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Cultivation is not an end in itself. It serves as a means to solve specific research 
problems. Due to the large variety of problems and the overwhelming diversity of 
marine life, a multitude of difierent culture methods have been developed. In fact, 
concepts, goals and techniques applied in cultiva,tion diverge more than in other 
branches of marine ecology. 

Most experiments conducted on marine organisms involve element8 of cultivation. 
Micro -organisms, crustaceans, molluscs and fishes, for example, have been main- 
tained, reared or bred in thousands of experiments. It was neither possible nor 
desirabIe to consider all publications in detail. We ha.ve attempted to settle the 
conflict between our intention to present comprehensive accounts and the need to 
avoid undue repetition by tabulating the information at hand or by referring to 
pertinent books or reviews. 

It was considered desirable to include chapters on chemical contamination of 
culture media, as we11 as on diseases of plants and animals. There is reason to w u m e  
that contamination and disease interfere with successful cultivation more often 
than realized. 

I aaknowledge with pleasure the support, advice and criticism received from the 
contributors, as well as from Drs. D. F. ALXIERDICE, J. R. BRETT, H. P. B U L ~ H E ~ ,  
G. PERSOONE, A. GAERTNER and D. SIEBEBS. Additional supporters are mentioned 
a t  the end of the respective chapters. The assistance of M. BUXE, V. CL-, J. 
~ S W L ,  H. L. NICHOLS, I. SOHRITT and H. WITT is deeply appreciated. 

O.K. 
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INTRODUCTION VOLUME III 

(1) History 

Man's efforts in cultivation have a long history. The original driving forces were 
hunger and search for pleasure. The first plants and animals cultivated served as 
sources of food andlor aesthetic satisfaction. Eater, additional benefits were ob- 
tained, such as s, variety of materials, cheap labour a,nd recreational assets. 

The ibst plants were cultivated in the pre-Neanderthal period, the first animals 
more than 100,000 years ago, when early man began to domesticate the dog. Cattle 
and sheep were presumably h t  cultivated in the Far East, and became importa.nt 
a,~cultural animals in Europe during the New Stone Age (neolithic culture). 
Horses followed around 3000 B.c., chickens 1600 B.c . ,  and cats and fishes about 1000 
B.C. CuItivation of fishes for food a.nd as pets was practised by the ancient Chinese, 
Greeks and Romans. The cultivation of nolluscs and crustaceans began much later. 
Pond cultivation commenced in many European countries during the early Middle 
Ages. In  1358, the first carp ponds were built in Czechoslovakia. During the following 
3 centuries, a variety of ponds were developed, with special. designs for holding, 
growing, fattening, overwinbring, spawning and hatching. Actual management of 
fish ponds is less than a half century old, and management of individual water 
bodies (e.g. introduction of selected species, control of overabundant species, fertili- 
zation, control1ed ma~iipulation of water-flow dynamics) is, even today, more a goal 
than an achievement (Volume V). 

Throughout most of its long history, cultivation has been an art rather than a 
science. Cultivation of aquatic organisms has received less attention and effort 
than that  of terrestrial organisms. For a long time, the major asset of the aquatic 
cultivator has been a knack for growing things, a 'wet thumb', as i t  were. Vagueness 
and empiricism have dominated. In some countries, progress has been impeded by 
superstition and tradition. Sound system dimensioning and technological design- 
ing began only a few decades ago. Exactness of procedure and reproducibility of 
results are still low in many projects, both in research cultivation and commercial 
cultivation. 

The development of facilities and equipment has long remained behind the 
priority placed on research itself. Technical progress has depended almost exclu- 
sively on the individual experimenter. Engineers have entered the scene only 
recently. To their surprise, they found little information that  could be used for 
system design or for development of new facilities and equipment. While the make- 
shift period has come to an end, we are st,ill occupied with laying t,he foundation for 
proper system designing. More information on biological functions, nutrition, multi- 
species cultures (Chapter 6),  chemical contamination (Chaptier 7) and diseases 
(Chapters 8, 9) is required before in-depth engineering can revolutionize the culti- 
vation of marine organisms. 
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A general assessment, made in 1969, revealed tha,t less than 2% of a.U known 
marine organisms had been cultivated through their entire life cycle under con- 
trolled environmental and nutritive conclitions (KKNNE, 1970). Such inadequacy 
has critically constricted the flow of information on life in oceans and coastal ma.ters. 
Fortunately, in the last few years, many nations have increased their. efforts to 
cultivate marine organisms. Important new information has become available 
on life cycles, water chemistry, management of captive sea water. and nu- 
tritional requirements. h a consequence, more organisms, including some 
rather stenoplastic forms, can now be cultivated, and are a,va,ilable for ecological 
experimentation. 

A t  this writing, cultivation of marine organisms is receiving unparalleled atten- 
tion. It has become a focal point of marine research a.nd one of the most intensively 
supported branches of marine ecology. 

(2) Terminology 

The terminology employed in cultivation studies is not consistent. It reflects 
historical aspects, as well as divergencies in perspective, emphasis and aim of various 
schools of thought and different biological. disciplines. In  order to provide some 
degree of uniformity, a number of terms a.re defined or explained below, and are 
used as consistently as possible throughout this volume. 

The term 'cudtiva,tion' comprises the provision or enhancement by man of life- 
s~lpporting conditions which are, to a considerable degree, controll.ed. In  most cases, 
cu.ltivation involves intervention in natural ecologicnl dynamics and the removal 
aad isolation of subsystems (e.g. rnembm of one or several species) from a m-ore 
complex natural sya tern. 

Three levels of cultivation may be distinguished : maintenance (keeping alive), 
rearing or raising (bringing up fertilized eggs, larvae or older ontogenetic stages) 
and breeding (production of offspring). Rearing includes maintenance; breeding 
includes maintenance and rearing. 

Aquacdture (commercial cultivation) is parallel in connotation to agriculture 
(and hence, sornotimes spelled aquiculture). It involves aquafood production for 
commercial purposes and includes measures, such as supervision or management, 
adopted by man in order to obtain increased benefits from living natural resources. 
Aquaculture comprises two aspects : applied ecological research and profit-making 
considerations. We are concerned here primarily with the former. The objects of 
aquaculture are either marine organisms (maricdture) or limnic organisms (limni- 
culture). 

Farming of marine organisms refers to a-ctivities comparable to those of a farmer 
of terrestrial plants or animals. 

Domestication of animals implies close relatiorlships to man (e.g. space restric- 
tion, tameness, controlled breeding), who provides nutrients and specific living 
conditions, and obtains, in return, food, energy and other resources or amenities 
(aesthetic satisfaction) ; long-term domestication usually leads to genetic and non- 
genetic changes in functions and structures. 

Stock improvement refers to controlled breeding and selection with the aim of 
enhancing characteristics which are useful t o  man (e.g. faster and more efficient 
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growth, better taste or hjgher aesthetic value) ; i t  requires selection aad/or genetic 
recombination. 

Continuous c-ulrures are characterized by continuous passage of life-supporting 
medium and removal of a portion of the population cultivated. In microbiology, 
continuous cultures have received det,ailed attention. Criteria for system classifica- 

HOMOGENEOUS SYSTEMS 
Singlestage systems 

l i l  Stirred fermentor 

lii) Stirred lerrnenror wlth 

feecbback 

S - 
Mulri.srage systems 

l i )  Simple chain 

S 

l i i) Multiple substrate 

addition 

HETEROGENEOUS SYSTEMS 
Single-phase system 

1i)Pipeflowwithfeed-baek S 

Multi-phase packed towers 
li) Liquid-liquid -.- 

c e l l s ~  out in 

MIXED SYSTEM 
St~rred tank fwding 
tubular reactor 

Fig. 1-1: Continuou~ cultures: 'open' microbi~l culture 
sy~t~ema. 8: substrata addition; C: continuous centri- 
fuge or sottling tank. (After H ~ B F R T ,  1961 ; modified; 
reproduced by permission of Society of Chemical 
Lndustry, London.) 

tion have been presented by HERBERT (1961 ; Figs 1-1 a.nd 1-2). For details on ehemo- 
stat and turbidostat operation, consult pp. 212-217. 

Batch cultures are non-continuous cultures. No medium is added and no product 
removed. Hence, the micro-environment tends t,o change during Uie course of the 
experiment. 



1.  IXTRODUCTION TO VOLUME Kt (0. m ~ ~ )  

Serial cultures involve a sequence of subcultures, each inoculated with material 
from its predecessors. The term serially renewed batch cultures refers to a serial 
culture which consists of sequential batch cultures. Routine sustenance of microbia.1 
stock cultures is usually based on serially renewed batch cultures. 

HOMOGENEOUS SYSTEMS 
(i) Csllophana b q  

CUIIU~BS 

HETEROGENEOUSSYSTEMS 
Singlephasa systems 

lil Pipe flow with 100% 
fesd.back of cells 

liil Parlitionsd tank with 
100% leecl-bd of Qlls 

I wc-phase W ~ S  
111 Pelllcle growth 

tlil Pwked towers 

Fig. 1-2 : Continuoue cultures: 'closed' microbial culture 
systems. S: substrate addition; C:  continuous oentri- 
fuge or settling tank. (After HERBERT, 1961 ; modified ; 
reproduced by permission of Society of Chemical 
Industry, London.) 

Special terms have been coined by microbiologists, botan.ists and invertebrate 
zoologists to  designate cuItures consisting of one or more texonomic components. 
One group of terms refers to the total number of species present; another group of 
terms has been employed by students of nutritional requirements, who strive to 
isolate their test organism from all others, including bacteria (but not viruses), 
and who consider all other elements 'contaminants' (Table 1-1). 

Monospecific cultures consist of one or more individuals of a single, known (taxo- 
nomically defined, but not necessarily named) species, the monobiont. Monospeclfic 
is parallel to axenic (from the Greek : cr = without; Zen08 = foreign), a term intro- 
duced by microbiologists to indicatetheabsenceofforeign, contaminatingorga~sms, 



i.e. of species other than theone cultiva,ted, the axenobiont. Both terms, monospecific 
and axenic, imply that  the cultured organism can be supported on non-living 
material. Apparently, BOCDANOV (1908) was the first author to grow in&viduals 
of one species (the bluebottle fly Galliphora sp.) in the absence of organisms belonging 
to  other species. REYNIERS and co-authors ( 1 949) and DOU~;HERTY (1 963) discussed 
and defined 'axenic', as well as related terms. From axenic, derive tlze terms 
axenity or axenicity (state of being axenic) and axenize (to render axenic). Plane 
pathologists use the terms axenity or axeny to designate the inability of an organism 
to serve as host ( G ~ V M A N N ,  1946, F. 300; see also GAUMANN, 1951). 

Table 1-1 

Term.inology of cultures consisting of one or more taxonomic 
componelits (Original) 

Based on total number of species present 

Term Explanation 

Monospecific (pure) 1 known species 
Synspecific 2 or more known species 

diepecific 2 species 
trispecific 3 epeoiea 
tetmpecific 4 speciea 
polyspecific many species 

Based on number of species present in addition to axenobiont 

Term Explanation 

Axenic Axenobiont + 0 known species 
Synxenic Axenobiont + 1 or more known species 

monoxenic Axenobiont + 1 species 
dixenic Axenobiont + 2 species 
trixenic Axenobiont + 3 species 
polyxenic Axenobiont + many apecies 

Synspecific cultures (from the Greek: syn = together) consist of members of two 
or more known species. The parallel fork,  synxenic, refers to  cultures in which the 
axenobiont exists together with one or more known species. The presence of 2, 3, 4 
or many species is expressed by the terms dispecific, trispecific, tetraspecific or 
polyspecific; the presence of 1.,2,3 or many foreign species is expressed by the terms 
monoxenic, dixenic, trixenic or polyxenic. From synxenic, derive the terms 
synxenobiont, synxenity and synxenize, parallel to the derivatives obtained from 
axenic (see above). 

Gnotospecific or gaotobiotic cultures (from the Greek : gnosis = known ; bios = 
life) are those in which all organisms present are known. These terms comprise 
monospecific or axenic, as well as synspecific or synxenic cultures. Apotospecific 
or agnotobiotic cultures contain-in addition to the test organism-members of 
.unknown species. Agnotobiotic is parallel to non-axeuic, and is sometimes also 
referred to as xenic. 



Bacteria-free cultures contain organisms cultivated in the a.bsence of a.ctive 
bacterial stages. 

Pure cultures consist of members of one species only ; this term ha*, however, also 
been used to designate non-bacteria-freo cultures of one species. 

The ter.minology of basic media used in cultivation is listed in Table 1-2. Two 
basic groups of media may be distinguished: non-nutrient media (e.g., natural or 
artificid sea water) and nutrient media. Especially in regard to micro-organisms 

Table 1-2 

Terminology of basic media used in cultivation (Original) 

Term Explanation 
P- -P P 

Natural water Media obtained from natural habitats. May be stored, 
fresh water aerated, filtered, sterilized, etc., but remain otherwise 
brackish weter unchanged 
sea water 
hyperseline water* 
brine water* 

Arti6cial weter 
f m h  water 
brackish water 
sea water 
hyperealine water* 
brine wster* 

Media consisting of known amounts of salts and other 
ingredients + dilutants (e.g. distilled water) 

Nutrient media* * Contain, in addition to water, salts and gases, nutrient diete 

I of varying degrees of chemical definition 
oligic Nutrients chemically not or insufficiently defined 
meridic Part of the nutrients chemically defined 

oligomeridic Few nutrients chemically defined 
polymeridic Many nutrients chemically defined 

holidic NI nutrients chemically defined 
Chomically defined media Contain known amounts of known substances (e.g. water, 
(CDM) 8 ~ l t 8 ,  nutrients, vitamins, gases, etc.) 

*See Volume I. p. 822. 
**Based on DOUOHERTY (1963). 

and plants, exact differentiation between these two groups of media is not always 
possible. I n  holidic media, all nutrients present are chemically defined. Holidic 
media may range from simple mineral mixtures for photo-autotrophs to elaborate 
mixtures for heterotrophs, containing numerous organic and inorganic components. 

(3) Goals of Research Cultivation and Commercial Cultivation 

Aquatic organisms are cultivated for scientific purposes and for commercial 
ends. The first aspect is referred to as research cdtivation, the second as commercial 
cultivation or aquaculture. Commercia.1 cultivation includes the home-equarist 
(pet-fish) industry. While i t  concentrates on producing food and raw materiaIs for 
humanneeds, ils well as for aesthetic satisfaction, its progress depends upon research. 
This is where the two aspects overlap. Both research cultivation and commercial 
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cultivation root in the ecology of the species concerned. However, research cultiva- 
tion and commercial cultivation are directed toward different goals. 

The major goals of research cultivation are: 
( i )  to increase basic knowledge on living systems in the marine environment (e.g. 

aaseasment of orgsnismic responses to environmental variation, analysis of intra- 
and interspecific dynamics of CO-existence, investigation of life cycles, taxonomy 
and evolution) ; 

(ii) to determine nutritional requirements; 
(iii) ta provide assay and test organisms, i.e. populations with defined genetic and 

enviro~~rnental backgrounds, for bio-assays and for solving research problems (e.g. 
in genetics, biochemistry or environmental protection) ; 

(iv) to produce food for other culture organisms; 
(v) to establish environmental requirements for the continued existence of species 

and mdt~ispecies assemblages. 

The major goals of commercial cultivation (aquacult~xre) are: 
(i) to make profits ; 
(ii) to develop technique8 which minimize the costs for energy, equipment, build- 

ing a8nd personnel involved in the production of food, raw materials or aesthetic 
satisfaction ; 

(iii) to modify the environmental andlor genetic background of culbured organ- 
isms, in order to enhance economical mass production of swift-growing, pleasant- 
tasting forms with increased tolerances to the stresses of domestication (i.e. space 
limitation, diseases due to crowding, water pollution), and with capacities for con- 
verting low-cost food with maximum efficiency ; 

(iv) to work out alternatives to sampling and hunting of sea food; 
(v) to augment and manage biotic resources required by a human population 

which threatens to outgrow its natural endowments. 

Research cultivation and commercia,l cultivation ere usually characterized by 
different dimensions, and often require different techniques. We have included a 
brief review on aquaculture in this volume, because ( i )  research cultivation and 
commercial cultivation have a common root; (ii) both fields mutually stimulate 
each other; (iii) both fields are of obvious importance for the future of mankind. 
Scientific and technological aspects of aquaculture have been treated in preference 
to  economic ones. 

(4) Ecological Implications 

For millions of years, marine organisms have been surrounded by a vast aqua- 
torium, characterized by a higher degree of overaa]l physico-chemical stability than 
most other habitab on earth. Aquatic micro-organisms, plants, invertebrates and 
fishes entertain immediate contact with their external medium and, through a 
multitude of exchange equilibria., remain captives of the properties of the surround- 
ing water. These extremely intimate interrelatioljships between aquatic organisms 
and their environment must be of pl-ima~-y concern to all ecologists engaged in 
c-ultiva.tion. 

Cultivation of micro-organisms, plants and animals provides an essential avenue 



for analyzing and comprehending the :forces which govern life in oceans and coastal 
waters a t  the individual, population and ecosystem levels. In order to investigate 
details of organism+nvironment and organism-organism interrelations, we must 
learn how to sustain the organisms concerned under adequate, controlled and repro- 
duceable conditions, both environmental and nutritive. Cultivation h e l p  to provide 
the data necessary for: (i) increasing our knowledge on ecological dynamics in the 
seas, (ii) proper management of our living resources, and (iii) developing sound 
measures of envixonment~l protection. 

More and more scientists, administrators and statesmen are realizing that man's 
fate depends on his ability to analyze, comprehend and manage essential functions 
and structures of natural multispecies systems. CS~ltivation goes a long way toward 
producing important information urgently required for assessing the characteristics 
of multispecies systems. 

Cultivation is an indispensable tool, not only for the ecologist, but also for the 
physiologist, biochemist, geneticist, evolutionist and taxonomist. Ecologists focus 
attention on whoIe individuals, populations or multispecies assemblages. Hence, 
cultures of cells and tissues obtained from multicellular plants or animals are not 
treated here. 

Experimental ecologists who employ cultivation as a means of investigating the 
dynamics of organismic co-existence in nature-both affected and unaffected by the 
activities of man-must create conditions in bheir experiments which allow concep- 
tual extrapolations to  the situation prevailing in unconstrained marine habitats. 
They must satisfy the basic, normal environmental and nutritional requirements 
of the organisms cultured, and at the same time, devise a manageable, conbrollable 
micro-environment. I n  many cases, this is a formidable task. 

As has been pointed out above (p. 21, cultivation involves the removal and 
isolation of subsystems from more complex natural systems. While such isolation is a 
prerequisite for detailed a,nalyses of organismic responses to environmental 
variations, as well as for assessing nutritional requirements, i t  tends to modify the 
organism-environment and organism4rganism interrelationships, under which the 
subsystem had evolved, and into which it, had been integrated. 

As is well-known, isolated components do not necessarily behave in the same 
manner as they do when fully integrated into the next higher system, nor may the 
characteristiw of that system be derived solely from the properties of its parts. 
Consequently, resulb obtained from cultivating organisms must be used with care 
when interpreting functions and structures of multispecies assemblages. Dunng 
cultivation, environment and nutriti.on tend to deviate from the situation met in 
the unconstrained, natural habitat. I n  many cases, i t  is impossible to provide an 
exact replica, of in silu conditions in the labo~.:~tory. Unsmmountable barriers of 
dimension, diversity and dynamics exist. If a.llowed to attain critical levels, the 
deviations may elicit responses which differ signdicantly from organismic perform - 
ances unde-r in sit16 conditions. 

The experimental ecologist engaged in cultivation should never forget that  his 
inquiry reveals, at best, the physiological potential of the living system examined. 
He  must define the portion of this potential which is actually used under in situ 
conditions---the ecologcal potential-before h s  physiological findings can make 
ecological sense. The concepts of physiological and ecological potent'ial ('okologische 
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Exisknz') have been introduced and interpreted by KINNE (1953,1966, 19571, who 
pointed out that  information on both potentials is needed for working out an 
ecological diagnosis of a population or species. Ecologjcal diagr~oses (based on gene- 
tic, physiological and ecological parameters) for all key components of an eco- 
system provide a basis for analyzing the system's characteristics. 

Such considerations do not pertain to commercial cultivation. The aquaculturist 
can modify environment, nutrition and genetic constitution of his organisms 
ad libiturn-as long as he produces good-tasting sea food or adequate biological raw 
materials economicaliy. While ecological and technological aspects of aquaculture 
involve research, success or failure of commercial operations depends on the profit 
made. Aquaculture is, first and foremost, a commercial enterprise. Considering the 
seemingly insatiable worldwide demand for aquafood, the most important pre- 
requisites for successful aquaculture operation8 are : ( i )  sufficient resources of clean 
(unpolluted) water; (ii) low-cost real estate, labour and energy, in a suitable area 
with proper climate ; (iii) access to marketing and transportation ; (iv) ecological 
information on the organism cultured and technical know-how on water-quality 
management; (v) potent investors and able business managers. 

Industrial and domestic wastes released into coastal waters may seriously inter- 
fere with cultivation. R.esearch cultivation and commercial cultivation are incom- 
patible with environmental degradation. Most industrial na-tions are aware of this 
conflict between waste treatment and cultivation. Solving water-pollution problems 
and progress in aquaculture go hand in hand. However, large fish, crustaceall or 
mollusc farms may themselves pose a threat to coastal areas also used for fishing or 
recreation. Large aquaculture farms release amounts of organic waste comparable 
to those of an average-sized city. The result is heavy eutrophication. 

Why waste a valuable fertilizer? Several marine ecologists have discussed the 
design of aquaculture farms based on fertilizer recycling. However, very few have 
progressed beyond the discussion stage. Pioneer studies on a continuous aqua- 
culture-tertiary sewage treatment systen~ have been conducted by RYTHER and 
co-authors (1972; see also RYTHER and DUNSTAN, 1971); the social, political, 
regulatory and marketing problems of recycling systems have been reviewed by 
HWQUENKN and KILDOW (1974). According to HUDUENIN (1974), the two objectives 
of eutrophication avoidance and niaximization of aquacultural output have enough 
in common to ma,ke a combined system feasible, even though the optimal operation 
points for the two goals are not coincident. The combined a.qunculture-tertiary 
sewage treatment system projected by RYTHER and hie associati!~ is illustrated in 
Fig. 1-3. Recycling requires multispecies cultures rather khan single-species systems 
(e.g. TENORE and co-authors, 1973; TENORE and H U Q U E N ~ ,  1973). 

Aquaculture has often been compared uith the poultry industry-a highly 
sophisticated branch of agricultural enterprise. However, a-S WEBBEB (1973) has 
pointed out, no aqua,culture animal is yet as well understood as the chicken, nor 
do we have sufficient command over the aquatic environment yet. The present 
know-how in aquaculture does not facilitate the sustained production of aquafoods 
in the vertically integrated system from feed to  marketing, working so smoothly 
in the poultry industry. 

What contributions can marine ecology make to ma.riculture? It can help to fill 
the gaps in our knowledge on the ecological background of aquaculture candidl~te 
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organisms and provide a solid fundament for weter-quality management (Chapter 
2), disease control (Chapters 8, 9) and assessment of organism-organism relation- 
ships in multispecies cultures (Chapter 6). 
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For cuItivating animals, mass production of suitable food organisms is essentia.1. 
WhiIe synthetic foods are easier to handle, thus far, they have supported all life 
functioris of cultured animals in only a. few c m .  We still depend heavily on living 
foocls. Numerous micro-organisms, plants and animals cultured represent potentia.1. 
food sources. Their suitability and usefulness as food sources or as bio-assay organ- 
isms are referred to throughout this volume. 

General reviews on--or including-cultivation of marine or.ganisms have been 
presented by H A ~ M E I E R  (1933), NEEDHAM ( 1  937), BUARUD (1961), lMcN~n (1968), 
COSTLOW (1969), -NE and BULNHEIM (1970), SPOTTE (1970), BARDACH and co- 
authors (1972), PILLAY (1972), AVAULT (1973) and STEIN (1973); see also B u z z ~ ~ r -  
TRAVERSO ( 1968). A catalogue of cultured aquatic organisms has been published by 
JHIN~RAN and GOPUKRISHNAN (1974) in order to assist aquaculturists. The 
catalogue contains brief biological data but no literature sources. 

(5) Part l :  Comments on Chapters 2 to 4 

Par t  I comprises accounts on water-quality management and technology, and on 
cultivation of bacteria and fungi, as well as unicellular and multicellular plants. 



COMMENTS ON CHAPTERS 2 TO 4 1 1. 

Chapter 2 : Cultivation of Marine Organisms: 
Water-quality Management and Technology 

There are four fundamentals to successful cultivation: the water (mehum) used, 
the management of its life-supporting qualities, adequate nutrition of the organisms 
cultured and proper equipment. Concentrating on animal cul turea, Chapter 2 covers 
three of these aspects; adequate nutrition is considered, in context with the type 
of organism cultured, in Chapters 3 to 5. 

Sea water is an unusually complex medium. When removed from the ocean and 
used in sea-water systems (open, semi-open or closed) holding heterotrophs, its life- 
supporting capacity tends to decrease. The major alterations include increase in 
ammonia, organic compounds and carbon dioxide, and decrease 111 aIka.hlity, dis- 
solved oxygen and pH. Such changes must be counteracted by mechanical, biologi- 
cal or physico-chemical. water treatment. Several recipes for preparing artificial sea 
water are presented. The principal drawbacks to artificial sea water are the absence 
of organic substances, chelati.ng agents and bacteria, as well as the presence of rela- 
tively large amounts of hcavy metals and of other pollutants. Addition of natural 
sea water, organic substances, chelating agents or bacteria tends to  neutralize life- 
endangering conditions. Nevertheless, many attempts to accommodate steno- 
pla.stic marine animals in artificial sea water ham failed; in only a few cases was i t  
possible to adequately support all life processes and all life-cycle stages of truly 
stenoplastic forms. 

Among the life-endangering substances accumulating in culture water, NH, is of 
particu.lar irnporta.nce. NH, accumulation causes such detrimental effects as impair- 
ment of gas exchange, metabolic inhibition and damage to epithelia and internal 
tissues. NH, concentrations should remain below 0-001 mg 1-l. The most important 
com~termeasure against ammonia poisoning is biological water treatment. In  addi- 
tion to microbial and algal water treatment, disinfection of sea, water, filtration, 
activated carbon adsorption, foam separation, aeration and ozonation comprise the 
basic techniques for water-quality management. 

Many investigators have coad-ucted vxl~erirnents without ensuring that  the capa- 
city of the culture system used was sufficient to aupport their test orgai~isms ade- 
quately. Although a few pioneers have developed methods for estimating the carry- 
ing capacity of a. system, the picture which has thus far emerged is incomplete. 

The list of equipment used for cultivating marine organisms is almost endless. 
Chapter 2 presents a selection of useful devices and interesting technological solu- 
tions to general problems confronting the cultivator. Additional technological de- 
tails are presented in other clzapters of this volume. 

Chapter 3 : Cultivation of Micro-organisms 

Many bacteria and some fungi are easier to cultivate than 'higher' forms of life. 
However, seldom have culturt: conhtions been provided which allow conceptual 
extrapolation of the results obtained to the situa&ion in the marine environment. In  
most cultures, popirlation densities and nutrient concentrations have excetitled 
natural values by several orders of magnitude, and the low temperatures dorninatii~g 
a t  sea have rarely been applied to micro-organism cultures. As a consequence, the 



contraat between the assumed ecologcal role of micro-organisms and the solid facts 
available on the forces which govern microbial dynamics in the sea is extraordinaly. 
There is urgent need to develop new culture methods which are adequate for tackling 
and solving ecological problems. 

Chapter 3.1 presents examples of traditional bacteriological culture methods. 
However, these are considered not fully relevant to ecological research, for the 
reasons outlined above. A few newer techniques are discussed, in the hope ofinspiring 
badly-needed progress. Bacterial requirements for organic compounds, minerals 
and oxygen are reviewed, as well as the importance of sea-water quality, pH, Light, 
temperature, pressure and the composition of culture media. The most useful device 
for studying bacterial population growth under nutrient-limited conditions is the 
chemostat. Controlled model ecosystems and in situ techniques open up  important 
new avenues for modern microbj.ological research. 

Chapter 3.2 comprises two reviews on lower fungi, Ascornycetes and Deutero- 
mycetes. Although belonging to the Ascomycetes, the yeasts are treated in a separate 
account, in order to fully accommodate the respective cornpetences of the two 
reviewers. Numerous fungi, representing nearly all taxonomic subgroups, inhabit 
the sea, and, presumably, constitute essential components of the marine environ- 
ment. Most of the species concerned belong to the Chytridiomycetes, Oomycehs, 
Ascornycetes and Deuteromycetes (Fungi imperfecti). I n  addition, species of Laby- 
~inthula and Derm,ocystidium, as we1 l as Althwnia crowhii and Ostracoblabe impleza, 
have increasingly attracted attention. Fungi have been found in sediments, water 
samples, mood, algae, animals and ~ l c e r o u s  materials. Apparently, only a few 
species are obligate or facultative parasites ; most species appear to be saprophytes. 
Having small thalli of only one or a few cells, lower fungi are difficult to cultivate. In  
cultures, they grow sIowly, often suffer from structural modifications and prove to 
be more ephemeral than Asco- or Deuferomycetes. Frequently, they display rather 
specific environmental and nutritional requirements. Methods of collection, enrich- 
ment, baiting, plating, isolation, sustenance and storage of fun@ cultures are dis- 
cussed in detail. 

Chapter 4 : Cultivation of Plants 

UniceIIdar arid multicellular algae constitute the fundament for the flow of 
energy and matter through marine ecosystems. The analysis of their environmental 
dependencies and metabolic performances, under controlled culture conditions, is a 
basic prerequisite for assessing ecological dynamics in the marine environment. 
Successful cultivation of algae further provides : (i) tools for investigating Gfe cycles 
and physiological procwwx-auch as photo- and. RNA-synthesis, nuclear-cyto- 
plasmatic interrelationships or membrane transport-as well as for studying nutri- 
tional requirements and morphogenetic processes; (ii) assay organisms for water- 
quality assessments; (iii) food for man and cultured animals; (iv) materials for in- 
dustrial, medical (pharmacological) and agricultural (e.g. fertilizer, manure) uses. 

Chapter 4.1 considers the principles of unicellular algae cultivation. It devotes 
considerable attention to procedural details (purification, media preparation, steri- 
lization, subculturing), specialized culture types (mass, synchronous and con- 
tinuous cultures), chemical aspects (nutritional requirements, culture media) and 
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physical aspects (illumination, temperature, salinity, pH and Eh).  Aquaculture 
projects must give prime consideration to nutrient provision, control of predators, 
and econon~ic harvesting procedures. They hold promise in areas with suitable year- 
round illumination, low-cost coastal land and easy access to fertilizers. In  rcitu cul- 
tures in plastic bags and dialysis cultures offer new perspectives for studies under 
close-to-natural conditions. 

Chapter 4.2. Cultivation of n~ulticelluler algae has elucidated the life cycles of 
numerous representatives and contributed significantly to  our knowledge on the 
ecological role of benthonic forms in coastal waters. It has helped to provide impor- 
t4ant background data for commercial c~zltivation projects, and to explore new uses 
for multicellular marine algae (food, industrial raw materials, medicine, manure). 
While sea-grasses, mangroves and salt-marsh plants are important for sediment 
stabilization and c o ~ t  protection, and because they fonn habitats for numerous 
other plants and animals, only veiy few representatives have thus far been culti- 
vated. 

(6) Part 2: Comments on Cha,pters 5 to 7 

Part 2 considers animals, multispecies cultures and microcosms, as well as the 
chemical contamination of culture media. 

Chapter 5 : Cultivation of Animals 

This chapter contains two accounts, one is devoted to animal research cultivation, 
the other to commercial cultivation. Since general principles and problems of aqua- 
tic-animal cultivation have rece.ived attention in Chapter 2, Chapter 5 concentrates 
on : (i) the diverging environmental and nutritional requirements of different, major 
animal groups and the specific techniques employed to accommodate them in cul- 
tures ; (ii) a special review on axenic cultivation ; (iii) a brief account on the large and 
fast-growing field of aquaculture. 

Chapter 5.1 reviews, in considerable detail, Protozoa, Porifera, Cnidaria, Tur- 
bellaria, Rotifera, Nematoda, Bryozoa and Anneljda, as well as some other groups 
of marine animals on which less pertinent literature is available. The information 
a t  hand on crustaceans, molluscs and fishes defeats attempts a t  completeness; 
however, the majority of studies are based on relatively few culture methods. These 
have been employed over and over again without significant modification. Numerous 
publications on crustaceans, molluscs and fishes collsiderpredo~ninantly commercial 
aspects, and hence, belong to the realm of aquaculture. Perhaps the most striking 
impressions conveyed by Chapter 5.1 are the wide scattering of contributions (some 
important older papers have appeared in difficult-to-locate, obscure publications) 
and the fa,ct that many authors pursued aims other t,ha.n the development of culture 
methods. It is primarily for these reasons that  i t  turned out to  be very difficult to 
present an  exhaustive, critioal and well-balanced review. 

Axenic cultivation originated with microbiology, and due to technical problems, 
has remained restricted to 'lower' animals. The use of axenic cultures and of chemi- 
cally defined media hm permitted studies on nutritional req-uiremente, on rates of 
uptake and utilization of nutrients, as well as on synthesis and excretion of metabo- 
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lil;es in osmotrophs. Only a few marine animals a.re in axenic culture. I t  is very d~ffi- 
cult to axenize phagotrophs. None of the higher marine animals has yet been culti- 
vated axenically. 

The wholly unnatural conditions prevailing in axenic cultures have been criti- 
cized by ecologiste. However, information may emerge which is, paradoxically, of 
ecological si@cance. The subchapter reviews general procedures of axenization 
and of preparing culture media. Gnotobiotic cultures of invertebrates and axenic 
cultures of protozoans, nematodes and crustaceans receive detailed attention. 

Chapter 5.2 provides a summarized overview of essential aspects of the field of 
commercial animal cultivation, rather than an exhaustive account on the state of 
the art. The dominating dimension of aquaculture-profit making-cannot very well 
be treated in detail in a treatise on marine ecology. We have restricted ourselves to : 
(i) assessing the world-wide potential of commercial cultivation for producing more 
food and, in particular, more protein for the growing human population; (ii) areas 
and animals suitable for aquaculture; (ii.1) ecological irnplica.tions; (iv) general 
evaluations of the present state of farming crustaceans, molluscs and fishes; and 
(iv) future perspectives. The home-aquarist industry receives no special attention ; 
many good books on pet-fish culture are available in the hobby literature. 

Chapter 6 : Multispecies Cultures and Microcosms 

Multispecies (mixed) cultures and microcosms-comprising several species that  
interact with each other-are essential tools for analyzing ecological dynamics in 
natural assemblages of micro-organisms, plants and animals. While most of our: 
cultivation endel tvog have been directed towarch unispedes d L u r e s  ('contami- 

I nated' with a variety of small 'tolerated' associate organisms), single-species systems 
do not exist in oceans and coastal waters. The dynamics of netural multispecies 
systems can only be analyzed if we investigate the organizational integration of 
diEerent species into a system, and if we define the forces that govern the rules of 
species co-existence, Experimental microcosms serve as models of natural com- 
munities and may stimulate new approaches to mariculture. Man's potential im- 
pacts on the marine environment ca,n be studied more a,dequately in multispecies 
than in  unispecies cultures. 

Unfortunately, published information on microcosm cultures is ra,re and largely 
concerned with non-marine organisms. Consequently, Chapter 6 considers all 
microcosm. studies available, whether marine, limnic or terrestrial, and is more 
concerned with prospects than with facts and accomplishments. Interactions of 
species cultured together are considered from two perspectives: nutritional and 
other chemical interactions and mathematical models of such interactions. 

On the biwis of the information at hand, the following general conclusions are 
drawn: (i) It is necesary to develop models in which species and environmental 
factors are treated as primary variables. We need to study the effects of adding, 
removing or excha.nging species in a 'ca-lculus of species', and to develop new methods 
for fitting models and ecological data. (ii) More knowledge is required on the role 
played by bacteria and related micro-organisms in 'cementing' an ecosystem. (iii) 
Chemical interactions between ~ys tem components appear to be more important 
for system organization than is often realized. 



Chapter 7 :  Chemical Contamination of Culture Media: 
Assessment, Avoidance and Control 

Culture media come into contact with numerous foreign substances and 
materials. This may lead to chemical contamination and significantly affect success 
and results of culture experiments. Leaching and etching processes release sub- 
stances from culture enclosures of glass or porcelain. Plastics and rubbers tend to 
leach substances such as plasticizers, fillers, catalysts, stabilizers, flame retarders, 
colouration and antistatic agents, or impurities introduced with ra.w materials. Most 
metals and alloys readily dissolve in sea water and may release toxic ions (i.e. 
copper, zinc, chromium). Detergents employed for cleaning glassware and equip- 
ment may interfere with cultivation in a variety of ways, and food organisms from 
polluted waters may introduce DDT and other detrimental substances (Chapter 
5.1). In addition, chemicals used for making up culture media, radio-isotopes, and 
improperly prepared &stjlled water, as well as de-ionized water and filter materials 
constitute potential contamination hazards. Sea water must be carefully collected 
so as to avoid contamination from the ship's hull, oil, petrol or equipment. Sorption 
(negative ~ontaminat~ion) to culture-enclosure walls, equipment or filter materials 
may diminish or. remove essential substances. 

The effects of chemical contamination on cultured organisms are insufficiently 
investigated. They include inhibition or enhancement of normal biological func- 
tions, modifications in tolerance limits to environmental stress, and structural 
abnormalities. 

Detection of conta~nination is difficult. Suggestions for suitable tests (chemical 
determinations, bioassags) and for proper cleaning procedures are presented, as 
well art a list of substances and materials which a.re considered suitable for cultiva- 
tion purposes. 

(7) Part 3: Comments on Chapters 8 and 9 

Chapter 8 : Diseases of Plants 

0rga.niism-environment and organism-organism interrelationships are perhaps 
nowhere more intimate than in parasitism and pathogenicity. While disease agents 
may affect the distribution and abundance of marine plants, their role in marine 
ecology has been referred to in most texts only in passing. 

From the very limited published information, the brief review allows the following 
conclusions: (i) Most of the numerous plant diseases, well known in terrestrial habi- 
tats, have not been recorded in oceans and coastal waters. (ii) While viruses and 
phages are known to invade and lyse marine bacteria, their nature, mechanism of 
penetration, as well as the factors controlling host susceptibility and resiata.nce are 
insufficiently known. (,iii) The role of bacteria as disease agents has remained un- 
investigated. Only two associations of bacteria and marine plants have been labelled 
'diseases' : the occurrewe of tumours in C h o n d ~ w  crispus and in Saccorhiza Oulbosa 
and the black rot of kelp. However, no proof has been provided that  bacteria do 
indeed cause black rot and this disease may very well be the result of high tempera- 
ture. (iv) Some fungi contribute to the death of marine plants, particularly algae; 
other fungi may be most active as decomposers of weakened or moribund hosts. 



(v) The major consequences of invasion of marine plants by other organisms are 
necrosis, hypertrophy, hypttrplasia and cell disintegration. (vi) Parasitism or patho- 
genicity require fuller investigation before valid generalization can be made. 

Chapter 9 : Diseases of Animals 

Animal diseases are a common phenomenon in oceans and coastal waters and 
hence, of fundamental ecological importance. A large body of information has 
accumulated, especially during the last few decades. However, most ecologists have 
neglected to consider animal cliseases in context with fluctuations of organismic 
distribution8 in space and time, and with animal performances under de6ned 
environmental conditions. 

Progress in animal disease investigation has been stimulated by commercial 
interests in the exploitation of natural seafood resourcm and in aquaculture. 
Consequently, our knowledge is grossly unbalanced in favour of commercially 
important species, especiaJly molIuscs, crustaceans and fishes. Paucity of informa- 
tion prevails in regard to most lower invertebrates which are, bf course, ha rdy  of 
less importance for ecological and overall economical considerations. 

