ammonia excretion can be considered an index ol
environmental perturbation and can be wused in environmental monitoring
programme due to the reason that it showed consistent predictable relationship with
the stress and it has the ecological significance regarding the transfer of effect from
individual to population level. As the protein damage may induce direct mortality
under long-term exposure and/or may reduce growth and/or may reduce fecundity
and as a result may reduce the density of population and possibly may reduce the

fitness of individuals comprising the population (Sibly and Calow, 1986).
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In the present study oxygen to nitrogen ratio was found to decrease with the
concentrations of cadmium, DCA, chlorpyrifos. O : N provides an index of relative
utilization of protein in energy metabolism (Bayne et al., 1976; Widdows, 1978).
A value of 50 for O : N has been considered for the healthy Mytilus ecJulis utilizing
relatively balanced proportion of nutrients and a value of 30 has been suggested for
a stressful condition utilizing significantly higher proportions of protein (Widdows,
1985). Siriwardena found a value of below 30 for a tilapia species (Tilapia zilli).
In the present study the O : N value found to be 42 for goldfish sac-fry under
controlled conditions. However, the interpretation of O ; N should be based on
relative change rather than the absolute values as the O : N ratio is likely to vary
between species and within species (Widdows, 1985). Further the measured value
of O : N ratio may not translate into effect if oxygen consumption changes with the
nitrogen excretion in the same direction e.}’. if oxygen consumption increases with
nitrogen excretion and if specially the oxygen consumed does not take part in
energy production (respiratory uncoupling) as was found in case of DCA and
chlorpyrifos in this study. Although it is one of the endpoints that showed
consistency the underlying mechanisms remains complex due to the complexity of

the components of oxygen consumption which are difficult to interpret.

It is well known that stress induces protein damage (Barber, 1990; Hawkins et aL,
1987), and that maintenance energy costs will increase due to the repair costs of
protein damaged (Sibly and Calow, 1986). In this study, oxygen consumption under

cadmium exposure increased with concentration but under DCA it was first
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increased with concentration and then decreased. With chlorpyrifos oxygen
consumption no apparent change was found. Siriwardena (1993) found an increase
in oxygen consumption by tilapia sac-fry under cadmium exposure. With DCA and
chlorpyrifos no such studies were found reported for comparison. But it has been
reported that some stressors induce an increase in oxygen consumption rate (Barton
and Barton, 1987; Siriwardena, 1993; Stearns, 1980), others cause decrease (Kamler
et at., 1974; Ullrich and Millemann, 1983), while others apparently have no effect
(Geiger and Buikema, 1981). Similarly it has also been reported that under the
effect of the same toxicant both decreased and increa.sed respiration rate at different

concentrations were observed (Kaniewska-prus, 1975).

Results of oxygen consumption study under cadmium, DCA and chlorpyrifos over
the period of endogenous feeding sac-fry reflect a complicated pattern of oxygen
consumption with time and intensity of stress. Response was found short lived
under DCA and chlorpyrifos. The increased oxygen consumption were found during
the whole period of experiment under cadmium exposure. But under DCA it
showed a complex pattern, first of all it was increased then settled to controlled
level after 48 h and again increa.sed after 96 h. The increa.se in oxygen consumption
may relate to higher maintenance costs and also to respiratory uncoupling. No
comparable reports of oxygen consumption over the period of stress were found.
Under chlorpyrifos there was no apparent change in oxygen consumption after 96
h but at the start it was found to increase with concentrations and after 48 h in 0.5
and 1.0 pgl' decrease in oxygen consumption compare to control indicate
exhaustion. The increase in oxygen consumption by the apparently exhausted larvae
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after 96 h might be related to increased maintenance for detoxification or related
to respiratory uncoupling. The increases in oxygen consumption during the starting
hours under all three toxicants are likely due to the increase in swimming activity

observed relative to the control, probably indicating an alarm reaction.

In the present study observed growth and scope for growth showed a high positive
correlation and the balance of energy was found above 90% in all the cases except
50 pgl ' of DCA where it was found 88%. Logically the balance should be 100%
but this occured rarely due to experimental errors. Budgets were equated on the
basis of the average value of body weight gain, yolk utilization and assumed energy
value. Only ammonia was measured for excretion. However in energetics study
some assumptions have to be made e.g. assessing the energy content ot the same
fish or group of fish both before and after the experiment is not possible,

researchers must have to rely on sample of similar but another fish.

The LOEC for goldfish for physiological endpoints is sensitive by comparison with
LC50 values (Table 5.5). The LOEC, for DCA, based on oxygen consumption, is
the most sensitive even when compared with the lowest reported LC50 value tor
any species. The endpoints in terms of LOEC for chlorpyrifos are more sensitive
than LC50 values for any freshwater fish. In the case of cadmium, sublethal
physiological endpoints were found to be less sensitive which may be due to the
confounding effects of hardness and EDTA. It can be assumed Irom the data that
physiological endpoints are more sensitive lor the equivalent exposure period ot
acute te.sts.
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To summarise, there was no similarity in response with respect to oxygen
consumption under sublethal cadmium, DCA and chlorpyrifos concentration. These
differences may be due to their mode of action: as cadmium interferes with enzyme
activity, DCA has nonspecific anaesthetizing effect and is believed to exert toxic
effect after metabolic activation, whereas chlorpyrifos inhibits acetylcholinestera.se.
Although oxygen consumption was found to be a sensitive endpoint, the underlying

mechanisms are so complex, they remain difficult to interpret.

The suggested model with the supply-side negative effect and the demand-side
positive effect of the energy flow of goldfish sac-fry under sublethal exposures of
toxicants was validated. Significant supply-side negative effect was found with
DCA and chlorpyrifos but surprisingly no effect was found with cadmium. The
demand-side positive effect was shows by DCA, chloipyrifos and also by cadmium.
Although supply-side effect was not generally shown but the combined effect of
supply-side effect and of demand-side effect in the form of growth and yolk
utilization efficiency were shown in all cases. Thus toxicant deprived sac-fry
significantly either by the integration of decreasing ability of resource acquisition
and increasing demand of metabolic costs or by increasing demand of metabolic

costs only.

To reject null hypothesis Ho2 and Ho, it was found that toxicants DCA and
chlorpyrifos reduces yolk utilization and its efficiency under sublethal exposure.
But Ho, can not be rejected directly as yolk utilization was not affected
significantly by cadmium although in the highest sublethal concentration used yolk
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utilization was reduced but not significantly. On the other hand yolk utilization

efficiency was affected significantly.

To conclude, sublethal endpoints based on physiological energetics of goldfish sac-
fry, such as yolk utilization rate, yolk utilization efficiency, O : N, ammonia
excretion, oxygen consumption and scope for growth can be used for short-term
fish early life stage toxicity tests. Oxygen consumption was the most sensitive
parameter but was not equally consistent for all the toxicants. Ammonia excretion
was equally or less sensitive to oxygen consumption. Ammonia excretion
contributed a very little portion of the energy budget equation but showed a
consistent increase with the concentration of toxicants. The underlying cause of this
type of consistency may be increased protein turnover with increased toxicant
concentration. In the natural environment, increased protein turnover as a result of
low-level, long-term exposure may increase mortality and/or may reduce growth
and/or may al.so reduce fecundity and/or may increase time in between life history
stages and thus the effect in the individual may cause an effect at the population
level with the reduction of indivudual fitness. Thus the endpoint ‘ammonia
excretion” of fish early life-stage toxicity test can be calibrated through

interlaboratory studies in view of routine use for ecotoxicity studies.
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CHAPTER 6

GENERAL DISCUSSION

During the process of development of toxicity tests with fish, early life stage
toxicity tests emerged as substitutes for full life cycle tests to measure the ‘no
effect’ concentration of toxicants. Recently, the period of exposure originally
proposed of 1to 2 month(s) (Macek and Sleight, 1977) for fish early life-stage
toxicity tests has been reduced to 1to 2 weeks (Dave et at.,, 1987; Dave and Xiu,
1991; Norberg-King, 1989; OECD, 1992; USEPA, 1989) without sacrificing the
sensitivity of the test. Fish toxicity tests, and in particular the fish early life-stage
toxicity tests, are still at an early stage both in terms of the techniques used and in
terms of development of our understanding of the physiological mechanisms behind

toxicity test endpoints.