Chapter 9 reviews our present knowledge on diseases of marinc invcrtcbrates, 
fishes, birds and mammals. Wherever sufficient information is available, diseases 
of viral, bacterial, fungal, or protozoa1 etiology are described. These accounts are 
followed by the array of parasitic diseases, caused by metazoan parmites--hel- 
minths, parasitic crustaceans and members of other phyla. A brief section is pro- 
vided on prevention and treatment of diseases of cultivated marine animals. 
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2. CULTIT'-4TION OF MARINE ORGANISMS: 
W-ATER-QUALITY MANAGEMENT AND 

TECHNOLOGY 

(2) General Aspects 

The basic prerequisite for successful cultivation is the establishment of environ- 
mental and nutritive cmdjtions under which relationships between organisms and 
environment, as well as among organisms, are sufficiently balanced and controlled 
within defined, life-supporting ranges. Over extended periods of time, proper levels 
of life-supporting conditions can only be maintained by continuous water-quality 
management or by regular cult ure-water replacement. 

In culture systems, i t  is impossible to duplicate the physical, chemical and bio- 
logical processes taking place m the gigantic water mnsses of the world ocean. The 
differences in dimensions and dynamics cannot be overcome, no matter how sophis- 
ticated our technology. 

'EarIy a,quarists considered their aquariums and water systems to be micro- 
cosms whose elements behave in the same way as they do in the whole earth's 
grand economy . . . Staading on the shoulders of these pioneers, we now 
recognize Inany significant differences between the bionomics of aquarium sys- 
tems and the sea.' (ATz, 1964&, p. 10). 

In large bodies of ocean water, physico-chemical water properties, as well as 
gradients between organisms and environment, tend to be balanced and buffered. 
Fluctuations are slow and usually remain well within the ranges tolerabd. However, 
as soon as a sample of sea water is removed from the ocean, the physico-chemical 
properties of this 'captive' water begin to  change, and its capacity to support life 
tends to decrease. The cultiva,tor must reduce the speed of water degeneration and 
introduce means for water regenerakion, i.e. of culture-water treatment (p. 100). 
I n  small culture vessels, environmental fluctuations are rapid and often extensive. 
While such factors as light, temperature and salinity can be maintained a t  constant 
levels (or defined variation patterns), other environmental entities defeat &tempts 
for exact co~ltrol or make i t  very difficult, e.g. dissoIved organic substances, composi- 
tion and abunda.nce of associsted microflora and microfauna. 

Improvements in water-qua.lity management are imperative for breakthroughs in 
cultivation reeearch. We must develop our facilities for : (i) fast and efficient chemical 
water analyses; (ii) recording and controlling biological and physico-chemical 
fluctuations in the culture medium; (iii) treating recirculating water; (iv) dimen- 
siolling essential parts of complex culture systems. 

Bacteria require special attention. For the m-icrobiologist, culture and nutrient 
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conditions comparable to situations prevailing in the sea are of fundamental im- 
portsnce if the results of culture experiments a.re to be used for comprehending and 
interpreting natural ecological dynamics. For botanists and zoologists, bacteria are 
essential as culture partners of the test organisms. Unless axenic conditions prevail, 
bacteria and related micro-organisms tend to establish thriving populations in cul- 
ture systems. Extensive surface areaa (e.g. glass, plastics, sand, gravel, living and 
dead organisms) and high concentrations of di~eolved organic matter promote 
microbial growth (Volume I : ZOBELL, l 972, p. 1200, p. 1264). We must know more 
about the species composition and abundance of filter-bed micro-organisme; about 
their capacity to tra.nsform organic ma-tter; and about the capability of different 
strains to release substances that affect CO-existing organisms. 

Progress in cultivation depends t o  a considerable degree on technological aspects. 
While some basic equipment has remained essentially unchanged over d e d e s  or 
even centuries, the current situation is characterized by the fact that cultivation of 
marine organisms is no longer the domain of EL few biologists. Additional groups with 
varying interests have entered the scene: Applied ecologists revolutionizing the 
field of commercial cultivation (aquaculture) ; engineers with new ideas for solving 
technical problems ; conservationists concerned with the impact of large-scale aqua- 
culture farms on natural habitats; investors and businesamen devoted to making 
profit; and statesmen compelled to make additional food sources available for the 
growing human population. h a consequence, papers reporting on technological 
aspects of cultivation are being produced in numbers never known before. Close 
cooperation between ecologists and engineers has proven especially successful. At 
preaent, the foundations are being laid for a new branch of cultivation-eco-engi- 
neering-a growhg field that will soon need to b.e reviewed in its own right.. 

Water-quality management and technology have received considerable attention 
in the fields of municipal and industrial waste-water treatment. While concepts and 
goals differ, experimental ecologists involved in culture-water management may 
benefit much from consulting the comprehensive literature on sanitary wa.ste-water 
treatment. 

This chapter deals primarily with animals. Culture-water management and tech- 
nology related to micro-organisms and plants have received special attention in 
Chapters 3 and 4, respectively. While the home aquarist wiIl h d  information of 
interest to him, the chapter has been written forinvestigators, teachers and students 
interested in experimental ecology. Emphasis is placed on research cultivation and 
on scientific aspects of commercial cultivation. We concentrate here on the topics 
sea water as culture medium, culture systems and -enclosures, life-supporting and 
-endangering substancss, culture-water treatment, capacity of culture systems for 
supporting aquatic ~nimals, and the equipment used. 

(2 )  Sea Water as Culture Medium 

Sea water is the cradle of life on earth. This complex medium has obtained, and 
is still receiving, its many constituents from geological structures eroded and bathed 
by water, both on continents and sea floors, from a multitude of biological and chemi- 
cal processes involved in the flow of energy and matter through aquatic ecosystems, 
and from man's activities. Although a few elements present in nature have not yet 
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been demonstrated analytically in sea water, we ma.y postulate that  traces of all 
known natural elements occur in the sea (Volume I :  K ~ L z ,  1971). 

The amounts of many elements dissolved in sea water depend upon chemical 
properties whch control their solubility. These propertieis are not necemarily pro- 
portional to  the quantities of elements discharged by rivers and released from the 
sea floors (FORCHEIAMMER, 1865; GOLDBERG, 1963). The dissolved organic sub- 
stances contained in sea water (Volume I :  &LE, 1972b; R H E M H E ~ E B ,  1972; 
VIDAVER, 1972; and V'~:~~NBERO, 1972) originate from excretion or leakage of living 
organisms, from dead, decaying organisms, as well as from man-made pollution of 
the sea. The production of dissolved organic matter receives detailed attention in 
Volume I V  : W ~ O E R S K Y  (in press). Dissolved organics play a role as growth pro- 
moter or inhibitor, in?er-organism mediator, energy source, antibiotic, chelating 
agent, surface-active substance, toxicant or detoxicant. Presumably, the organic 
substances contained in sea water are of basic ecological importance in mediating 
interrelationships between members of an ecosystem. 

In  regard to cultivation, four properties of sea water are of particular importa,nce : 
(i) the many different inorganic components and their relative proportions; (ii) the 
dissolved organic subu$a,nces which are low in concentration, but often powerful in 
their biological effects ; (iii) seasonal changes in constituents; (iv) changes in captive 
sea water as a function of time and of manipulation by the c~lt iva~tor.  

(a) Natural Sea Water 

Natural sea, water collected in different pads  of the seas may reveal clifFerenoes in 
its capacity to  sustain life. Although this fact has been recognized for some time 
(e,g. WILSON, 1951; W ~ S O N  and ARMSTRONG, 1952), a detailed, critical analysis of 
such local differences in sea-water quality is not yet available. 

horga,nic and organic constituents of natural sea water have been listed by 
GOLDBERQ (1963, pp. 6 5 )  and in Volume I : COLLIER (1970, pp. 66-71) and KALLE 
(1971, p. 684). While the relative amounts of major elements remain quite stable, 
the concentrations of constituents which enter into biochemical processes may 
undergo marked changes. Iron or silicon, readily involved in biochemical cycles, 
can differ greatly from one oceanic water mass to another (GOLDBERC, 1963 ; see 
also SVERDBUP and co-authors, 1942 ; HATIVEY, 1955 ; REDFIELD and co-authors, 
1963; HORNE, 1969). 

The chemietry of natura.1 waters has been investigated by K E ~  and others. 
-MP (1971a) considers ideal fundamental equakions governing the intarionic 
equilibria in natural waters, employing the systematic approach of RICCI (1952). 
These equations lead to relatively simple expressions for the hydrogen-ion concen- 
tration (pH) of such waters. In later papers, alkalinity (KEM~,  1971b), carbonic 
acid (KEMP, 1971c), seturationpHvalue (KEMP, 1971d) and hardness (KERW, 19718) 
receive attention, and in a. h a 1  aassssment (KEMP, 1971f), a scheme is proposed for 
standardizing water analyses, utilizing the molar concentrations of the acids a,nd 
bases considered to be dissolved in the water. 

A chemical model for sea water a t  25" C and 1 atln total pressure ha,s been pre- 
sented by GARRELS and THOMPSON (1962). This model has been extended or rnodi- 
fied, for example, by WAKQERSKY (1972a), W H I T ~ L D  (1973, 1974) and PYTEO- 
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wicz and HAWLEY (1974). P ~ ~ u o w r c z  and RAW,EY consider their model (Tables 
2-1, 2-2) t o  represent progress because no assumptions were made regaxding the 
activity of coefficients of ion-pairs and of bicarbonate, carbonate and sulphate ions, 
and becausa the compositional dependence of the ionic interactions was determined. 
However, they do not claim that  their model is final. 

Table 2-1 

Natural sea water a t  25' C. Chemical model for major components, calculated from 
sulphate association constants (KESTER and PYTKOWICZ, 1969) and bicarbonate 
and carbonate association. constants (P~mowxcz and HAWLEY, 1974). The con- 
stants for magnesium and calcium fli~oride association are taken from ELGQU~ST 
(1 970). The number of significant figures is used for mass balance purposes and does 
not reflect the accuracy which is unknown because of the assumptions made (After 
PYTKOWICZ and HAWLEY, 1974; reproduced by permission of American Society 

of Limnology and Oceanography) 

Constituents Na+ m'+ Ca++ K+ 

% Free cation 
% M604 
% =CO3 
% MC03 
% M@Oa 
% M~CRCO, 
%MF 
Total molality 

I Constituents SO,-- HC03- CO,-- F-  

% Free anion 39.19 81.33 7.99 61.04 
% N a X  37.29 10.73 16.99 
% /,X 19.55 6.44 43.86 46.94 
% C& 3.97 1.50 20-98 2.02 
% M&03 7-39 
% M&&COj 3.82 
Total molality 0~000171 

Some firms in Europe and North America offer sea salte obtained from slowly 
evaporated Bea water. While a few components of the originaI sea water may be lost 
due to evaporation, storage and re-dissolution, the media obtained from such sea 
shlts by adding water (distilled water, rain water, pond water, tap water, etc.) 
often sustain marine organisms quite well. Sea water produced from natural sea 
salts might be considered an intc~rrnedinry between natural and artificial sea water. 

Major changes that  tend to  occur In captive sea water uaed for extended periods 
in animal cultivation include: (i) increase in ammonia and other end products of 
nitrogen metabolisnl ; (ii) increase in complex organic compounds, phosphates and 
cerhon dioxide; (iii) decreaae in alkalinity, pH and d i ~ o l v e d  oxygen. Sea water that  
had been used for 20 years in the New York public aquarium revealed a 250-fold 
incream in nitrate content and a decrease in pH below neutrality (TOWNSEND, 
1928). Comparnble data have been reported for the public aquaria rtt London 
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(STOWELL, 3 .926~~  ; BROWN, 1929 ; OLNEE, l. 967), Amsterdam (HONIG, 1934 ; SUNXER, 
1951) and the Japanese aquaria a t  Enoshima and Ueno (SAEHX, 1956, 1963). At 
Enoshima a,nd Ueno, SAEKI (1963) determined the major ions (Table 2-3) ; potassium 
and calcium were present in higher amounts, a.nd magnesium in lower amounts than 
in natural sea water. Among the minor elements, phosphate had increased consider- 
ably. Alkalinity was greatly reduced. Changes in the major elements are listed in 
Table 2-4. The chlorinity ratio of the mean values of potassium and calcium in- 
creased 20 to 30%, that  of magnesium decreased about 10%, and that  of alkalinity 
about 50% in comparison to  ocean water. 

Table 2-2 

Natural sea water a t  26' C. Rlodification of the chemical model presented in Table 
2-1: an association constant for KHSO,, based on the results of GARRELS and 
THOMPSON (1962), is added to the calculations; the values in parentheses are theirs 
(After PYTKOWCZ and H A ~ E Y ,  1974; reproduced by permission of American 

Society of Limnology and Oceanography) 

Constituents Na+ Mg+ + Ca+ + K+ 

% Free cation 97.71 (99) 89-15 (87) 88.39 (91) 98.85 (99) 
% MSOI 2.24 (1.2) 10.31 (11) 10.82 (8)  1.16 (1) 
% MHCOJ 0.05 (0-01) 0.24 (1) 0.29 (1) 
% MCOB O . O l (  ) 0.17 (0.3) 0.41 (0.2) 
% MgC03 0.03 
% MgCaCO, 0.01 0-07 
% M F  0-07 0.02 

Constituents so,-- HCO3- CO3-- F- 

% Free anion 39.01 (64) 81.33 (89) 7.98 (9) 61.03 
% NaX 37.13 (21) 10,73 (8) 15-98 (17) 
Yo MgX 19.47 (21.5) 6-45 (19) 43.86 (67) 48.96 
% CaX 3.96 (3) 1.50 (4) 20.96 (7) 2-02 
%-EX 0.42 (0-5) 
% M&03 7.39 
% MgCaCOl 3.82 

SAEKI (1963) offers the following explanations for the changes observed: Potas- 
sium increase is due mainly to a,nimal excretion, although small amounts are contri- 
buted by the fresh water used for replacing evaporated culture water. A significant 
augmentaction in calcium is caused by solvation from the concrete walls or from the 
filter sa,nd, as well aafrom neutralization by addition oflime. Decrease in magnesium 
is due to precipitation with phosphate. In the 6rst few months, phosphate tends to  
increase to the saturation level and then to precipitate with magnesium or calcium. 
Nitrate increases considerably as a reault of microbial nitrification in the filter bed. 
Alkalinity reduction is a consequence of alkali (magnesium) decrease and acidity 
(nitrate) increase. No significant changes were observed in regard to other inorganic 
constituents of the culture water. 
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A significant difference between captive sea water and captive fresh water seems 
to Iie in their microbiology. The 'biological balance' in freshwater quar ia  is la,rgely 
based on relatively stable microbial population dynamics, even in the preaence of 

Table 2-3 

Ionic composition of sea water in the public aquaria at  Enoshjma and Ueno (Japan) 
(After SAEKI, 1963 ; modified ; reproduced by permission of the author) 

Water sample 

Enoahima I 10.68 0,442 0,492 1-36 19-75 
Enoshimn 2 - 0.460 0-504 1.18 19.74 
Ueno 1 11.20 - 0-684 1.08 20.20 
Ueno 2 11.34 0.662 0.591 1.23 20.44 

Water sample 804 Pzos-p Ahlinity Temperature 
(8 1-I) (X) (meq. I-') ("C) 

Enoshima 1 2.81. 2,48 1.26 18.6 
Enoshima 2 2-73 2.38 1.25 18.8 
UC!~IO 1 2-75 7.7 1.02 19-8 
Uen.0 2 2.74 5.66 1.86 19.6 

Table 2-4 

Chlorinity ratio of major elements of the sea water in the public aquaria a.t Eno- 
shirna and Ueno (Japan), at  London (Great Britain), and in ocean water (After 

SAEKI, 1963 ; modified ; reproduced by permission of the author) 

Water a m p l e  Na K Ce Mg SO4 ALkrrlinity 

Enoshima 1 0-527 0.0224 0.0243 0.0672 0.132 0.0838 
Enoshima 2 - 0.0233 0.0248 0-0638 0.135 0.0638 
Ueno 1. 0-640 - 0.0264 0,0522 0.132 0.0606 
Ueno 2 0.664 0,0285 0.0294 0.0612 0,132 0.0910 
Msan values 0.544 0.0247 0.0202 0.0586 0,133 0-0673 
London* 0.664 0.0285 0.0616 0,0484 0.144 0.0668 
Ocean water 0.666 0.0191 0.0220 0.0670 0.139 0.123 

* After OLIVER (1057). 

excessive amounts of organic substances (ATz, 1964a). While the actual reason for 
this difference is not known, the fact may be of importance that autotrophs as well 
a~s bacteriophages and bacteria-eating protozoans are well represented in most 
freshwater aquaria. 

The storage of natural sea water has received attention from several authors. The 
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information a t  hand is, in some points, contradictory, ill others, incomplete. Stored 
natural sea water is subject to changes in physico-chemical and biological proper- 
ties. Degree and type of these changes depend upon pretreat~nent (e.g. filtration, 
sterilization), time span of storage, biological compone~lts present, temperature, 
container material, water movement and gas exchange. The resulting modifications 
are complex, and the processes involved are far from being adequately understood. 

I n  sea-water samples freshly removed from the sea, life-supporting properties 
change as a functior, of time. COLLIER and &VIN (1953) detected physico- 
chemical changes in a sample of sea water within 30 mins after collection. Ln captive 
open-ocean water, most protozoans, in.vertebrstes and fishes die within a short 
time, unless important physico-chemicrtl and biochemical properties of the sea 
water are restored. Only bacteria survive in large numbers. As a comequence, the 
amount of organic substances and eubsequently, that of microbial populations 
increases significantly. These changes affect the chemistry of the water. 

According to  M~CGINITIE (1947), captive sea water may be lethal to stenoplaatic 
marine animals during the period of rapid bacterial population growth and during 
the phase of pronounced decline in bacterial numbers, as well as for some time there- 
after. The lethal effects are assumed to result from accumulated metabolites a.nd 
from the breakdown products of bacteria and dead organisms, especially phyto- 
and zooplankters. In  rddition to such effects, micro-organisms may, conceivably, 
use up dissolved organic substances essential to the a.nimals cultured (amino a.cids, 
sugars, vitamins). This possibility requires critical examination. 

Fluctuatiolzs in the number of bacteria as a function of stora,ge times have been 
examined by several a,uthors. At the London Aquarium (England), storage of newly 
collected sea water in the dark for 28 da.ys eliminated 66% of the ordinary bacteria. 
and 97% of the so-called 'blood-heat' organisms and bacteria of the 'human intes- 
tinal type' (STOWELL and CLBNCEY, 1927). WAKSMAN and CAREY (1935) filtered sea 
water through ordinary filter paper (size not stated), and stored i t  in the da,rk. At 
25" and 30" C, the number of colony-forming units (CFU) increased rapidly within 
the h s t  3 days (Fig. 2-la); a t  6" C, multiplication was much slower; however, ulti- 
mately, about the same (if not higher) CFU values were obtained. Reduced concen- 
trations of dissolved oxygen retarded bacterial growth. At 20" C, ZOBELL and 
ANDERSON (1936) recorded increases in C m  to values from 2 to  X00 million cells 
cm-3 within 3 to 6 days. After about 2 weeks, the initial growth phase came to an 
end, and CFU values decreased considerably (from a few thousand to more than 
100,000 cells cm-3). Sea water stored for 4 years a t  ZQ to 6' C still contained more 
than 200,000 CFU cm-'. HANES and FRAQALA (1968) report that  counts of 
Escherichia coli Type 1 and related forms decreased as a function of sea-water storage 
time. They used aterecl, fresh doniestic sewage for inoculation. Some of their curves 
are illustrated in Fig. 2- l b. Use of sterilized seawater reduces the variability in micro- 
bial population dynamics encountered in captive bodies of sea water (e.g. CARLUCCI 
and co-authors, 1961). Storage in the dark tends to reduce the ammonia content 
(STOWELL, 1926b). Accordmg to H ~ V E Y  (1941, 1966) and VACCARO (1962), this 
may result from direct chemical oxidation, as well as from biological activities. 

The diminution 09 CFU in stored sea water is paralleled by a reduction in the 
number of bacteria species. This is true both for sea water (ZOBELL and ANDERSON, 
1936) and t ap  water (WHIPPLE, 1901 ). While some 25 to 30 species were generally 



found irnrnedmtely after collection, this number decreased to 9 or 10 by the time 
CFU values had attained a ma,ximum, and to less than 4 or 5 species after decline 
from the mctximum. 

The initial increase in CFU is much greater in sea water stored in small (as op- 
posed to large) containers, as well as in bottles in which the interface between water 
and solid substratum is increased by filling the container with gla,sa beads 
(ZOBELL and ANDERSON, 1936; LLOYII, 1937). The ratio substrabsurfnce area to 
water volume and the proximity of the main water body to the substrate surface 
are, no doubt, major denominators of bacterial development in stored sea-water 
samples. Solid surface areas (and water-air interfaces) admrb and ~0.ncentra~t.e 
organic matter and thus make i t  more readily available to  the micro-orga.nisms 
(Volume I :  ZOBEL~, ,1972, p. 1258; GUNKEE, 1972, p. 1535). When stored u d t e r e d ,  

( 0  Incubation period 
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Fig. 2-1 : Stared sea water. (a) Increase in number of colony-forming bacteria unita (CFU) as 
a function of temperature. Darkness; plate method. (After WAKBMAN and CAREY, 1935;  
modified ; reproduced by permission of the American Society for Microbiology). (b)  average 
rate o f  logarithmic bacteria death as a function o f  time in stored sea water inoculated with 
filtered domestic sewage. Plate method. 20' C. (After HANES and FIRAOALA, 1968; modified; 
repn~cluced by of Scranton Publishing Company. ) 

offshore sea water may support only a few hundred bacteria cells cm-3. These low 
values have been a.ttributed to  the presence of bacteriophages, protozoans and 
other bacteria feeders (e.g. CARLUCCI and PRAMER, 196Ob); in addition, antibiotic 
substances may be of importance (e.g. WAKSMAN and . H o r c ~ ~ r s s ,  1937 ; Volume I : 
G ~ E L ,  1972, p .  1545; FOGG, 1972, pp. 1559160; WILBER, 1972, p. 1667; this 
volume, Chapters 5.1, 5.1 1). 

Lirnnic bacteria trncounter difficulties in establishmg populations in stored sea. 
water. Differential salt tolerances (or requirements), plus the fact th.at aea watcr- 
especially from offshore areas-usually contains lower nutrient concentrations 
than river water, Beem to  be responsible, a t  least in part, for this fact. Several authors 
have presented evidence for inhibitory effects of sea water on non-marine bacteria 
(e.g. NICATI and REITSCH, 1886 ; GREENRERG, 1956 ; ORLOB, 1956 ; CAR~UCCI and 
PEUIMER, 1959; AUBERT and co-authors, 1968). The possible causes of such effects 
have been discussed by M o ~ s u s  (1972a.). Among the abiotic factors which may be 
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involved, salinity and heavy-metal ions rank highest (see also Volume I : MACLEOD, 
1971). However, seasona,l variations in the bactericidal capacity of sea water (e.g. 
VACCARO and co-authors, 1950; SIEBURTR apd PRATT, 1962) indicate that biotic 
factors are of greater importance. SIEBURTH (1959, 1960, 1.964, 1968), SIEBURTH 
and PUTT (1962), and AUBERT and co-authors (1968) have attributed the anti- 
bacterial activity of sea water primarily to inhibitory substances released by a 
variety of marine organisms, especially planktonic algae. AUBERT and PESANDO 
(1969) recorded, over olle year, variations in antibiotic activity of phytoplanktonic 
diatoms against Staphylococczts aureus 209 P. They assume vsriat,jons in inhibition 
to be due to the presence or absence of a chemical mediator, capable of blocking 
(at certain times of the year and under certain biological conditions) the production 
of antibacterial substances by the phytoplankters. In addition, phytoplankters are 
known to produce and to consume growth-promoting substances (e.g. amino acids, 
suga,rs, vitamins) ; hence, they may both support microbial growth and also act as 
competitors for essential nutrients. Bacterial inhibition in oceanic surface-water 
samples (SIEBURTH, 1971) suggests a source of antibacterial activity other than 
algae, possibly lipid or oily substances from water pollutants. 

The capacity of ma,rine micro-organisms to produce antibiotic-like substances has 
been demonstrated by ROSENPELD and ZOBELL (1947), GRPIN a.nd ~IEYIRS (1958), 
BUM and co-authors (1 966a, b), BUCK and MEYERS (1966), G A U T ~ I I $ R  (1969a, b, 
1970) and others. Since marine bacteria are superior to non-marine forms in com- 
peting for the nutrients available in sea water (CARLUCCI and FRAMER, 1960a, b;  
Volume I: MACLEOD, 1971), this capacity could significantly reduce the chances 
for non-marine forms to establish themselves in stored sea-water samples. In a series 
of papers, ~IOEBUS (1972a-e) has claimed that the amount of nutrients present in 
stored sea-water samples may significantly affect its ba,ctericidal capa,city. This 
claim deserves critical attention. 

MOBBUS (1972b) examined 3 North Sea water samples of about 25 1 each, stored 
a t  18" C in the dark, for changes in bacterial content and antibacterial activity a.s a 
function of time, [wing mainly Xerratia marimrubra as test bacterium. Storage 
caused considerable variations in antiba,cterial activity (Pig. 2-2). Variability in 
antibacterial activity is maximum in raw sea water; i t  decreases in ater-sterilized 
and even more so in autoclaved subsamples. Variations in CFU and bactericidal 
activity of the stored sea water are positively correlated during the first months 
of storage ; later, their correlation becomes negative. MOEBUS concludes that changes 
in the amount of nutrients available to the bacteria (due to successive periods of 
bacterial growth and autolysis) are the primary cause of the changes observed in 
antibacterial activity of the stored sea-water samples. In  another study, MOEBUS 
(1 972a) inoculated freshly collected sea-water samples (ra,w or filter-sterilized) with 
resting cells of Bscherichia coli, Staphylococcw aureus and S. marinombra and 
recorded seasonal changes in CPU values correlated with diatom Iife cycles. This 
study and subsequent ones (MOEBUS, 1972c, d, e) support ~!IOEB.US' hypothesis of 
nutrient-dependent antibacterial activity. Variations in the amount of nutrients 
available to the bacteria (due to consumption as well as lysis of inactivated test 
bacteria) are amumed t o  exert more significant effects on the bactericidal capacity 
of sea-water samples than ba,ctericidal metabolic products of marine bacteria 
(Moesvs, 1972e). 
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The exact causes of increased variations in CFU and of microbial population 
cha.nges in stored sea-water samples have remained largely unknown. Quantitative 
recordings of cells or species present seem insufficient as a tool for pinpointing the 
factors involved in promoting or inhibiting microbial components. A given factor 
may inhibit growth of species A, but not of species B ; however, inhibition of A may, 
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Fig. 2-2: Stored sea water. Number of colony-forming bacteria 
unjta (CFU) and antibacterial activity 88 8 function of stornge 
time. (a) CFU (log Serrotb m w i h c r  eells m\-') on 2216 
E-agar at the beginning of each test (No) snd after 3 days of incu- 
bation at 25' G of raw subsamples inocuisted with test bacteria 
(N3), (b) antibaderid activity of eutocleved. filter-sterilized 
and raw subsamplee, presented ee log (N3-No). (After MOEBUS, 
1972b ; modified ; reproduced by p h i o n  of Springer-Verlag.) 

~econdnrily, promote or inhibit B. Wlth the methods a.t hand, such interaction and 
interdependence defies detailed analyses of muse and effect 

Identical treatment of stored sea water will not necessarily lead to identical 
quality. In addition to treatment, the end product depends on collecting defaila 
such aa season, locality, water depth and sample size. Finally, the quality of the 
sea water obtained nfter storage cannot be considered stable; it will contiuue to 
change even if more slowly and less pronouncedly. 
Since several marine ecologists have reported that prolonged storage improves 

the capacity of sea water to  support stenoplastic organisms, i t  haa become common 
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practice in some marine laboratories to store the sea water for one or several months 
before using i t  in experiments. Sea water should be stored in the dark in glass con- 
tainers (or plastic vesaels that have been shown not to release significant amounts 
of organics). While low storage temperatures (e.g. 4" C) tend to  preserve the original 
water quality for some time, higher tempera.tures (e.g. 20" C) and mild aeration (with 
sterilized air) assist in stabilizing bacterial population dynamics. 

(h) Artificial Sea Water 
It is difficult to make chemically defined artificial sea water. Even though 

numerous artificial sea-water recipes have been devised, tested and published, very 
few formu1a.e are yet available that would adequately support all life processes of a 
stenoplastic marine animal. Major problems persist in regard to pollution by im- 
purities of component salts and to administering proper qualities and quantities of 
trace elements and organic co~~stituents. In all cases, the componentsused for making 
up artificial sea wa.ter must be exactly known and weighable (or they must be calib- 
rated against primary standards). The salts used must be added in such a way that  
precipitation is avoided. All tnajor salt components should be technical grade. 

Considering the various recipes for artificial sea water reported in literature, four 
groups may be distinguished: Recipes devised: (i) for plants, i.e. with nutrients; 
(ii) for animala, i.e. without nutrients; (iii) for maximum rcscmblance to natural sea 
water; (iv) for rn:~simum support (loweat mortality, fastest growth, highest rates of 
reproduction) of a given organism, We are concerned here primarily with recipes 
developed for animals; artificial sea waters for micro-organisms have been dealt 
with in Chapter 3, for plants in Chapter 4. 

The ht use of artificial sea water as a medium for culturing marine animals dates 
back more than a century. The first evaluation of the importance of artificial sea 
water for cultiva.tion has been presented by HOFFMAKN (1884) ; the first institution 
to use artificial sea water with some degree of success was the public aquarium at 
Berlin which opened in 1869. 

In the nineteenth century, a large number of formulae for artificial sea water were 
tested, and several recipes recommended for use. Bamd on these at1 rdies, firms in the 
USA and Europe have developed synthetic sea salts (e.g. 'Aqua 'Marine', 'Biisum 
Meersalz', 'Instant Ocean', 'Rila. Marine Mix', 'Triton Marine Salts', 'Utility Seven 
Seas Marine Mix'). In general, major element5 (Volume I : KAUE, 197 1) of artificial 
ssa water are technical grade, minor elements analytical reagent grade. Usually, 
artificial sea wabra require inoculation with natural sea water or with living 
organisms, such aa a seaweed or a. euryplastic animal, before they can support steno- 
plaatic organisms. Presumably, such inoculation introduces micro-organibms, life- 
supporting substances (e.g. vitamins) and chehting agents that neutralize life- 
endangering substances (e.g. heav,y metals introduced, for example, with the 
chemicals used for making up the artificial sea water). 

Apotentia,l disadvantage of commercial sea ssltsis the fact that  the manufacturer 
may change his recipe without notice or without the knowledge of the user. This has, 
in some ca,ses, led to  considerable problems. Of the recipes recommended for the 
preparation of artificial sea water, one has been presented in Volume I, p. 687. 
Additional recipes which have proved useful for cultivating marine animals are 
presented in Ta.bles 2-5 to 2-12. 



LYMAN and F L E ~ O ' S  (1940) formula (Table 2-5) has been widely used for 
studying physico-chemical and biologicai phenomena (e.g. HARVEY, 1960; RILEY 
and SKIRROW, 1965). L Y ~ U N  and FLEMINQ recommend that all the chlorides listed 

Table 2-5 

Recipe for preparation of artificial sea water of 19-00%, 
C1 or 34-33%, S. 4 1  values expressed as ppm (After 
LYMAN and F L E ~ U ,  1940; reproduced by permission 

of Sears Foundation for Marine Research) 

NaCl 23,477 NaHCO, 102 
MgC12 4,981 KBr 90 
Na,SO, 3,917 &B% 26 
CaCI, 1,102 SrCIZ 24 
KC1 664 Nal? 3 

Table 2-6 

Recipe for artificial sea water (After KESTER and co-authors, 1.967 ; reproduced by 
permission of American Society of Limnology and Oceanography) 

FrIg kg-L of Molecular wt. 
solution 

NaCl 23,926 68.44 
Ne,SO,, 4,008 142.04 
KC1 677 74.66 
NaHC03 1 B6 84.00 
EIBr 98 119.01. 
H 3 B 0 3  26 01,83 
ET&@' 3 41-99 

B Volumatric salts 

Salt 
Stock solution 

Mg kg-' of Molecular wt. 
solution Concn. Density 

(23' C) 

C Distilled water t o  1,000.000 g 

in Table 2-5 and potassium bromide be dissolved in about 800 m1 distilled water.The 
remaining salts should then be dissolved in 1.00 m1 distilled water and adcled slo~vly, 
while stirring, in the form of a fine jet. The h a 1  mixture obtained is then filled up 
with distilled water to  1000 ml, left to  atand for a day, and filtered. After thorough 
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aeration, the pH will be between 7-9 and 8.3 .  In order to bring the LYMAN- 
l i ' ~ x m a  srhificial sea water to uithin 1 mg kg-' of' na.tural sea water for all major 
constituents, KESTER and co-authors (1967) have revised the recipe (Table 2-6). 
Impurities in the reagent grade salts used by them do not change the compositiol~ 
of the artificial sea water by more than 1 mg kg-l for all major constituents. How- 
ever, impurities are important with regard to minor constituents; if reagent grade 
Mac1 corltains maximum PO;-- and Fe impurities, the artificial sea water will 

Table 2-7 

Recipe for artificial sea water of 3500%, S. All values in mg 1-' 
(After HAUENSCHILII, 1962 ; modified ; reproduced by permia- 

sion of Institut fiir Meereskunde, Univ. Kiel) 

Basic constituents 

Nutrient salts 

Compiexing agent 

Trace elements: cations 

Trace elements : anions 

NaCl 

CaCI, . (6H,O) 
KC1 
NeHCO, 

Na,EDTA 

' SrCl, 
ZnS04 
FeC1, 
m04 
RbCl 
AlCI3 
coso, 
LiCI . Cuso, 
KBr 
Na-silicate 

Na,MoO, 

contain 10 times the average PO;-- and 4: times the normal Fe of natural sea water. 
HAWENSCIULD (1962) used the mixture listed inTable 2-7 for cultivating a variety 

of marine invertebrates. He points out that his artificial sea water supports only 
euryplastic forms. Stenoplastic invertebrates require addition of natural sea water. 

HUCRSTEDT'~ (1963a, b) artificial sea water (Ta>ble 2-8) does not contain, aside 
from iodine, defiled amounts of minor element*. This medium should be mixed with 
natural sea water for long-term cultivation of animals, d e s s  these are extremely 
euryplastic. 
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The recipe recommended by SEQED~ and KELLEY (1964) is based on the composi- 
tion of synthetic sea water prepared by Dr. D. BACKHAUS of the 'Zoologischer 
Garten' a t  Frankfurt (FRG). BACKHAUS' formula was modified by SEGEDI and 
KEUEY into a 4-step prepa.ra.tion resulting in a final mixture with a. specific gravity 
of 1.025. Par t  I of their formula consists of gross dry components (Table 2-9). After 

Recipe for artificial sea water. All values in mg 1-l (After 
HUCKSTEDT, 1963a, b; reproduced by permission of Franckh, 

Stuttgart) 

NaCl 27,6EiO NaHCO, 250t 
MgSO, (+7H20) 8,920 NaBr 100 
%Cl2 (+6%O) 6,610 s&l, 15, 
CaSO., (+2H20) 1,600* K1 6 
KC1 H50 

To be dimolved eeparately. 
t To be dirreolved separately md added as last component. 

Table 2-9 

Recipe for artificial sea water. T.g. : technical grade; A.r. : andytical reagent (Aftor 
SEUEDI and KXLLEY, 1964; modified; reproduced by permission of the authors) 

Part I: Qross components 
NaCl 10-43 kg T.g. SrC1,. 6H20 7.5 g A.r. 
MgCIZ. 6H,O 2.04 kg T.g. Mn(Sod2 1-5 g A.r. 
MgS04. 7H20 2.62 kg T.g. Ne&E'O,. 2H20 1.24 g A.r. 
KC1 277.8 g T.g. LiCl 0.375 g A.r. 
NaHC03 79.4 g T.g. Na,MoO, . 2H20 0-376 g A.r. 

Part 11: Separate mix 

CaCl, 622 g T.g. 

Part 111 : Trace element stock solution Part IV: Trace element stock solution 
(add 80 c m 3  to  final mix) (add 80 cm3 to final mlx) 

Calcium gluconate 6-25 g A ~ ~ ( S O A ) ,  4-5 g A.r. 
K1 0.9 g A.r. &So4 0.5 g Feed grade 
Kl3r 270.0 g A.r. BbCl 1.6 g A.r. 
CuS04. 6HIO 4.3 g A.r. ZnS0,. 7H,O 0.96 g A.r. 
Dissolve in 2 1 o f  distilled water Dissolve in 2 1 of dietilled water 

weighing, these are placed in a mixing tank with a hard 3trea.m of ta.p water directed 
into them to dissolve the chemicals. The container is then filled almost to the level 
which provides the desired specific gravity. Part I1 is dissolved in hot wafer and 
added to  the Par t  I mix. Calcium chloride is mixed sepa.rately. Parts 111 and I V  are 
stock solutions of trace elements. They are now added to the mix in proper propor- 
tions, and the total mix is brought up to the correct specific gravity witlh tap water. 
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S E ~ E D I  and KELLEY have maintained marine invertebrates more s~xccesufully in 
their artificia,l eea water than in any other ~ynt~hetic medium tested by them. Cal- 
cium gluconato supports bacterial growth during storage, d e a s  sterile conditions 
prevail; however, its usafulness as a component in artificial sea water has been 
queetioned by GOLDUXN (in : CONOVER, 1970). 

ZAROOQLAN and co-authors (1969) formulated an artificial sea water recipe (Table 
2-10) for cultivating la.wae of the American oyster Crassostrea virginica. They were 
able to  induce epawning in mature C .  virginica a t  20" C ;  fertilized eggs reached the 
straight-hinge stage within 48 hrs. These larvae appeared to be identica.1 to those 
allowed to develop in natural sea water of identical temperature, salinity and pH. 
Additional trace elements were not essential for normal development a t  this stage. 

Table 2-10 

Recipe for artificial sea water (After ZAROO- 
auxu and co-authors, 1969; reproduced by 
permission of American Society of Zoologists) 

Components mg 1-l 

NaCl 
Mgc11. (6Hz0) 
N k S O *  
Caci, . (2E,O) 
KC1 
N W 0 3  
KBr 
%B03 
Na2Si03. (QH,O) 
SrCl,. (6HzO) 
NsF 
EDTA (tetra-Na-salt) 

ZAROOQIAN and co-authors postulate that the presence of a substance such as EDTA 
(tetra-Na-salt) is essential for normal larval development. 

Artificial sea water for cultivating the colonial hydroid Bougainvillia sp. has been 
prepared by Tusov and Dams (1971). These authors modified a formula devised by 
BRUJEWICZ (in: SUBOW, 1931) (Table 2-11). 

The composition of commercially a,vailable sea salts is sometimes considered a 
trade secret. However, in the case of 'Instant Ocean', the composition has been 
made known (Table 2-12). A variety of marine organisms have been raised in sea 
water made from commercially available sea salts. Larvae of the euryplastic crab 
Rhithropawpeus harrisii, for example, grow equally well in 'Inatant Ocean' and 
'Utility Seven Seas Marine Mix' as in natural sea water (SW and WASIAN, 
1973). Stenoplastic forms such as echinoderms, however, accept artificial sea water 
much less readily. 
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COURTXIOHT and co-authors (1971) formulated an artificial sea water for bio- 
assays with embryos of .J!!ylilus edulis. At a salinity of 25%,, their formula (BioSen) 
is claimed to allow normal growth and development to the shelled veliger stage. The 
essent,iaI inorganic compounds of the artificial sea water are ; Leslie coarse hide salt, 
sodium bica.rbonate and potassium chloride, reagent anhydrous magnesium sul-  

Recipe for artificial sea water, based on a 
formula devised. by BRUYEUTC~ (in : 
SU.BOW, 1.931) (After Tusov and Dams, 
1971; reproduced by permission of The 

University Press of Hawaii) 

Components mg I-' 

NaCl 
Na2S04 
WC12 
CaCl, (anhydrous) 
KC1 
Ne;BC03 
NaBr 

Table 2-12 

Composition of 'Instant Ocean' synthetic sea salts adjusted 
t o  specific gravity 1,025 at 15" C ( 3 3 ~ 7 0 % ~  S). All values in 
ppm (After KING and SPOTTE, 1974; reproduced by per- 

mission of Aquarium Systems, Inc.) 

J33BO3 
Sr 
Si03 
PO, 
F 
MOO* 
S203 

Li 
Rb* 

I* 0.07 
EDTA* 0.00 
A1 * 0.04 
Zn* 0-02 
v* 0.02 
CO * 0.01 
Fe * 0.01 
Cu* 0.003 

Preeent in trace-elements solution 

phate and reagent calcium chloricle. Leslie coarse hide salt (source of NaC1) contains 
essential materials (L factor), thought to be organic, necessary for calcification of 
mussel larvae. The L factor wae destroyed upon burning the ~ a l t .  (Natural sea water 
contains 4 times as much L factor as BioSea.) Growth and development of M. edzrlis 
embryos and larvae were improved by adding alkaline phosphatase, carbonic 
anhydrase purine (free base), DL-Iysine, nnd DL-aspartic acid to BioSea. 
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A comparison of the amounts of major elements contained in natural sea water 
and in the artificial sea waters mentioned (Table 2-13) reveals that most cations and 
anions are present in comparable amounts. Notable excaption8 are magneaiurn which 
is about half the normal valuein therecipesof H~CKSTEDT (1 963a, b) and Z~ROOCLAN 
and co-authors (1969) and sulphate (about half the normal amount in HUCKSTEDT'~ 
recipe and considerably above normal in S E ~ E D I  and KELLEY'S). In addition, 
HUCRSTEDT'S and KESTER and co-authors' formulae contain much less bromide 
than natural sea water. Additional recipes for artificial sea water (based on 
MCLENDON, PENN, and SCHMALZ) have bein presented by GUTSOFF (1 937). 

For preparing large amounts of artificial sea water, a variety of mixers have been 
constructed, and automatic disaolvers are commercially avuiIable. Two examples are 
illustrated in Fig. 2-3. The major salt components should be technical grade. 

Freshwoler 

. . .  . . . . . . . . . . . . . . . .  . . .  : . .  . '  . . . . .  . . . . - - -  . . . .  . . . . . . . . . .  . . , .  . . . 
_ . . ,  . . . . . . . .  - - . . .  . . . :  :: . . .  : . . :  . . . . . . .  . . . . . . . .  - - 

Sea- water 
e x i t  ( 0  l 

fig. 2-3 : Mixer systems for preparing lerge ernounts of artificial sea water. (Original.) 

(c) Conclusions 

Natural sea water is an unusually complex medium. When removed from the 
ocean, i t  undergoes a variety of changes that ca.mot yet be fully controlled. Major 
alterations, such as increase in ammonia, organic compounds and carbon dioxide, 
anddecreasein alkaJinity, pH and dissolvedoxygen,can becounteracted by culture- 
water treatment (p. 100). 

Storage of natural sea water requires careful attention. Fluctuations in bacterial 
numbers and species pre~ent tend to modify essential biochemical ssa-water pro- 
perties. I n  some laboratories, it has become common practice to store newly col- 
lected sea water for some time ( I  to several months) before use as culttwe medium. 
For stabdizing bacterial population dynamics, the sea water is usually atored at 
20" C in the dark under conditions of mild aeration with sterilized air. Identical 
storage procedures do not necessarily lead to an identical sea-water quality. 
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Artificial sea water with ratios of major elements that  deviate significantly 
from natural sea wstsr and those without close-to-natural amounts of minor 
elements (trace elements) cannot be recommended for use in ecological experiments. 
Principal drawbacks of artificial sea water are the absence of orga8nic substances, 
chelating a,gents and bacteria, and the presence of relatively large amounts of heavy 
met& and other pollutants in the salts used. Addition of natural sea water, organic 
substances, chelating agents or bacteria, tend to  neutralize life-endangering condi- 
tione and to initiate stabilization processes. To avoid precipitation, Ca and related 
substances must be dissolved separately and later thoroughly mixed with the main 
solution. 

Dilutants used to make artificial sea water should be clean rain water collected in 
glass containers, or glass-distilled water. Tap water or water from an oligotrophic 
lake can aleo be used, providing the chemical compoeition is known. Chlorinated tap 
water must be aerated for 3 to 4 days before use in order to  reduce its chlorine con- 
tent. De~nineralized water ie unsuitable for use as clilutantsince it  contains difficult- 
to-pinpoint organic ~ubst~ances, leached from the exchange resins. Sea salts obtained 
by slow evaporation from ocean water may provide a useful medium when re- 
dissolved. However, several components of natural sea water (e.g. calcium) resist 
redissolution once evaporated to dryness. They must be added separately (see 
above). Artificial sea water can be conveniently prepared from stock solutions of 
single salts. The exact concentrations of minor elements are difficult to control. It is 
more correct (but, of course, very complicated) t o  determine minor elements 
analytically in the artificiaJ sea water than to calculate their concentration on the 
basis of the weighed amounts added. Detergents and related substances used for 
clea,ning glassware and other equipment may contaminate the artificial sea water 
(Chapter 7). 

Artificial sea water should be aerated moderately and allowed to 'age' for several 
days or weeks before use (stabilization of major and minor element ratios, buffering 
substances and other constituents). For extended storage periods, provision must be 
made to avoid or reduce evaporation. 

Critical assessment of the capacity of the different artificial sea waters to support 
marine life is not pomible as the information available is insufficient. Detailed com- 
parative tests are still to be conducted. The whole field of artificial sea-wa.ter 
preparation requires the attention of chemists. 

(3) Culture Systems 

There are two basic categories of aquatic culture systems: still-water systems and 
running-water systems. Numerous small organisms, such as bacteria, unicellular 
plants a variety of small invertebrate animals, can be cultured successfully in 
still-water systems. However, many multicellular plants 'nd animals require 
r&g water. 

Among the r~xnning-water systems, three types can be distinguished: open 
systems, semi-open systems, and closed systems. The principles of, a.nd the dif- 
ferences between, these three systems are discussed on the following pages. Of course, 
no experimental water system is entirely open; nor can i t  be completely closed; 
over extended periods, some replacement of culture water is unavoidable. How- 
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ever, the three terms characterize the essence of the respective typea. A very useful 
compilation of papers conwrlled with sea-water systems for experimental aquaria 
ha,s been edited by CLARK and CLARR (1964). In addition to  open, semi-open a,nd 

Pig. 2-4: Ladder ayetem. Flow-through deeign. The 
water paeses through a sorim of culture tanks. 
Thie incresses the danger of  culture-water aon- 
tarn ination. (Original.) 

Air- 
lift 

Fig. 2-6 : Lsdder eystem. Recircula- 
tion design comieting of e etack 
of Petri dishes. a water reeervoir 
end an airlift. Each Petri dish is 
glued to the lid of the next lower 
one. An acaentric hole, drilled 
through dish bottom end lid, is 
fitted with a amell piece of plastic 
tubing serving ae overflo W. (After 
~ T E N B  and -NE, 1972: 
modified; reproduced by per- 
mission of the authors.) 

closed sea-water systems, multipurpose environmental sygtema (MES) have recently 
been designad and are now being tested. ME6 combine characteriatice of the three 
conventional sea-water systems, and provide maximum flexibility in terms of hch- 
nical design, applicabiliby, culture size, management and control of eseentiaJ ecolo- 
gical parameters. 
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I n  multi-container systems, the culture enclosures (p. 57) may be arranged in 
series or parallels (ea,ch container receiving its water supply independently). In  
serial assemblagos or 'ladder systems' (Pigs 2-4, 2-5), culture-water contaminstion 
will-at any step except the last one-automa.tica.lly affect subsequent steps. 
Hence, for most research programmes, ladder systems callnot be recommended. 
These systems are used primarily for sorting, demonstration (teaching) or main- 
tenance of stock cultures. 

(a) Open Sea-water Systems 

I n  open sea-water syetems (flow-through systems), the culture medium is used 
only once ; i t  is not recirculated. A continuous flow of sea water from a natural sou.rce 
enters the cultwe container and is subsequently discarded. Open systems require a 
permanent supply of suitable natural sea water and hence, a location close to  an 
unpolluted ahore. 

Natural sea water is subject to seasonal changes in a number of physico-chemical 
and biological parameters which are difficult, or even impossible, to record or con- 
trol. It tends to contain varying amounts of growth-inhibiting or growth-promoting 
substances, nutrients, disease-causing agents, pollutants, silt, undesirabIe organ- 
isms, etc. Hence, in open sea-water systems, medium control is often insufficient 
for research projects other than the study of phenomena related to seasonal changes 
in sea-water quality. 

Most open systems are used for observation and for maintenance of living 
orgallisms (teaching, demonstration, food supply, stock cultures). In some cases, 
however, open systems may provide the only means for successful rearing and breed- 
ing, e.g. in situatiolls where insufficient information is available on environmental 
or nutritional requirements of the animals cultivated, or in cases where commercial 
cultivation prevails. 

Open systems may require pretreatment of the natural sea water used. Adjust- 
ments in regard to  water temperature, gaseous contents and turbidity can be 
achieved through heat exchange, aeration, sedimentation and filtra,tion. In  addi- 
tion, disinfection, and removal (or addition) of nutrients, other substances or 
organisms, may be desirable. For details consult the aection Culture-mler 
Treatment (p. 100). 

An example of an open sea-wa.ter system is the Marine Culture Laboratory, 
Gra,nite Canyon, USA (EBERT and co-authors, 1974). This system (Fig. 2-6) features 
a dual sea-water intake and delivery unit (Fig. 2-7). It provides pretreated (filtered, 
heated or chilled, ultraviolet-disinfected) and untreated (raw) sea, water. The sea- 
water intake unit is anchored on the sea floor and houses two pumps. Dual delivory 
pipes lead to the main resorvoir of 75,700 1. Fouling by marine organisms is rnini- 
mized by monthly alternating use of the delivery lines. In the pipes not in use, settled 
organisms desiccate and die. Valves allow the sea water to bo flushed out (avoiding 
contamination of laboratory water by dead organisms accumulated in shut-down 
pipes) and repa.ir operations to  be carried out. Filtration to  approximately 15 pm is 
achieved in a two-stage, high-t(ransport sand-filtration system, which requires 
periodic (approxima,tely weekly) backwashing to flueh out clogged matter. The 
filtered water normally passes directly into the 1a.boratory; however, part of the 



water may be routed into an 18,900-1 reservoir which is used to supply the laboratory 
while the 6lters axe backwashed. Additional filtration ie provided by Filterite cart- 
ridge filters (Filterite Corporation, USA). 

A second example of a.n open sea-water system is a facility providing water of 
controlled temperature and salinity (HETTLER and co-authors, 1971 ; see a180 p. 
199). The facility has been used for cultivating the menha.den Bteumtia t,yrannus. 
The intake, a sand-bed filtration gallery, consists of a 3800-1 concrete septic tank 
containing 2 well screem and a, sand pack. Unfortunately, filtration galleries are a 

Oro~n-Over flow pipe 

P V C  C h e c k  volve 

PVC 8011 v o l v e  

R o w  s e o  water .  
U . V . - t r e o t e d  s e o  w o l e r l  L H e a t e d  s e a  w o l e r  

Fig. 2- 6 : Open see-water syatem serving the Merine Culture Laborstory, Granite Canyon. USA. 
F,, F,: fflters. (After EBEET and co-authors, 1974 ; modi6ed; reprodud by permikon of 
the authors.) 

known source of poten.tia1 trouble; they tend to clog charnels, interfere with water 
quality and, frequently, have parts that become anaerobic (A~.DERDICE, personal 
communication). A hard-rubber centrifugal pump, driven by a 3-h.p. clcctric 
motor, forces water through the aystem at about 200 1 min-l. The salinity of the 
water entering the aquaria is recorder-controlled; the flow of sea water and fiesh 
water into the reservoir is controlled by sensors. The water-heating unit consists of 
3 heat exchangers; pumping of air to the bottom of the respective containers aids 
water mixing (prevention of thermal stratification) and maintains ubout 100% air 
saturation. 
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Additional papers on open eea-water systems have been published, for example, 
by HXNTON (lg58), LASKER and VLYMEN (1969) and RETTLER (1970). 

Open culture systems are not restricted to laboratory facilities. A variety of in 
silu cages (p. 69), as well as bays, fjords and other natural water bodies-separated 
from the sea by fences and managed by a cdtivator-qualify as open culture 
syetems. Sessile animals can be cultured in the aea without cages or fences, e.g. 

I shell 

Fig. 2-7: Submersible sea-water intake unit with dual-pumps and pipes. The unit is 
designed to withstand strong surf effecte. (After EBERT and co-authors, 1974; 
modified ; reproduced by permission of the authors.) 

benthonic algae, bryozoans and bivalves. Even lnotile animals, such as fishes, may 
be fattened in the sea-without cages or fences-providing they are territorial or 
can be made to remail1 a t  a given locality by imprinting or behavioural re-inforce- 
ment. Automatic feeders placed a t  strategic localities and the provision of direc- 
tional stimuli (e.g. light, sound, air-bubble curtains, electromagnetic fields) can be 
used as re-inforcement agents. Positive behavioural stimuli are used to  attract the 
animals to the centre of the experimental area, negative stimuli to deter them 
from its borders. Such beha~oura l  in situ cultivation (h~, 1970a) deserves 
more attention than hitherto received, especially in regard to commercial 
endeavours. 



(h) Semi-open Sea-water Systems 

Semi-open sea-water systems combine the technological principles of open and 
closed syste~ns in varying degrees. Depending upon the extent of water renewal or 
recirculation, the characteristics of open or closed systems prevail. 

Semi-open systems are used (i) in coastal areas where tidal or weather conditions 
make a continuous supply of natural sea water difficult or impossible; (ii) in cases 
where cu.lture-water treatment (p. 100) becomes uneconomical unless part of the 
water is renewed. Semi-open systems a.re useful in public aquaria and other displays 
of aquatic animals, as well s s  in aquaculture farms, where the totaI water capacity of 
the system is insufficient for long-term support of a high 'a-nimal 1oa.d' (p. 166). 
When new sea water becomes available, or when the wa.ter quality drops below 
minimum requi.rements, part of the recirculated wa.ter is discarded and replaced by 
water fre8hl.y pumpecl in from the sea,. 

(c) Closed Sea-water Systems 

In closed sea-water systems, the culture water is continuously recycled. Culture- 
water recirculi~tion offers better possibilities for monitoring and controlling essen- 
tial environmental factors than open or semi-open systems. Closed systems are 
more independent of the seasonal physico-chemical imd biological variations which 
are characteristic of natural sea waters (e.g. temperature, salinity, turbidity, orga.nic 
substances, plankton components, pollution), especially in coasta.1 areas. They citn 
be operated far away from the sea (site independence) and with artificial sea water 
(sea-water supply independencc). 

In a typical closed sea-water system (Fig. 2-8), ~ - a t ~ r  flows from culture tank to 
filter, reservoir, header (or gravity) tank and back to the culture tank. Circulation 
pumps are placed after the reservoir to avoid clogging. Aerators are installed in the 
culture tank (snd/or in other components of the system). The header tank is placed 
high enough for sufficient water to flow by gravity feed into all culture enclosures. 
Aeration of heuder-ta.nk water, as well as avoidance of temperature gradients be- 
tween header tank and culture tank, help to prevent gaseous sub- or super- 
saturation. In the reservoir- --which provides an emergency water supply if the pump 
fails, while also acting as a settling tank-a 12- Go 24-hr water supply is usually 
s f i c ien t .  

To prevent sudden overall pollution, to restrict the 8prea.d of disease and to facili- 
tate individual water treatment, each culture tank must have its own recirculation 
system (e.g. KELLEY and MORENO, 1961 ; ATZ, 1964a). Such individual sea-water 
recirculation has been employed succeaafully for many years in several public 
aquaria, for example, at Wuppertal, FRG (WIPIIEMANN, 1943) and Berne, 
Switzerland (HEDIGER, 1944). When thesystems comprise less than 4000 l, adequate 
water recirculation can be provided by airlifts (p. 190). 

Some closed systems have no filter. For example, the Marine Biological Labora- 
tory a t  Plymouth (England) operates a fiIterless system with special sedimenta.tion 
tanks ( W n s o ~ ,  1962, 1960). Filterless c1osf:d systems have a lower carrying capa- 
city than conventional typea (HEBALD and co-authors, 1962), but ca.n better support 
filter-feeding animals. 
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In closed systems, the cultivated organiems tend to modify the chemistry of the 
culture water. If extensive, the withdrawal (e.g. oxygen) or release (metabolic end 
products) of substances may approach critical levels. The most obvio-us changes 
that  occur in a captive body of sea water are: (i) decrease in dissolved oxygen 
concentration and alkaline reserve; (ii) increage in carbon dioxide, nitrogen com- 
pounds, phosphates, dissolved oigfinic substances and in microbial numbers; (iii) 
changes in pH. For details consult pp. 170 t o  178. 

Filter H1 l 

Culture lank 

Fig. 2-8 : Clused sea-water system. Principal design. (Orignal.) 

I n  the sea, a balanced integration of production, transformation and remineral- 
ization of organic substances usually prevents critical a,ccumulation a t  any level of 
the flow of energy and ma.tter (Volume IV) .  In closed systems, a comparable bal- 
ancc must be achieved, and then maintained artificially. M o ~ t  closed systems con- 
tain representatives of only a few species, which have been isolated from a mult,itude 
of environmental and organismic interrelations. The cultivator must reconstitute 
acceptable environmental and nutritional conditions, and counteract detrimental 
influences on the culture med-ium. Closed sea-water systems require continuous 
management of the basic influences which environment and organisms exert upon 
each other, with the aim of stabilizing the conditions within the tolerance limits of 
the organisms cultivated. In  essence, closed-eystem operation means, above all, 
co~ltinuous culture-water treatment (p. 100). 

An example of a large closed sea-water system is the aquarium of the Marine 
Laboratory a t  Aberdeen (Scotland). This system is a resea.rch tool, but adapted to  



afford as high a standard for display purposes as compatible with i t s  primary func- 
tion (THOM~S, 1964). The basic design is illustrated in Fig. 2-9. Capacities of the 
main system components are listed in Table 2-1 4 .  The sand filter has twin sections 
(allowing one section to be shut off during periodic cleaning) and u layer of coarse 
mi~rblc chips ~upporting pH stability. Food is restricted, in general, to  fresh squid, 
cut into suitable pieces and washed. The &m flesh reduces pollution from water- 
soluble and particulate food matter not taken up by the ciiltured animals. The twin 
sedimentation tanks are used alternately each week. THOMAS has worked out a 
detailed checklist for routine operation (daily, weekly, monthly and quarterly 
maintenance procedures). The practitioner will h d  his checklist useful. 

bench  

- -  - - - - - 
p - Sedimentat ion -L := 
- -  - _ tank --- r - - - - - - - -  

h e a t e r  

Fig. 2-9 : Closed sea-water eystem, Marine Laboratory, Aberdeen, Scotland. P, : main recircula- 
tion pump ; P, : cooling recirculetion pump ; S : service tank ; only ono of the twin sedimenta- 
tion tanks is ehown. (After THOUS, 1964; modified; not copyrightecl) 

A closd syatem for ma.intaining marine gastropods (e.g. species of ApQpia) in an 
inland laboratory has been designed, installed and tested by LICKEY and co-authors 
(1970). The 7550-1 system (Fig. 2-10) is completely non-metallic (reinforced con- 
crete, fibre-glaaa-Iined plywood, poIyvinyl chloride). Filtration is achieved by dis- 
posable carbridge filters (p. 121). Sea water from an underground reservoir (6000 1) 
is pumped to the temperature regulation tank (TR ; 600 l ) .  From there, a pump (P,) 
supplies 3 culture tanks ( I ,  2, 3; each 350 l) ,  and another pump (P,) returns the 
water to the reservoir. The water is filtered twice per circuit, once prior to entry (F, ), 
and once following exit (F,) from the culture tanks. Alternative circulation paths 
provide flexibility for tank cleaning, replacement of sea water, etc. The culture water 
is replaced routinely once every 14 to 15 weeks. It enters each culture container a.t 
approximately 20 1 rnin-' (total turnover rate 6Q I min-l) from a eet of amall jet 



CLOSED SEA-WATER SYSTEnfS 

Table 2- 14 

Capacities of main components of the closed sea-water system at the Marine 
Laboratory, Aberdeen (ScotIa,nd) (Based on data presented by TIIOMAS, 1964) 

Component Capacity Component Capacity 

9 large display tanks 2 sedimentation tanks, 
1.6 x 1.5 x 1.5 m 31,815 1 each 1,818,000 1 
8 small display tanlrs Main circulation pump 
0.9 x 0.76 X 0-76 m 3,636 1 rated capacity 18,180 1 hrLL 
Portable tanks (ss required) 1,8181 Totall3terarea 3.7 X 4.9 m 

1 service tank 2,273 1 Refrigerator rated capacity 60.000 l3.t.u. 
Header tank 1,5911 Heater 3 k W  

Floo 

Drain 

Underground 
reservoir 

Fig. 2-10: Cloaedsea-watersystemfor wein inltrnd labora- 
tories. 1, 2 and 3 : culture tenke. Comp: compressor; 
F : filters; HW: hot -weter heater oirculating 80' C 
water; P : pumps ; 8V: solenoid valve releeei.ng b n  
12 into coollng coils; TR : temperature reguletiol~ tank; 
V : valves. (After LICKEW and CO-authora, 1970 ; modi- 
fied; reproduced by penmisaion of Springer-Verlag.) 
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orifices near the floor and leaves through an outlet port near the top. Failsafe devices 
and ba<ck-up systems protect against fa i l~~res  in circulation and temperature regula- 
tion. Closed systems for rearing fish larvae have been discussed by DAVIS (1 970). 

Closed sea-water systems can also be useful in mariculture. They may provide 
economic advantages in regard ta control of water temperature, feeding and dis- 
ease; in addition, they eliminate the competition of aquacuIture farms with recron- 
tional interests for use of bays or estuaries (EPIFANIO and co-a.uthors, 1973). In an 
interdisciplinary team (a chemist, an engineer, two biologists), these workers have 
developed a pilot plant culturing high animal den.sities. Such team interaction 
(Fig. 2.-1 1) is very useful for solving the many problems that confront the modern 
maricultt~rist. The closed culture system (Pig. 2-12) was deaigned for raising fdter- 
feeding moll~ucs from egg to rna,rket size. Its main parts me: (i) an 8.6 m2 biological 
filter composed of a 7.6-cm deep shell layer covered by a 7.6-cm thick gr~vel(4-6-cm 

Fig. 2-11 : Research-teem interaction for developing e closed recirculation syetem for 
commercial use. (After E P I P A ~ O  and co-authors, 1973; reproduced by permission 
of the World i%riculture Society.) 
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diameter) layer with a slotted. fibre-glass base supported 10 em above the bottom of 
an epoxy-coated concrete tank; (ii) an activated carbon trickle filter, a. 240-1 drum 
loaded with 1 mm granula,ted carbon; (iii) a foam separator (protein skimmer); (iv) 
an ultra-violet treatment unit; (v) culture tanks for clams, oysters and crabs; 
(vi) a bio1ogic:ll monitoring system. Water recirculation (2 .4  1 min-') and aeration 
are affected by three 2.8-cm-diameter airlifts. The team is encouraged by the results 
obtained thus far and expects a marketable product 18 months aftchr spawning. 

Further papers on closed sea-water system8 have been published by SACHS 
(1929), BREDER and HOWLBY (1931), C ~ N  (1959), H A J ~  (1964a), MCINERNEY and 
Horn (1964), SAEKX (1965), 'TIQHE-FORD (1967a), SANDT (1.968), VALEKTI (1968), 
BALLOY (1909), GOLDIZEN (1970), BACEN (1 970), SIDDALL (1 972), =NO (1 973), 
KING and KELLEY (1 973) and KING and S P O ~ E  (1974). 
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Fig. 2-12: Closed sea-water uptern developed for 
commercial production of sea food. V:  velvc, P : 
pump. [After EP~FANIO and co-authors, 1973 ; 
reproducsd by permission of the World bhri- 
culturo Society.) 
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(d) Multipurpose Environmental Systems 

Recent developments in research cultivation, commercial cultiva.tion, and 
environmental protection have created s need for complex culture systems that  can 
no longer be categorized in conventional terms of open, semi-open and closed sea- 
water systerna. The new t r o ~ ~ d  favours multi-purpose systems that  provide (i) 
lnaximum flexibility ; (ii) maximum control over as many abiotic and biotic system 
parameters as possible ; (iii) lnaximum range for experimental design-from small- 
scale, single-species experiments through medium-size and large-size multispecies 
cultures, to  a,rtficial microcosms and aquaculture 'pilot plants'. The ~ersa~ti l i ty of 
these systems sllows the acrommodation of a, variety of different concepts, tech- 
n i q u e ~  and scientific disciplil~es. 



Three examples of the first generation of such multipurpose environmental 
systems (MES) are those in Woods Hole (USA), on Helgoland (FRG) and on 
Texel (The Netherlands). 

The MES in Woods Hole (HUOUENIN, 1974) was sparked by exper i~~~onts  (DUN- 
STAN and MENZEL, 1971) which made use of secondarily treated sewage. ciFI3uent.s :ts 
fertilizer for growing marine phytoplimkton (Figs 2-13, 2-14,2-15). Flexibility was 
one of the foramost design considerations. It was achieved by: (i) Burying as little 
piping as possible and by covering the central supply channel with removable 
planking ; such centralization provides for easy accem, facilitates cross-connections 
a.nd simplifies piping modifica.tions. (ii) Making raw sea, water, filbred aea water, 

fig. 2-13 : Multipurpose environmental sptem (MES), Woods Hole Ocaano- 
graphic Lnstitution. General plan. (After HUOOEMS, 1974; modified; 
reproduced by permission of the American Society of Agricultural 
Engineers.) 

temperature-controlled sea wai;er, fresh water, nutrient supply, electric power, 
drains and oilless low-pressure air available a t  many locations. (iii) Designing flow 
conditions and phyaical conftguration of many major componen.ts so as to allow 
later variation. Even if other research objectives were to be sacrificed, this MES is 
so flexible that i t  could treat the effluents of up to 500 people and perhaps produce 
about 4 tona of shellbh meat annually. 

The sea water of the MES in Woods Hole is drawn from 2 intakes with fibre-glass 
screens (2.6-cm diameter holes) in 3 to 4 m water depth. According to HW~UENIN 
(1.974), sen-watcr wells along the shoreline would have been preferred, but geological 
factors precluded. this possibility. Each intake is serviced by a 20-cm, high-density 
polyethylene line. The 2 lines are designed for alternate use to prevent growth of 
fouling organisms by an anaerobicstagnant-water period. The system delivers 2460 1 
min-' with one pump on, and 3800 1 min-l with both operating. The larger diameter 
pipes are made of polyethylens, the smaller ones of polyvinyl chloride. 
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The settling pond (dead storage capacity: 113,600 1; live storage capacity: 
56,800 1 )  is constructed of a plastic liner on a preparecl surface; it functions both as a 
water-quality control device and as a potential reeearoh area. 

The 6 a.lgae ponds, each with a water surface area of ca 180 m2, can be operated at 
water depths of 15 to 90 cm. They consist of a polyvinyl chloride plastic liner on s 
sand surface, with a econd layer to ~r~inilnize sun damageinexposed areas. Thus far, 
the material used has stood up to mechanical strew and solar radiation, as well as to  
solid freezing of the pond's water. The liners can be readiIy cleaned, even after being 
heavily fouled. Effects of long-term liner use have still to be determined. Two of the 
ponds are temperature controlled and capable of maintaining 16" C (even with air 
tempera,tures near -10" C ) .  

The outdoor test area is asphalted, and providee additional space for experjrnen- 
tation. 

NUTRIENTS 

TORY 

Seo-woler supply 
head Chonnel 

Fig. 2-16: Multipurpoue environmental system, Woods Hole Oceanographic Institution. 
Elevations and gravity flow dynamite. (After HUQUENIN, 1974; modified; reproduced by 
permission of the American Society of Agricultural Engineers.) 

The concrete raceways can be operated in series or parallel. Thus raceway length 
can be modified in multiples of 12  m. Five raceways are 1.2 m wide, 3 are 2.4 m wide. 
They ca.n all be operated with water depths of up to 1.5 m and with indj-vidual flow 
ratee of up to about 1900 min-l . 

Tho indoor wet laboratory area has a11 services overhead ancl distributed uni- 
formly. The floors are pitched towarde the main drain channel, and spot drains are 
provided so that  no point is further away from a drain than about 1.5 m .  
HUGUENIN (1974) ca.118 special attention to a common mistake in the design of wet 
laboratory facilities :the sizing of the drains for steady-state flow conditions, instead 
of sizing the drains. for high transient flows, such as occur when the drain plugs on 
tanks are pulled. 

Since the MES is unmanned a t  night and on weekenda, an ala.rm system monitors 
water level, temperature, air pressure, boiler and filter malfunctions, power loss or 
trouble with experiments of particular importance. 

The MES on Helgoland h& been designed for research cultivation and small- 
scale experiments on commercial cultivation. (Figs 2- 16, 2- 17, 2-1.8). Maximum 
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flexibility and maximum control of essential environmental factors in 9 independent 
sea-water systems were major planning goals. The Helgoland MES accommodetes 
up to 7 scientists representing tllo following disciplines: microbiology, protozoology, 
ph~~oplanktology, zooplanktology and fisheries research. The AlES consists of 6 
basic units (Fig. 2-16) : (i) an outdoor teat area of about 330 m'; (ii) a.n indoor test 
area of about 330 m2 ; (iii) an underground area for sedimentation tanks and sand- 
gravel filters; (iv) a sea-water tower with 9 separate water sectiona (header tanks); 

N o r l h  S e a  

S I ~ - w a t c r  
intake (distance 
u 300m) 

Fig. 2- 16 : Multipurpose ~nvironmontal system, 'Bioiogieche Anetalt Helgoland .' 
General plan. (Original.) 

(v) a. laboratory building wit11 laboratories for the 5 biological d i sc ip l in~  mentioned, 
as well a6 22 temperature-controlled rooms and a variety of special laboratories and 
equipment for efflcient water-quality management; (vi) a library building with a 
conference room, study rooms and related services. 

The sca water for the Helgoland ME$ is drawn a t  2-50 m water depth (low tide) 
at a 300-m distenoe fkom the laboratory building. Prom the two intake pumps 
(Steinzeug Pumpen, Deutache Stcinzeug und Kunststoffwarenfabrik, M d e i m ,  
FRG) P, and P,, the wa.hr enters 10-cm-diameter polyethylene (along the shorc) and 
PVC lines which can be used alternatively or in combination. Each pump delivers 
ca 450 1 a-'. I n  addition, sea water m be drawn from a well (P,) immediately 
near the ME8 (not shown in Fig. 2-1 7). The ma w8ter moved by Pumps l and 2 f i a t  
enters a receiver tank. This tank is dividabIe into 2 chambem that  can be used 
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alternatively during cleaning; each chamber holds 11 m3 of water. From the receiver 
tank, the sea water flows into : (i) 4 sedimentation tanks (9, t o  g,), each with a total 
capacity of 95 m3  ; these tanks deliver unfiltered raw sea water; (ii) 8 sand-gravel 
filters (1 to 8), each with a filter surface of 8 mZ, a maximum depth of 2.50 m, and a 
reservoir of 16 m' water capacity which delivers filtered sea water. The unfiltered 
sea water is pumped (P,,) into section 9a (1 1 m3 total capacity, subdividable) of the 
sea-water tower ; the filtered sea water ia pumped into aections l a  to  8a (each with a 
total capacity of 5-5 m3) of the tower. From the tower, unfiltered or filtered sea water 
flows to the cultwe tanks located in the indoor or outdoor test areas (Ib to 8b and 9b) 

Fig. 2-17 : Multipurpose environmental system, 'Biologische Anstalt Helgoland.' Schematic 
water-flow diegram. (Original .) 

or in the laboratory building (Qb only). The maximum difference in height between 
water levels in tower and culture W s  ie about 10 m. 

All sea-water systcms of the Helgoland MES can be operated as dosed, aemi-open, 
or open systcms. Part of the water can be pretreated, e.g. by zentrikIones (p. 113), 
served by pumps P, or P,, cartridge fliers, or diatom-retaining filters. Operation of 
freshwater or brackish-water ayeterne is also possible. Routine watier treatment in- 
volves temperature control, aeration withoilless, filtered air, and disinfection (micro- 
filtration, ozonation, ultra-violet irradiation). 

The indoor test area was d e w e d  to yield close-to-natural light conditions that 
can be modified, and that  are better definable than the light conditions prevailing in 
most conventional laboratories, The acryl-g1a.m-dome ceiling permits ca 67% of the 





a,mbient light to enter the indoor test area from overhead; the light absorption 
properties of the acryl glaas are known and have been selected for simula.ting na.tursl 
sunlight properties. In  addition to the acryl-glass-dome ceiling, a second lower 
ceiling of light filters can be installed. Comparison between the effecta of indoor and 
outdoor light conditions is facilitated by cultlire tables which can be moved easily 
from indoor to  outdoor a m  m d  vice versa, and which are serviced from identical 
sea-water and air sources. Both indoor and outdoor test areas are supplied with 21 
service points (sea water, air, electricity, drains, and one reserve line for additional 
services) that  are evenly distributed and not further away from each other than 
about 4 m. The temperature of the sea. water that leaves the service point can, again, 
be regulated by carbon heat exchanges (each with an exchange area of 0.4 m2 and 
e maximum capacity of 1200 kcal). I n  addition, movable service assemblage 
stations allow for a maximum of versatility. The indoor test area has 2 built-in 
tanks (with their o m  water, air, and energy supplies), one of 7 m3, the othor of 
16; m3; the latter can be divided into two ~ubunits .  

Fig. 2-1 9 : MuItipurpose en.vironmentaI system, 'Nederlands Instituut voor Onderzoek 
der Zed. Aquerium building. (Courbmy Mr. J.  W. De BLOK.) 

The MES on Texel consists of (i) an indoor test area (12 X 35 X 5 m) in the 
aquarium building (Figs 2-19, 2-20); (ii) a circular tank (15 X 4 m) in a separate 
building (not yet completed); (iii) an outdoor test area (8000 mZ)  next to  the 
aquarium building. 

Wdden-Sea. water for the MES on Texel is drawn from a small, open harbour. 
North-Sea water must be transported to Texel by a, tanker (1 00 m3 capacity) owned 
by the institute. Wadden-Sea water can be pumped directly into the culture system 
in 2900-m long pipes, or stored in 3 sedimentation tanks of 300 m3 each (beneath 
the aquarium building). 

The indoor test area is north-south oriented and is covered by a zig-zag glase roof 
(Fig. 2-19), designed to  produce close-to-natmaI light conditions. The glass roof is 
arranged in 60" angles with side-lengths of 3.5 m. A textile ceiling produces diffuse 
light conditions. The total solar irradiation in the indoor test area can be reduced by 
curtains placed over the south-viewing roof sides. Artificial, diffuse light can be pro- 
duced by fluorescent-light tubes that may be programmed fordiffibrent photoperiods. 
Tho water vol~zrne in  the indoor test area can be used undivided or subdivided into 5 
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sections. Each section has identical fa,cilities, e.g. 2 sea,-water syste~ns (Fig. 2-21), 
1 dry lab, 1 chemical la.b, fiIters, a.5 well a.s provisions for aerakion, ultra-violet 
irra.diation, ozonation and temperature control. A movable working platform 
services the whole a,re:i a,nd cen be used for transporting heavy equipment between 
indoor and outdoor test areas. 

Reservoir tanks 

Fig. 2 - 2 1  : Multipu~pose environrnentd system, 'Nederlands Instituut voor 
Ondenoek der Zee'. One eection of aea-water syetem with culture tanks, 
filters, reservoir and header t9nke. (Cour-y Mr. J. W. ne BLOK.) 

The circular-tank system comprises a reservoir of 80 m3, 2 parallel pumps, and 
20 parallel filters (2.25 mZ each). In the outdoor twt area are 7 ponds with ws-water 
supply and 6 experimental enclosures for accommodating sea birds. 

None of the three MES haa yet stood up  to critical testing. Since design details 
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are not available from literature, system dimensioning and carrying capacity must 
be investigated for each culture system. Operational details of successful small-scale 
eysterns cannot be extrrtpolnted, without further testing, to medium or large-scitlo 
systems. According to H U O U E ~ N  (1974), 'debugging' of the Woods Hole MES is 
largely completed. I n  the algal ponds, dense continuous-flow phytoplankton cul- 
tures of up to 2 X 106 cells rnl-' have been maintained for months with a daily har- 
vest of 30% of the culture volume. Phytoplankton has been fed continuously to 
about 450,000 juvenile oysters ; ~ n d  150,000 juvenile hard clams, raised in raceways 
supplied with heated (16-8" C), filtered (20 pm) sea water (ratio 1 part algae: 2 parts 
sea water). Additions,] projects under way include high-density lobster-culturing 
experiments, attempts to cultivate marine zoopla,nkton on a large scale basis, as 
well as efforts to introduce sahnonid k h e s  as consumers into a multispecies culture 
assemblage. 

(e) Conclusions 

While i t  has been possible to review principal characteristics of open, semi-open 
a,nd closed sea-water systems, as well as of three new multi-purpose environmental 
systems, critical comparison and evaluation of ~ystem design, f~mction a.nd 
afliciency is, a t  present, not possible. Most of the information a t  hand does not 
provide sufficiently detailed and precise data. Attenlpta to obta,in the data desired, 
by sending out questionnaires, failed : The information made available did not con- 
tain adequate substance. However, it became clear that, the limited publications on 
culture systems present a sharp contrast to the large number n,nd variety of culture 
systems actually operated by marine stations and fisheries institutions. 

Publication of operational details on culture systems and their ability to support 
marine life is encouraged. Ecologists, physiologists, biochemists and er~gineers 
should discuss concepts and experiences in depth, and work out a sound basis from 
which we can proceed in the future. 

(4) Culture Enclosures 

For lack of a better word, the term 'enclosures' is used here to  comprise the large 
variety of tubes, dishes, tanks, ponds, etc. used for cultivating aquatic orgnniurns. 
The sizes of culture enclosures range from microscopic containers with volumes of 
less than a drop of water, through culture tubes, dishes, finger bowls, small aquaria, 
etc. (up to  a few litres), to raceways, ponds and oceana.ria with volumea of several 
million litrea of culture water. Large water areas used for cultivation, such as em- 
bayments, salt marshes, lagoons, bays and fjords, and la.rge artificial habitats, may 
contain millions of cubic metres of water. 

A number of enclosures are presented below. Additional examples of small, 
medium-sized and large culture enclosures are mentioned in sections of this review 
and in other chapters of this volume. 

( a )  Small Enclosures 

A hanging-drop culture for observation and sustenance of micro-organisms ia 
illustrated in Fig. 2-22, small standard culture enclosures in Fig. 2-23. Examples of 
frequently used types of aquaria are presented in Fig. 2-24. 



(b) Medium-sized Enclosures 

Medium-sized enclosures comprise, among others, fiah pens, racewnys and ponds. 
Raceways and ponds receive brief attention below. 

A simple, heated, double raceway for fish culture studies (Fig. 2-25) ha-a been 
developed by REED and co-authors (1 973). Flexible and inexprrlsive in construction 

Hong~ng 

,Cover gloss 

Wroscope 
slde 

Fig. 2-22: Hanging-drop culture. (Original.) 

B o v e r i  dishes 

Srnoll receptacles 
i n  lorge Petri dish 

Crystallizing 
vessel 

Stocked containers 

Petri dish E r l  nmeyer 
TlOSk 

Plastic box  

--. ............. I, . . . . . . . . . . .  . . [ COY 

F e e d e r  S l i d e s  (1)tn Suspended g l a s s  rods 
gloss-rod frome (2)  ( R )  in l roy 

Fig. 2-23 : Smell enclosures ueed for cultivating marine organisms. Stacked vessels are intended 
to prevent crawling animals leaving their culture enclosure. In the feeder, brine shrimp 
nauplii (1) migrate (2) to 8 Petri dieh containing hydroid polyps. The microscopic slides 
serve ss substrata for small m i l e  organism, as do the nylon-thread suspended glass rode. 
(After J ~ A W E N S C H I ~ ,  1968; modified ; reproduced by permission of VEB Gustav Fischer 
Verlag, Jena.) 

and operation, this raceway has a capacity of 3000 1. It comista of readily available 
materials. Ply wood (1.9 cm), fastened by brass acrews and glue, is coated with fibre- 
glase resin and epoxy paint. Iter sides are supported by 1.27-cm steel rods, secured by 
5 X 16-cm planks. Two filtration systems facilitate water management adeqria.te for 
maintaining an intensive fish culture: (i) A swimming-pool pump circulates water 
(ca 4500 1 hr-l) 30 to 35 times day-' through perforated plastic carboys (Fig. 
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2-25a), packed with gla,ss wool ; this set-up serves ae mechanical filter and aerator. 
(ii) The second filter ie constructed by cutting a 200-1 drum lengthwise and dividing 
the resulting eemi-circular trough into 3 compartments (Fig. 2-2513). The corn- 

Fig. 2-24: Aquaria frequently used for cultivating marine organism. 
(Original .) 

partments are filled with nodules of styrofoam packing mf~toria~l ( l ) ,  glass wool 
(2), and activated cha.rcotll(3). Each how, this filter processes approximately l. 100 l .  
The water in the raceway ia heated by a closed hot-water system. 