As in other aspects of toxicity testing, for pragmatic reasons only a few cultured
and/or laboratory species have been used in fish early life-stage tests (Dave, 1993).
Recently, efforts have been made to develop early life-stage studies with small
warm water fish (Brachydanio rerio and Pimephales promela.s) and two types of
short term toxicity test have developed with similar sensitivities (van Leeuwcn, et
at., 1990), (1) embryo-larval growth and survival test (Dave, 1985; Dave et at.,
1987; Dave and Xiu, 1991; OECD, 1992) and (2) short term larval survival and

growth (integrated effect) test (Norberg-King and Mount, 1985; USEPA, 1989).
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In this thesis development of a fish early life stage toxicity test with yolk feeding
goldfish sac-fry has been investigated avoiding embryonic stages of the type (1)
and also avoiding external feeding of the type (2) toxicity tests. Goldfish is widely
distributed in different continents of the world, so any toxicity test developed on
this fish can be used over a wide geographical range of Asia, Europe and America.
It is a eurytolerant species in respect of temperature, salinity and handling stress,
therefore, toxicity tests can be performed under a variety of laboratory conditions.
It spawns under natural conditions during spring and summer. Its artificial
spawning technique is also known (Sokolowska et al., 1984). It can be matured
under laboratory conditions all-year-round (Razani et al., 1989), but the detailed
techniques of procurement of eggs from a small brood-stock were not known. Here
the rearing technique of goldfish for year-round supply of eggs with minimum
facilities was investigated (chapter 3) and it was found that a simple recycle system
is sufficient to generate an all-year-round routine supplies of experimental materials
for fish ELS toxicity tests. For spawning, a simple technique has been developed
by spiking ovarian fluid in the tank water as a stimulator to replace the more
technically difficult and unreliable techniques of using changing water temperature
and/or hormone injection. Handling stress may disrupt reproductive hormonal
secretion of fish (Pickering, 1987; Safford and Thomas, 1987), reduce gamete
quality and quantity (Pickering, 1993), and may even cause mortality as a result of
handling and injection procedures (Thomas and Arnold, 1993). Therefore, (he
techniques developed here have an advantage over existing techniques of goldfish
spawning by reducing handling stress yet obtaining gametes of consistent quality
throughout the year. In this study a technique has also been developed to attach
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eggs in a monolayer on the petridish to allow incubation prior to hatching. Between
5000 and 42,000 eggs can be collected from a single spawning depending on the
size of the fish. Therefore, a test can be run with the material collected from the
same individual fish, and even interlaboratory calibration studies can be performed
with the material collected from a spawning by developing only incubation
facilities in the individual laboratories and collecting egged Petri dishes in water
from the laboratory with spawning facilities. The rate of early embryonic mortality
was below 10% and the proportion of deformed larvae hatched out from eggs in
the incubation chamber was also below 10%. Therefore, the use of goldfish early
life-stages for toxicity testing will reduce the variability of results due to the poor
quality of starting materials which is a major problem for ELS toxicity test results
with zebrafish (Dave and Ziu, 1991). The technique developed for brood-fish
rearing and induced spawning by exposing preovulatory fish in ovarian fluid (3
pg.l ' of tank water) facilitates the consistent spawning of goldfish at the rate of up

to 25 spawnings per year.

Before carrying out toxicity tests using a new test organism and/or test exposure
system it is important to assure the consistent quality of test organisms (Dave,
1993) and it is also important to demonstrate that the performance of the test
organisms is consistent under controlled experimental conditions. This type ol
controlled testing was performed with eggs and sac-fry for the selection of proper
experimental conditions such as selection of flow rate with minimum use of test
media (734 ml.day '.chamber’), selection of loading density (30 eggs or sac-
fry.chamber ') and selection of strategic age of sac-fry for the short term toxicity
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studies. Growth of yolk feeding sac-fry was investigated and it was found that
maximum dry body mass was attained before complete yolk absorption and before
maximum wet body mass, indicating a reason for apparent disagreements in the
growth response compari.son made by different reviewers (Woltering, 1984,
Kristensen, 1990) without proper standardization of data obtained by different
authors under different conditions. The sensitivity of the growth re.sponse,
especially for the embryo-larval test, depends on the precision of its determination
and the way it is reported. At the termination of an experiment, fish larvae in some
treatments may still be consuming yolk, while larvae in other treatments may have
entered starvation. Therefore, the measured growth will invite two types of error,
(1) weight measured in terms of wet body mass will over-estimate the growth for
starved larvae due to high water content, and (2) weight measured as whole dry
mass will over-estimate the growth of larvae still with yolk reserves. Here in this
thesis weight of larvae was measured in terms of dry body weight to calculate
growth to avoid the misleading pictures of growth due to the possible differential
yolk remains and also differential water content of sac-fry under different degrees

of stress.