A racewny for intensive culture of penaeid shrimp i s  illustrated in Fig. 2-26. 
Developed by MOCK and co-authors (1.973), the racewsy is accommodated in rt rec- 
tangular concrete tank (6-9 X 2.7 X 1.0 m).  Encouraging res~ilts were obtained with 
white shrimp Penaeus setifm and brown shrimp P. aztecus, reared a t  population 
densities up to 690 g m-2, through postlarva.1 and juvenile stages. The raceway ha8 
no sand substrate and no 'ends' where the shrimp may aggregate. Wa&r recircu- 
lation, aeration and waste proceesing a.re accomplished by airlifts. The averago 
discharge volume per airlift is 76 1 min-l . All airlift pipea are oriented so aa to propel 
the water through the racewa.y in the pattern illustrated. The total water mass 
(12,000 1) flows through narrow channels a t  a. speed of 0.6 cm sec-'. The dividing 
panels consist of 1.9-mm fibre-glass, and are supported by wooden slats. Two airlift- 

Cor boys. secured 
to f rame with 
nylon cord 

Hol - w o l e r  hose 

Re turn 

Fig. 2-26 : Double raceway for fiah culture studies. (a) A pump circulates water through perfora- 
ted cm-boys packed with gless wool ; (b) 3-compartment filter (1 : styrofoam nodulos; 2 : 
glasa wool; 3 ;  ectivated charcoal) placed on top of the earboys illustrated in (a). (After 
REED and co-authors, 1973; modified; not copyrighted.) 

driven, submerged filters (9-6-1 plastic bucbets filled with washed oyster shells of 
pellet-feed size; flow rate: ca 38 1 min-l) are installed in 2 corners of the concrete 
tank. These aters and air stones assure water circulation a,lso in the 'end' zones of 
the tank. Ninety-seven per cent of the shrimp population (aweraging 80.8 mm and 
3-82 g) survived to harvest. A total of 8.8 kg of food (Gropical marine fish food 'Tetra 
Marine') yielded 1.4 kg of shrimp. MOCK and co-authors consid.er airlifts and plant 
growth in the raceway essential to the high bion~:ixa sustenance obtained. 

For raceways constituting part of a multipurpose environmental system, see 
also Figs 2-13, 2-14 and 2-15. 

Ponds, the oldest. culture enclosures, have remained e ~ e n t i ~ l  tools in com- 
mercial cul tiva.tion (e.g. farming of rnoilusca, crustuc:(?ane or fiahes) . Many culture 
ponds could easily be adapted for use in research cultivation, e.g. for studying 
population dynamics or the dynamic properties of multispecim systems, such as 
microcosms or artificial ecosystems (Chapter 6). Hence, the construction and 
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operation of culture ponds is elso of considerable interest to the experimental eco- 
logist devoted to bilsic research. 

I n  general, culture ponds measure from 1 to 120 m in length, 0.6 to 50 m in width 
and 0.5 to 3 m in depth. The most frequently encountered sl~apee are oblong, 
rectangular or oval, but squa,re and romzd ponds are occasionally a,lso used. Small 
ponds are easier to handle (stocking, harvesting, draining, controI and treatment of 
dieea.see) and to maintain (lem da.m erosion by water and wind). Large pouds .are 
hydrographically and ecologically more stable, and-due to wind a.ction-better 
aerated ; they involve lower construction costs per unit area. While large ponds are 
preferably placed a t  right angles to the direction of prevailing winds-to reduce dam 

Fig. 2-20: Raceway for intensive shrimp cultnre. (a) Top view ; (b) cut-away. (After MOCK and 
co-authors, 1973; modified; reproduced by pormieeion of the authors.) 

erosion-the long axis of small ponds should parallel the wind for maximum 
aeration. Pond depth is a function of climate (cold winters) and ecological require- 
ments of the organism cultivated. Suitably located, deep (up to 4 m) holes help to  
protect the cultivated organisms from cold death and also facilitate harvesting: In 
the absence of low-temperature stress, optimum pond depths are betnreel~ 0-5 and 
1.0 m for most a.quatic orgallisms fa,rmed. 

A cement-lined fish pond of 12 to 15 m X 3 m, with varying depths, was con- 
structed by VINCENT (1908). Oval design and sloped bottom facilitate cleaning 
(Fig. 2-27). A gutter in the middle of the pond bottom (50 cm wide, 12 to 15 cm deep) 
and a circular ba3in (1.5 to 1.8 m in diameter, 20 to  30 m deep) aerve to hold the fish 
when the water is drained. In  the pond wall opposite the water inflow, above the 
guttcr, is a net-covered opening, the overflow. A net-covered dra.ina.ge outlet in the 
bottom of the large, circular basin has an opening 60 X 60 cm, in which is set a box 
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filled with coarse gravel, resting upon a grating. Below the gra.ting is a. smaller 
circular ba.ain with anopening in the centre, leading into an outflow pipe. This design 
is being used with satisfactory rosults in several fish-culture farms in France. 

Details of site selection and pond construction depend on topography, water 
supply, drainage, harvesting techniques, organisms cultivated, soil quality, climate, 
access to stock, energy, personnel, market and transportation, as well as on cost of 
land and construction work. Hence, only basic principles can be diacuseed here. For 
further details, consult BURROWS and CHENOWETH, 1955. HUET ( l  960, 1973),  

Gutter 

C i r c u t a v  
basin 

P Overflow-; 
I 

coarse 

Fig. 2-27 : Cement-linedhh pond ( 1  2 X 15 X 3 m) with gutter and special drain. (Mter 
V I N C E ~ ,  1908 ; modified; not copy-righted.) 

BENNETT (1962), GRIZZLLL (1 967), IVERSEN (1968), WHEELER (l968), BROOM (1969), 
DLLLON (1970), BABDACH and co-author8 (1972), DELMENDO and co-authors (1972), 
Jrn~aR.4~ and co-authors ( l  972), LUNG and HUANQ (1972) and USUI (1974). 
The best sites for marieulture ponds are on flat coastal land, protected from 

floods, and with permanent access to unpolluted water of suitable temperature and 
aalinity. The ponds must be arranged to assure easy access, at least throughout 
stocking, grow-ng and harvesting seasons, and to allow control and protection from 
trespassers and predators. Water supply and drainage syetemsmust allow each pond 
to be filled or drained independently of t b  others. The soil quality should allow 
effective water retention, ae well as construction of stable levees (dame). If neceaaary, 
fhe soil muat be compacted--or suitable soil added (see below). 

Pond construction depends on Iocal topography. With the farming concept in 
mind, nn economically so~md compromise must be sought between geological fac- 
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tors and engineering efforts. There axe three basic pond types : the dugout pond, 
excavated below the surrounding ground level; the levee pond, erected on the 
ground level, and enclosed by a levee; a combination of both (Figs 2-28, 2-29). 
While dugout pondsrequire pumps for complete draining, levee ponds can begravity 
drained and hence, are preferred in aquaculture. I n  addition, pond construction 
can make use of natural bottom depregsions, enclosed wabr  bodies (e.g. small 
lakes), or employ damming of natural wahr  courses (barrage ponds). 

Wat.er retention and stability of pond bottom and levees are of basic import- 
ance (BARDACH a,nd co-authors, 1972). Sandy soils, with s clay content of 23% to  
76% and enough silt t o  fill up the a paces between sand par-ticleg, are considered ideal. 

Fig. 2-28: Pond construction. Clay compact- 
ing with a sheepsfoot roller. (Based on a 
photograph by D. C. TINDALL.) 

Normal around 

Fig. 2-29: Installation of a polyethylene liner. 
(Original .) 

In addition, the soil should be compacted. Ponds with poor soil must be sealed. 
Common sealants are bentonite clay (0.6 to 1-5 kg m-2), salts, such as sodium 
chloride (0.04 to 0.17 kg or polyphosphates (0.01 to 0.02 kg m-2). BARDACH 
and co-authors recommend that the m l a n t  be first mixed with the mil, and then 
colnpacted (Fig. 2-28) to form a blanket 1.5 to 30 cm deep, depending on water depth. 
As a rule of thumb, the soil compacts best when i t  is too wet to  plo'ugh, but not wet 
enough to roleam water during compaction. The area. near normal water-level height 
may be prated by a 30- to 45-cm layer of' gravel. A most efficient* and ecoilornical 
method for sealing pond bottoms and levees is the application of sheets of plastic, 
such as polyethylene, vinyl or butyl rubber. Structurally weak, these materials 
must be ha.ndled with care; however, once properly institlled, plastic a,nd rubber 
liners are easily kept intact and watertight. Minirnlnm thickilesees for pond lhlors 
used over fine sand are-according to BARDACE and CO-authors-2 mm for poly- 



ethylene and vinyl and 4 mm for butyl rubber. Whore the soil contains ga.vel, 
these dimensions should be doubled. 

Plastic liners arc laid in strips with a 15-cm ove1:lap for seaming with appropria.te 
cement or tape. Ponds to  be lined must have a dry, firm surfa,ce; stony areas are 
cushioned with a layer of fine material (e.g. sand). Above water level, the lining is 
anchored by excavating a trench (30 cm wide, 20 to  25 cm deep) around the upper 
pond edge, and burying the ends of the liner with compacted backfill. For protection 
against punctures or solar radiation, pond liners are covered by a t  least 23 cm of fine 
sand (Fig. 2-29; for details see RENFRO, 1969). In Ja,panese eel ponds, levees are 
protected by boulders (Fig. 2-30a), concrete plates (Fig. 2-30b,c) or solid concrete 
(Fig. 2-30d). These materia.1~ prevent the eels from levee tunnelling (USUI, 1974). 

Water supply is of particu1a.r importance. Usually, each pond has one main water 
inlet and one main water outlet. Tha inlet may be a pipe or a sluice (Figs 2-31 to 
2-33), fed directly from the Aea, a river or a supply channel. The water entry should 
be arrangc:ci to combine three essentials : prefiltration, aeration and directional water 
movement. A prefiltrntion barrier is required to hinder predators or unwanted 
competitors from entering the culture pond. SILLS (no date) recommends the use 
of Sarsn screen, style MS-904 (National Filter Media Corp., New Haven, Corn., 
USA), a durable and inexpensive m:lterial with 7 to  8 meshes cm-', which can be 
fabricated into suitable shapes. Thc Saran Sock Barrier can be easily attached to 
and removed from the inflow pipe (periodic cleaning) using a clamp, rubber band or 
dra,wstring (Fig. 2-31) ; for a pipe with a diameter of 15 cm, the sock should be about 
2 m long, and extend well below the water surface of the pond. If the incoming water 
enters at high velocity, S a ~ s  suggests the use of a floating Saran Box Barrier (Fig. 
2-32), held in position by vertical poles. 

In  Japanese eel ponds, the water enters and is drained through slu.ices consisting 
of 3 doors (Fig. 2-33a, b). Them sluices have proven very useful for a variety of 
pond-managing operations. The first door consists of boards, and permits the pond 
operator t o  choose whether surface or bottom w a t ~ r  is drained. The second door ja a 
meshed frame which prevents escape of the eo l~ .  The third door controls the a.mourit 
of water entering or leaving the pond. 

Drainage is achieved by a multitude of devices. For proper water exchange, 
faeces removal and complete! clrainage, the pond bottom should slope evenly toward 
the outlet. BARDACH and co-authors (1972) recommend the L-shaped drain.-pipe 
design which is often employed in catfish ponda (Fig. 2-34). In  a vertical position, 
the pipe determines maximum water-level height and acts as overflow. Rotation, 
made possible by a swivel joint, allows the surface level to be lowered; when the 
pips is turned parallel to the pond bottom, complete dra.inage can be achieved. By 
means of an  outer sleeve, aged or oxygen-deficient bottom water can be discharged 
during normal operations. The underdrain for shrimp ponds, ita purpose, method of 
construction a.nd operation received detailed attention from YAMAMOTO ant1 co- 
authors (1960); see also VINCENT (1908). I n  n drainage sluice used in Japanese eel 
ponds, the water discharges through the exit pipe (Fig. 2-33). When draining the 
pond, eels can be harvested by opening the mesh door and by tying a bag net on to the 
end of the pipe. Ponds can also be drained by use of 20-cm diameter, plastic-tube 
siphons, set across the pond bank (Fig. 2-35). A not around the inlet end of the siphon 
prevents fish from escaping. A pump, applied to an air valve a t  the top of the siphon, 





is u ~ d  to remove the air from the pipe and to  initiate siphoning. Exit  pipes dis- 
cha.xge into the drainage clitch. 

While most pond cultures employ water movement as a principal method for 
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Fig. 2-31 : Seran Sock Barrier prevents prede- 

tors, cornpetitore or large debrie from 
entering the pond. (From Bmnacm end oo- 
authors, 1972; modified; after SILLB; re- 
produced by permission of Wiley-Inter- 
science.) 
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Fig. 2-33 : Sluice for weter entryend exit in a Japeae eel pond. Board-. mesh- and sluice 
doom faoilitate 8 variety of pond-managing operatiofis. (After Usur, 1974 ; modified; 
reproduced by permission of Fishing Newe (Books) Ltd.) 

pond-water-quality rnanagemcnt, in Japan, eel ponds are operated with stagnant 
water. Heavy phytopIankton growth is relied on for oxygen production and warrte 
promming. According to Usm (1974, p. 51), typical eel p n d s  are 'of thick, soupy, 
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peen  colour' (in summer, phytoplankton development is encouraged, that  of 
zooplankton discouraged). A healthy eel pond contains phytoplankton and zoo- 
plankton in weight proportions of about 98: 2. Water-quality management in eel 
ponds further employs water replacement, aeration by paddle splashers; pumps 
drawing water from the pond bottom, and sh0otin.g it out over the surface ; addition 
of chemicals, such aa CaO to reduce acidity and iron oxide to  remove hydrogen 
sulphide. In extreme caees of malfunctioning, the pond must be emptied, dried 
out, disinfected and refilled with new water. 

Swivel joinf water flow 

Fig. 2-34: Pond dreinoge by L-ahaped pipe design. 
(After BARDACH end co-authors. 1972; modified; re- 
produced by permission of Wiley-Interscience.) 

Valve Si~hon 

Cylindricol 
net cage 

Fig. 2-35 : Pond dre ige  vie siphon 
tubee. In practice, two or more 
siphon tubes are ammged next 
to each other to faeilitete faat 
draimge. (After USUI, 1974; 
modified; reproduced by per- 
rniaeion of Fishing Newe (Books) 
Ltd.) 

Quality control of the water supply is diflicult to a.clieve a t  economic costs. 
However, facilities fox allowing the incoming wa,ter to settle (sedimentation of silt 
or particulate pollutants) or to equilibrate (temperature, gaseous contents) should 
be allowed for in the farm design. The same holds for sufficient amounts of reserve 
waster, especi,ally ~vhere the total water supply is subject to  coilsiderable fluotuation 
in quality, and where sudden poll~zi;ion cannot be ruled out. For proper culture- 
wilter treatment (p. loo), important indicators of water quality (p. 108) must be 
determined at  suitable i~~ te rva l s  or monitored continuously. 

In temperate areas, aquaculture ponds Inay require insulation andlor heating 
in order to  obtain optimum yields, a,nd to  a.void nlortality due to critical cooling. 



Uee of waate heat (e.g. effluents from power statione) and erection of plastic-sheet 
greenhouses (Fig. 2-36) offer a variety of economically feasible solutions to  the 
temperature problem. 

In fi& pondsit ie often sdv~ntage0u.a and oustornary to establieh definite feeding 
points where automatio feeders (p. 269) are installed, or the  .fish am being hand fed. 
h the still-water Japan- eel ponds, the feeding point is located at u site where the 
oxygen level is high, as this encourages the eels ta feed well (Usm, 1974). T ~ G  food 
(raw fish, briefly boiled to soften the akin) is prepamd in a small hut placed at the 
feeding point (Big. 2-37). In eel ponds larger than 600 m2, m a y  farmers havo 
installed tb 'resting cornerJ (Rg. 2-38). Actually a small, ~mll-aerated, running-water 
pond, the rttsting corner is connected with the mainstill-water pond by emall open- 
ings; it has a w a t ~ r  inlet and outlet, a splasheraerator, and a vertioal pump (vertical 
water exchange plus iwration). I f ,  at night, the oxygen level in the main pond be- 
comes critically reduced, the eels enter the resting corner. During harvest&, when 

Fig. 2-36: P o ~ y e t h y ~ ~  ~o~ emmmies wasm-veilrter pond opm&icms in temperate 
@M. (&%er Umx, 1974 ; reproduced by permission of Fmbg Newa (Books) Ltd.) 

large numbers of eels are nettcd, the full net ia dragged to the resting corner for 
handling and sorting. 

To permit vehicle access, levee tops m e m m  at leaat 3 m ; about 0-6 m of free- 
board ehould be left between levee top and m b r  surface; recommended elopes mo 
at leaet 4: 1 on the inside and 8: I on the outaide. Immediately after wmtruction, 
l e v w  are plmted with grase to impede erosion (Bnm~crx~ and co-authors, 1972). 
A general layout of a Danieh pond farm for culturing trout ie illustrated in Fig. 
2-39. 

(c) Large Enclosures 

Iarge enclosures, such aa embayments, bays, lagoons, fjords, tidal areas, salt 
mamhee or artificial habitate (created by controlled Aooding of large low land areas) 
serve, in most cams, commercial cultivation. Construction and operation of large- 
scale coastal mariculture plants have received attention in numerous publications 
(see aleo Chapter 5.2). They will not be treated hereindetail. Major factorsto be con- 
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sidered are the organism cultured, its market value, climate, cost of land, labour, 
energy and transportation, morphology of the land-water bounda.ry, soil quality. 
water-flow dynamics and salinity. 

Dom \ - - 

Row feed 
( f i s h )  

- - - -  - 
- - - -  

Pond - a - 

- - p  

Feed-storage 
room 

Locker 

R e s t  Cauldron 
room 

Ground plon of hut  

Fig. 2-37 : This hut serves as feeding point in a Japanese eol pond. It  is located in a wsll aerated, 
ehadowed site. On the cauldron, raw fish is briefly boiled to soften ita skin; with strings 
throaded through their eyes, the feed fish are then offered in bundles to the eels. PS : paddle 
splasher; open arrow:  prevailing wind direction; closed arrows: water flow. (After Usur, 
1974; modified; reproduced by permission of Fishing News (Books] Ltd.) 

(d) In situ Enclosures and Related Devices 

Cages, pens, pounds and plastic bags, as well as floats, racks, rafts and relatedde- 
vices are used for culturing marine plants and animals in the sea. A few examples are 
illustzated in Figs 2-40 t o  2-46. Further information on similar in situ devices can be 
found in KINNE and BULNEIEIM (1970), BARDACH and co-authors (1972) and in 
Chapter 5.2. 

An octagonal fiah pound ha.a been developed a t  the Nanaimo Biological Station 
(Canada) for rearing the sablehh Anoplopomafimbria (KENNEDY, 1968). The 8 sides 
and the bottom of the pound aro all of netting (Fig. 2-44). A detachable top 
netting keeps out gulls and other potential air-breathing intruders. Each of the 
pound siclea is l. 22 cm wide and 550 cm deep (the uppor 61 cm are above water, the 
remainder under water). Floats support the frame and allow access. 'rho pound is 
anchored in sheltered water. The netting can be raisd. by pulling on the vertical 
tensors (to get access to the fieh) and returned to its usual shape by tightening the 
downl~auls. In the sea, algae, detritus, etc. soon bngin to aottle on the netting. 
Hence, two nets are used alternately in the some frame; the net not in use is dried to 
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frcc i t  from the fouling materials. Of course, numerous variations of the pound are 
possible, and are in use in a number of marine biological institutions. 

Plastic bags, suspended in the sea, are most useful tools for s t u d h g  natural 

Wotef 
entry 

Vertical pump 

Wafer current 

Resting 
corner Moin pond 

Inlet for eels 

\ \ 
( b l  Paddle splasher 

Fig. 2.38 : lheeting corner in a large Japanese eel pond. This well-aerated (vertical p~unp, 
paddle splaeher) corner serves ae refugiurn in cases of critical reduction in water quality of 
the main pond, ae well 88 for ban- and sorting of netted eel masseg during harvesting. 
(a) Photograph ; (b) schematic top view. M : motor. (After U ~ I ,  l. 974 ; modified ; reproduced 
by permission of Fishing News (Books) Ltd.) 

Inlet channel \ L  

Fig. 2-39: Danish pond farm. 1 : dam 
with wild-fish ladder; 2 : pond; 
3: screen. (From B ~ D A C H  end 
CO-authom, 1972 ; m d e d  ; 
based on B a ~ a ~ ~ a u e ;  repro- 
duced by permimion of Wiley- 
Interecience.) 
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plankton dyl~amics, as well as for analyzing theeffectsof pollutants on large natural 
plankton populations (in situ test pollution). The plastic-bag concept (Fig. 4-28) 
has been pioneered and discussed by STRICKLAND and TERHUNE (1961: see also 
GOLDMH, 1962). 

Small plastic bags ('foil tanks') ha,ve been used by BROCI~MANN and co-authors 
(1974) for studying in silu interactions between plankton and ambient water (Fig. 
2-45). The cylindrical (5 m deep, less than 1 m diameter) bags consist of a trans- 
parent combination foil with an outsido layer of polyamide (30 pm) and an inside 
la,yer of yolyethylene (100 pm). Both layers are supported by a metal frame attached 
to a buoy. A motor-driven propellor produces continuous water mixing. BELOCKMAN 
and co-authors conducted their experiments under natural concentrations of 
nutrients and at natural population densities, both in mono- and multispecies 

Fig. 2-42:  I n  silu oyster culture (foreground) and seaweed culture (background) near Hamana, 
Japan. (Photograph : H. Roops.) 

cultures. In  the large Soutl~ Harbour of Helgoland (southern North Sea), their bags 
have stood up to tides, wind and waves. 

In order to accommodate a t  least three trophic levels-e.g. phytoplankton, zoo- 
plankton, fish-the large polythene bags developed by PARSONS (unpublished) and 
his colleagues nleasurc ca 10 m in diameter by 30 m in depth, and contain about 
2500 tons of sea water (Fig. 2-46). Initial experiments were conducted by a team of 
scientists of differant disciplines in Saanich Inlet (Vancouver Island, Canada), a 
highly productive near-shore environment. The experiments demonatrated con- 
siderable similarity of biological events when four replicate bags (scale models of 
ca 70 tons each) were filled simultaneously. In view of the parallelism of ecological 
dynamics in the four test bags and in the surrounding sea, the water bodies con- 
tained in the bags can be umd as models, both of the normal ecological processes 
taking place in the unperturbed marine environment and of isolated ecosystems 
exposed to sublethal amounts of pollution or other environmental stress. Multi- 
species cultures and n n t ~ ~ r a l  food-web a.ssociations ca.n be studied here under ma.ni- 
pulable conditions never available before. These bags also qualify as macro-enclo- 
sures for a variety of projects of research cultivation and commercial cultivation. , 
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CONCLUSIONS 

Q., 

Horizantd ten& -Bottom corw line 

Fig. 2-44: Octagons1 pound for Q Bifu fish culture. (After KENNEDY, 1968; reproduced by 
permission of F'ieheriea Researeh B& of Canada.) 

( e )  Conclusion8 

Size and form of culture enclosures vary considerably 14th the test organism and 
the culture goal. In addition to the well-known standard enclosure types, numerous 
special desjgns have recently been developed. A few examples are described and 
illustrated. Ponds, the old(:st culture enclosurc.~, are still of cor~~iiderable importance 
both in research cultivation and in commercial cultivation. They have received 
more a.ttention than any other enclosure. 



Among the in situ enclosures, large plastic bags facilitate modem research on food 
chains, functions and etructures of ecosystems and wu.ter-pollution effects under 
quasi-natural conditions. They are likely to become essantial t.ools for the experi- 
mental ecologist interested in population dyna.mics and in biologicsl oceanography. 

The large diversity of enclosure types a,nd of organisms cultured, and the fre- 
quently insufficient published details on the capability of a given onclosure to sup- 
port life preclude a critical evaluation of comparative efficiencies. 

L!+L Ballast 

Fig. 2-46 : Ylmtic bag for in mtu culture of plankton. (a) Genersl view; (b) cross-sect~on. (After 
BROCKMANN and co-authors, 1974; modified; reproduced by permission of  Springer- 
Verlag. ) 

(5) Life-supporting Substances 

Sea water may contain a variety of life-supporting substances, such as dissolved 
organics serving as nutrients, vitamins or growth promoters. Our present knowledge 
regarding the ecological significance of them substances is very limited. Dissolved 
organics (Volume I, Chapter 10) represent prerequisites for the normal development 
of certain marine organisms, especially bacteria; they also appear to be important 
for some algae and for several animals such as cnidarians, polychaetes and related 



vide and maintain defined amounts of these subatancea in culture systems tlze reason 
for the failure to cu1tiva.b certain 'delicate' marine organisms? These questions are 
of fundamental importance to all ecologists concerned with the cultivation of 
marine organisms. Concert.cd efforts of ecologrsts, physiologists and biochemists are 
needed to provide the a.nrrwers. 

After reviewing the evidence a t  hand for the life-supporting role of external free 
amino acids (FAA) dissolved in *a water, STEPHENS (1972) concludee that  
ca.n meet the nutritional requirements of some marine organisn~s, even when offered 
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at the IOW concentrations prevailing in nature. In other organisms, FA4 can contri- 
bute appreciable portions to the total intake of nutritive organic matter. While not 
all marine organisms seem to be able to take advantage of FAA as potential energy 
source, the capacity for taking up external amino acids and other organic sub- 
stances appears to be a phenomenon of general ecological significance (e.g. STEPHENS 
and SCHINSRE, 1958; CHAPMAN ~ ~ ~ T A Y L O R ,  1968; ANDERSON and STEPHENS, 1969; 
JOHANNES and co-authors, 1969 ; SCEUICHTER, 1971, 1973, 1974a-, b, 1975; SOUTH- 
WARD and SOUTHWARD, 1972;  Volume 11: PANDUN, 1975; Volume IV). 

The anthozoan Anemonia su2cata, for example, resorbs 2nd accumulates external 
tritiated L-amino acids a t  in situ concentrations (SCHLICHTEXE, 1973, 1974a, b). 
Rt:sorption occurs mainly through the apicsl membrane of the tentacle ectoderm. 
Upta.ke rates (2-10 pg g-' wet weight hr-l) depend on type and concentration of 
the amino acid tested. SCHIJCHTER established that  the internal glycine concentra- 
tion exceeds the ambient concentration by a factor of 10'; this finding indicated to 
him that  the uptake represents an active metabolic process. According to 
SCHUCHTER'B calculations, A .  ~11.i~a.i~ satisfies a substantial. portion of its metabolic 
requirements by FAA uptake from the ambient sea water. A .  sdcrcta resorbs external 
amino acids also under anaerobic conditions, and shows appreciable independence 
of uptake dynamics from environmental factors (SCHLICHTER, 1974e). Uptake of 
amino a,cids is possible a,gainst a gradient of up to l. : 1 06. SCR'LICHTER (1.97 5) claims 
that  A.  n~lcata obtains n niitritiorial profit by resorbing d.jssolved. ambient glucose. 

In aome marine interstitial polychaetes, FAA influx is rapid, and efflux relatively 
independent of external amino-acid concentra.tions in the normal in &tu range 
(STEPHENS, 1972). Influx exceeds efflux a t  F M  leveIs which seem to be charecter- 
istic of the microhsbitat of the polychat?trs testc:(l. Clalculations, comparing rate of 
uptake with enorgy requirements of the worms, suggcst tha.t FAA upt:~kc represents 
a supplement to other food pathways. Among the environm.enta1 factors influencing 
the dynamics of influx versus efflux rates of PAA, as well as their assimilation by the 
worms, are salinity, ionic composition and FAA concentration (STEPHENS, 1972). 
Presumably, ternperat~we and dissolved gases (especially 0,) also exer-t measurable 
offects. 

I n  culture systems, the application of defined amounts of certain dissolved or- 
ganics, that  may act as life-supporting snbatancea, is difficult. If necessa.ry, such 
substances must be added to individual culture enclosures (not t o  the total system). 
Since biological or physico-chernicaI water treatment tends to remove the sub- 
st,ances from the recycling sea w:ttcr :llrnost as fast as they are added, a contjnuous 
supply is necrbsrj:Lry. -1ddition of significant amounts of organic matter will increa,se 
the biochemical oxygen demand (BOD; p.  108) and tend to  reduce the carrying 
capacity (p. 167). In fact, in most sea-water systems, da.ngerous accumulation of 
organic substances 8eerns to be of greater immediate concern than under-representa- 
tion of dissolved organics. 

For a number of organisms, antibiotics may act as life-supporting substances. 
Addition of antibiotics to the culture medium has redur,od mortalities, for ossniple, 
in protozoans, as well as eggs and larvae of invertebrates. MARSHALL and ORR (1958) 
have used streptomycin to prevent excessive bacterial population growth in freshly 
collected sea water used for cultivating copepods; for further exa,mples consult 
Chapters 4.1 and 5.1.  In axenic cult~ues (Chapter 5.1 l), antibiotics are necessary for 



purification and for protecting monospeciiic cultures from bacterial 'conta~nina- 
tion'. 

While addition of antibiotics to the culture medium cansuppress the development 
of undesired micro-organisms, possible side effects on the organisms cultured have 
beon insufficiently investigated and caruiot be ruled out. Antibiotics may be ha,rrnful 
to marine organisms (p. 104), and several investigators, who originally used anti- 
biotics, have recently pointed out that  they obtain comparable or even better cu.1- 
tures without aatibiotice. Much work remains to be done before ule can use anti- 
biotica with more faith in ecological experiments. 

(6) Life-endangering Substances 

Substances which support life ma.y attain life-endangering qualitierr if allowed 
to  accumulate. In  fact, whether a given substance exerts life-supporting or life- 
endangering qualities is often primarily a function of its concentration. 

In principle, the substances which hnd  to endanger life in culture systems can be 
considered under two terms : contaminants and metabolites. Contaminants originate 
from the materials used in cultivatioii and from laboratory procedures, such as 
cleaning (detergents), heating, handling, etc. ; a detailed account of chemical con- 
tamination of culture media is presented in Chapter 7 (eee also BLANKLEY, 1973). 
Among the metabolites, two principal groups can be distinguished : ectocrines and 
end products of nitrogen metabolism. 

(a) Ectocrines 

Ectocrines are subrctances relea.sed into the ambient water, which may exert 
potent biological effects even though present only in very low concentra.tions (see 
also Volume I, Chapter 10). They can be poisonous (e.g. the toxin of the dinoflagellate 
Gy~nnocliniurn veneJicium) or they Inay critically influence biological processea. They 
may act a.s stimulante (e.g. in growth, reproduction, orientation) or as mediators of 
interrelationships between organisms (e.g. sex attractants). It has been pointed out 
(AELEE, 1931; HARDY, 1936; and others) that sxcretions and secretions of aquatic 
animals may 'condition' the external medium, and thereby a,ffect metabolism and 
activity, a8 well as distributions o f  co-existing forms. Ectocrines or external metabo- 
lites-including pheromones (KARLSON and LUSCHER, 1959 ; USCHENBLATT, 
1962)-received early attention from Lucas (e.g. 1947, 1961). 

In cultivation, the biological effects of ectocrines can be marnaked or enforced in the 
presence of toxic end products of' nitrogen metabolism (p. 80). Furthermore, pro- 
duction of, and responses to ,  ectocrines may follow normal patterns in healthy indi- 
viduals only. Hence, analysis of ectocrine effects requires more criticaI experimen- 
tation than has been practised in the majority of pertinent studies. 

The information currently available on the role of ectocrines in the cultivation of 
aquatic animals is im-ufficient for detailed evaluation. Two oxarnples must suffice: 
BERME and VISSEXC (1963) have isoln.ted a rnono-hydroxyl-tri-carboxylic acid 
mono-isodecyldimethyl ester (molecular weight : 360 ; empirica,l formda : C, ,H,,O,) 
released by the aquatic saail Biomphularia sudanim. This ectocrine is lethal t o  the 
snails when added to their culture water in twice the normal concentration. Yu 
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(1968) extracted organic substances prodiiced by the zebra fish Brachydanio rerio 
and the blue gourami Trichogaster trichterus; these substances exert inhibiting 
effects on the growth rates of these freshwater fishes when added to the culture 
wetor in defined amounts. 

(h) End Products of Nitrogen IvfetaboLiem 

End products of nitrogen metabolism that  are otllowed to accumulate in the cul- 
ture water may interfere with eesential life processes. Hence, dangerous nitrogen 
compounds released from living or dead organisms or from waste food must be 
reducecl to  acceptable levels. I n  microcosm cultures consisting of microbial, plant 
and animal components, nitrogenous substances must be recycled properly in terms 
of routes and rates. Removal of excess nitrogen compounds from the culture water 
and regulation of nitrogen cycling are essential keya for successful cultivation, 

Animala excrete am rnonia, urea, uric acid and other nitrogenous substances- 
including g u h n e ,  amino acids and trimethylamins o x i d e a s  end products of their 
nitrogen metabolism (NORRIS and BENOIT, 1945 ; P ~ R Y ,  1960 ; PO'XVTS, 1967 ; 
CAMPBELL, 1970a, b ; CAMPBELL and GOLDSTEIN, 1972; Volume I1 : PANDUN, 1975). 
Depending upon the major end product, the type of excretion is referred to as 
ammonotelic, ursotelic, uxicotelic, or guanotelic. Excretion types may cha.nge 
during the life of the animal conce~ned, as a function of age, developmental stage or 
environrnenta.1 fa-ctors (e.g. MUNRO, 1953; NASEI and ~ K E A U S E R ,  1969 ; SHARMA, 
1966; GOLDSTEIN and co-authors, 1967; PICKFORD and GRANT, 1967 ; HAGOAQ and 
FOUAD, 1968; GOLDSTEIN, 1972). In  aquatic animals with low rates of nitrogen 
metabolism, the bulk of nitrogenous wastes may be lost by diffusion though the 
body wall. Howevor, in 'higher' carnivorous forms such as cephalopods, a large 
portion of nitrogen excretion takes place through the kidneys or their equivalents 
(POTTS, 1967; S C ~ T - N I E L S E N ,  1972); i.n decapods and fishes, the gill serves as 
chief site. of nitrogen excretion (e.g. SMITH, 1929; WOOD, 1968; FROMM, 1963; 
GOLDSTEIN and co-authors, 1964 ; GOLDSTELN and FORSTBR, 1970). 

In cudtivattion, ammonia, nitrite, nitrate and orgarlic compounds such as urea, 
uric acid, proteins and amino acids are of primary concern. Nitrogen oxides 
(N,O, MO, N,O,, NO,, N,O,) and molecular nitrogen are less important. Removal 
of excess nitrogen compounds and nitrogen recycling rely primarily on micro- 
organisms and, to a lesser degree, on algae. Both the necessary micro-organisms and 
the algae sre accommodated in biological water-treatment units (p. 122). h iitldi- 
tion, physico-chemical water treatment (p. 134) assists in lowering critical level8 of 
end products of nitrogen metabolism. 

The role of 'bacteria in the oxidation of end products of nitrogen metabolism waa 
anticipated by PASTEUR (1862), and first demonstrated in soil (SCALOESXNG and 
M ~ ~ N T z ,  1877 ; MUNTZ, 1890). Oxidation of ammonia to nitrite and nitrate was dis- 
covered by MUNRO (1886) ; WIKOORADSKY ( 1892) recognized the involvement of t w o  
separate oxidation processes performed by ammonia.-oxidizing and nitrite-oxidizing 
bacteria (see below). That biological nitrification in the sea proceeds essentially 
along the same lines has been established by VON BRAND and co-authors (1 937,1959, 
1942); VON BRAND and RAKESTRAW (1940, 1941); RAKESTRAW and VON BRAND 
(1947) ; see also SVERDRUP and co-authors ( l  942); BARNES (1 957); RAYMONT (1 963) 
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and VACCARO (1966). These authors discovered that ( i )  i t  is possible to reproduce the 
complete cycle of nitrogen regeneration under laboratory conditions : (ii) dead, 
decomposing organisms rapidly release ammonia; (iii) the main decomposition 
stagesare : ammonia, nitrite and nitrate. Studies by COOPEE ( 1  937), K ~ ~ H L  and MANN 
(1955, 196;6s, b, 1962), BOTAN and co-authors (1960) and others revealed that  the 
resulting picture is quite complex. For details consult Volume 11: SCHLEGEL (1975). 

The two fulidamental processes of bacterial nitrogen transformation are referred 
to as nitrification (oxidation of arnnlolzia to nitrite or nitrate) and denitrification 
(reduction of nitrate to nitrite, or of nitrite toilitrous oxide or freenitrogen) (Volume 
11: SCHLEGEL, 1975). Molecular nitroge~i can be fixed by certain bacteria, yeasts 
and b l u e - ~ e e n  algae. 

Ammonia, nitrite nndnitra.te are also utilized by anumber of algae. Several phyto- 
planktera have been shown to  use ammonia in preference to nitrate. While ammonia 
can be metabolized directly for amino-acid synthesis through tra.nsamination, 
nitrite and nitrate must first be reduced. Reduction of nitrite to  smmoilia a,ppears 
to involve photosynthetically reduced ferredoxin (HATTOM and MYERS, 1966). 
Nitrate is reduced by the light-independent enzyme nitrate reductase (HATTORI, 
1962a, b). The role of algae in processing nitrogenous substances in culture systems 
ha's been evaluated on pp. 129 to 134. 

In oceans and coastal waters, nitrogen occurs mainly in the form of molecular 
nitrogen and nitrate, nitrite and ammonia. Of the 9 different oxidation states 
(-3 to +5), molecular nitrogen (0) attains about 20 times the amount of the total 
combined nitrogen. The more highly oxidized nitrate (+6) and nitrite (+3) comprise 
about 65% of the total combined nitrogen. Reduced nitrogen (-3 to - l ) ,  i.e. ammo- 
nia and organic nitrogen compounds, both dissolved and particulata, make up some 
35% of the combined nitrogen (VACCARO, 1966). 

Ammonia 

The term 'ammonia' is used differently in the biological Iite~at~ure and hence, 
requires definition. Am~noniais defined as the gas NH, ; ammonianitrogen, a8 nitro- 
gen co~nbined in NH, or arnmoniuzn, NH,'. The latter combines with a number of 
eIements, but in biological excretion, occurs as amnlonium hydroxide, which 
dissociates in a reversible reaction into ammonia, NH,, and water (e.g. BURROWS, 
1964). In most biological ~tudies-and in the present review-the term 'ammonia' 
comprises both NIT, and NH,+. Where the information a t  hand allows specification, 
differentiation is made between ISW, and NH,+. 

In  the open oceans, the range of ammonia concentration is from 0.1 to 10 pg a t  
I-'. I n  most ca.ses, oceanic ammonia values lie between 0.1 and 2 yg at I-' in the sur- 
face layer. Exact ana,lytical methods have become available only recently, and even 
these are not strictly ammonia specific ; henco, only a.few exact measurements arc a,t 
hand. Ammonia is the major end product of nitrogen metabolism jn most aquatic 
animals (Volume 11: PANDIAK, 1976, pp. 176-184). I t  is often relea.sed a t  high rates 
(NEEDHAM, 1970; Tables 2-15 to 2-18). Among the potentially life-endangering 
substances accumulating in the culture water, ammonia is of primary importance. 
I n  waste waters clischargeci into coastal waters, ammonia. is often present in high 
concentrations, especially in effluents from municipal sewage and from coke ovens 
(e.g. ELLXS, 1937; GRINDLEY, 1946; WURBMANN, 1962; Volume V). 