For the understanding of general .stress respon.se in the environment the background
laboratory study on general rcspon.se of stress under different toxicants is important
to provide a standard of severity and significance of a variety of environmental
stress on ecosystems. Although in evaluating the effects of chemicals on organisms,
populations or ecosystems the chronic effect concentration is more crucial and
relevant value than LC50, the acute test has become the first step in
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ecotoxicological investigations for estimation of toxicity of chemicals. In this study
(chapter 4) acute toxicity tests were performed with a group of chemicals
(cadmium, DCA and chlorpyrifos) varying in solubility, routes of exposure, and
specific modes of action to find out the relative toxicity of chemicals on goldfish
early life-stages. It was found that both cadmium and DCA are acutely toxic at the
ppm level, whereas, chlorpyrifos was acutely toxic at ppb level. It was also found
that chlorpyrifos exerts its acute toxicity more rapidly than cadmium and DCA, and
this latter difference likely relates to differences in mode of action, as cadmium
acts mainly by damaging skin, gills and disrupting enzyme function, DCA is a
nonspecific anaesthetizing agent and is believed to exert toxic effect after metabolic
activation (van Leeuwen et al, 1990) while chlorpyrifos, like other
organophosphates, exerts a toxic effect through the acetylcholinergic mode of action
(Rodrigues et al., 1983). Placing the toxicity data in context, it can be said in the
same voice of Dave (1993) that the toxicity test results should be interpreted and
compared with caution and should be standardized properly before comparing. The
estimated high value of cadmium 96 h LC50 (3404 pg.l ") for goldfish sac-fry is
apparently unusual but the reasoning behind this may be the high value of hardness
of the dilution water used and the presence of EDTA in the dilution water. EDTA
is a metal chelating agent (Hart and Scaife, 1977), which might have reduced the
available free cadmium to exert toxic effect. Therefore, no valid compari.son is
possible for the test under variable conditions, and it is better to conduct tests with
a chemical under different conditions in the laboratories, and quasi-field (enclosures
of various kinds) and true field situations before prediction of effects at the
ecosystem level. However, there are many constraints to make such studies
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possible, such as expense to explore true effects of pollutants on ecosystem, and
it is also impossible to collect all the relevant information due to the complexity
of the ecosystem. Even if this could accomplished, the generality of space and time
would be small and the ecosystem or parts of an ecosystem would be exposed to
toxicants (Perry and Troelstrup, 1988) that we also intend to protect. Therefore,
some sort of compromi.se is necessary for the prediction of ecological effects of

chemicals based on short-term laboratory test results.

With the demand for short-term, low cost and environmentally relevant simple test
designs, ecotoxicologists have been using most sensitive life-stages of test
organisms, in this study a possible short term fish early life-stage toxicity test with
goldfish sac-fry was investigated by developing a new approach to embryo-larval
test. In the standard embryo-larval toxicity test {e.*. Birge et al., 1985; Dave et al.,
1987; OECD, 1992) embryonic period has been included by considering the great
complexity of the developmental process, including a diverse array of receptor sites
for toxic action that may vary qualitatively and quantitatively with the sequential
stages in embryonic development .so that chemicals of different modes of action
and target sites could be able to express their toxic effects. However, during the
period of embryogenesis the embryo remains protected by the chorion, reducing the
permeability of toxic substances from the exposure media, resulting in a low
sensitivity of the embryonic stage (Hemming and Buddington, 1988; von
Westerhagen, 1988). To be sure how sensitive the goldfish embryos are, a
comparative acute test with embryo and sac-fry were performed with DCA: which
was the intermediately water-.soluble of the toxicants used in this study with a
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nonspecific mode of action, as a reference toxicant. It has been confirmed in this
study that goldfish embryonic stage (96 h EC50 of 3332 pg.l ') is less sensitive
than the sac-fry stage (96 h LC50 of 2359 pg.l ©), which have been previously
established in different species, e.g. rainbow trout with cadmium (van Leeuwen et
ciL, 1985) and tilapia with organophosphate insecticide (Paflitschek, 1979). It is
clear that sac-fry are more sensitive. Therefore, in view of simplification of the fish
early life stages toxicity test method, it was considered appropriate to exclude the
egg stage with change in approach of toxicity test endpoint from growth to the
physiological processes (yolk utilization, oxygen consumption, ammonia excretion)

underlying growth.