Table 2- 3.5 

Excretory rates of ammonia ( ~ g  at NH,+-N mg-l dry weight day-' ) by zooplank- 
ton ; test t;emperatures: 12" to 15' C. The number of specimens tested is even  in 
parentheses (After JAWED, 1973; modified; reproduced by permission of 

Springer-Verlag, Berlin) 

Station Water 
no. temperature 

Excretory rate 
Total biom*s a t  NH,+-N mg-l 

(mg dry weight) dry weight day-') 

28 15.2" C M~xed copepods 
Mixed copepods 
Mixed copepods 
Mixed copepods 

14.8" C C h n w  sp. (16) 
C&nw sp. (20) 
Mixed copepods 
Mixed copepods 

1 4.6" C Mixed coppods and 
Euphauaia ( I )  
Mixed zooplankton 
Mixed zooplankton and 
E u p h a d  pacifica ( l ) 
Mixed zooplankton and 
Ewphawks pimifica ( 1 ) 

13-8' C Cdanue sp. ( z  100) and 
E w p ~ ~  paci* ( 2 )  
Cdanw sp. ( 2.1201, 
Euphadpac i f i ca  ( l )  and 
Mixed zooplankton 
Mixed zooplan kton 
Mixed zooplankton 
Mixed zooplankton 

12.8' C Mixed zooplankton 
Mixed zooplankton 
Mixed zooplanlrton 
Mixed zooplanlcton 
A w e a  aeq-ea ( 1 1 
Aequorea aequorea ( 1 )  
Jelly fish : 
Phiolidiunb BP. ( 1 ) 
Proboacidoctyla sp. (1 ) 
Pleurobrachia: sp. ( 1 ) 
Jell y h h  

13-8' C Amphipod: Callwpi?r.ssp. (3) 
Mixed zooplsnkton 
Mixed zooplankton 

11 -6O C Euphausiid : 
Thyaanmso h g i p e s  ( 2 )  
Euphauaiids : 
Euphuuaia pacifica ( 1 ) and 
Thysanoeaaa longipe.9 (3) 
Euphausiid : 
Euphueia pacifico (3) 
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Rates oj ammonia ezcrdim 
Rates of ammonia excretion are documentnd here on the baais of a few examples. 

Ammonia excretion has received attention in Volume I1 (PANDUN, 1975, pp. 179- 
184). 

Moat molluscs examined excrete ammonia, but of the total nitrogen excreted the 
ammonia proportion may sometimes be small (POTTS, 1967). Within 24 h a ,  and a t  
normal temperatures, the followjng ra.tes of NH,-N release have been established : 
marine gastropods, 4 to 85 rng g . ' tots1 body weight (DUERIZ, 1968); freshwater 
mail Ljrrlmca stagnu.lis, 34 rng g-I total body weight (BAYNE and FFLIEDL, 1968); 

Table 2-1 6 

Arnnzonia. (NH,-N) excretion rate in 3 zooplankters. Darkness; 13' C (After 
hlalrzau~, 1973; modified; reproduced by permission of Springer-Verla,g, Berlin) 

Species 
W,-N excretion NH,-N excretion 
(% body N day-') (% body protein clay-') 

Meganyctiphcrnea norwgk 
Winter 
Spring 

Phrmima eedenhvia 
Awrlia c b w i  

Species Body nitrogen Totrtl nitrogen excretion 
(% dry weight) (% body N dayLL) 

Mrganyctipham mwtqica 
Winter 
Spring 

Phrronzm sedenlaria 
Acurlio clawxi 

lamellibranch Modiolus demissus, 42 mg g-' tissue (LUM a.nd HAMMEN, 1964); 
oyster Crmsostrw virginica, 25 mg g-' tissue (HAMMEN and co-authors, 1966); 
cephalopod O c t o p ~ ~  dojleini, 30 pg (renal excretion) g-l tissue plus, presumably, a 
comparable amount of extra-renal nmmonia (Po~rs,  1965; see also DELAUNAY, 
1931 ; EMIANUEL and MARTIN, 1956; CAMFBELL and BISHOP, 1970). All crustaceans 
examined are ammonotelic, with the possible exception of Cardisornu guanhumi 
(PARRY, 1 960 ; HARTENSTEIN, 1970). A number of amphipods and isopoda have been 
shown to excrete 80 to 90% of their nitrogellous end products as ammonia; in their 
terrestrial counterparts, the respective values range from 50 to  60% (DRESEL and 
MOYEE, 1950). 
In cultivated Cahnas hlgolandicus, nearly 90% of the nitrogen excreted is in the 

form of ammonia (CORNER and co..iiuthors, 1972). The soluble portions are shown in 
Ta.ble 2-17. The amounts of excreted amrnoniaa,nd totacl solublepl~osphorus increase 
significantly in fed individuals. 



Zooplanktors sampled off the coasts of Washington and Oregon (USA) were found 
to excrete NH,-N a t  rates varying from 0.1 6 to 0.60 pg a t  mg-L dry weight day-' 
(experimental temperatures: 12' to  15' C);  in jellyfishes, the rates varied from 0.02 
to 0.06 (JAWED, 1973 ; Table 2-1 5; see also CONOVER and CORNER, 1968; JAWED, 
1969). The amounts of NH,---N released by the zooplanlrters Meganyctiphanee 
noruegica, Phronima sedentaria, Acartia clausi and Sagilla setoscl are listecl in Table 
2-18. MAYZAUD (1973) calculated the protein chrbon equivalent to respiratory and 
excretory catabolism, using atomic 0 : N ratios. While the main nitrogenous product 
excreted is ammonia, significant amounts of organic nitrogen compounds are also 
present. Starved copepods catabolized more protein carbon than would be ac- 
counted for by the respiratory oxygen utilized. F u t h e r  information on rates of 

Amounts of soluble nitrogen and phosphorus released by fed. (diatom Biddulphio 
sinensis) and ttnfed Culawua helgolandicus. 10' C ;  dim light. Mean values and stan- 
dard errors based on 24 determinations for fed and 12 for unfed. copepods. P values 
indicate statistical significance of differences between value pairs (After CORNER 
and co-authors, 1972; reproduced by permission of Marine Biological Association 

of the U.K.) 

Quantity released (pg animal-' day-') 

'Non-ammonia Total N ~trogen.  Total P N :P ratio 
nitrogen (by weight) 

Udod 0.88 + 0.01 1.02 0.02 0.15 + 0.013 0.139 & 0.006 7-61 f 0.36 
Fed 1.21 0.04 1.34 0.06 0.13 + 0.017 0.186 + 0-010 7.48 _+ 0.34 
P <0,001 <O.OOl >0.26 ~0.001 30.76 
Inorease (%) 36.4 f 4.1 31.3 5-0 Nil 33.6 2 6.3 Nil 

ammonia excretion by zooplankters has been presented by CORNER and 
NEWELL (1967), CORNER and CORNER (1968) and BUTLER and co-authors (1970). 

Rates of ammonia excretion tend to vary as a function of age (life-cycle atage), 
temperature, salinity (EMERSON, 1969), ambient ammonia levels, and season. 
Seasonal variations have been reported, for example, for Meganyctiphanes w v e g i c a  
(MAYZAUD, 1973; see also CONOVER and CORNER, 1968). Comparable seasonal fluc- 
tuations occur in other aquatic invertebrates, e.g. in the freshwater snail Laniates 
baltemia (HAGGAG and POUAD, 1968): I n  April, 95% of the total -N was NH,-N, 
and no urea- N was excreted. I n  May, 31 % NH,-N and 40% urea- N were pro- 
duced. During June, July and August, L. baltemia proved to be ureotelic, excreti~g 
horn 47 to 62% urea- N ; NB,-- N ranged from 13 to 24% of the total-N. In  Sept- 
ember, similar results were obtained as in April. However, in October, no BH,-N 
was excreted, and urea-N accounted for 82% of the total-N released. Such varia- 
tions in smmonia excretion may be related to  seasonal fluctuations in life-cycle 
etage (age), irradiance, temperature or nutrition. 
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111 a number of freshwater fishes, ammonia-N accounts for 80% of the total 
nitrogen excreted; urea-N makes up most of the  remainder (SMITH, 1929). Ac- 
cording to BALDWIN (1949), about 25 to 50% of the nitrogenous compounds excreted 
by fishes is ammonia; among the remainder, urea, creatine, and amino acids usually 
predominate. A 29.7-g  bluegill sunfish Lepomis macrochirus excretes 7.18 mg N 
day-l. Thia is about 3+ times a,s much as n warm-blooded a.nirna1 produces 
(GERKINQ, 1955). Growing rainbow trout Sa,lmo gairdne~i i  excrete 1 7  mg ammo- 
nia-N kg-] body weight hr-I (SHLRAHATA, 1964; see also L r ~ o  and MAYO, 1972). 

Table 2-1.8 

Ammonia excretion rates and atomic 0:N ratios in 4 zooplankters. Darkness; 
13' C (After MAYZAWD, 1973; modified; reproduced by permission of Springer- 

Verlag, Berlin) 

Species 
NJ3,-N excretion Total nitrogen excretion 

(pg et N mg-l (pg at PJ mg-l 
dry weight day-') dry wejghL day-') 

1Meqany ctiphanes ~oorvegica 
Winter 
Spring 

Pkraima s&ltcria 
Amr& clazLsd 
Sorgitla selosa 

Species 
Rospiration 

(pg at 0, mg-I Atomic ratio Atomic ratio 
dry weight doy-') 0 : NINH, 0:N 

Meganyctiphanes norvegica 
W inter 2.72 
Spring 2.79 

Phronima sede~ataria 1.64 
AwfiiQ c l a d  8-97 
SayiCh selosa 6- 33 

I n  marine teleosts, ammonia is the predominant forln of nitrogenous waste pro- 
duct (DEUUNAY, 1929; Woon, 1958; DE V o o ~ s ,  1968). Nitrogen metabolism in 
fi-shes has been discussed by GOLDSTEIN and FO~ZSTER (1970). 

Nitrogen excretion in amphibians has been reviewed by BAEINSKY (1970), in 
reptiles by COULSON and BERNANDEZ (1970), and in mammals by BEM and 
KOLENBRANDER (1970);  see also CA~WBELL and GOLDSTEIN (1972). 

Concentrations of ammonia and other nitrogenous compounds in blood or 
coelomic fluids of aquatic animals have been determined in a number of cases (e.g. 
DXLA.UNAY, 191 3, 1927, 1931 ; MYEXES, 1920; STRUNK, 1930 ;  F L O R ~  and HOUET, 
1939; F L O R K ~  and RENWARD, 1939; F L O R ~  and ~ ~ P E Z ,  1940; BAHL, 1946; 



ABDEL-FATTAEI, 1967 ; DE JOROE and co-authors, 1965, 1966; POTTS, 1965, 1967 ; 
DE JOWE and SAWAYA, 1967 ; Gmsoa~,  1968 ; HARTENSTETN, 1968 ; R o n m ,  1969 ; 
NEEDRAM, 1970). The values reported vary between 0.005 and 1.5 mg NH,-N 
ml-l. They may t u r n  out to be of significance for assessing rates of ammonia 
excretion and tolerances to ammonia concentrations present in the culture water. 
I n  rainbow trout Salmo gairdnerii exposed to solutions of a.mmonium chloride con- 
taining 0, 1, 3, 5 or 8 mg total ammonia ml-', a direct correlation was observed be- 
tween blood ammonia (both total ammonia and N H , )  and total ambient ammonia 
after 24-hr periods (FROMM and GILLETTE, 1968). I n  h'. gairdnerii exposed to 0 to 
1 rng total ammonia ml-l, mean NW,-N blood levels ranged from 0.6 to 1-3 mg 
ml-' . Daily excretion rates of ammonia showed an inverse relationship with starting 
ambient ammonia levels. Since blood ammonia concentrations always exceeded 
ambient ammonia levels, accumulation of ammonia in the blood must have re- 
sulted from excretory inhibition, rather than from ammonia uptake against the 
concentration gradient. Decrease in ammonia excretion rates concurrent with 
increaee in ambient ammonia suggests damage to the excretory mechanism. 

Bio1ogtka.l consepzcences of nmm~nia accumulation 
Accumulation of ammonia in the culture water produces a variety of detrimental 

biological consequences and remains a rna,jor cause of functional and structnral dis- 
orders both in research cultivation and in colnmercial cultivation. Harmless at very 
low levela, increasing concentrations of ammonia rapidly become dangerous to  
aquatic animals, especially if allowed to persist over some weeks. This section 
considers: (i) the factors which determine proportion, distribution a-nd relative 
importance of NH, and NH,+; (ii) the kinds of functional and etructwal disorders 
caused. Most of the information available is concerned with freshwater fishes. 
However, there is reason to a,ssume Ghat the biological consequences of ammonia 
accumulation involve phenomena which are not species specific : comparable func- 
tiom and structures seem to be atiected similarly in limnic and marine forms, even 
in different taxonomic groups. 

The biological conseyuences of ammonia accumulation depend on the proportion 
and distribution of NH, and NH,+. The proportion of NH, and NH,+ is determined 
primarily by the pH of the fluid. At any given pH, the NH, portion of the total 
ammonia concentrationis a function of the dissociation constant (K ) of the molecu1.e. 
The negative logarithm of K ( p K )  varies with temperature and type of fluid. If pK, 
pH, total ammonia concentration, temperature and type of fluid are known, the 
proportion of NH, and NH,+ can be calculated by applying the law of mass action. 
Such calculations (Table 2-19) are necessary, because most methods of ammonia 
determination (p. 92) are based on microdiffusion, and give only total concentra- 
tions. As a rule of thumb, a one-u.nit increase in pl3, e.g. from 7.5 to 8.5, produces 
approximately a 10-fold increaae in the percentage of NH,. 

The distribution of NH, and NH4+ in biological systems depends on the differen- 
tial permeability of cellular barriers to these two forms. In general, cell membranes 
are readily perme;lble to m,, but relatively impermeable to W,+. Since the degree 
of ammonia toxicity depends on the amount of ammonia which enters the cell, 
NH, is the primary denomina.tor of ammonia damage. 

The influence of pH on the relntive ~Estribution of NH, and NH,' on both sides 
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of a cellular barrier (cell membrane) is illustrated scheinatically in Fig. 2-47. Excess 
H+ attracts NH,. On both sides of the cellular barrier, NH, and NH,+ concentrations 
establish an equilibrium which depends essentially upon the pH on each side. 
Distortions in the pH gradient between extra- and intrace)lulsr fluids causo a re- 
distribution of the two forms of ammonia,. In experiments, cha,nges in pH on both 
sides of cellular ba#rriers can easily be introduced (WARREN, 1962). Since H' pene- 

Table 2-19 

Percentage of NH, in aollxtion of ammonium hydroxide as a function 
of pH and temperature (Prepared by J. W. ELLTOT after WUKRMANN 
and WOKER (1949); reproduced by permission of Verlag Birkhaiiser, 

Basle) 

pH 
Temperature 

("c) 7.0 7.5 7.6 7.7 7.8 7.9 8-0 8.1 

pH 
Temperature 

("c) 8-2  8.3 8.4 8-5 8.8 9.0 9.6 

(m+) (OH-) = where K, = dissociation c o n s h n t  
Derivation formula: 

NH,. H20 o i  ayuaousammonia 
Temperature 

("C) 
10 
15 
20 

K, = ionization constant of H,0 
K ,  

14.5346 
14.3463 
14.1069 

trates most biological membranes a t  extremely slow rates, the pH on one side of thc 
membrane can be altered by adding acid or base. Addition or removal of CO, 
changes the pH on both sides almost simultaneously (WARREN and SCHPNRER, 
l 962). 

The toxicity of ammonia has been studied by numerous biologists, veterinarjans 
and physicians for more than 70 years. Ammonia toxicity is a universa.1 phenomenon 
which gains in importance as the pollution of air, water and land continues. Unfor- 
tunately, progress in the investigation of ammonia poisoning is slow and suffers 
from insufficient interdiscipiinary cooperation. Tliere is an almost complete lack of 
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cross communication among botanists, ichthyologists, parasitologists, veterim- 
rinns, physiologists and physicia.ns (WARREN, 1962). 

That ammonia pollution of rivers and coastal waters affects fis.hes more seriously 
a t  high than a,t low pH values ha.s been known for several decades (e.g. ELLIS, 1937; 
GRINDLEY, 1946; WUHRMANN and co-authors, 1947). Rainbow trout Scllmo gaird- 
ne~ii can survive a 10-fold higher concclitration of ammonium chloride ut pH 7.0 
than a t  pH 8.0 ( D o w ~ m a  ancl MERKENS, 1.955). The degree of NH, toxicity depends 
also upon the amount of dissolved oxygen present. At 19.8' C, the median surviva.1 
periods of S. gairdnerii increase in three concentrationsof NH, (0.86,1.38,1.96ppm 

External Cellular Ccl l 

Fig. 2-47 : A m n i o ~ ~ i a  exchange across a cellular barrier. (a) 
Cell.membrtme permeability is low for NH,+, but high 
for NH,; (b) excess W+ (side with lower pH) traps the 
biologically dangerous NH3. (After W ~ R E N  and 
SCKENKER, 1962; modified; reproduced by per- 
mission o f  American Physiological Society.) 

fluid barrier f lu id  

NH,-K I-') with increasing concentrations of dissolved oxygen (between 1-5 and 
8.6 ppm l-l). In 0.86 ppm NH,-N, for example, median survival periods extend 
from about 10 mine a t  1.6 ppm 0, to about 1000 mins a t  8-5 ppm 0, (Fig. 2-48). 
Comparable responses were obtained by MERKENS and DowNr~a (1057) in the fresh- 
water fishes .Pe~ca  fluviatilis (perch) and Rulilis rutilis (roach), wh.ile Gobio gobio 
(gudgeon) showed no significant changes in survival periods at the two oxygen con- 
centrations tested (53.4% and 96.7% air saturation; Pig. 2-49). Increased carbon 
dioxide levels tend to augment NH, toxicity in S. gairdnerii (LT~OYD and HERBERT, 
1960), and increased, but still sublethal, levels of ambient ammonia may cause 
huresis in the same species (LLOYD and ORE, 1969). 

Biological conseq uences of ammonia accumulation are difficult to assess in exact 
quantitative terms. Differences in size and shape of culture enclosure, culture-water 

NH3~-- 

(a) 

'4"' 

( b )  

c- NH4+ 
NH, 

C- NH4+ 
H+ 

H + 
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0.86 pprn 

2 4 6 8  

1.38 pprn 
NH, -N 

2 4 6 8  

1.96 pprn 
NH3- N 

o , , , , ,  I I 

2 4 6 8  

Dissolved oxygen ( ppm) 

Fig. 2-48: Sdmo gccirdneri-i. Ammonia toxicity a function o f  NH3-N and dissolved oxygen. 
Open circles: pH 7-0;  611~d circles: pH 8.0 Experimental temperature: 19.8' C;  fresh water. 
(After D O ~ N G  and MERKENS, 1966; modified. Crown Copyright. Reproduced by per-  
mission of tho Controller of H.M. Stationery Office.) 

Fig. 2-4 D : Percafluviolilia (circles), Rufilw rutilus (squares) and Go& 
gobw (triangles.) Ammonia (NHS-N) toxicity a t  534% and 86.7% 
air saturation. lG.2'C; fresh water; pH 7-9. (After MFHKENS and 
D O ~ N G ,  I967 ; mohfied. Crown Copyright. Reproduced by 
permission of the Controller of H.M. Stationery Office.) 

quality, water-treatment efficiency, animal load (p. 166), rates of water replace- 
ment ox recirculation, oxygen and carbon-dioxide concentrations, temperature, 
pH, exposure time, method of ammonia determination, etc. complicate com- 
parieons or even make them impossible. 

Earlier studies were primarily concerned with 1etha.l ammonia limits (e.g. 
P-S and CO-anthors, 1949; BROCKWAY, 1950; D o m a  and MERKENS, 1955 ; 
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MEEKENS and DowNma, 1957; LLOYD and HERBERT, 1960). The lust two authors 
studied Sdmo gairdnerii cznd found the lethal NH, level to be 0.84 mg I-' (norm:t,l 
temperature, oxygen and carbon-dioxide levels; pH 8.2). At 10' C, 18 mg NB,+ 1 l 

would be necessary to produce a lethal effect. Such high ammonia concentration is 
unlikely to  occur in salmon and trout-rearing ponds, unless the water is re-usad 
without filtration (BURROWS, 1964). 

Sublethal NH, effects cause hyperexcita.bility (FROMM and GILLETTE, 1968; we 
also WUHRMANN and WOKER, 1949 ; MCCAY and VARS, 19.50) ; reductions in growth 
rate (e.g. BROCKWAY, 1950; I ~ W A M O T O  and co-authors, 1967; KAWAMOTO, 1958, 
1961) ; reduced gas exchange duo to gill-surface-area diminution (Bultnows, 1964; 
FROMM and GILLETTE, 1968); decreaee in blood-col1 number (REICHENBACII- 
K ~ K E ,  1967); reduced oxygen levels in the blood (PELULIPS and co-authors, 1949, 
1950; BROCKWAY, 1950) ; reduced physical performance (Taoms and co-authors, 
1964) ; reduced diaea.se resistance (BURROWS, 1964) ; structural modifications in 
various orgam, including the liver parenchyma (REICHENBACH-KLINKE, 1967). 

In  the public aquarium of the 'Institut fur Meereskunde' in Kiel (FRG), annual 
aversge NH,-N values of 0.06 mg I-' have been tolerated by e large variety of 
North Sea and Ba?ltic Sea fishes withollt apparent harm (TREKEL, personal com- 
munication). At temporaturee between 9.3" and 11-8" C, the average salinities 
ranged from 30.7 to  35.2%, for the North Sea fishes and from 15.8 to 21.3%, for the 
Baltic Sea fishes. According to KAWAMOTO (1961), the carp Cyprinus carpio still 

a t  total ammonia concentrations which inhibit growth in SaEmo gairdnerii. 
Howevcr, a t  0.3 mg NH,C1 I-', carp decreased in average wet weight from 2.80 to  
2.77 g over a test period of 91 days (temperature about 20" C; pH close to 7). During 
the same time, the controls increased in average individual wet weight from 2-74 
t o  3.1.3 g. The carp survived in 1.2 mg NH,CI I-', but KAWAMOTO (~98umw that  they 
would die from respiratory failure a t  still higher concentrations. 

Ambient concentrations of up to 10 rng NH, I-' have been roported by FROMM 
and GIUEXTE (1968) to exert no significant effect on the ability of Sulmo gairdnerii 
haemoglobin to combine with oxygen under in  vitro conditions (erythrocytes sus- 
pended in Ringer's solution) ; however, decrease in ammonia excretion rates, in the 
presence of increased ambient ammonia concentmtions, appear to be indicative of 
beginning damage to  the excretory apparatus. I n  S. gairdnerii exposed to ambient 
ammonia levels of about 1 mg I-', blood oxygen content decreased to about 14% of 
the normal value (BROCKWAY, 1950); a t  the same time, blood carbon dioxide in- 
creased about 15%. S. gairdnerii placed in 1.6 to 4.3 mg NH, I-' for 24 hrs exhibited 
increased oxygen consumption (53 to 106% above normal resting level; FBOMM, 
unpublished, in  : FROMM and GILLETTE, 1968). There can hardly be any doubt that 
critically increased ambient ammonia levels tend to deform gas-exchange equilibria 
between organism and environment. 

REXCHENBACH-KLINKE (1 967) studied the toxicity of a.mmonia in 240 individuals 
of the freshwater fish species Sqwlus cephalua, Carassius auratus, C .  carassiw, 
Gobio gob&, Eaox lucim, Cypinus  carpio, S a l m  gairdwi i ,  Rutilus rutilus and 
Tinca linca. In each experiment ( 1  week; minimum food ration), 6 individuals were 
used; all experiments were repeated. They were conducted in 50-1 glass aquaria a t  
16" to 17" C, pH 8.4 to 8.6, and. NH,+ concen.trations between I. and 4 rng NH,+ 1-' 
(0.1 to  0.4 mg NB, I- ') .  Ammonia affects blood cells and gills. At first, blood-cell 
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number decresses (presumably as a function of abnol-mal concentration of blood 
cells in gills and skin) ; it then increases as in an overall idammation procew. Con- 
centrations of 3 m g  NIT,+ I-' (0.27 mg NH, I - ' )  and above cause svr~elling of cells 
(gills, liver), clubbing of gill filaments and hyperplasia. At the same time, thenumber 
of erythrocytes decreases. Tlzese severe modifications of the blood system tend to 
become irreversible after a short time. Damage to the liver parenchyma and blood 
components soon attains lethal levels. REICHENBACH-KLINRE concludes that  
ammonia toxicity manifests itself through cell damage with hyperplasia and partial 
degenera.tion, para.lleled by decompo~titjon of blood elements. 

Freshly hatched fishes exhibit the lowest degree of tolerance t o  ammonia. Salmo 
gairdnerii fry suffer irreversible blood damage at 0.27 mg NH, 1-l (REICHENBACH- 
KLINKE, 1964,1965,1967). I t  is t o  beexpected, therefore, tlmt in cultivation projects 
wh.ich include breeding, permissible NH, concentrations must remain sig~lificantly 
below the levels tolerated by adult individuals. I n  Germa,n rivers, the ammonia 
concentration is steadily increasing. RE~G~ENBACH-KI.INKE (1967) measured 0.25 
mg NH,' 1-' in the River Salzach, 0.126 mq 1-' in the Isarkanal, 2.36 mg 1-' in 
the Speichersee of the Isarkanal, and 2 to 3 m.g I-' in the Goldach. In the Rbjne, 
0.93 rng I-' ammonia was determined near Emmerich and 50 mg 1-' in the Emscher 
( W A Y ~ E R W ~ T ~ C H A F T ~ ~ E R W ~ L T U ~ ~ ,  1969). All these value8 are critical a t  alkaline 
pH values and high temperatures (see also D o m o ~ o n  and KATZ, 1950). 

B u ~ s o w s  (1964) examined sublethal NB3 effects in freshwater cultivation ponds 
containing fingerling chinook salmon 071C0~hynch1~~ tsIm~yI8clm a t  temperatures of 
6' and 14" C a pH of 7.8. Excretion patterns and composition of excretory pro- 
ducts were found to vary with population density. At stocking rates of less than 2,3 
lcg per 3.8 1 min-' of water inflow, urea is the principal end product; a.bove this level, 
ammonia becomes dominant. In  continuous exposure for 6 weeks, NH, concentra- 
tions as low as 0.006 mg I-' can produce extensive hyperplasia of the gill epithelium. 
Prolonged, but intermittent exposure to NH, ca.uses reduced growth rates and 
reduced phyaical ata.mina. Bumows postulates that  continuous NH, exposure i~ 
the precursor of bacterial gill disesae. In each experiment, BURROWS subjected four 
lots of fingerling8 to four levels of introduced ammonium hydroxide (0.0, 0.3, 0.5, 
0.7 mg 1-l). Ca.lculated exposuro to  PITH, was 0.006 (6' C) a,nd 0.008 (14' C) mg l-' at 
the 0.3 mg l-' ammonium-hydroxide level ; 0,010 a,nd 0-012 mg 1-' a t  the 0.5 mg I-' 
level; 0.014 and 0.018 rng 1-' a t  the 0-7 level. The highest level approximates the 
maximum concentra,tion encountered in roering ponds during afternoon surges. 
The degree of proliferation and clubbing of gill filaments was progressive during 
the first 4 weeks; thereaftsr, no meaeurable increase wad discernible. There was no 
significant ~OI-tadity during the experiments, nor during a following 3-week poriod. 
The potential to recover from severe gill pr~lifera~tion is limited. Transfer to normal 
culture water, and inspection after 3 weeks, revealed no recovery from extensive 
proliferation in the 6"-C fish; the larger 14O-C fish recovered Go some extent (in the 
first experiment, the proliferated areas had consolidated; in the second, they had 
not). 

Severa.1 pollutants (phenols, metal salte, detergents) amplify detrimental ammo- 
nia effecb, as does oxygen deficiency. Tissues with low concentrations of dissolved 
oxygen are penetrated more eaaily by NH, and hence, are more readily damaged. 
Compounds with a high affinity for iron tend to affect (or even block) respiratory 
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functions. H,S, for example, passes cell barriers 100 times faster than 0, and inacti- 
vates the iron in haornoglobin, thereby reducing the oxygen eaturation capacity of 
the tissue. & a consequence, NH, permeates more readily. 

WOLF ( X  954, 1.057) assumes that. increased levels of ammonia and urea represent 
s cause of the blue-sac disease (exophthalmos; popeye) in fishes raised in freshwater 
hatcheries. Cultivation of ~ a l m o n  eggs and fry in ha.tchery water with added ammo- 
nia and urea (beginning of experiment: 2 rng I-', after 7 days: 12 mg I-') a,t 1.3' C 
yielded increased maximum disease incidence (about 66%) over thnt in controls 
(15 to  60%). 

Recent experiments, mainly on crustaceans and. fishes, conem the possibility 
that,, in freshweter animals, am.monote1ism may be related. to the maintenance of'the 
acid-base balance and to  cation conservation (M~ETz, 1972). The evidence available 
is, however, rna,inly indirect. Addition of ammonia to the culture medium results in 
an inhibition of sodium. absorption, while injection of ammonia produces increased 
rates of sodium uptake, in accordance with the Na+/NH,' exchange model of MAETZ. 
No stoichiometric relationship between rates of ammonia excretion and of sodium 
absorption has been observed. In some cases, the rate of ammonia excretion is much 
higher than that  of sodium absorption, while in others the reverso situation occurs. 
Increase in protein metabolism a t  inadecluate ambient oxygen concentrations has 
been indicated in the fish Tilapia .mossambica (KUTTY, 1972). 

Cou?~twaction of N H ,  poieoning in closed culture systems 

The key to  counteracting NIX, poisoning in closed systems is biological ma,ter 
treatment (p. 122). Mechanical (p. 112) and physico-chem.ica1 (p. 134) wnter treat- 
ment are Icss efficient, but provide welcome additional means for reducing danger- 
ously high NH, Ievels. 

The suscoptlbility to NH, poisoning is reduced when high turnovor rates of the 
culture water are employed, when dissolved oxygen levels are maintained near 
saturation a-nd when the animal load ia kept below the carrying capacity of the 
system (p. 166). Accumulation of wa,ste food must be avoided. In situ&tions of 
sudden critical overload., replacement of part of the culture wahr ,  recirculation 
through additional biological water-treat.ment urlits and (increased) foam separa- 
tion are recommended. 

pH values are of special importance for counteracting or reducing detrimental 
NH, effects. pH values in excees of 8.2 are not necessarily desirable in sea-water 
systems. On the other hand, pH values below 7.6 must be avoided. The nitrate and 
phosphorus components of animal excreta accumulate in the culture water as nitro- 
gen and phosphate, which precipitate with calcium or magnesium (SAERI, 1958). As 
calcium and magnesium ions are eliminated, the culture water loses excess bases and 
becomes acidic. Low pH suppresses bacterial ammonia oxidation and renders the 
water unsuitable for marine animals. SAEKI recommends addition of calcium oxide 
or magnesia for counteracting pH values that are too low. The ma.intenance of 
adequate pH values haa received special attention on pp. 108 and 109. 

Ammonia determination 
A number of methods for determining ammonia in sea water and fresh wnter have 

been described., e.g. WATTENBERO (1929), WLRTH and ROBINSON (1933), UOGH 
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(1934), FQYN (1949), B'UWAN (1951), RILEY (1953), GILLBRICHT (1961), ROSKAM 
and nE LANQEN (1964), JOHNSTON (l966), SAGI (1966), NEWELL (1967), GRASSHOFF 
(1968), &BR.ECH.T and OVERBECH (1969), KOROLEPP (1969, 1970), BENESCH and 
M~NGELSDOBF (1972) and GRASSHOFF and JORANNSEN ( 1  972).  BARNES (1959) and 
STRICKLAND and PAILSONS (1968) have critically assessed some of these and other 
methods (see also NEWELL, 1967; AQUARIUM WATER CHEMISTRY MANUAL, 1968). 
Within the la.st few years, electrodes for measuring NH, and NH,+ (by adding 
base), nitrate (by adding strong reducing agents) and organic nitrogen (after 
Kjeidahl digestion) have become available. The ammonia electrode lllodel 95-10 
(Orion Research Inc., Cambridge, USA), for example, is a gas-sensing electrode 
which measures samples of 1.0 ml, is sensitive down to 20 ppb, operates in  sea. and 

Fig. 2-50: Auto Analyzer. Flow diagram for determining ammonia. 
(After ALBRECHT and OVERBECK, 1989 ; modified ; reproduced by 
permission of Technicon QmbH, Frankfurt/Main.) 

brine water, is podable, inhrference free (except for volatile amines) and requires 
less than 1 mill for one determination, SRNA a.nd co-authors (1 973) tested the elec- 
trode under &&-water conditions and fourld i t  suitable for routine ammonia 
monitoring in closed systems, as  \$!ell as for detecting rapid water-quality changes. 
About 5 mina were needed for eachsample a.nalysis. For recording ammonia, nitrite, 
nitra,te, phosphate, Kjeldakl-nitrogen, iron, ailicate and carbohydra.tes, ALBRECHT 
and OVERBECK (1969) have used an Auto Analyeer. The flow diagram for determin- 
ing ammonia is illustra.ted in Fig. 2-60. 

Nitrite and Nitrate 

Near the surface of tho open oceans, the usual concentration range of nitrite is 
about 0.01 to 4 pg a t  l-' ; that  of nitrate about 0.01 to  40 pg a t  I-'. In most ca.ses, 



nibrite values range from 0.1 to 2 pg a t  1 - I  ; nitrate values, from 0.1 to 20 pg a t  I-'. 
Both nitrite and nitrate tend to a.ttain much higher values in closed sea-water 
systems. 

Studying the nitrogen cycle (Volume 11: SCHLEQEL, 1975) in small aquaria (8 to 
16 l) ,  K ~ ~ H L  and MANN (1 965, 1956a, b) found comparable conditions in eea and fresh 
waher. .However, in sea water, ammonification was slower, nitrite and nitrate pro- 

20 3l l0 20 30 l0 20 31 D 20 31 10 20 B 
Oct. l NW. 1 Dec. 1 Jan I Feb I 

8 
r . 1 1 . 1 ,  

D 2 0 3 l M M ~ D h 3 l  D2031 l02028 
Oct 1 NW I Dcc I Jan I Feb. 1 

Oct. l Nov. 1 Dec. I Jan. I Feb. I 

Fig. 2-11 : Oxidetion of nitrogenous compounde (6 g meaf of Myrilus sdulie) in ~ ~ l g t e d  (solid 
lines) end non-aerated (broken lines) sea water (32 %,,S). Right: water temperature, pH, 
eakalinity and O2 saturstion. (After K m  and BLum, 1956; modified; reproduced by 
permission of  Dr. B. V. Junk Publiehers.) 

duction started later and nitrifica,tion endod later. In spite of slow nitrificlttion, the 
amounts of nitrite and nitrate were higher in sea water. In. one of their experiments, 
K i i a ~  and MANN (1956b) placed meat of Mytilus edulis (5 g) in an 8-1 glass aquarium 
(32% S) without bottom substrate and without animals or plants. The meat wae 
allowed to decompose in a.erated a,nd in non-aerated. water; ammonia (NH,+), 
nitrite and nitrate, watar temperature, pH, a.lkalinity, and oxygen eaturation were 
determined once a day. Some of the results obtained are illustrated in Fig. 2-51. 
Aquaria containing metabolizing animal8 instead of dead organic matter yielded 
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colnpnrable values. In  the presence of living planta, most of the nitrate was assimi- 
lated. In the public aquarium a.t Kiel (FRG), average annual NO,-N levels of 
0- 18 mg I- '  a,~id MO3-N levels of 2 2 8  mg 1-' have caused no detectable detrimental 
long-torm effects among a large variety of marine fishes and invertebrates (TREKEE, 
personal corn munication). 

CAHLUCCI a.nd co-authors (1970) studied three sources of biological nitrite produc- 
tion in  sea water: (i) decomposition of faecal pellets of the copepod Calanus helgo- 
landicus; (ii) decomposition of cells of Amphidinium carterue (dinoflageIlnte), Cyclo- 
tella ?tuna (diatom) and Monochrysis Eutheri (chrysomonad) ; ( i i i )  excretion by 

Table 2-20 

Decomposition of faecal pellets (Calanus helgolandicus) during 8 weeks of incubation 
in the dark a t  20° C; oxidation of nitrogenous substances released. Control values 
subtracted from reported amounts. All values expressed as pg at N l-' (After 
CARLUCCI and co-authors, 1970; modified ; reproduced by permission of Springer- 

Verlag ) 

Material 
Beginning of experiment End of 2 weeks 
-- -----p 

NH3-N NO2-N 'NH3-N NO2--N 

Faecal pell et.s 
Fmcal pellets + 132P 
Faecal poll~ts + 
Nibrosocyatia ocm~nzlu 

End of 4 week8 End of 6 weeks 
Material 

NH3-N NO2-N NHS-N NO2--N 

Faecal pellets 
Faecal pellets + 132P 
Faecal pellets + 
hritroaocystw oceanw 

Skelelo?zerna costaturn. All tests werc made a t  20" C in non-acrated wa,ter, (i) and ( i i )  
in the dark, (iii) in continuous light (approx. 0.01 langley min-'1. Analjrses for 
hW,-N, NO,--N and NO,--N were performed using methods described by 
STRXCKLAND and PARSONS (1968). Copepod pellets released ammonia and nitrite 
less readily than the decomposing rnarjne plzytoplankton. At the end of 2 weeks, 
the faecal pellets of C. helyolandicus released 0.6 pg a t  NH,-N 1-' into the culture 
wa.ter; this amount increased to 0.8 pg at  I-' after 4 weeks, and remained at that  
level for the duration of the ~xperirncnt~ (Table 2-20). 'Nitrite production was low, 
even after addition of bacteria (pure cultueu of a.mrnonia oxidizers '1 32P' or Nifroso- 
cystis oceanus). No nitrate wa.8 observed when a nitrite-oxidizer wrls added. During 



the deconlposition of algal cells (Table 2-21), the tughest amount of ammonia was 
recorded after 8 weeks of incubation. Tn the presence of N. oceanus, the rate of 
nitrite production was 0.2 pg a t  N 1-' week-'. The rate constant k was 0.1. day-'. 
CARLUCCI and ST~ICKUND (1968) obtained a k of 0.06 day-l for various nitrifying 
bacteria with substrate concentrations of 1.5 to l. 5 pg at  (NH,),SO,-N I - ' .  For 
physiological mechanisms of bacterial nitrification, consult Volume 11 : S C ~ E O E L  
(1 975). 

Skeletonenza coslatum was found by CARLUCCI and co-authors (1970) to excrete 
nitrite when high concentrations of nitrate were present. N-starved and non-N- 
starved S. co8talu.m released nitrite a t  150 and 50 pg a.t NO,-N I-', respectively. A9 
nitrate concentrations decreased to lower levels, the nitrite was assimileted. In con- 
trast to previous findings (VACCAEO a,nd RYTEER, 1960), nitrite production did not 
increase under conditions of reduced irradiance. V A ~ C A R O  and RYTHER cultivated 
the flagellate Isochrysia sp., a.n unidentified centric d.iatom (Lauderia sp.?) and the 
diatom 8. costatam. They point out tha.t the assimilation of nitrate-N by marine 

Table 2-21 

Decomposition of algal cells (Amphidindum carterae, Cyclotella nann, Monockysis 
Eutheri) during 12 weeks of incubation in the dark a t  20" C; oxidation of nitrogenous 
substances released. Control values subtracted from reported amounts. All values 
expressed as pg at N 1-' (After CARLUCC~ and co-authors, 1970; modified; repro- 

duced by permission of Springer-Verlag) 

~i~~~~~~~~~ ~ ~ ~ , ~ ~ i ~ ~  of After number of weeks indicated 
Mntarial 

nubstance experiment 4 8 g 10 12 

Algae + heterotrophic NH,-N 0 3.9 4-7 6 .2  4.7 2.7  
Bacteria NO2-N 0 0 0.3 0.3 0.3 0.5 
Algae + heterotrophic NH3-N 0 4.6 6.2 7.0 5.2 3.8 
Bacteria + Nitrosocystia 
oce(znu8 NO2-N 0 0.4 0.8 1.2 1.6 2.0 

phyboplsnkton is often accompanied by the production of significant amounts of 
extracellular nitrite. 1n their cultures, the highgist nitrite concentrations were pro- 
duced a t  reduced irradiance levels by cells recovering from nitrogen deficiency. 
Withi11 the range of 0 to 1300 foot-candles, the amount of nitrite-N produced 
varied inversely with the degree of i r r d a n c e .  

Attempts to demonstrate non-a-utotrophic nitrification by seven open-ocea,n 
bacteria proved unsuccessful ; hence, CARLUCCI and co-authors (1 970) consider that 
heterotrophic nitrification in the sea ie probably of little ecological importance (see 
a,lso Volume 11 : SCHLEOKL, 1975). Non-biological processes hardly participate in t,he 
production of nitrite. Photo-oxidation of ammonia is insignificant in t)he sea 
(HAMILTON, 1964) and probably also in culture containers. According to HAMILTOX, 
photoreduction of nitrate to nitrite is more likely, but also of doubtful ecological 
importance. Under conditions normally found in oceans, rates of bacteria.1 nitrite 
production are very low (WATSON, 1965; CARLUCCI and STRICKLAND, 1968). 
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Nitrite and nitrate accumulations in culture systems are less dangerous to marine 
animals than NH, accumulstion. According to KELLEY (1965), nitrate is less toxic 
than ammonia by about three orders of magnitude. However, very high nitrate 
levels may interfere with respiratory processes, especially in invertebrates (e.g. 
OLIVER, 1957 ; H~RAYAMA, 1 9 6 6 ~ ;  KL~VATANX and Isouar, 1969). At nitratelevels of 
75  t o  100 mg I-', hermit crabs showed discomfort; 250 to 350 mg 1-' are lethal to 
m a n y  fishes (DEGRAAP, 1904). 

I n  closed sea-water systems, nitrite and nitrate poisoning can be avoided or 
adequately counteracted by biological water treatment (p. 122). A properly de- 
signed and correctly operated mechanico-biological filter tends to stabilize these 
substances within ranges observed in natura.1 sea waters (e.g. SRIFPGE, 1941; 
TRAMA, 1954; ATZ, 1964a). In closed sea-water systems, nitrite levels should not 
exceed 0.1 mg I-], and nitrate levels should not be in excess of 20.0 mg I-' (KING and 
SPOTTE, 1974). Accumulation of nitrat'e causes undesirable pH decrease by replace- 
ment of carbonate and bicarbonate ions, as well as  nitric acid formation (Ho~xo ,  
1934). By adding lactate or tartrate to the water, the subsequent development of 
denitrifying bacteria brought about fast removal of nitrites and nitrates in the 
culture water. 

Methods for determining nitrite and nitrate in sea and fresh water have been dis- 
cussed and evaluated by BARNES (1959) and STRICKLAND and PARSONS (1968). 

Other Inorganic Substances 

Decomposition of uneaten food and of dead organisms tends to  modify the normal 
ratios of a811 dissolved substances. Except for phosphates, reports on dangerous 
accumulations of inorganic substances--other than a.mmonia, nitrite and nitrate- 
have not come to the reviewer's attention. Phosphate accumulation is n ~ u c l ~  less 
dangerous to cultivated marine animals than that  of ammonia. 

According to GOLDIZEN (1970), phosphate levels are not known to  be toxic in 
semi-open systems in the presence of a calcareous filter bed. The phosphate precipi- 
tates as the calcium salt. This process, however, can occlude buffering surfaces and 
hence, ca.use a reduction in pH. A-voidance of such undesirable side effects necessi- 
tates, a,t intervals, stirring of the filter bed. Excess phosphate also results in insoluble 
precipitations with calcium and magnesium, leading to a reduction in these ions 
and, ultimately, in alkalinity (SAEKI, 1963). 

Organic Substances 

Even very low concentra,tions of dissolved organic substances may have impor- 
t an t  biological consequences. More lznowledge on origin, ecological significance and 
brealrdown of organic substances disaolved in sea water is a fundamental prerequi- 
site for progreas in cultivation and in the analysis of marine ecological dynamics 
(Volume IV).  I n  ocean waters, most organic substances (Volume I, Chapter 10, 
p. 1527) occur in concentrations in the order of 10-7 to 10-l0 M. Few analy t i~a~l  tech- 
niques are sensitive enough for exact qualitative and quantitative analysis of such 
small amounts. I n  the open oceans, dissolved organic substances attain concentra- 
tions between 10-' and 1W8 volulne density (Volume I :  KALLE, 1972b). I n  the Ara- 
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bian Sea, the amounts of clissolved C vary from 1.00 mg l-L a t  1 m depth to 0.50 rng 
I-' a t  250 m (MENZEL, 1964). In  unpolluted marine environments, AZAM and 
HOLM-HANSEN (1973) recorded organic compounds in concentrations in the order 
of 1 to M. Vitamin concentrations appear to range several orders of magni- 
tude lower (10-'O to 10-l3 volume density). K A L I . ~  (1972b) assumes that the ratio: 
amount of organic substances in sediments to those dissolved in sea water to those 
particulate suspended in sea water to  those in living organisms is about 1000: 100: 
1 0 :  1.  

WhiIe certain organic substances promote growth or initiate reproduction, accu- 
mulation beyond a critical level has been reported to inhibit growth (e.g. Brcocrc- 
way, i 950; KAWAMOTO, 1961 ; Am, 1964b ; KUWATANI and I s o o u ,  1.969). I n  closed 
sea-water systems, organic substances accumulate and tend to attain concentrations 
many times higher than in natural sea water. After months or years, the accumula- 
tion of organic substances may cause the culture water to acquire a yellowish. tint. 
The substances responsible for such discoloration are collectively referred to as 
'Gelbstoffe' (ICALLE, 1966 ; Volume I V  : WANOERSKY, in prcss). 

In cultivation studies, organic nitrogen compounds have thus far received morb 
attention than other organic substances. Formation and excretion of organic nitro- 
gen compounds in the animal kingdom have been treated in a number of reviews 
(e.g. CAMPBELL, 1970a, b ; CAMPBELL and GOLDSTEIN, 1972 ; Volume 11 : PANDIAN, 
1 97 6 ) .  These compounds are considered less life endangering than inorganic 
nitrogen-containing substances, especially NH,. Over a period of 3 weeks, urea 
levels of 0.2, 0.3 and 0-4 pprn did not result in visible damage to the gill epithelium 
of fingerling chinook salmon Oncorhynchw tshawytscha maintained in a rearing pond 
(BURROWS, 1964). As 0-4 ppm exceeds thc maximum urea level m u d y  encountered 
in roaring pride, and as the test period was beyond that  a t  which NH, produces 
visible evidence of giH darnage (p. 91), BURROWS concluded that ammonia, not 
urea, acted as a limiting toxicant. 

MITAMURA and SAIJO (1  976) suggest that  the photosynthetic activities of 
phytoplanktem constitute one of the major routes of urea decomposition a,t sea. 
Urea is assumed to play a significant role in the nitrogen nutrition of coastal phyto- 
plankton (see also EPPLEY and co-authors, 1971; SAIJO and WTPLD~IURA, 1971; 
MCCABTHY and EPPLEY, 1972 ; MCCARTHY, 1972 ; ANTTA and co-authors, unpub- 
lished). \T7hile algal water-treatment units (p. 131) may help to reduce urea 1evel.s 
and those of other organic nitrogen compounds in culture systems, the effectiveness 
of this process for research cultivation and its feasibility for commercial cultivation 
(rna.riculture farms) remain to be investigated. 

(c) Conclusions 

In contrast to life-supporting substances, considera.ble information is available 
on substances which endanger life in culture systems-contaminants (Chapter 7) 
and metabolites. Among the metabolites, the role of ectocrines in cultivation re- 
mains to be investigated; the potential danger of end products of nitrogen metabo- 
lism has been stressed and evaluated in numerous papers. Ammonia ranks as the 
most dangerous excretory product. Most aquatic animals release ammonia, often a t  
h g h  rates. The primary denominator of ammonia damage is NH,. 



END PRODUCTS OF NITROGEN METABOLISM 99 

NII, accumi~lation readily causes detrimental effects to basic functions and 
structuxes of the anirnals cultured: impa.irment of gas exchange and inhibition of 
fimdn.rnenta1 metabolic proccss~?s soon cause reductions in (i) growth rate, (ii) 
physical performance, and (iii) tolerance to environmental stress (including toler- 
ance to pollutants) and diseases. Prolonged exposure to critically high NI-I, levels 
results in structura~l da,mage, e.g. in epithclia and internal tissues. A t  critical h33, 
concentrations, detrimental effects are a.ugmented by high ambient pH values, high 
temperatures, low levels of oxygen and the  presence of water pollutants. Damage 
increases with exposure time, and ra4pidly becomes irreversible. The biological 
consequences of NH, ac:cumulation do not seem to  be species specific (as is the case 
with some organic metabolites). 

I n  culture systems, the NH,-N concentration should be 0.001. mg 1-' or less; 
even 0-001 mg I-' may, conceivably, interfere with normal life processes in steno- 
plastic lnsrine forms. S ~ O T T E  (1970) recommends tha t  the total measurable ammo- 
nia level should be less than 0.1 mg 1-l. I n  commercial culture plants, higher NH, 
levels are acceptable than in ecological experiments. For  salmonid fishes, LUO and  
MAYO (1972) have proposed the  criteria for ammonia levels listed in Table 2-22. 
Further research on NH, levels acceptable or desirable for different species t o  be  
maintained, reared or bred in culture systems is urgently required. 

Table 2-22 

Criteria for ammonia levels (mg 1-l) in salmonid 
culture ,systems (After L u o  a,nd ~' IAYo, 1972; repro- 
duced by permission of Elsevier Scientific Publishing 

Company) 

Level m3 NH,+ 

Optimum 0 <0.4 
Desirable <0,006 ~ 1 . 0  
Acceptable for short periods 
(e.g. 14 days) <0.026 <l.G 
Beginning of lethal range 0.08 3.0 

The most i m p o r t ~ n t  measure for counteracting ammonia po-isoning of the culture 
water is biological water treatment (p. 122). Additional measures include : (-i) ade- 
quate aeration; (ii) avoidance of excessive animal loads and waste-food accumula- 
tion; (iii) mechanical (p. 112) and physico-chemical (p. 134) water treatment; (iv) 
high turnover ra.tes of the culture water; (v) mnintenanc-e of pH values between 
7.8 and 8.2. 

Nitrite and nitrate accumulations in culture systems a.re less dangerous to marine 
snimrils than NH, accuinulat~ion. Nitrite levels should remain below 0-1 mg I-', 
nitrate levels below 10.0 mg I-' .  Evidence presented by L u o  and MAYO (1972), 
SMITH ( l  972) and ~YILLIAMS (1972) supports the view tha t ,  in the presence of other 
metabolic end products, nitrite levels in excess of 0.2 mg I-' lead t o  anoxia and 
heavy morfalities in fishes. LIAO and MAYO assume that NO,-, together with other 
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metabolites, cauaee methaemoglobinemia. In the presence of nitrite, conversion of 
fish haemoglobin to methaemoglobin tends to retard the oxygen transfer mecha- 
nism. 

Among other inorganic substances, phosphates may attain critical levels, but 
phosphate accumulation in culturesysternsis muchless dangerous than that ofNH,. 
The potential effects of organic substances require investigation. 

(7) Culture-water Treatment 

(a) General Aspects 

Principal Types of Water Treatment 

In closed sea-water systems, certa.in subsf a,nces tend to accumulate and. to deform 
the normal organism-environment and organism-organism relationships. Hence, 
closed-system operation requires water treatment, i.e. counteraction of culture- 
water pollution duo to organismic a,ctivities and to the food substu.nces added. 
Related problems of chemical contamination of the culture water from materials 
used in cultivation receive attention in Chapter 7. 

The term 'water treatment' comprises planned changes conferred upon a. managed 
body of water. I n  cultivation, such changes aim at improvements of water cherac- 
teristics for adequate sustenance of the orgaznisms cultured. In addition to treating 
the culture wator, all equipment used must be carefully cleaned, and should not 
release cxitical arnounta of pot4,ntially life-endangering substances into the culture 
water. Fixation substances, such ss formalin or alcohoI, detergents and other water 
pollutants, gasoline, and tobacco smoIre must be banned from culture rooms. 

Three types of water treatment can be distinguished: (i) Pretreatment of water 
before use in a culture system. This may include, for example, preclea,ning, pre- 
filtration, sedimentation, disinfection or sterilization, addition or removal of certain 
substances, aeration (including degassing), and adjustments in regard to tempera- 
ture, salinity, gaseous contente, etc. (ii) Reconditioning treatment of wahr  recir- 
cuIating in a culture system. This comprises a variety of mechanical, biological and 
physico-chemical methods. (iii) Post-treatment of culture water before its release. 
This involves processes similar to municipal wasbe-water treatment. Principal water- 
treatm-ent steps in open, semi-open and closed culture systems are iUustrated in Fig. 
2-52. 

The present chapter focuses primarily on reconditioning water treatment. Pre- 
treatment is referred to under various headings. Post-treatment is not covered in 
depth although i t  is of considerable importance for environmental protection, 
particularly in areas with large-scale aquaculture farms. Procossing of large volumes 
of waste water is considered along with other problems of water pollution and en- 
vironmental protection in Volume V. 

Reconditioning water treatment is based on water movement. We consider the 
various methods applied under the headings dlechanical FYater Treatmenl (p. 11 2 ) ,  
Biological Water Treatment ( p .  1 2 2 )  and Physiw-chemical Water Treatment (p. X 3 4 ) .  



These three groups of water-trea,tment procedures have several cha.racteristic8 in 
common, and clear col~ceptional distinctions a.re not pos~ible. However, didactic- 
ally. the subdivisions chosen are convenient. 

O ~ e n  culture svslem (flow -1hrouah o r ~ n c ~ ~ l e )  

Semi -o~en  cul ture svslem ( oor l io l  rec i rc~ l lo l ion)  

Seo I D~schorge 
Recondilionlng 
treatment 

Prelreorment -- - - 1 

Closed culture syslem (total recirculolion) 

Sea I 

I I 

Fig. 2-62 :  Principal steps o f  W A ~ ~ T  treatment in open, semi-open and 
closed culturo systems. Dashed lines indicate alternative routes. 
(Original.) 

Disinfeclion and Sterilization, 

While certain micro-organisms are essential for culture-water treatment (p. loo), 
others are dangerous to the cultured plants or animals (diseases : Chapters 8 and 9).  
I n  axenic cultures (Chapter 5.1 l ) ,  bacterial cells must be banned entirely. Inhibition 
of micro-organisms involves reduction In activities and numbers (suppre~ion)  ; 
elimination involves destruction or removal. Inhibition or elimination are achieved 
by measures collectively referred to as disinfection or sterilization (see also Chapters 
3.1, 3.2, 4.1, 6.11). 

The term disinfection implies partial sterilization, i.e. suppression of contaminat- 
ing micro-organisms to levels acceptable to the cultivator. Anrell-known disinfection 
procedure, p~steurjzation (after T,orr~s PASTEUR, French bacteriologist, 1822- 1695), 
involves careful treatment of heat-labile materials a t  60" t o  85' C. Depending on the 
degreeof heat lability, the material is usually pasteurized a t  60" t o  G5" C for 30 mins 
or a t  85" C for 1 to 2 mins. 
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The t,erm sterilization denotes the complete reproductive inactivation of all 
micro-organisms present either by destruction or removal. A fractional sterilization 
process, tyndallization (named after it,s inventor), consists of steam heating a t  80" 
to  100" C for 30 niins on 3 successive days, with intermediate storage of the treated 
material a t  normal temperatures. During tyndallization, vegetative cells and some 
spores are killed a t  the first heating; more resistant spores, which germinate sub=- 
quently, are destroyed during the second or third hrnting. Tyndallization is im- 
practict~l for sterilizing sea water or other culture media which can be treated in the 
autoclave (see below). It is useful, however, in the preparation of media not suffi- 
ciently resistant to  high-temperature treatment (e.g. serum media). 

This section briefly considers disinfection and steriliza.tion of sea water and other 
culture media, of air, m well as of glassware and other equipment. 

Sea water and othev culture media 
Sea water and other culture media can be disinfected or sterilized by micro- 

filtration, irradiation, heat (e.g. autoclave) or chemicals (e.g. ozone, chlorine, anti- 
biotics). I n  cultivation, microfiltration, ozonation, chlorination and axenization 
with antibiotics are predominantly employed for steriliza.tion. Ultra-violet irraclia- 
tion results in disinfection rather than in sterilization. Inhibition, destn~ction, or 
removal of micro-organisms in liquids has received attention from MCCULLOCH 
(1.946), FROBISHER (19a7), CLKFTON (1958), M~LL.ITORE FLLTER Corn. (1964), 
PELCZAR and REID (1965), HAMILTON and CARLUCCI (1966), MULVANY (1969), 
SYKES (19A9), PERRY (].WO), HAMILTON (1973), DAUBNER and PETER (1 974). 

Microfiltration is the most elegant method for sterilizing h-eat-labile liquids such 
as sea water. I t s  usefulness in cultivation is, however, limited to  the treatment of 
small fluid volumes. While a large variety of microfilters a.re available, only mem- 
brane filters are both truly reliable and economic. Absolute retention and high 
porosity make membrane filters the first-choice equipment for sterilizing small 
quantities of culture medium. They are widely used. in microbiology for removing 
or coIlecting bacteria, especially where bacterial population densities are relatively 
low (MULVANY, 1960; GDNKEL and RHEWHEIMER, 1972; Chapter 3). For sterile 
filtration, pore sizes near 0.22 pm are used, as all known bacteria are larger than 
0.22 pm* and hence, will be physically retained on the filter surface. Alt,hough 
mechanical sieving is essential for micro-organism retention, electrostatic and 
dsorptive processes are also involved in membrane filtration. Providing the mem- 
brane filter assembly has been sterilized properly (uutocl:~ving a t  121' C for 10 to 
45 mins, depending on the size ofthe filter holder), no bacterial growth h.asever been 
reported after proper fillipore-membrane filtration ( I~~ULVANY,  1969). Vu:us reten- 
tion requires filter-pore sizes significantly below 0.22 pm. 

There are two types of membrane filters: hlillipore (Fig. 2-53) and Nucleopore. 
Rlillipore filters employ porous cellulose-ester discs of different mean pore-size 
ranges. Nucleopore filters are produced by exposing a thin polycarbonate film to 
charged particles in a nuclear reactor, followed by an etching process. During f3tra- 

* However, the exiutence of amaller bacteria in aea weter cannot yet be ruled out w ~ t h  certainty. 
Theoretically, very small bacteria could pass the filter and escape uubaequent detection by curront 
microbiological methods. Thia possibility requires critical examination. 
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tion, no differences were observed in the heat stability or flow rate for either type of 
membrane filter. However, a certain advantage of the Nucleopore filter lies in the 
lesser variation in pore size. 

While filter sterilization enables heat -labile medium components to be preserved, 
filtration may yield a poorer culture medium (for example, for algae) than the same 
formulation autoclaved (Daoor, 1969). There are, according to DROOP, two possible 
reasons for this, both concerning the iron supply. (i) In mildly alkaline alga media, 
most of the iron is colloidal, even when chelated. Such iron is liable to be removed 
by fltration, as are phosphorus and humic colloids. (ii) I n  the autoclave, the reduc- 
ing conditions ensure that a t  least some of the iron is returned to the ferrous state. 
DROOP found that  fmtidiou~ species often do better in pasteurized media. This 

Groduoled 
cylinder 

Bocterlo - proof 
f ~ l l e r  
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device 

Fig. 2-53: Wllipore filter assembly. 
(After G U ~ L  and R H E I N F ~ E ~ R ,  
1972; modified; reproduced by per- 
miaaion of VEB Gu8ta.v Fischer Ver- 
lag, Jena.) 

applies particularly to PRIWOSHEIM'S biphasic soil-water media, some of whose 
physical properties are destroyed by wtoclaving ( P ~ ~ ~ c s ~ e x a r ,  1946), m well as to  
media containing full-strength sea wafer, which may precipitate heavily. 

Irradiation, with ultra-violet or electromagnetic y and X-rays and particulate 
cathode rays oan suppress or kill micro-organisms. Ultra-violet irradiation can be 
conveniently applied to numing sea water while it  passes through a disinfecting unit 
(p. 161). The responses of ma.rine organisms to ionizing radiation (y-rays, X-rays) 
have been reviewed in Volume I :  C m m ~  (1972). 

Application of heat, especially if combined with elevated pressures, is a universal 
principle for destroying micro-organisms. In  the most commonly used apparatus, 
the autoclave (Fig. 2-54), pressurized-stream sterilization is carried out in such a 
way that  the wliole material (liquids or solids) is in contact with the saturated 
stcam. The autodaving procedure depends on the liquid volume treated. Normally, 
l~utoclaving lasts 30 mins a t  115" C and a, steam pressure of 0-7 atm, or 20 mins a t  
120" C and 1 atm. 



Application of chemicals for disinfecting or sterilizing sea water and other cul- 
ture media is largely restricted to ozone, chlorine and antibiotics. Ozonation is used 
for treating considerable quantities of culture water. It has been employed in open, 
semi-open, and closed sea-water systems (for details consult p. 154). ChIorination 
(see also p. 107) of large sea-water volumes is applied in zoos and oceanaria for pro- 
tecting captive marine mammals such as pinnipeds or odontocetes from infectious 
diseases. The chlorine concentrations used for such purposes are usually similar to 
those employed in swimming pools. Antibiotics, e.g. penicillin, streptomycin, chlor- 
amphenicol, neomycin or chiorotetracyclins, are applied for rendering a. culture 

Air  filler 

Fig. 2-64: Autoclave. Basic design of a verticol stesm- 
p m u r e  unit. 1 :  exhaust cock; 2 :  safety valve. 
(After SYKES, l969 ; modified ; reproduced by per - 
mission of Academic Press.) 

axenic, and for protecting earIy stages-more rarely, also adulta-of maline 
organisms wbich are pa.rticula,rly susceptible t.0 microbial infection. Axenizing 
cultures of algae (Chapter 4.1) or invertebrates (Chapter 5.11) involves transferring 
the cultured organisms-at I to 3 day intervals-through several culture me&a 
cont,aining suitable types and concentrations of antibiotics. 

The significance of antibiotics for inhibition of micro-organisms is referred to 
repeatedly in this Volu.me, especially in Chapters 3.1,4.1,5.1 and 5.1 l.. In most cases, 
antibiotics repress rather than destroy nlicrobial populations. 

Several organisms that reportedly require antibiotic treatment for survival under 
Ia.boratory conditions (e.g. copepods, larvae of deca.pods) have later been cuItiu.ed 
successfully in the absence of antibiotics as well. The importance of mtibiotics 
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for cultivating marine 0rganisrn.s may have been somewhat overestimated; i t  
rerluires critical re-assessment. Physiologically, the effects of a.ntibiotics on the 
organisms cultivated are poorly understood. The possibility that antibiotics modify, 
or even damage, the treated organism cannot yet be ruled out with certainty. 

A i~ 
In cult~xes requiring aeration, micro-organisms carried into the culture water 

by the streaming air may act as contarninanb. Where such contamination must be 
avoided, sterilization of air becomes necessary. The flow of air entering the culture 

Heoling element 

I 

& Air  ex11  

Fig. 2-66: Air sterilizer. (Afhr  E~swolinr, 
19G9; reproduced by permis~ion of 
Aeadornic Press.) 

vessel can be disinfected or sterilized either by heat or by filtration. In general, the 
simplicity, efficiency and relia.bility of modern air filtration makes this process 
superior to heat sterilization. 

One design for heat sterilization has been worked out by ELSWOBTH and co- 
authors (1961). Fig. 2-55 illustrates a sta,inless steel, 100-1 mind' sterilizillg unit, 
The time-temperature relationship obtained in this unit for reducing the survival of 
incoming micro-organism spores to  10-l'% is shown in Fig. 2-56. At 350' C, an  
exposure period of 1 sec is required; a t  200" C, about 16 secs. For further details on 
heat sterilization of air, consult BR,UCH (1901) and ELSWORTH (1969). 

Filtration of micro-organisms is facilitated by the fact that  they rarely inhabit the 
air in the na,ked state. They are almost invariably attached to dust particles, 
fibrous material or mucoid substances. Hence, the size of the actual particle to be 
fltered tends t o  be considerably 1a.rger than the micro-organism itself (SITES, 



1.960). For air sterilization, porous ceramics, sintered glass or metals, porous 
membranes and beds of B.brous materials are used (ELSWORTH, 1969). Two basic 
classes of a,ir atem can be distinguished: membrane flters and fibrous filtors. 
A glass-fibre-paper filter is shown. in Pig. 2-57. 

For laboratory pnrposes, ELSWORTH (1969) recommends fibrous materials, such 
as non-absorbent cotton wool, vegeta,ble fibre and glass-fibre papers, slag-wool mat 
and fibre-glass mat. The fi1t;or efficiency of cotton wool is low because of i ts  loose fibre 
diameter (1 7 pm). Fibre papers require specia.1 skills in mounting, in ord.er to prevent 
leakage around the edges. However, a punctured fibre-paper filter can be highly 

16 18 20 22 
Temperature I / T O K X ~ O ~  

I 1 

Temperature ["C) 
Fig. 2-60: Air sterilization by heating: T i m e  

temperature relation to give a survival of 
10-L3Yo. (After ELSWORTU, 1909 ; reproduced 
by permission of Academic Press.) 

efficient a t  low air velocities. When making individual filters from standard la,boora- 
tory items, the best choices for filter material are slag wool or fibre-glass. The 
material used should be reproducible in quality and steam-sterilizable. 

An inexpensive and reliable bacterial filter can be easily constructed from glass 
tubing (2.5 X 30 cm), tightly packed with sterilized cotton wool (DROOP, 1969). The 
cotton wool ahould be kept dry, with a coil of resistance wire wound around t,he filter 
( 6  to 10 W at  6 V). One such filter can serve many small cultures. Silicone rubber is a 
most suitable material for tubing (non-toxic and heat sterilizable). Preceding use, 
the whole filter must be sterilized and Che clipped ends of any idle line must be 
immersed in 70% alcohol. For further information on air sterilization by filtration, 
the reader js referred to ELSWOR~H'S (1 969) review. 
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Glassware and other equipneat 
Glassware a.nd much of the other equipment used for cultivating micro-organisms, 

plants or animals can be conveniently autoclaved. Heat-labile materials are pas- 
teurized or are subjected to irradiation or ozonation. Chlorination, as well as treat- 
ment with 70% alcohol (acidified with a mineral acid to  pH 2 for maximum 
efficiency), ethylene oxide or fornli~ldehyde, must be followed by thorough rinsing. 

Chloride is used primarily in the form of hypoclzlorite. A hypoclzlorite solution 
containing 1000 ppm of available chlorine will kill, according to SYKES (1969), 
99% of a suspension of Bacillus sd t i l ia  spores a t  normal temperatures and pH 11:3 
within 7 0 mins. 

Fig. 2-57:  Glass-fibre-paper filter for ~terilizatioll o f  air. 
Tllie w i t  is used for effluent air treatment. X : catchpot 
on c~dture veaael; 2 , 3 :  valves; 4:  inlet tube for labora- 
tory air; 5 : expansion chamber ; 6 : a t e r  element ; 7 : 
exhanst fan. (After ELSWORTK, l969 ; ~nodified ; repro- 
duced by  permission of Academic Press.) 

Inactivation of viruses attached to  the equipment used for cultivation has re- 
ceived little attention. The literature reviewed by PAVONI and co-authors (1972) 
reveals that chlorine can inactivate up to 99% of the origina.1 PFU (plaque forming 
units) present. A residual chlorine content of 2.7 m g  l-l, a(fter a contact time of 1 hr, 
destroyed T, virus with 99% efficiency. Type 9 echovir-us was reduced by 99% in 
30 mins, and by 99.3% in 6 hrs with 3.6 mg chlorine I-' (SHUVAL and co-authors, 
1967). Compa,reble data have been obtained with T, bacteriophage by BCRNS a,nd 
SPROUL (1966) and others. PAVONI and co-authors conclude that, a t  preaent, only 
ohlorination and the activated sludge process (p. 127) permit firm estimates of virus 
inactivation (90-99% for chlorination, 90% for activated sludge treatment). 

Pa~amete~s  of Water-quality Assessment 

Assessment of culture-water quality is based on continuous recording and 
controlling of ( i )  environmental and nutritive conditions required by the organisms 
cultivated, (ii) essential life-supporting (p. 76) and life-endangering (p. 79) sub- 
stances contained f i ~  the culture medium. The complexity and multiplicity of inter- 
actlolls between organism and culture environment makes specific measurelnents 
often very difficult. 
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For several life-supporting and life-endangering substances, suitable recording 
techniques are not yet available. In practice, convenient-to-measure environmental 
entities dominate, e.g. temperature, salinity (alkalinity), oxygen, carbon hoxicle, 
turbidity and pH. Measurement methods and ecological significance of most of 
these and related factors have been reviewed in Volume I ;  pH values receive 
further attention below. Of particular importance are the end products of nitrogen 
metabolism, especially NW,. The ecological significance of end products of nitrogen 
metabolism has been documented on pp. 80 to  98. For assessing the trnnsforma- 
tion dynamics of organic matter in a given culture system, coll~ctive parametew 
have been introduced, such as redox potential, biochemical oxygen demand 
(BOD), oxygen consumption of filter-bed micro-organisms (OCF), chemical oxygen 
demand (COD) and total organic carbon (TOC). These parameters assess gross 
amounts of degradable organio matter in terms of the resulting oxygen consump- 
tion. They account neither for specific substances nor for undegradable com- 
pounds. The total amount of organic wastes accumulated in a culture system, both 
in the form of dissolved and particulate substances, hm also been estimated as oxi- 
dizable matter (OM) or filterable substance (FS). 

The importance of pH values for successful cultivation has been emphasized in 
Chapters 3, 4 and 5 .  In oceans and coastal waters, pH values usually range from 7.8 
to 8.2. Especially in closed sea-water systems, the pH tends to decrease critically in 
the presence of high animal loads (p. 166), excessive amounts of waste food, or in- 
sufficient mechanical, biological, or physico-chemical wator treatment (pp. 134- 
166). 

The procedures for maintaining adequate pH values in closed sea-water systems 
include filtration, aeration, ozonation, foam separation, and replacement of 
portions of the culture medium (see the sections on mechanical, biological and 
physico-chemical water treatment). In  public sea-water aquaria, three methods of 
maintaining normal pH values have been used: (i) At the Plymouth Aquarium 
(England), Ca(OH), is periodically added to the reservoir (BROWN, 1929; ATIUNS, 
1 931 ; WILSON, 1952, 1 960). (ii)  At the New York Aquarium, NaHCO, is added con- 
tinuously to the circulating water (BREDER and HOWLEY, 1931). (iii) At the aquaria 
of Amsterdam, London, Ueno and New York, bivalve shells, marble chips, coral 
sand, O r  calcite are kept in constant contact with the culture water (SUNIER, 1951. ; 
OLIVEK, 19.57; SAEKI, 1058). BREDER (1934) was among the first investigators who 
stressed the importance of calcium ion for successful cultivation of marine fishes. 

The pH effects on microbial oxidation in municipal waste-water treatment plants 
have been reviewed by ECKENFELDER and O'CONNOR (1961). In  fresh water and 
IOW-salinity systems, the optimum pH range for activated sludge (p. 127) is pH 
7.0 to  7-6 (KEEFER and MEISEL, 1961). While biological water treatment remains 
satisfactory between pH 6.0 and 9.0, its efficiency becomes reduced to about 40% a t  
pH 4-0, and to about 50% a t  pH 10.0. Rapid pH changes can be detrimental to the 
microbial populations in the filter bed and may reduce their metabolic rates by as 
much as 75%. 

In sea water out of contact ~ i t h  the air-sea surface, pH control is effected through 
ion-pairing equilibria, involving all major ions, rather than through reaction series 
between water and carbon dioxide (WANOERSKY, 1972a, b). Ion-pairing functions 
as a pH-stat, not as a buffer, and displays considerable resistance to change. 
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WANQERSKY concludes that the pH is ultimately maintained through regulation 
of the major ion composition (perhaps by the heterogenous silicate mechanism 
proposed by SILLZN, 1961). While PYTKOWICZ ( l  972) agrees that the formation of 
i on-pairs in sea water influences the concentrations of carbonate and bicarbonate 
ions (and hence, the pH and indirectly the buffer capacity), he stresses that sea-water 
buffering is primarily due to the classic reaction, 

2 HC0,-, total + =?$OS + CO,--, total 

WEUTFIELD (1974) calculated the contributions of ion-pair formations to the buffer 
capacity of the carbon dioxide system in sea water. He showed that ion-pair 
formations make the major contribution to  the equilibrium buffer capacity a t  pH 
values above 8. The indifference of the pH to large changes in solution composition, 
however, is attributed by WHITFIELD not to a pH-statting effect, but to  the fact 
that metal-carbonate ion-pairs form only a small proportion of the total cation 
concentration under normai conditions. The difference between this view and that  
of P w ~ ~ o w r c z  is considered by WH~TPIELD t o  be purely one of semantics. The effect 
of temperature on the pH of sea water has been studied by GIESYES (1969,1970) and 
BEN-YMOV (1970). 

The redox potential or reduction-oxygenation potential (also known as electrode 
potential or reduction potential) is based on the fact that, whenever a substance in a 
culture system is oxidized (electron loss), another substance must become reduced 
(electron gain). The relation between reduction and oxidation may be written as 
(Jacon, 1970) : 

R,educed form oxidized form -I- electron(s) 

During cultivation, the redox potential tends to become more negative as a function 
of time. This tendency must be compensat.ecifor by adding oxidants, e.g. air, oxygen 
or ozone. A review on redox-potential mea,surements, especially in biological waste- 
water treatment, has been presented by DIXASIAN (1968). 

The redox potential or reduction+xygenation potential (also known as electrode 
Indicator dyes are usually colourless in the reduced form and coloured in the 
oxidized form, e.g. leucomethylene blue (reduced form) and methylene blue (oxi- 
dized form). The standard redox potentials (Eo')  of indicator dyes are listed in 
Table 2-23. Redox dyes are useful for providing a genera.1 evaluation of the culture 
system's redox potential. For exact measurements, electrornetric methods must be 
applied. The theoretical basis of electrode measurement, the electrodes used and the 
calibration of electrodes have been reviewed by JACOB (1970). kIe a,lso discusses.the 
dependence of the redox potential on pH and practical details for the measurement 
of redox potentials. Typical results of redox-potential measurements in a bacterial 
culture are illi~strated in Fig. 2-58. 

Equipment for controlling the redox potentia.1 of the culture n~ediurn consists of 
an electrode, a recorder and a regula,tor tha.t adds controlled amvunts of oxidants 
(e.g. air or oxygen) as required. Addition of a.ir or oxygen t:o tlre c-ulture water 
effectively helps to readjust the redox potentiitl. 

The biochemical oxygen delnand (BOD) is a century-old concept, denoting the 
weight of dissolved oxygen utilized by biochemical processes in a culture system. The 
overwhelming amount of information available on BOD perta,ins to municipal 
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Table 2-23 

Standard redox potentials (Eo') of redox dyes at pH 7 in a 60% reduced and 50% 
oxidized state  (After J ~ c o s ,  1.970; reproduced by permission of Academic Press) 

Dye Eo' (mV) * 

Phenol-m-sulphonate indo- 
Z,6-dibromophenol 273 
m-Chlorophenol indo-2,6- 
dichlorophenol 264 
Phrnol .m-sulphomte 
indophenol 250 
m-Bromophenol indophonol 248 
Phenol-o-sulphonate indo -2,B- 
di bromophenol 242 
o-ChlorophenoI indophenol 233 
o-Bromophenol indophenol 230 
P hen01 indophenol 227 
Bindschedler's green 224 
Phenol blue 224 
2,6-Dichlorophenol indo-o- 
chlorophenol 219 
Phenol indo-2,B-bbromo- 
phenol 21 8 
2.0-Dichlorophenol indophenol 21 7 
m-Cresol indophenol 208 
o-Cresol indophenol 191 
Z,6-Dichlorophonol indo-o- 
cresol 181 
Thymol indophcr~ol 174 
2,6-Dibromophenol 
indogx~~leiacol. 159 
m-Toluylane dkmino 
indophenol 125 
l -Naphthol-2-sulphonate 
indo phenol 123 
l -Naphthol -2-sulphonato 
indo-2,6-dichlorophenol 119 
Toluylene bliie 116 
Thionine 62 
Prune 66 
Cresyl blue 47 
Gallocyanine 2 1 

- Dye 

Azure I 
Methylene blue 
Toluidine blue 
Janus green (blue-green to red, 
irreversible) 
Ciba scarlet sulphonate 
Indigo tetrasulphonate 
Resoruh 
Methyl capri blue 
Ethyl caprbi blue (nitrate) 
Indigo trisulphonate 
Indigo didphonate 
Gallophenine 
Nile blue 
Indigo rnonosulphonate 
Cresyl violet 
Brilliant alizarin blue 
2-Methyl-3-hydroxy- 
1,4-naphthoquinone 
Neutral blue 
1,6-Anthraquinone sulphate 
8-Anthraquinone sulphate 
Phenomfranine 
Tetraethylphenosafmine 
Janus green (red-colourIess) 
Dimethylphenosafrnine 
Petrameth ylphenomfranine 
Rosinduline G; 2 
Safranine-T 
rnduline scarlot 
Neutral red 
Neutral violet 
Benxyl viologens 
R.oaLndone sulphonete 
Standard hydrogen electrode 
Standard oxygen electrode 

Eo' (mV)* 

Eo' according to CLARK (various publications) and W ~ B M ~ E R  (1940). 
t Except for these veluea, which are at 25' C, all value8 are at  30° C. 

waste-water treatment. In this context, BOD expresses the amount of oxygen 
utilized by micro-organisms aa they transform degradable carbon and nitrogen 
compounds. The routine BOD test is standardized for 5 days of incubation. However, 
the 5-day BOD, or BOD,, usudly measures onIy 70 or 80% of the biochemicd 
oxygen demand of the sample (ANONYMOUS, 1969). 

Microbial oxidation of waste-wa.ters proceeds in two steps : oxidation of carbona- 
ceous ma,tter and oxidation of nitrogenous substances. The first step is usually 
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characterized by a rate directly proportional to the concentration of the organic 
matter. According to ECKENFELDER and O'CONNOR (1961), the comrnonIy accepted 
sequence of microbial oxidation comprises: (i) rapid bacterial population growth 
by assimilation of orgallic matter; (ii) reduced rate of subsequent oxidation. The 
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Fig. 2-58: Redox potential and turbidity at pH 7 
(extu~ction, log) in culture of BaciUw subtilzk. 
(After JACOB, 1970; modified ; reproduced by 
permission of Academic Press.) 

first reaction is usually completed after 12 to 60 h. Most practitioners use the fist-  
order reaction to determine the rate of BOD, employing the equation: 

wlzere L = concentration of the substance reacting, K, =reaction constant. 
Equation ( I )  may be integrated to give: 

L 
log,' = K, 1 

L0 

where L, = initial co~~centrat~ion of organic matter or ultimate oxygen demand; 
I;, = concentration of organic matter remaining at the end of time t ; K ,  = reaction 
coefficient to base e. Equation (2) refers to the organic matter memured in terms of 
oxygen remaining a t  the end of a given period. It follows that the organic matter 
oxidized (or the oxygen used) is equal to : 

Substituting Equation (3) in Equation (2) and rearranging terms, we obtain : 

where Y = BOD acted upon in time t .  



The influence of temperature on the reaction can be characterized by the coeffi- 
cient k, as follows : 

A common range of k ,  values is 0.10 to 0.30 day-' for municipal sewage and many 
industrial wastes (ECKEN~LDER and. O'CONNOR, 1961). 