Growth has become the choice of sublethal response in most of the fish early life-
stage toxicity tests with the assumption that toxicants will negatively affect the
ability of an organism to convert food into new tissue (Dave, 1986; Dave et al.,
1987). It is now believed that stressed organisms show impaired growth as a result
of reduced ability to acquire energy (supply-side effects) and/or an increase in
energy utilization (demand-side effects) (Baird et al., 1990; Koehn and Bayne,
1989). In goldfish sac-fry, yolk utilization was considered analogous in energetics
terms, to the dealing of ingested food of other organisms. Here (Chapter 5), short-
term sublethal effects (NOEC, LOEC) with respect to physiological respon.ses of
yolk energy utilization by goldfish sac-fry were investigated with a view to validate
a conceptual model indicated with the supply-side ("-ve") effect and the demand-

side ("+ve") effect of the energy flow and also to determine a single fish early life-
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stage toxicity test endpoint, removing the confusion of using multiple endpoints of
survival, growth and hatchability. The parameters investigated were body weight
gain (growth), yolk utilization, yolk utilization efficiency, oxygen consumption,
ammonia excretion and oxygen to nitrogen ratio under cadmium, DCA and
chlorpyrifos with a view to select a suitable test endpoint that can be consistent as
a general response and at the same time sensitive to low level stress for ecotoxicity

test.

The reduced body weight gain of goldfish sac-fry observed under cadmium, DCA
and chlorpyrifos indicated a general reduction of available energy for growth. In
sac-fry, growth is the integrated effect of the amount of yolk utilization and the
yolk utilization efficiency. A general reduction in yolk utilization was expected, and
although DCA and chlorpyrifos stress reduced yolk utilization while cadmium
didn’t, yolk utilization efficiency was reduced under sublethal exposures to all
toxicants. Yolk utilization efficiency is the resultant effect of yolk energy absorbed
and energy used for maintenance and activity. Thus chemical stress in general may
or may not reduce yolk utilization but will always reduce yolk utilization efficiency
by increasing metabolic cost. The decrease in yolk utilization efficiency was
complicated by the concurrent change in activity with the increa.sed maintenance
cost. Significantly increased yolk utilization efficiency was found at higher DCA
concentrations than at lower concentrations although both of these were

significantly different from control.
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The demand-side effect measured as oxygen consumption and ammonia excretion
indicated an increase in oxygen consumption under cadmium exposure but in case
of DCA exposure it was first increased then decreased with concentration and no
apparent change was found under chlorpyrifos exposure i.e. oxygen consumption
did not show any consistency under different chemicals, whereas ammonia
excretion was found to consistently increase with the concentrations of all three
chemicals used. This type of direct relationship may be due to the increased protein
turnover with the increased concentrations of toxicants. Like ammonia excretion,
O : N consistently reduced under all chemical stress which indicated increa.sed

protein utilization as respiratory substrate under stress.

Scope for growth showed a high positive correlation and the balance of energy was
found above 90% except one ca.se where it was found 88%. Although theoretically
it should be 100% it has rarely been found due to the experimental errors. Scope
for growth, which has been u.sed in bivalves (Koehn and Bayne, 1989), can be
addressed as a measure of test endpoint in physiological energetics of goldfish sac-
fry under stress as it has been found to be predictive at concentrations below acute
level and it expresses the possible future ecological effects by reducing survival
and/or growth and/or reproduction, which may reduce the population density as a
result and ultimately may reduce the fitness of the individuals comprising the

population (Sibly and Calow, 1986).

As the oxygen consumption increased with cadmium concentration, first increased
then decreased under DCA and showed no apparent change under chlorpyrifos
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exposure, this may reflect the response at a particular period of time and stress
intensity under GAS. To incorporate those effects into the general response, oxygen
consumption study over the time of yolk feeding sac-fry at different intensities of
toxicants indicated an increase in oxygen consumption with increased activity and
also with decreased activity. The high oxygen consumption during low activity may
be related to respiratory uncoupling. Although oxygen consumption exhibited the
different phases of GAS it was complicated by the specific nature of the individual
toxicant. Only the alarm response was found measurably and significantly increased
oxygen consumption under all three chemicals. Oxygen consumption was found
significantly increased at very low levels of toxicants compared with other

endpoints.

The short term sublethal physiological test endpoints measured with cadmium,
DCA and chlorpyrifos indicated that body weight gain, yolk utilization efficiency
and O : N were equally sensitive endpoints. Yolk utilization was also sensitive at
the same level except for cadmium, where it was not significantly different from
the control. Ammonia excretion and oxygen consumption were found to be more
sensitive than other endpoints with cadmium and DCA, whereas, oxygen
consumption was the most .sensitive with DCA. With chlorpyrifos all endpoints

were equally sensitive.

Oxygen consumption as a major component of sac-fry energy budget and sensitive
to stress at low level, can be considered as a toxicity test endpoint but the
underlying mechanisms of oxygen consumption are so complex it is very difficult
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