The methods employed for measuring BOD hove been reviewed by MONTOOMERY 
(1967). He  concluded that  no single rapid respirometricprocdure can yet be recorn- 
mended that  would adequately cover all functions of the standard 5-day dilution 
test. On the other hand, the BOD, test has two major disadvantages: (i) the BOD- 
values become available only after 6 days; (ii) the conditions prevailing in this 
bottle test may be different from those prevailing in the culture or the waste water 
examined. These shortcomings have prompted several investigators to develop 
better raspirometric techniques. BRIDIE (1969), for example, has devised an electro- 
lytic rwpirometer that  provides automatic and continuous recording. BRIDYE'S 
respirometer is claimed to be independent of ambient temperature, barometric 
pressure and the solubility of oxygen in water; i t  is ~pplicabIe to a wide rango of 
organic-matter concentrations. Another example of a recent development in auto- 
matic, continuous BOD recording is the Sapromat (e.g. HALA'SZ, 1972). 
The oxygen comumption of filter-bed micro-organisms (OCF) estimates-simi- 

lar t o  COD-the intensity of microbial degradation. OCF, however, is specificfilly 
restricted to  fdter-bed micro-organisms, excluding the activities of microbial com- 
ponents in other parts of %.he culture system. 

The chemical oxygen demand (COD) comprises the oxygen consumption of both 
bio-degradable and of non-biodegradable (but oxidizable) compounds. Hence, i t  
gives higher oxygen values than the BOD test. 

The total organic carbon (TOC) is determined by methods of rapid carbon com- 
bustion and measurement of the resulting amount of carbon dioxide by infrared 
spectroscopy. 

(b) Mechanical Water Treatment 

Mechanical water treatment aims a t  removing excessive suspended particulate 
and colloidal substances from the recycling culture water. The principal methods 
available are sedimentation, centrifugation and filtration. Gravity, pressure gra- 
dients, centrifugal force and electrostatic energy constitute the major forces in- 
volved. While sedimentation (settling) is a function of size and specific density of the 
suspended particles, filtration efficiency depends primarily on filter-pore size. Small- 
sized or low-density particles resist settling, unless the water is centrifuged. 

Sedimentation is accomplished by settlers or by detention, e.g. in open clarifiers 
or lagoons. The design of sedimentation tanks has been reviewed by CULP and CULP 
(1971). These authors have considered settling devices for use in waste-water treat- 
ment. Their account also provides interesting information for the cultivator of 
aquatic organisms. A design of a. settler employing a multitude of steeply inclined 
6-cm aquare tubes in an all-plastic rr~odule is illustrated in Fig. 2-59 (see also 
HANSEN and CUILP, 1067 ; L m r a s r o ~ ,  1969; MCMICXAEL, 1969; YAO, 1970). In 
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recirculation systems, sedimentation tanks should precede the mechanical filter. 
Accumulations of sedimented particulate and colloidal substa.nces must be removed 
periodically. 

Fig. 2-69: Steeply inclined tube settler. Plastic charnels are installed at a 60' 
inclination between thin P V C  sheets. (Courtesy Neptune Microfioc, Inc.) 

Centrifugation has, thus far, received little attention, less perhaps than it Inay 
deserve. Testv conducted by the reviewer indica,te the usefulness of centrifugation 
for reducing high loads of suspended particles from the culture water without affect- 
ing other components. However, continuous centrifugation requires considerable 
energy and hence, involves higher operational costs than other methods of 
mechanical water treatment. The tests were performed with 'Zentriklones' (Albert 
Pfuhl-Apparatebau, Darmstadt and Deutacl~e Steinzeug- und Kunststoffwaren- 
fa.brik, bfannheim-Friedrichsfeld, FRG). Zentriklones are used in the chemical 
industry, i.e. for separation, classification and concentratio11 of suspended particles, 
aa well as for purification of particle-loaded waste waters. Zentrilclone types 
=1620= and =32= proved to be useful for cleaning turbid sea water. Zentrildones 
consist of porcelain or other sea-water inert material; they are cone-shaped and 
employ the whirlpool principle. Turbid water is pumped a t  2.8-3.0 atii* into the 
upper part of the cone and forced into an  orbit that narrows progressively as the 
fluid moves down. Centrifugal force ~ v e s  the heavier components of the treated 
fluid outwardly and discharges them through a throttle valve. For ~naxi~num clea,n- 
ing efficiency, several Zentriklonea can be operated in series. 

Mechanical filtration involves trapping of larger particdates and colloids, and 
electrostatic adsorption of small-sized suspended matter by the surface structures 
of the filter material. In  mechanical filters, a variety of filter materials are used, for 

* stii L= p m  (in atm) in excess of that of the embient atmosphere. 



example, sand, gravel, glass- or Perlon wool, cem.mic materials, diatomaceous 
earth, porous plastics or filter paper. Particles sedirnenting on the a t e r  surfa8ce re- 
duce the pore size and thus act as additional filter mt~terial. Depending upon the size 
of the pores, septa or interstices of the 6lter material and the filtration pressure, the 
pa.rticles removed from t h c  recycling culture water may be as srna.11 as 20 to 40 pm. 

In recent years, a,quarium filtration techniques have undergone consid.erable 
development a.nd a large variety of filtration dcviccs have become available. This is 
especially true with regard to the home aqultrjst (pet-fish) industry which. produces 
each yea,r an impressive number of new fltem, filter masses (mostly consisting of 
glass- or Perlon wool, sand or charcoal), and sopbistica.tei1 control systems, combin- 
ing fdtration, aeration, ozonation, water propulsion, temperature regulation and pH 
control. It is impossible to deal with these devices in detail. On a larger scale, 
mechanical filtration of culture water has recently also been employed in limni- 
culture for increased commercia.1 fish production (0.g.  GREENE, 1971 ; KNOSCBE, 
1973). 

Organic particles and colloids, trapped or adsorbed by the filter material, accumu- 
late near the filter surface, and provide food for a variety of micro-orga,nisms. If 
operated continuously, the filter surface supports microbial populations which 
then turn the uni t into a combined mech~nical and bioIogica1 flter. In  general, filtra- 
tion capacity increases with the size of the Glter surface area. Filtration efficiency is 
augmented by small pore sizes and, to some extent, by increasing depth of the flter 
materia.1 (see below). Four major types of mechanical water treatment have received 
detailed attention: sand-gravel iilters, rapid sand mters, diatomaceous-earth 
filters, and disposable cartridge flters. 

Sand-Gravel Fillers 

Types, function and Jiltrant material 
Numerous types of sand-gravel filters have been tested and described. It is 

neither possible nor desirable to provide hero a complete documentation. Details of 
a t e r  design depend upon the size of the culture system, the animals to be cultivated 
and the cultivation goal: maintenance, rearing or breeding. Sand-gravel filters 
usually consist of several layers of increasing grain size. The culture water is forced 
through these layers by airlifts, pavity or pumps. 

Sand-gra.vel filters may either be installed within the culture tank (inside filter, 
Figs 2-60, 2-61) or outaide the cult~u~e tank (outside a te r ,  Fig. 2-62). A large variety 
of both inside and outside filters have been designed and tested. Many designs can 
easily be constructed in laboratory wurkshoys, and numerous models are commerci- 
ally available. 

In sea-water systems with total water voIilmes in excess of 10,000 1, sand-gravel 
filters require attention from engineers, and usually constitute part of the laboratory 
building. A typical design, used a t  the 'Biologische Anstalt Helgoland' (FRG), is 
illustrated in Fig. 2-63. The fdter consists of three main layers: crystal sand (ca 25 cm 
deep), pea gravel (ca 25 cm) and chestnut gravel (ca 35 cm). Two additional, transi- 
tory layers of 5-cm and 10-cm depth, respectively, are useful in preventing crystal 
sand and pert gravel from sinking into the next lower layer. The chestnut gravel 
rests on a base of etones, fa~ilita~ting easy water draina<ge. Since filtration takes 



MECHANICAL WATER TREATMENT 

place primarily in the uppermost centimetres of the crystal sand, all. deeper layers 
serve, essentially, the function of supporting the crystal-sand layer, and allowing 
increasingly free flow to the filtered water. Gravel layers and the base may, therefore, 
be substituted by other s~ i t~ab le  supports. 

Air 

'Perforated plate y q u a r i u r n  bottom 
Fig. 2-60: Inside sand-gravel filters for small and medium-sized culture systems. Some 

frequently used, airlift-operated designs. (Original.) 

The Glter pressure increases with the diEerence betmeen water-level heights in 
filter and wa.ter-exit pipe. The filter resistance depends on pore size and depth of 
the filter material. Both filter pressure and Bter resistance are the main 
denominators of filtration rate (1 min-l) or speed (cm sec-'). These two factors 



influence the efficiency of the filtration process, that  is, the percent removal of un- 
desired culture-water components. Maintenance of a close-to-constant filtration 
efficiency requires automatic feedback adjustments. In cases of sudden filter- 
resistance increase, e.g. due to epidemic bivalve spawning and subsequent reduction 
in pore six!: by sexual products accumulating on the filter surface, the water level in 

Air  
6 
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Culture 
tank 

t 

Fig. 2-62: Outside sand-gravel flter, typical design. 
(Oripnal.) 

the Mter will tend to rise. Should the resulting augmentation of flter pressure be in- 
sufficient for restoring a normal filtration rate, lowering of the exit-pipe opening 
(e.g. via swimmer-operated rotation of a swivel-jointed pipe, or via a control valve 
in the lower part of the pipe) will ;i(ljust filtration dynamics within a wide range. 

The capacity of a mechanical filter depends upon the filtrant material used. Pri- 
mary denominators are grain size, grain shape, secondary reduction of interstices 
between adjacent sand grains due to sedimentation, size of the filter's surface area, 
turnover rate of the culture water, proper packing of sand and gravel layers, and 
depth of the sand and gravel layers. 
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Grain sizes (average grain diameters) most often used are: 1 to 2 mm for crystal 
sand, 2 to 5 mm for coarse sand, and 5 to 15 mm for gravel. In  closed systems with a 
total water volume of more than 10,000 1, a!dditional layers may be useful, e.g. l to 
2 mm, 2 to 5 mm, 5 to 8 mm (pea gravel), 8 to 16 mm, 16 to 30 mm (chestnut gavel) .  
Proper grain-size ranges are obtained from suitable sand or gravel material by 

Water f r c m  
culture tank 

Reservoir 

B Drainage valve 

Fig. 2-63 : Send-gravel filter for culture-sptems with volumes inexceas of  10,000 l .  St : 
splash trough for aeration and reduction of weter impact oncrystalsand. (OriL+al). 

employing a series of sieves with different known mesh sizes. For exact grain-size 
determination, commercially produced grain-size selectora are available. For each 
filter layer, deviations from the main grain size chosen must be kept to e minimum. 
Uneven grain-aize distribution and uneven packing result in uneven water flow. Fil- 
ter areas with larger and more continuous pore systems (ir~terstitial spa-) permit 
more water to pass than others; they allow the circulating water to bypaes properly 
packed m6lter parts, and to carry suspended particles deep into the filter bed. Uneven 
water flow reduct.s both filter capacity (functional filter space) and efficiency (degree 
of suspended-mattor removal). 

Grain shape affects the filtration process mecha.nically and electrostatically. 
Angular, rough-shaped grains tend to form a more effective trapping system and to 
keep detritus particles from working too deep intu the filter layers. A t  the same time, 
they increase the electrostatic surface-adsorption potential and thus enhance filtra- 
tion. 

Secondary reduction of interstices results from small-sized suspended material 
retained between adjacent sand grains. A silt layer forms on top of the filter surface 
that  increases the capacity for retaining small particla. Consequently, old flter beds 
yield c l e m r  water than new ones. I n  well-balanced systems, accum~lat~ion of 



detritus near the filter surface and microbial degradation attain a quasi- 
ecluilibrium. Where sedimentation significantly outweighs microbial oxidation, the 
accumulated material must be removed (periodic filter cleaning; backwashing, 
p. 119). 

The size of the  lilter's surface area is of particular importance, since mechanical 
filtration occurs in the uppermost millimetres or centimetres of the crystal-sand 
layer. Increasing surface-area size augments the rate of water recirculation. A8 a 
general rule, the surface area of the filter bed should be equal to, or larger than, 
the total area of the culture conbiners served. 

Turnover rate-the amount of culbure water recirculated through the Hter per 
unit time-must be sufficient to  keep the dissolved oxygen concentration in the 
filter bed a t  a level that  supports adequate bachrial activities. At the same time, 
disturbances due to excessive water movement must be avoided. As arule of thumb, 
in closed systems with a t o b l  water volume of more than 1000 1, and with a normal 
animal load and temperature, turnover rate should be about 50 to 8C 1 m-2 of flier- 
bed surface min-' ; in closed systems which serve for maintenance (display), 10 to  
30 1 m-* rnin-l may suffice. 

Proper packing of filter layers is necessary, in order to assure maximum use of the 
total Htration area, available. Uneven compactness of sand or gravel, or uneven 
thickness of the layers may distort the vertical water flow. Reduction in compactness 
or layer depth leads to areas of increased water passage (channelling) and decreased 
filtration efficiency. 

The depth of the sand and gravel layers depends upon the size of the system, 
water-level difference (for exerting the necessary filtration pressure) and the culti- 
vation goal. Small systems require less deep layers than larger ones. In  general, the 
sand layer should have a minimum depth of a t  least 2 cm. 

Maintenance 
The maintenance of sand-gavel filters requires careful attention. If detritus 

sedimentation sipifkantly exceeds microbial degradation, mud mats form on top 
of the ater  bed. After some time, the mud mats tend to develop a rigid, crusty sur- 
face. .Heavy m a t  formation reduces turnover rate, carrying capacity, and the total 
filter-bed volume. Cracks occur in the filter surface, especially near the walls. I n  
these cracks, water flow is accelerated, bringing about increased local sedimentation. 
Heavy sedimentation along the cracks indicates the need for cleaning and, in ex- 
treme cases, for renewal of the cryst:il-sand layer (SPOTTE, 1970). Periodical stirring 
of the uppermost 1 or 2 cm of the filter-bed surface helps to  prevent excessive 
detritucr accumulation. The detritus thus stirred up may be siphoned off or filtered by 
auxiliary devices. 

SPOTTE (1970) recommends cleaning when any of the following conditions appear : 
(i) formation of a mud mat ;  (ii) heavy accumulations of detritus in the corners and 
along the walls of the filter ; (iii) reduced flow rate; (iv) reduction of dissolved oxygen 
concentration in the filter effluent below air saturation. While stirring the filter bed, 
water circulation should be interrupted. Small ater beds can be stirred by hand, 
larger ones with plastic rakes. Devices which combine gentle surface raking and 
siphoning of turbid water can easily be constructed, and the swimming-pool in- 
dustry offers a large variety of equipment that can be modified to suit cultivation 
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requirements. Applied a t  intervals (e.g. weekly), filter-surface cleaning helps to 
maintain a balanced water quality in closed systems. 

Renewal of the uppermost sand layer is usuallynot necessary more often than once 
or twice a year (the uppermost 10 to 15 cm are diced off, discarded, and replaced by 
washed new sand of appropriate grain size). Such renewal is acceptable only in 
maintemnce cultures. It requires inkrrupthg the circulation for hours and may 
cause significant changes in biological and chemical parameters that are difficult to 
assess. Changes are slow during progressive clogging, but abrupt upon sand ex- 
change. Rearing of stenoplastic forms, analyses of metabolic performance or breed- 
ing experiments require maximum stability of the system. Hence, heavy mud 
acou~nulation must be avoided by employing a proper cleaning schedule, or by sub- 
dividing the sand-gravel filter into small units which can be handled and renewed 
individually. A sand-gravel filter, subdivided into 32 wuts (plastic buckets with 
perforated bottom; KICSSELER, unpublished) h a  been installed a t  tlze 'Litoral- 
station' of the 'Biologische Anstalt Helgoland' (List on Sylt, FRG). Servicing 1 
unit day-' facilitates continuous, sequential cleaning without suddenly affecting 
overall filter characteristics. 

Rapid Sand Filters 

Rapid sand filters employ pressure or vacuum techniques, They are powered by 
mechanical pumps and attain turnover rates several times higher than those in 
sand-gravel filters. Pressure-operated filters need less space, are cheaper to install, 
and require less maintenance than vacuuln filters.Bot,h have the drawback that their 
working parks are buried underneath the sand and gravel (SPOTTE, 1970). The de- 
gree of water clarity attained is practically the same as in sand-gravel filters. The 

1 advantage of rapid sand filters lies in the fast turnover which reduces turbidity 
more quickly. Their main disadvantage-which weighs rather heavily in cultiva- 
tion-is insufficient maintei~ance of niicrobia,l populations. 

Ra.pid sand flters usually contain 4 grades of silica plus a top layer of sand (de- 
creasing grain sizes, from cobblestones a t  the bottom to crystal sand at the surface). 
In recent years, anthracite coal has been used as surfa,ce Bltrant with sa,nd under- 
neath. Anthracite helps to achieve deeper penetration of suspended particles, corn- 
pensating for the relatively small surface area of the a t e r  and thus increasing the 
efficiency. For culture systems with water volumes in excess of 40,000 1, SPOTTB 
(1970) reconlmends the use of sand-vac-uum filters, in which the water is removed 
from underneath the gravel bed, thus creating a partial vacuum (Fig. 2-64). 

Cleaning of rapid sand tiltem is achieved by temporary reversal of the water flow 
(backwasbing). Since detritus accumulates through a considerable depth of the 
lilter bed, surface stirring would be insufficient. The filter is backwashed whenever 
the accumulating detritus critically reduces the water flow. This is indicated by 
gauges. Backwashing lifb gravel, sand grains and detritus. Being lighter, the 
detritus rises above the flter layers and is forced out through the overflow. During 
reversed water flow, gravel and sand grains aremaintained in brief suspension. Later, 
they settle back into the original graded layers. Frequent backwashing interferes 
with the establishment of microbial populations (SPOTTE, 1970). 



Diatamucwua-earth Filters 

Diatornaceous-earth (DE) filtration employs a thin layer of graded skeletal 
remains of diatoms as a filter bed (Fig. 2-65). The DE layer is kept in position 
against a porous slceve by pressure or vacuum. This technology is expensive, and j t  

requires more maintenance time than other filters. It is practical only in closed 
systems exceeding 40,000 l calling for a high degree of water clarity (Fig. 2-66). 
DE filters remove suspended particles as small as 0.1 pm (SPOTTE, 1970). 

DE filters consist of a porous central core (usually of rigid polypropylene) and a 
filter sleeve (preferably a thin, tightly woven polypropylene cloth fitting over the 

To culture tonk 

Water from 
culture tonk 

Dispersion baffle 

Pressure tonk 

Underdroin 

Fig. 2-64: Sand-vacuum filter. Punping wator 
out of the presfillro tank via the underhin 
produces a pertid vacuum. This accelerates 
liltration through the gravel bed. (After 
SWTTE, 1970; modified; reproduced by per- 
mission of Wiley, New York.) 

r ~ n t r J  core). Central core and filter sleeve make up  the ater element. The sleeve 
supports a layer of diatomacevns earth, through which the water enters the central 
core. The layer of diatomaceous earth protects the sleeve from becoming dogged 
with colloids, and traps suspended particles. Examples of DE vacuum filters and 
DE pressure filters have been described and illustrated by SPOTTE (1970), who also 
offers u trouble-shooting guide for clogged filter sleeves. 

Cleaning of DE filters requires interruption of circulation and i~ola~tion of filter 
water from culture water. The old ater cake is hackflushed to waste, along with 
accumulated colloidal matter. DE is added to the fiIter water by a body-coat feeder 
(Fig. 2-66), and internal filter recycling is continued until the new layer of diato- 
maceous earth (precoat) becomes attached to the filter elements (Fig. 2-65).  at at er 



MECHANICAL WATER TREATMENT 121 

containing freshly added DE is milky. Precoating is completed when this water 
turns clear. I n  general, culture water should be used for precoating. Normal 6ltration 
is resumed by dver-ting the recycling filter wat~er back into the culture containers. 

DE vacuum filters are superior to DE pressure filters because the filter elements 
can be more easily inspected and the working parts are better accessible. Routine 
checks of pressure fdters require shutting down the unit, draining i t  and opening the 
pressure tank. The operating cost of a DE filter can be reduced by connecting i t  in 
series after a rapid sand filter. Such an arrangement minimizes the loacl of particu- 
l a b s  on the filter elements, and prolongs the cycle run (SPOTTE, 1970). 

'Sleeve 
fibre 

Precoat 

Fig. 2-66: Diatoma- 
oeous-earth filter. 
Magnified view of 
a layer of bato-  
maceous earth 
(preooat) forming 
on t h e  filter- 
sleeve fibres. 
(After S a o m ~ ,  
1970; modified ; 
reproduced by 
permiueion of Wi- 
ley, New York.) 

Disposuble Cartridge Filters 

Cartridge filters have been used in sea-water systems by a number of investigators. 
They are space saving, emy-to-handle, and efficient i11 removing suspended matter. 
However, they cannot support the microbial populations required for biological 
water treatment (p. 122). 
Ln their inland recirculating sea-water aquarium (p. 46), LICEEY and co-authors 

(1970) employed two pairs of cylindrical cartridge filters connected in tandem (2- 
stage filtration). The primary a t e r  in each a,ssembly is loaded with large-pore, 
viscosc-rayon cartridges to remove coarse particulate matter; the secondary filter 
is Ioaded with 5-pm-pore cellulose cartridges. Filter housings consist of high-impact 
acrylic and styrene plastio. The cartridges require replsccment once a month. 
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Olher Filters 

Self-cleaning filter drums covered with filter tissues of 30 to 200-~m mesh size 
('Mikrosiebtrommelflter~) have been used in  commercial fish cultivation plants by 
KVASNICRA (1960) and other investigators. A filter drum with 1 rn2 active filter 
s ~ ~ r f a c e  area was tested. in a carp (Cyprinus carpw) plant by KNosca~ (1969), 
who obtained the folIowing results with a 'Dederon' tissue Nr. 100 of 200-pm mesh 
size : wator paesage more than 33 rn3 hr-' ; average cleaning efficiency, 81% of 60prn- 
tissue-filterable matter; use of rinsing water, 1 to 1.7%. 

In 'Filterpresscn-Schichtenfilter' (Schenk-Filterbau GmbH, Schwabisch Gmiind, 
FRG), the medium to be filtered is pumped through a pressure ecluatizer into a series 
of adjacent filter frames with different, decreasing pore sizes. The filter frames must 

To cullur 
tank 

Fig. 2-66; Diatomaceou~-earth filter: installation for hrge closed culture system showing 
filter, plumbing and leaf elements. (After S P O ~ E ,  1970; modified ; reproduced by permission 
of Wiley, New York.) 

be cleaned regularly. 'Filterpresscn-Schichtenfilter' may be used for rapid, fine 
filtration, c.g.  in sea-water intakes, for retaining nannoplmkters. Information on 
long-term performances in sea-water systems is not yet available. 

(c) Biological Water Treatment 

In oceans and coastal waters, inorganic and organic substances are recycled 
through integrated, balanced interactions of micro-organisms, plants ancl animals. 
I n  closed systems, marine organisms are bound to &e, unless essentin.1 portions of 
such interactions are reconstituted. Their lives depend upon continuous and effi- 
cient removal of potentially dangerous substances as well as on the addition of 
vital components (e.g. nutrients, vitamins, growth-promoting substances). Aspects 
of cycles and balances of living systems in oceans and coastal waters are treated in 
Volumes I, IV and V. We restrict ourselves here to problcms immecliately pertinent 
to biological atrat ion in culture systems supporting marine animals. 
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Biological water treatment is based on the activities of micro-organis~ns and auto- 
trophic plants. Micro-organisms decompose and use the organic matter added to  t,he 
culture water by its inhabitants and by waste food. They also produce lifc-support- 
ing substances (e.g. vitamins, growth-promoting substances) required to  keep other 
cultured organisms healthy. Plants assist in avoiding dangerous accumulation of 
metabolic products, and ma,y add vital substanms to the system. Filter-bed micro- 
organisnis can decompose organic matter effectively only in the presence of sufi- 
ciexlt oxygen. Hence, in the absence of oxygen-producing plants, proper aeration is 
an  importa.nt prerequisite for biological water treatment. Micro-organisms and 
plants involved in biological wa,ter treatment require different environmental con- 
ditions and hence, are usually separated spatially. Consequently, we have sub- 
divided this section into Microbial water treatment and Algal wder treutsnent. 

Microbial W d m  Treatme7tt 
QeneraE m-pecb 

Culture systems support a variety of micro-organisms. These thrive on organic 
materials released by the organisms cultivated and on excess food materials. In  
filtered closed systems, microbial populatiol~s develop especially in filter areas where 
organic materials become trapped and absorbed, and where large surface areas are 
available for a,ttachment. The micro-organisms decompose and convert proteins, 
fats, hydrocarbons, ay well as simpler organic and inorganic compounds, and thus 
purify the culture water; a t  the same time, they provide nutrients for algn.1 growth. 
Of particular importance to the cultivator of aquatic animals is the ability of ba.c- 
teria to decompose end products of nitrogen metabol i sm~specia l ly  NH, (p. 61). 
I n  culture systems, decomposition processes of micro-organisms are collectively 
referred to also as 'microbial water treatment' or 'microbial filtration'. 

The information available on the pliysiological ~nech~n iams  involved in microbial 
deconiposition has been reviewed in Volume I1 : SCHLEGEL (1975). Trophical a-spects 
of microbial activities in the sea are dealt with in Volume IV. Since NH, is highly 
toxic (p. 86) ,  its rapid and efficient oxidation by microbial nitrifiers is essential. 
There are 5 species of ammonia oxidizers (Nitrosomonas europaea, Nitrosocystis 
j~vanensis, N .  oceanicus, Nitrosospira briensis and Nitrosolobus multiformis) and 4 
species of nitrite oxidizers (iVitrobucter winogrudskyi, N .  agilis, Nitrococcus m b i l i s  
and Mitrospim qracilis). %or details on nitrifying bacteria and their mecl~anisms of 
chemo-autotroyhy, consult Volume I1 (SCHLEQEL, 1975, pp. 12-14, pp. 22-26; see 
also Chapter 3 of the present volume). 

Microbial water treatment has received much attention from investigators con- 
r ince cerned with the removal of organic substances from municipal waste water. S' 

biological denitrification is one of the few economic methods available for removing 
low concentrations of nitrogenous compounds from large volumes of water (e.g. 
JOHNSON and SCHROEPFER, 1964; WUIIIRMANN, 1964a, b ;  BAR'I'R and co-authors, 
1968), bacterial denitrification has become a focal point of water research s t u c l i ~  
(e.g. NASON and TAKAHASHT, 1958; NASON, 1962; NICHOLAS, 1963; PASVEER, 
1965a, b ;  D-U TOIT and co-authors, 1970; DAVIES and CO-authow, 1971. ; D a v r ~ s  and 
TOERI'EK, 1871). For proper microbial water treatment, both in culture system8 and 
sewage plants, it is essential tha t  we obtain more information on the biochemistry 
of bacterial denitrification. 
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&!icrobial Jiltration in mechanical jilters 
I n  a properly designed culture system, microbial iiltretiou facilitates fast and 

efficient decomposition of potentially detrimental nitrogenous compounds. If ade- 
quately dimensioned and used continuously, mechanical filters-especi.ally send- 
gravel filters-tend to support a microflora abundant and diverse enough to  process 
alI major organic pollutants of the system. Permanent support of multispecific 
micro-organism populntions requires bahncing of system-componenb, s f i c ien t  
oxygen and filter management. 

A new cultivation system requires time fbr the sand-gravel filter to acquire the 
necessary types and numbers of bacbria responsible for breakdown of waste pro- 
ducts. Before introducing the animals, the water must be circulated for several 
weeks, and appropriate amounts of ammonia, nitrate, nitrite and phosphate con- 
tinuously added. Ivficrobial decomposition requires certain minimal quantities of 
nitrogen and phosphorus for biosyntlicsis and energy liberation; other elements 
required, such as calcium and potassium, are usua,lly present in sufficient quantities. 

SAEKI (1968) studied the dynamics of microbial filtration in a closed cul t~ue 
system consisting of filter bed, sediment collector, fish tank, as well as circulation 
and aeration equipment. The ammonia level of a well-aerated closed system can 
serve as a convenient criterion for assessing the quality of the culture water. 
S A E ~  presents the following equation : 

where F = nitrogen compounds secreted by experimental fish, X, = ammonia 
oxidized by bacteria and X, - nitrogen compounds assimilnkd. From fish culture 
experiments, SAERI found dF/dt  to be 50 mg day-' 100 g-l of fish. Bacterial oxidn- 
tion removes about 25% of the ammonia; a very small fraction evaporates at the 
water swface. The velocity of ammonia oxidation is proportional to the ratio ex- 
changeable ammonia of the sand to total ammonia. d X , / d t  is 0.14 mg day-' 10 g-' 
of sand, and dX, /dt  is 0.07 mg day-l (grain size: 2 to 6 mm; calcite or weathered 
granite). 300 g filter sand should be used for 10 g of fish cultured. Long-term cultiva- 
tion requires control of alkalinity and pH. 

Unfortunately, little is known about quantitative mpecta of nutritional require- 
ments of marine fdter-bed micro-organisms. In municipal waste-water treatment, 
microbial requirements can be assessed from : (i) differences between the nutrients 
present in in0uerlt and effluendproviding the amount of nutrients present in the 
effluent represents tho minimum level; (ii) the weight of nutrients required per 100 
kg of organics removed from the system (HELMERS and co-authors, 1951). Experi- 
menta with different organic wastes gave a maximum nitrogen requirement of 5 to 
6 kg N for each 100 kg of organic matter removed and a minimum requirement of 
3 to 4 kg N 100 kg-' organic matter removed ; the respective values for phosphorus 
are 1.0 kg P 100 kg-', and 0-6 kgP 100 kg-'. A ratio organic matter oxidized: N: P 
of 100:5: 1 in wmte material will usually ensure adequate microbial nutrition 
(ECKENFELDER and O'CONNOR, 1961). The important variables to be considered 
for detailed estimation are BOD (p. 108), availability of nutrients, temperature, 
solids and time. ECKENBELDER and O'CONNOR have presented a detailed example 
for calculating nutritional requirements of the micro-organisms in a sludge plant 
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with defined waste-processing rates, Nitrogen may be fed to a system aa gas 
(anhydrous ammonia), liquid or salt; phosphorus, as acid or salt. Total denitrifica- 
tion requires addition of an extraneous carbon source (e.g. FWSEN and SAMPSON, 
1959 ; ST. AMANT and MCCARTY, 1969; BALAKRISHNAN and ECKENFELDER, 1970; 
SEIDEL and CRITES, 1970; DU TOIT and DAVIES, 1973). 

Table 2-24 

Inorganic nitrogenous compounds in the sea water of the 
Ueno Aquarium (Ueno, Japan) during the h-t 82 days after its 
opening on April 12, 1952 (After SAEKI, 1963; modified; 

reproduced by permission of the autaor) 

Time after 
openiug 
(days) 

Tha latent period of a filter bed for developing sufficient purification capacity has 
been investigated by S A E ~  (1963) in the closed sea-water system of the public 
aquarium a t  Ueno (Japan). Table 2-24 shows tlie amounts of major waste products 
found in the culture water within the first 82 days following the opening of the Ueno 
Aquarium. The high a.mmonia concentration, 0.38 ppm, 40 days after the opening, 
decreased within the next 40 days to about 0.1 ppm. I n  the very f i s t  days, nitrite 
could not be detected; i t  increaged to a maximum of 1-80 ppm after 40 days, and 
then decreased again to 0.08 ppm on the 82nd day. Nitra,te attained 7-9 ppm on the 
40th day and continued to rise throughout the test period. These measurements 
suggest that the full purification capacity of the filter bed was not attained until 
about 2 months after the opening. Another example of microbial decomposition of 
nitrogenous wa.ste products determined in a culture system, is illustrated in Fig. 
2-67. Details of the sequence shown depend primarily on: (i) animal load (or con- 
trol.led addition of ammonia, nitrate and nitrite); (ii) feeding level, intensity of 
defecation and the quantity of food not consumed; (iii) temperature; and (iv) 
amount of oxygen available. 

In  large-acale organic waste management, three steps-pretreatinent, biological 
oxidation, a.nd sludge treatment plus disposal-are distinguished (e.g. ECKEN- 
FELDER and O'CONNOR, 1961). Pretreatment includes screening, grit removal and 
sedimentation or floatation. Biological oxidation is accomplished by micro- 
organisms in fixed-bed units (trickling filters; see below) or in fluid-bed systems 
(activated sludge, p. 127).  

Biological filters for municipal waste-water treatment may be either standard or 
high-rate trickling filters. Standard filters operate at a low hydraulic and organic 
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Fig. 2.67 : Typical change8 in concentrations 
of total ammonia, nitrate and nitrite 
recorded after setting up a closed system 
with a microbial filter. 10° C. (After ROFF, 
1972; modified; reproduced by permission 
of Aquarium Spterns Inc., Emtlake, 
Ohio.) 

loading, and produce a stabilized effluent. High-rate trickling fdkw have high 
hydraulic and organic loading. A trickling mter consists of s circular structure 
containing a suitab1y deep bed of crushed stone, and receives wastes sprayed by 
rotary distributors or fixed nozzles. The liquid wastes trickle downward through 
the stone bed to the underdrains (clay blocks with openings for drainage and 
ventilation). As orgaxlic wastes are sprayed continuously, agelatinous film of micro- 
organisms develops on the stone surfaces, adsorbing and oxidizing organic compo- 
nents. The use of crushed oyster shells over crushed rock in the construction of 
trickling filters for salmon propagation has been described by BURROTVS and 
COMBS (1968). Water purification by means of trickling filtera has received fiirther 
attention from BALAKRISHNAN and ECKENFELDER (1969b), MIDDLEBROOKS and 
C o o a ~ ~  (1.969), R ~ C K E  and N ~ u n w m  (1969), RWCKE and BORN (2970), BORN 
(1970, 1971) and others. For trout farming, ANDERSOH (1974) constructed a bio- 
logical trickling filter capable of removing ammonia, from lish raceway effluent a t  a 
maximum rate of 6.4 X 10-5 pounds of NH,-N ft2 of media surface. 

The similarities and differences between trickling filters and activated sludge 
(see nex6 section) have been hscussed by KINCANNON and SHERRARD (1974). Com- 
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pared on an equitable basis (i.e. high-rate or low-ra.te process), operational charac- 
teristics and effluent quality are similar. Hence, process selection should be based on 
treatment objectives and economic considerations related to th.e geographical locs- 
tion of the proposed treatment process. 

Micsobial filtrdion in aclivded sludge 
Large-scale water treatment tends to produce considerable amounts of precipi- 

tated particulate matter-the sludge. Populated with micro-organisms, the sludge 
becomes 'activated' and may attain high capacities for eliminating unwanted 
organics, especially nitrogenous compounds. Water treatment with activated sludge 
involves continuous circulation of fluid containing flocculated biological growth, 
under conditions which provide maximu~n contact with organic waste products in 
the presence of oxygec, i.e. air bubbles (Fig. 2-68). In  municipal water treatment, 
excess sludge is concentrated by gravity thickening, dewatering, floatation, or diges- 
tion before removal (land fill; fertilizer) or disposal (incineration). 

Research on, and use of activated-sludge plants was originally stimulated largely 
by the need for effective large-scale nitrogenous waste elimination in sanitary sewage 
procasing. However, activated sludge is also of considerable importance in large- 
scale cultivation projects, especially in aquaculture. The activated-sludge process 
could play an importa:~t role in avoiding or reducing environmental pollution from 
large a,quaculture farms. 

Discussing the current literature on activated-sludge plants, D s ~ w s  and GREEFF 
(1973) conclude that the removal of nitrogenous compounds from liquid wastes by 
microbiological filtration (nitrification-denitrification) is now regarded as a tech- 
nique requiring only proper designing and dimensioning. Most tests indicate re- 
moval of carbonaceous matter, complete nitrification under optimum aerobic 
conditions, and denitrification under anaerobic conditions, with controlled supple- 
mentation of a carbon source (hydrogen donor) for the denitrifying bacteria. Under 
these conditions, the three-sludge system (BARTR, 1971 ; MULBAROER, 197 1 )  gives 
consistentIy good results. However, the complex three-sludge system is expensive 
and requires addition of exogenous H-donors (e.g. methanol; see also BAMKRISHNAN 
and ECKENPELDEEL, 1970; DAVIES, 1973; DU TOIT and Davms, 1973). Attempts to 
develop denitrification sludge plants which can be operated with endogenous H- 
donors (avoiding the need to supply additional carbonaceoua matter) have thus far 
failed. Comparing maximurn nitrogen-elimination capacities of 'orbal' (endless 
channel) activated-sludge plants, DREW$ and GREEPP (1973) report that  maximum 
efficiencies require very careful baIancing of sludge concentration, organic load 
and oxygen input, so as to produce a rapid alterna,tion of aerobic versus anaerobic 
conditions between aeration points in each of the orbal channels. After such treat- 
ment, the amounts of ammonia and nitrate in the effluent are minimal. Automated 
cont,rol of oxygen input and of sludge concentration is necessary for constant 
maximum nitrogen removal. Important studies on bacterial growth kinetics in 
activated sludge have been conducted by JONES (1973). The activated-sludge pro- 
cess has been shown to be relatively resistant to drugs used to control fish diseases 
(KNOSCHE, 1974%). 



Thus far, most contributions devoted to studying the activated-sludge process 
are restricted to freshwater conditions, e.g. LEVINE and SOPPELAND (1926), BALY 
(1931), BEEDUBI (1931), LUMB ( l  933), BUTTERFIELD (1935), WOOLRIDQE and 
STANDPAST (1936), Cauao ( 1  937), BARDSLPY (1938), HASELTINE (1938), RUCHHOFT 
and co-authors (1940), RUCHHO~FT and KACHMAR (1941), K E E ~ R  and ME~SEL 
(1951), WUHRBUNN (1967, 1964a, b), JOHNSON and SCHROEPFER (1964), PASVEER 

System Wuhrmann 
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System Johnson and Schroepfer 
15 O/O 
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Rec~rculotion l 
L -------, ---- - - J  

Fig. 2-68: Activated-sludge systems. Deaigne developed for reducing 
nitrogenou~ substences in municipal waste-water treatment. N:  
nitrification ; D : denitrification; G:  gravity thickening. (After 
SCHUSTER, 1970b; modified: reproduced by permiseion of the 
author.) 

(1965a, b), BBTNQMANN and KUHN (1967), BARTH and co-authors (1968), SANZIN 
(1968), MECELALAS and co-authors (1970), SCHUSTER (1970a, b), BARTH (1971), 
B ~ A T S ~ H ~  (1971), MULB-ER (1971), DREWS and co-authors ( l  972) and PRETORIUS 
(1973). Essential activated-sludge parametera have been assessed, for example, 
by TAKAMATSU and N m o  (1967), HUBER (1968), BALAKRISHNAN and ECEEN- 
FELDEB ( X  969a, c), NAITO and co-authors (1969), SCHERB and BRAWN (1970) and 
KNOSCHE (1974b). SHERRARD and co-authors (1974) developed equations to describe 
continuous flow dynamics in a completely mixed aerobic activated-sludge process. 



They employed the yield of microbial cells as criterion. A comparison between the 
efficiencies of the activated sludge process and the use of trickling filters has been 
made by KLNCANNON and SRERRARD (1974). 

What can the activated-sludge process do for reducing and balancing the organic 
l o d  in recirculating sea-water systems? MTe do not yet know. A detailed assessment 
of the importance of activated sludge for marine research cultivation and corn- 
mercia,l cultivation cannot yet be made with sufficient certainty. A s  has been pointed 
out, most activated-sludge studies have been conductedunderfreshwaterconditions, 
and have involved heavily polluted waters with very high organic loads. We need to 
know more about the capability of the activated-sludge process to remove organic 
wastes fiom culture waters under salinity conditions and organic loads actually 
pre~a~iling in culture systems of marine organisms. While activated sludge has been 
used with much success for cultivating freshwater fishes, such as the carp Gal-assizes 
carassius a t  very high population densities (e.g. MESKE, 1969a, b), and while its use- 
fulness in marine aquaculture farms seems probabl.e, defii tc data on the bio- 
chemistry and efficiency of the process under marine conditions have still to be 
presented. 

The effect of salinity on the activated-sludge process has been studied by 
LAWTON and EQQERT (1957), STEWART and co-authors (1962), Ln~n;acxc and NORAN 
(1965), KINCANNON and GAUDY (1966), and BURNETT (1974). I n  most cases, how- 
ever, shoclr effects rather than long-term effects have been studied. Responses to  
salinity of fully adapted activated sludge remain to be investigated. 

Pur5cation of effluents from aquaculture farms is rapidly becoming a problem of 
major concern. In  limnic, brackish and marine waters of various tropical and sub- 
tropical coasts, giga.ntic commercial-cultivation projects nre under consideration 
or have already been started. The effluents of these large aquaculture farms will 
pose a serious threat to local shallow-water corn~nunities unless adequa-te purifica- 
tion systems are const,ructed Ideally, such purification systems should be designed 
as a link in a water-recycling chain, re-usiug organic wastes and inorganic nutrients 
for producing phytoplanlrton, part of which is then fed, via zooplankton or directly, 
to the commercial animals cultured. Presumably, the activat.ed-sludge process can 
play an important role in avoiding or reducing environmental pollution from large 
lnariculture plants. 

Algal Water Treutrnent 

Simulation of the effect8 exerted on living syatelns in the sea by autotrophic 
plants has been athmpted by employing algal water treatment units or 'algal 
fi.lters'. Algae remove from (and release into) the ambient water, a variety of organic 
and inorganic substances which may affect the quality of the culture water. Un- 
fortunately, our knowledge on the functioning and usefulness of algal filters is still 
very limited. More information on exchange processes between alga and water inay 
add importa,nt, new perspectives. It remain8 questionable, however, whether algal 
water-treatment units may become principa.1 features of mariculture farms. Their 
eficiency and speed of nit,rogenous-waste removal is lower than that  of ~nicrobial 
water-treatment units, and their maintenance is more difficult. 

In  contrast to micro-orga.nisms, algae a,re largely absent from mechanical filters. 
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A major reason for this is the lack of suitable light conditions. In some instances, the 
surfaces of mechanical Elters have been exposed to  light, so that photo-autotropha 
could establish thriving populations. However, high irradiance tends to reduce not 
only the number of bacteria, but also their meta'bolic rates and hence, their capacity 
for oxidation (Volume I: GUNKEL, 1970, pp. 107-119). At the same time, extensive 

Fig. 2-69: Algal water-treatment unit employing benthonic forms. Tray with initial 
sections (dgae n.ot shown). (Original.) 

Fig. 2-70: Algal water-trwtrnent unit. Top view of parallel-tray deaign. (Original.) 

alga deveIopment reduces the capacity of mechanical filters, sometimes up to apoint 
where the filter becomes clogged. Consequently, algal filters must be separated from 
mechanico-biological weter treatment units (e.g. sand-gravel filters with established 
bacterial popuIations). The cultivation of marine plants, some of which may be 
suitable for use in algal flters, has been reviewed in Chapters 4.1 and 4.2. Algal filters 
must be desibmed so as to allow adequa.te light penetration. 

Where benthonic a1ga.e are used, the culture water is forced to meander along the 
sections of a tray. These offer large surface a r e a  for settlement (Fig. 2-69). The 
amount of water processed can be increased by using several filters in parallel 
(Fig. 2-70). The efficiency of water treatment increases aa a. function of total filter- 
tray length. I n  the presence of large amounts of nutrients, the algae tend to grow 
luxuriously, especially in the initial tray sections and hence, may tend to retard the 
water flow. Wider spacing of the first wctions and regular harvesting eliminate such 
shortcomings. 
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For unicellular plankton algae, trays, bottles or columns with bottom flters are 
used. Figwe 2-71 illustrates the working principle of a unicellular algal filter. The 
bottom sand-g~avel layer (if necessary topped by a silt layer) prevents the unicells 
from entering the animal compartments. 

Whether using benthonic or planktonic forms, algal filters should preferably con- 
tain members of defined species, and be exposed to defined conditions of light, 
temperature and salinity. For optimum filtration, several a,lgal filters-ach con- 
taining members of a different species-may have to be blended together. Since the 

Air 
-1 

Light source 

F i l te r  

Steri l izer 

Over-  

Unicellular algoe 

::.,<. : ,":,,;~,.:.,; . 

Fig. 2-71 : Algal water-treatment unit employing planktonic forms. From an illurn- 
inated compartment with unicellular pIankton algae, water filters slowly through 
sand and gravel and is distributed to animal compartments (AC). From here, the 
water overffows and is pumped to a filter, if necessary a sterilizer, and then re- 
turned to the algal compartment. Portions of the algae are harvested ss the pop- 
ulation grows. (Original.] 

fYters must be replaced from time to time (cou~lteraction of contamination with 
foreign species), additional filter set8 must be kept ready for use. These are seeded 
long before they are required. 

Algal water-treatment w i t s  tend to modify the gaseous content of the culture 
water, and may have to be operated at temperatures different from those in the 
animal compartments. The water processed must, therefore, be adjusted in regard 
to gaseous contents and temperature before returning it to the animal compart- 
ments. This can be accomplished by passing the water through a, heat exchanger 
and a splash tower. Typically, the algal filter receivcs its wahr  supply from the 
mechanico-biological filter, where the turbidity is reduced, and organic compounds 
are broken down t80 algal nutrients. 
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Experiments on algal filters have been conducted by -NE (unpublished) some 
18 years ago. Crustaceans, such as Gammam loc.uaba, Nwmysis vulgaris, Idutea 
baltica and Sphaeroma hookeri, as well as the fishes Fundulus heteroclitus, Cyp~inodon 
macularius, Gobiua fivescens and Pleurmctes platessa, produced higher percenta,gea 
of well-pigmented, low-mortality eggs after installation of plant filters. The filters 
employed a variety of benthonic (e.g. Enterompha  sp. and Vlua lact.r~a) and 
planktonic (e.g. Dunaliella tertiolecta and Monochrysis lutheri) forms. 

Enteromorpha sp. flte-1.s have also been used by SHELBOURNE and co-authors 
(1963) to remove CO, and other metabolites from the culture water, to stabilize 
pH and to add oxygen. Chbrella species have been employed for simiIar purposes 
by SOROKIN (1971). Species of Oscillahia and Chbrowccum reduced the nitrate 
level in a closed sea-water system by 68% (SIDDU, 1972). 

Many phytopIa.nkters use appreciable amounte of arnmouia, nitrite and nitrate 
for growth, and hence, avail themselves for upe in algal filters. Of 26 speoies examined 
in axenic culture by ANTIA, B E R L A ~ ,  B o r n  and M A E S T R ~  (unpublished), all 
utilized NIX,+; 25 (exception: Hemiselmb virescem) used also NO,- and NO,+ 
(Table 2-25). With the exceptions of Chlamyclomonas palla, Cyclotella cryptica and 
Porphyridium cruentum, the tested species generally utilized urea as efficiently as, 
or even more so, than NH,+. ANTIA and co-su thors measured algal growth by optical 
densities a t  600 nm in 1- to 3-day intervals over a minimum period of 28 days in a 
growth medium previously described (AXTIA and CHORNEY, 1968), except that  the 
sea water used had a salinity of 38%,. A11 data listod in the table were corrected for 
growth obtained in the control medium. 

HEMENS and STANDER (1969) investigated the removal of ammonia from anaero- 
bic;dly pretreated raw sewage by means of a rotating algal disc unit. They report 
that  bacteria quickly overgrow the algae attached to  the disc, rendering the unit 
incapable of removing ammonia. Their disc unit consisted of 9 parallel PVC discs 
on a horizontal shaft, 40 cm in diameter and spaced 6.3  cm apart. To increase the 
surface area of the discs, and to provide holdfast opportunities for a microbial film, 
each disc is perforated with 1336 holes, 0.6 cm in diameter and randomly distributed 
( ~ E T O R I U S ,  1971). The discs were rotated a t  a cons1,ant speed of 6.75 rpm. PRE- 
TORIUS operated a disc unit a t  20' C and found tha.t different micro-organisms 
develop on different discs. The bacterial flora changed from rapidly growing 
~ ~ h a e r b l i l u s  and Beggiatoa species on the first disc, to highly aerobic, nitrate- 
forming bacteria and fungi on the successive discs. At all times, the rotating discgave 
a cleared effluent, verified by relatively low bacterial and E8cherichin w l i  total 
counts; however, a brownish colour, typical of many high-organic-load biological 
filter effluents, was also present. Practically all other nitrogen was converted into 
nitra.te, The unit is highly effective in converting ammonia-N to nitrate-N. Complete 
conversion takes about 8.5 hrs. 

I n  an effort to remove ammonia and nitrate from waste waters, GOLDMAN and 
co-a.uthors (1974a, b) have developed a mixed plant-animal fiIter. This uni- 
cellular algmyster-seaweed system combines inorganic nitrogen removd with 
the commercial production of oysters. The prototype system consists of swimming- 
pool-sized containers for unjcellular algae, oysters and seaweeds joined in series. 
The system was fed secondarily treated waste water, diluted 1 : 4 with sea water, for 
11. weeks during the summer. According to GOLDMAN and co-authors, the uni- 
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Table 2-26 

Use of nitrogenous substances as sole N-source for growth of marine phytopla.nkters 
a t  a fixed N-concentration of 500 pg a t  1-l. ++-H maximum growth; tl-t sub- 
-maximum growth; ++ small, hut  measurable growth; - no growth (After ANTIA, 

BRRLAND, BONIN and ~ ~ E S T R I N I ,  unpublished) 

Urea 
species source* 

Chlorophyta 
CI~lamydommaa palla 
Praainoclcldw: mariraw 
T&rwelmia nzamhlcs 
Xetraselmia s t r i u h  
Dzlnnrlielb &rtiolecta 
hrannochEa).ia oculah 
Cbxysophy t a  
Emi1iani.a huzleyi 
1sochvysi-s galbana 
Momchrysia luliceri 
Xanthophyta 
Modlantus  so.lino 
Hehrotht-ix sv. 
~ a c i l l a r i o ~ h ~ i a  (diatoms) 
Phaeodactvlum tricomutum " 
Niturcl~io aciculank 
Cyldndrotheca closterium 
Cycloldlcl crypticct 
N~vicuEa biskanleri 
Amphora hyal iw 
Fragilaria pin7ao.h 
Cryptophyta 
CI~.roomomczs adina  
R h o d o m m  len-s 
Xemkelmia virecpcem 
Pyrrophy ta  (dinoflagellates) 
Amphidin,ium mrtei-i 
Rhodophyta 
Porphyridium sp. 
Cyanopbyta 
Anacysds marina 
Agmedlum qwdrupldcaturn 
Synechococcua strain 7335 

M: Culture collection o f  Station Marine d'Endoume, Marseilles, France; V: Collection of Environ- 
ment Canada, Fisheries & Marine Services, Vancouver Laboratory; S:  Prof. Stanier's collection n.t 
Institut Pasteur. Paris, France. 

1' Further testa wveeled that Pmpkyridium sp. requires urea concentrstions of 5 to 25 mg at N I P L  
for growth, i.e., much higher  level^ than the lixed N-concentration offered. Chlamydomonaa pcrlIa. and 
Cyclotella cryptica wore totally unable to uae urea, irrespective of i t s  concentration. 

wllular algae removed 95% of the influent inorganic nitrogen; the oysters, in tu rn ,  
removed 85% of the algae, but released as eoluble ammonia, 16 to  18% of the nitro- 
gen origina.11~ bound .UI the algal cells. All  of the nitrogen released by the oysters was 
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finally removed by the seaweeds, so th.nt the total inorganic nitrogen-removal 
efficiency wa-s 95%. However, a t  the same time, only 45 to 60% of the phosphorus 
was removed. Such reconstitution of essential foocl-web-li.nks may offer, in the long 
run, a most useful and efficient way of eliminating, or better, of recycling nitro- 
genous waste products. 

(d) Physico-chemical Water Treatment 

The objective of physico-chemical water treatment is the removal of excess 
clissolved orga.nic subshnces from the oirculitting culture water. Physico-chemical 
water treatment also aids in removing inorganic forms of nitrogen and phos- 
phorus. It counteracts eutrophication and reduces the oxygen consumption of 
filter-bed micro-organisms. Physico-chemical water treatment resorts to different 
techniques, but involves processes comparable, and aims similar, to mechanical or 
biological water treatment.. 

Physico-chemical water trea.tment is of particular importance in caaes in which 
biological water treatment is insufficient or impractical. Where accumulation of 
excreta and food tax the capacity of microbial or algal water treatment, or where 
such treatment is too expensive, undesirable substances must be removed by 
physico-chemical methods. In  large-scale culttwe projects (aquaculture) and in 
municipal washwater processing, physico-chemical water treatment frequently 
becomes a major tool of water-quality management. 

The methods involved in physico-chemical water treatment comprise activated 
carbon (charcoal) adsorption, foam separation, aeration, oxygenation, ozonation, 
ultra-violet irradiation, ion exchange and some other techniques used primarily in 
municipal waste-water treatment. 

Activaled Carbon (Charwal) Adsorption 

Activated carbon (charcoal) has been used in the cultivation of aquatic animals 
for many decades. It is aporous substance with a high adsorptive capacity. Adsorp- 
tion occurs a t  all external and internal surfaces available to chemica.1 attraction of 
organic molecules. One kg of high-grade powdered charcoal has an estimated total 
surface area of up to 1 million m2; 1 kg of granular charcoal (mostly used in cultiva- 
tion), of 10,000 to 100,000 m" Activated carbon is manufactured from cellulose-base 
materials such as coal, wood, nut shells (notably coconut and pecan) or from animal 
bones. Comparative stuclies of the effectiveness of the different types of charcoal 
have not yet been conducted. New carbon must be thoroughly washed in clean 
water to remove the dust. Regeneration of the adsorptive properties of used 
(satura,ted) carbon is effected by application of heat and steam pressure. 

I n  culture systems of 500 1 or less, corner-, inside- or outside-filters packed with 
gramulx activated carbon are used. Most outside filters consist of: ( i )  a top layer of 
filter wool (glass-wool or Perlon) w h c h  retains much of the particulate matter and 
can easily be replaced ; (ii)  a thick layer of activated carbon ; (iii) a gravel layer ; and 
(iv) a perforated PVC plste facilitaking water coIlection a t  the bottom (Fig. 2-72). 
For larger culture systems (e.g. 500 to 5000 l), SPOTTE (1970) recommends the use 
of a carbon contactor. It can be constructed from a length of PVC pipe: each end of 
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number* approa.ching 1100 and an apparent density of about 0.47 g m l - .  The par- 
ticle size is somewhat finer tha.n in the usual commercialIy available granular acti- 
vated carbon. 

For more than 14 months, PARKI~URST and co-authors (1 907) have applied secon- 
daly effluent directly Go the pilot plant in Pomona and have obtained the following 

Fig. 2-74; Carbon contactor for culture systems exceeding 60,000 1. 
The contactor is filled to s depth of 2.9 m with 3000 kg of 
granular activated csrbon, supported on n, doubla-perforated 
etainless-steel screen. (After P ~ ~ ~ a m s ' r  snd  co-authors, 1967 ; 
mocl&d ; reproduced by pormission of Water Pollution Control 
Federation. ) 

results : (i) The series of carbon contactors can remove successfully the 10 mg I-' of 
suspended solids found in activated-sludge-plant effluents (Table 2-26). (ii)  Carbon 
regeneration can be accomplished very economically. (iii) Kelnoval of clissolved 
contaminants' (expressed as chemical oxygen demand, COD) amounts to about 

Iodine number is a relative measure o f  the total eurface area of a unit volume of activated carbon. 
It decmase8 steadily with each regeneration step. 



0.6 kg for each kg of carbon. (iv) Micro-organisms establish themselves within the 
carbon beds, and contribute significantly to the total diminution of organic matter 
paasing through. (v) Addition of organic nutrients to the contactor's feed water 
i n c r e w  the natural denitri£ication efficiency of the carbon bed. The first contactor 
may be opera.ted solely for the denitrification of the waste water and for the 10 to 
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Fig. 2-75: Carbon edeorption pilot plant. Schemetic flow 
diagram. P: pump. (After PAUKHURST and co-authors, 
1967; modified; reproduced by permission of Water 
Pollution Control Federation.) 

20% removal of dissolved COD that can be accomplished biologically. Regeneration 
of tlic total carbon charge of one of the contactors requires 3 days in the furnace a t  
temperatures between 898" and 926" C on the bottom hearths, and between 260" 
and 315' C on the toy hearth range (resulting in volatilization of odorous organic 
residues). The furnace must be provided, therefore, with an afterbuner to prevent 
air pollution. 

The main factors controlling the efficiency of pollutant adsorption to activated 
carbon are : size of granules, filtration period, filtration speed, temperature, pH, and 
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the concentration of pollutants in the water to be filtered. Since the surface area 
available for adsorption increases with decreasing granule size, smaller curbon par- 
ticles have a higher adsorption capacity than larger ones. However, in culture 
systems, i t  is difficult to  handle very fine carbon particles and to prevent them from 
entering the culture enclosure. While the amount of organics adsorbed increases 
with time, adsorption rate attains maximum values a t  the beginning of the filtration 
period (virgin or regenerated carbon); i t  decreases with carbon 'age' (degree of 
saturation). 

Table 2-26 

Removal of contaminants from waste water by an activated 
carbon plant (Pomona, California, USA). Average water- 
quality characteristics of main carbon column (June, 1966 to  
August, 1966). COD: chemical oxygen demand (After PARK- 
HURST and co-authors, 1967; modified; reproduced by permis- 

sion of Weter Pollution Control Federation) 

Characteristic M u e n t  Effluent 

Total COD (mg 1-l) 47 9-5 
Dissolved COD (mg I-') 3 1 7 
Total organic arbon  (mg 1-l) 13  2.6 
Suspended solids (mg 1-l) 10 <l 
Turbidity (Jackson Turbidity Units) 10.3 1.6 
Nitrate-N (mg I-') 6.7 3.7  

Uptake of pollutants from dilute solution proceeds slowly for compounds with 
high molecular weight. The rate of adsorption is a linear function of the square root 
of concentration: a greater fraction of solute is adsorbed per unit time the more 
di lu te  the solution (MORRIS and WEBER., 1964). Uptake rate is affected by molecule 
configuration : highly branched molecules are removed more slowly than those of 
identical molecular weight with configurations that permit coiling or attainment of 
compactness. Apparently, adsorption ra.te is 'controlled by the rate of diffusion of 
solute within the micropores of the ca,rbon. The relationship between pollutant con- 
centratiom and adsorption efficiencies of activated carbon requires further investi- 
gation. 
An important paramet,er for the dsorption of dissolved rnateriad is the surface 

electrical charge a t  the carbon-water interphase. This may originate from dissocia- 
tion of chemical groups fixed to the surface of solids or from adsorption of ions from 
the ambient solution. NEIELOF and LOEB (1972) investigated the surface charge of 
sea water (by microe~ectrophoresis) from estuarine and comtal sources. Seston, con- 
sisting mostly of bacteria, small algae and detritus, exhibited considerable ranges 
of mobilities; all were negatively charged. A method for rapid determination of the 
amount of organic substances a,dsorbed on activated carbon has been described by 



HE= and SONTHEXMER (1972). The method is based on cat;a.lytic H,O, decomposi- 
tion by free active centres on the carbon ; occupied a.dsorption eites are catalytically 
non-effective. The data obtained yield additional information on type of binding 
between adsorbed substance and adsorbent, as well as on the specific space require- 
ment of adsorbed molecules. Pre1imina.r~ experiments indicate that slow chemical 
or microbiological changes a t  the adsorption sites can also be detected by the EI,O,- 
decomposition method. 

Continuous accumulation of organics a t  the filtrant surface supports dense micro- 
bial populations (e.g. WEJ.NBEROEB and co-authors, 1966; WALLIS and co-authors, 
1974). The micro-organisms participate significantly in the water-treatment pro- 
cc;ss;, and turn the activated-charcoal filter into a system combining mechanical, 
biological and physico-chemical methods. 

How often should the carbon lilter be changed.? Difficulties in determining load 
and capacity of 6ltration and in predicting the time course of carbon saturation 
force the cultivator to  resort to monitoring effluent characteristics. SPOTTE (1970, 
p. 45) writes: 

'The only sure way of knowing when a carbon bed is saturated is to monitor 
the organics in the contactor emuent. When they at& increasing, i t  is time to  
change the carbon.' 

Foam Separalion 

Foam separation, also known as foam fractiona,tion, air stripping or protein foam- 
ing, is an efficient and practical method for removing excess dissolved organic 
material from culture systems. At  the water-air-bubble inbrphase, surface-active 
dissolved organic rnolecuies re-orient and form a thin 'film' or 'skin'. When the air 
bubbles burst, the collapsed slrins are left behmd. They accumulate in the foam col- 
lector from where they can be easily removed from the culture system. Foam separa- 
tion secures proper gas exchange and assists in stabilizing the pH of the culture water 
by removing weakly acidic substances from solution. 

A basic physical process, the adsorption of dissolved, surface-active organic sub- 
stances to the water-air interphase has been investigated by numerous authors. 
GARRETT (1 967), for example, has shown tht1.t alcohols ancl fatty acids of high mole- 
cular weight compete for adsorption sites with more soluble substances; they force 
these out of surface positions and thus, in a stream of air bubbles, cause foaming. 
BAYLOR and co-authors (1962) and SUTCLIBBE and co-authors (1963) focused atten- 
tion on the significance of this process in biological oceanography (see also HARVEY, 
l 941 ; BADER and co-authors, 1960; BAYLOR and S U T C ~ F E ,  1963 ; RILEY, 1963; 
RLLEY and co-authors, 1964 ; WALLACE and WILSON, 1969 ; PARKER and BARSOM, 
1.970; NEIHOF and LOEB, 1972). Under in situ conditions, the collapsed skins slowly 
sink through the water column and provide seeds for the adsorption and aggregation 
of :.idtlitional organics. Newly formed skins constitute a source of energy for bacteria, 
protozoans and multicellular filter feeders, and contribute to detritus formation. 
Experiments conducted by B~Toos~Narr and co-authors (1969) have confirmed that  
small particles (0.22 to 1.2 pm) serve as nuclei for the formation of' larger particles. 
However, in contrast to BARBER (1966), who was unable to produce particles unless 
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bacteria were present, BATOOSINCH and CO-a.uthors found no evidence that bacteria 
would be more important as seeds than non-living particles of comparable size. 

The efficiency of foam separation depends primarily upon the extent and time 
course of the contact between water and air. It increases with the size of the contact 
area (total electrostatic potential between charaed organics and bubble surfaces) 
and with corltact time; in addtion, i t  increases as a function of temperature. 
Maximum rates of particle formation are obtained in continuous-yield experiments, 
in which the pa.rticles are removed from suspension as they are produced. This fact 
is of importance, both in natural habitats and in culture systems. Foam separators 
are capable of reducing the dissolved protein concentration of the culture water 
down to protein levels prevailing in deep oceanic waters. According to ABE (X953), 
the mean 'life span' of air bubbles in sea-water foam is a function of bubble diameter. 
Of the sizes tested, a 0-l-mm diameter bubble has the shorte~lt life span (ca 5.2 secs), 
that  of 1.9-mm diameter the longest (ca 8.6 secs). 

During foam separation, organic pollutants become concentrated in the foam 
(e.g. MIYAKE and ABE, 1948), thus facilitating their removal from the culture water. 
Although only surface-active substances adsorb on the water-air interphase, non- 
surface-active organic compoundv may combine with the accumulating surface- 
active matter (Rusw and co-authors, 1963). SHORT and OLSOK (1970) employed 
foam separation for improving culture-water quality in a fish hatchery. By-products 
of the hatchery process were largely eliminated with the foam ; a,mmonia-N and total 
nitrogen remained negligible. 

In  a sewage effluent containing 118 ppm COD, RUBIN and co-authors (1963) 
found that  foam separation removed up to 40% of tho initial concentration of' 
organics. ICwrrw ('1956) studied the feasibility of foam separation (in packed waste- 
water treatment towers) to remove ammonia. At pH 11 (most ammonia present 
as NH,, a 2-m, 20-cm diameter column, packed with 1-3-cm Raschig rings and 
loaded with 1.5 to 1.6 m3 min-l of air alld 0.46 1 min-l of effluent, removed about 
92% of the ammonia-N. CULP and SLECHTA (1966) tested s waste-water-treatment 
pilot plant and found that  foam separation removed approximately 98% of the 
ammonia-N. The application of foam fractionation to sanitary waste-water treat- 
ment has been reviewed by JENKMS (1966). 

I n  collapsed foam (foamate) from pure phytoplanlrton cultures and filtrates of 
na,tural sea water, evidence has been obtained which indicates the presence of pro- 
teins andlor humic acids, fatty acids, polysaccharides, as well as possible phospho- 
lipids and steroids (WUCE and WILSON, 1969). In artificial sea water, M T f i u c ~  
and W x s o ~  recovered practically all bovine serum albumin from initial concentra- 
tions as  low as 5 pg 1-l. They consider, in detail, the efficiency of the foam-sepa,rat,ion 
process, and discuss essential dilnensions of foam-tower operation (column climen- 
sionu, gas flow rate, bubble size, liquid turbulence, stability and drainage of foam). 

Most f0a.m separators can be easily constructed. The simplest design consists of 
a vertical water. pipe with an airlift. Two foam separators, developed for home-fish 
aquaria by SANDER (19671, are illustrated in Figs 2-76 and 2-77. In the design shown 
in Fig. 2-76, air from the compressor enters the disperser (air stone in small systems ; 
Raschig rings or perforated PVC pipes in large systems) and bubbles upward in the 
mixing column. Organic particles separate from the culture water in the sepa.ra.tor 
compartment. As the foam builds up, i t  is forced through a connecting tube into the 



foam collector, which ia periodically removed and cleaned. In the counter-current 
foam separator (Fig. 2-77), water drawn by the airlift (left) flows against the main 
air-bubble direction. This increases the contact time between water and air. 

A foa,m tower used in a culture aystern for planktonic copepods (Chapter 5.1) 

collector Fm 4 

Fig. 2-76: Poem separator with seperc 
compartment and foam collec 
(After SANDER, 1967 ; modified ; rej 
duced by permission of the author. 

has been described by ZILLTOUX ( l  969a, b). It consista of a g l w  tube (123 cm high, 
8.8 cm diameter). Air is supplied at 400 l h-' through a 40-mm diameter, fritted 
glass disc, which is located a t  the base of the tower. Culture effluent enters (at a rate 
of 260 m1 min-l ) and leaves the tower a t  the base tlhough 1 -cm diameter glass tubes. 
Tube height is adjusted, so that  the culture water entem about 213 the way up the 
liquid-6lled section and drains a t  t he  bottom below thelevel of air input. An externa.1 
manometer tube maintains the liquid level 12 cm below the top of the column. A 
counter current facilitates processing of the culture water. Liquid residence time in 
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the tower is 27 mins (much shorter periods suffice for effective separation). To im- 
prove foam separation, ZILLIOUX had the foam removed manually each day, and 
tbe wall of the column above the liquid level wiped clean. Tncreased foam-tower 
efficiency has been achieved by Z ~ ~ t r o u x  and LACKIE (1970), modifying a tower 
design by WALLACE and WESON (1969). Air enters the tower (120 CID high, 7.7 cm 
diameter) at  its base through a 60-mm-diameter, fritted glass disc a t  a rate of 400 1 
hr-l. The tower top terminates in a side arm which is inclined 95" from the vertical. 

$ ;::2tor 
(removoblel 

Fig. 2-77: Foam separator. Countercurront 
design. (Aftor SAN~ER,  1907; mobGed; 

rreproduccd by permission of the author.) 

Foam collects in the side arm until a plug is formed and forced out  by the rising air. 
The tower is constructed in two sections for easy cleaning and is joined by a bolted 
flange with a Teflon gasket. The inlet is located 01.1 the side (about 20 cm below the 
connecting flange), the outlet a t  the bottom just below the air-input level. 

Zlcr;r*ronx and LACKIF. (1970) compared the efficiency of foaming in three assemb- 
lies : (i) the original foam tower (Z~LLIOUX, 1969a) ; (ii) the original foam tower with 
a glass-wool prefilter; (iii) the new tower with a glass-wool prefilter and improved 
foam removal. The results are presented in Table 2-27. Less protein occurs in the 
foam tower when a glass-wool prefilter is used; the preflter l imih  the amount of cel- 
lular particulatcs entering the tower. The eficiency decreases successively in the  
three assemblies tested. 
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The term 'aeration' designates effects on water due to interphase excbange with 
air. In  cultivation, the aim of aeration is theestablishment of anequilibrium between 
the concentration of gases contained in air and those dissolved in water. As is well 
known, pure, natural air contains a mixture of nitrogen and oxygen (nearly 4 
volumes to l) ,  0.9% argon, ca 0.03% carbon dioxide, much smaller percentages of 
helium, krypton, neon and xenon, a,nd varying amounts of water vapour. Inter- 
phase exchange with single gases is referred to as nitrogenation, oxygenation, car- 
bon-dioxidation, ozonation, chlorination, etc., depending on the gas used. Gas 
mixtures employed in aeration are nanied after the major gases involved. 

Natural aeration is based on exchanges between atmosphere and water, facilitated 
by wind, waves and water movement. Artificial aera.tion requires the provision of 
maximum intimate contact between air a,nd culture water by technical means. This 
section is predominantly concerned with artificial aeration. The air (gases) used for 
aeration should be Eree of contaminants, filtered, sa.turated wit11 water vapour (to 
reduce evaporation) and-if r~ecessa.ry-be sterile (p. 105). 

Efficient interphase exchange between air and water requires maximum contact 
between these two media. I n  principle, niaximum contact is achieved by : (i) dividing 
a volume of air and passing i t  through water; (ii) dividing a volume of water and 
passing i t  through air; (iii) thoroughly mixing portions of air and water. I n  all three 
cases, rapid nlovernent of the air-water interphase is essential for maximum gas 
exchange. We are concerned here primarily with oxygen and carbon dioxide ex- 
changes. 

Bubbling air through water requires the application of increased air pressures. A 
large variety of compressors and air dispersers ('diffusers') are available. Several 
types of air dispersers are listed under Aerators. Water can be passed through air a t  
norma.1 atmospheric pressures. The equipment used for such surface aeration in- 
cludes dripplers, sprinklers, sprayers, spla.shers, cwcaders and wave makers (p. 
228). Thorough mixing of water and air is accomplished in aspirators, air-shear units 
and related equipment. 

Cas requirements 
The gas requirements of aquatic organisms vary considerably. For a given species, 

they depend 011 developmental stage, physiological condition, en~ironrnenta~l his- 
toly and concomitantly effective environmental factors. The importance of dis- 
solved gases for marine organisms has been doc-umented in Volume I (KuE, 1972a; 
RHEINEL~~ER, 1972; VERNBERO, X972 ; VIDAVER, 1972). For the cultivator, oxygen, 
carbon dioxide and nitrogen are of primary importance. The solubility of these 
gases in sea water is a function of temperature, salinity and pressure (Volume I: 
KGE, 1972a). Gas solubility incremes with decreasing tempera.ture and salinity 
(Fig. 2-78). At any given temperature, sea water contains roughly 20% less oxygen 
than fresh water. Solubility and saturation of oxygen, carbon dioxide and nitrogen 
in waters of different temperatures and salhities have received attention in  a number 
of papers; the most important ones are Fox ( l  907,1909), CABPENTER (1966), GREEN 
and C ~ T  (1967), MUMAY a.nd co-authors (1.969), MURRAY and R ~ E Y  (1969); 



see also the compilations by BARNES (1959) and &RICKLAND and PARSONS (1968). 
Theoretical aspeck of a,quatic gm exchange have been discussed by TRUESDALE 
and GAMESON (1966) and RAHW (1966). 

4 Solublllty 
M - r t o m s P  dn(' 

These linr lo perpendicular 
and of al length 4 

Inslruclbns: A slra~ght lire COnSlr~d~d betmen any 
two variables wiU inlersccl tha lhird sea* at the 
appropriate valw of Ihe third variable. 
Ox- SohbIUty m s b n  laclw: 1.428 rng mlA' 

Fig. 2-78 : Nornogram for oxygen solubility in eee water et equilibrium with water-seturated 
air, at 1 atm total pressure and oxygen 0,2094 mole fraction excluding water vapour. 
(Based on data of GREEN, 1966; after OBIDEN and CARRIT, 1967 : reproduced by permiss~on 
of Sears Foundation for Marine -h.) 

Adequate exchange equilibria between air and water are essential for the success- 
ful cul tivrttion of aerobic marine micro-organisms, plank and anirnels. While normal 
exchange processes a t  the water-surface level may suf3ice. in some c- (e.g. in cul- 
ture enclosures with a large surface-to-volume ratio, a t  low temperatures, or for 
organisms with low oxygen demands), in most culture eystems, the maintenance of 
adequate gas exchange equilibria requires artificial aeration. The degree of aeration 
cm be o o n s i d e ~  ecologically adequate only if it maintains the gaseous content8 of 
the culture water a t  normal saturation levels, both in terms of component quantity 
and proportionality. The concentration levels of gases dissolved in the culture 
water should be determined regularly and, if necessary, re-adjusted a t  suitable 
in t8ervals. 

Adwt J a g e s  of aerdion 
Artificial aeration substantially increases the surface area of the culture medium 

and provides water movement. Both phenomena are essential for efficient inter- 
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phase exchange and for improving the water qua'lity. In  cultivation, aeration com- 
pensates for deviations in the concentration of vital gases. The main sources of such 
deviations are oxygen consumption by animals and micro-organisms (particularly 
those of the filter bed, p.  124), carbon-dioxide release by heterotrophs, and carbon- 
&oxide consumption by autotrophs. Oxygen release by autotrophs (sometimes 
incorrectly referred to as aeration) can temporarily lead to oversaturation of oxy- 
gen-a condition wlich may be dangerous to ani~nals, unless sufficient aeration 
restores normal equilibrium conditions. 

Aeration counterbalances equilibrium deformations due not only to organismic 
activities, but also to technical failure and to  temperature gradients, and i t  aids in 
removing foreign volatile substances. 

Defective pumps, for example, tend to  draw air and force i t  into the water under 
elevated pressures. The resulting air supersa.turation can be detrimental to the 
organisms cultivated. Animals exposed to air-supersaturated water may develop 
the gas-bubble disease. After entering the animal's body, supersatura.ted gas 
transforms into minute air bubbles which may block blood vessels and harm vital 
organs. I n  fiaheu, such bubbles often appear under the epidermis, especially on the 
fins. They result in exophthalmia., loss of equilibrium and, finally, death. Gas- 
bubble disease and its causes were first described in detail by MARSH and GORHAM 
(1905). A more recent account has been presented by HARVEY and SMITH (1961). 
NXUBRLT.~ ( i n :  AT%, 1964a) suggested that denitrifying bacteria may be a source of 
the nitrogen that can cause the gas-bubbIe disease. Temperature changes can 
significantly alter the gas contents of the culture water. Lower temperatures in the 
header tank than in the culture tank tend to causc sir supersaturations comparable 
to  those due to defective pumps. In  both cases, aeration is the best and most efficient 
means for restoring normal gas levels. 

Disadvantages of aerution 
Where air is led hrectly into the culture enclosure, i t  may damage delicate forms 

-due Lo mechaniaal stress, physical injury (pushing aga,inst solid objects) or direct 
air contact (adherence to water-air surfaces caused by surface-tension phenomena). 
Such damage can be avoided, or significantly reduced, by dividing the culture 
system into a special aeration compartment and a culture compartment. 

Prel~eatmnt of air 
Natural air tends to contain contaminants such as air pollutants, dust and micro- 

organisms. It may have to be pretreated before use in aeration. Air pretreatmknt 
includes charcoal-glasswool filtration, washing, water-vapour saturation and dis- 
infection or sterilization (p. 101). 

In animal cultures, it is often advantageous to reduce the carbon dioxide content 
of the incoming air (Fig. 2-79). Aeration with carbon dioxide-poor air facilitates fast 
removal of respiratory CO, and augments pH stability. 

Air with significantly reduced CO, content can easily be prepared by bubbling i t  
througll water containing NaOH (30 to 50 g I-'); since 1 rn3 of air consumes ca 1.1 g 
NaOH, the latter must be periodically replaced. The NaOH concentration should 
not drop below about 25 g 1 - l .  



2. CULTIVATION OF MARINE OFLOANISMS (0. XINNE) 

Dynamia and tlaeory of aeration 

Most of the studies on dynamics and theory of aeration refer to municipal waste- 
water treatment. Aeration in microbial cultures haa been reviewed by BROWN (1970 ; 
see also Chapter 3). In algal cultures, primary requirements for aeration. are to pro- 
vide carbon dioxide and to produce wa.ter movement; pertinent information is 
scarce (Chapter 4). DROOP (1969) has formuda.ted the equilibrium relations between 
partial pressure of carbon dioxide in the air stream, bicarbonate (carbonate) con- 
centration and the pH of the medium. The relations are approximately: 

Iog [HCO,-] - log Pco, = pH - 7.6 

log [CO,-] - log Pm2 = 2pE - 18.6 

The log P,? of normal air, containing approximately 0.03% carbon dioxide, is 
-3.5. Equations (1) and (2) are useful for setting up carbon dioxide generators and 
for stab- the pH of algal media bubbied with a mixture of air and carbon 
dioxide. According to DROOP (1969), enrichments with more than 0.5% carbon 
dioxide are impractical with chemical generators, and cylinder gas is often more 
convenient. The problem of CO, and pH control in marine culture systems contain- 
ing algae has been digcussed by SPENCER (1.966). 

I 
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Fig. 2-79: btrestment of air: reduction in CO2 oontent (I), glasswool-charcoal- 
Bltmtion (2), end water-vapour eaturation (3). ( A h r  Knnm. 1960; modified; 
reprodud by p e r d o n  of Univereity of Chicago Prase.) 

In animal cultures, a.eration has received attention, primarily with respect to 
respiratory requiremente and the chfferent types of a.erators used (p. 183). Some 
essentials on the dynamics and theory of aeration are considered below. 

LANOELLER (1932), Barn8 (.1936) and HANEY (1954) have reviewed the early 
literature on theoretical aspects of aeration. HANEY discusses fundamentals, such as 
equilibrium, solubility of game, diffusion and interphase dynamics; his considera- 
tions on gas transfer rate have remained relevant, as have his aeration equations. 
Experiments conducted on air bubbles moving in. liquids (HABERMAN a,nd MORTON, 
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1956) demonstrate that a complete description of air-bubble motion is not possible. 
However, for any liquid, bubble shapes and air-liquid exchange processes are a 
function of bubble volume (e.g. l\lruasr, 1925; O Y L U ~ A  and IWAYE, 1939; SHABUK 
and co-authors, 1939; REDDMO, 1942 ; D ~ v r ~ s  and TAYLOR, 1950; PEEBLES and 
GARBER, 1953 ; LADY ZHENSKII, 1954 ; SIEMES, 1954 ; DOWNIHO and TRUESDALE, 
1953, 1956; GILLBRXCHT and HARDER, 1956). G I L L B ~ C R T  and HARDER have meas- 
ured relationships between air-bubble size, water-column height, water volume, 
and oxygen and carbon dioxide levels. According to these authors, bubbles of 1 mm 
diameter and smaller provide maximum gas exchange between water and air. For 
best results, the air bubbles should travel the longest possible distance through the 
water column. 

For oxygen transfer from dispersed ('diffused') air to the ambient water, the 
important variables are : (i) type of air disperser ; (ii) air-bubble diameter; (ui)  depth 
of disperser submergence; (iv) air-flow rate ; (v) water velocity ; (vi) air-bubble velo- 
city ; and (vii) culture-tank dimensions. BEWTRA and NI~EOLAS (1964) present these 
and other variablea mathematically and discuss their relative importance in 
waste-wa,ter treatment. Papers on oxygen transfer from air bubbles into the sur- 
rounding water have been presented by Is11 (1932), ECKENFELDER (1959), IPPEN 
and CARVER (1954), KING (1955), CAXVEIE (1956) end ECKENPELDER and 
O'CONNOR (1961). 

ECKENFELDER and O'CONNOR (1961) have related velocity and shape of air 
b-ubbles in water to a modified Reynolds number, Re (HABERMAN and MORTON, 
1956). At Re less than 300, bubbles tend to be spherical and rise in rectilinear or 
helical patterns. Over a Re ro(nge of 300 to 4000, bubbles assume an ellipsoidal 
sha,pe, and rise with a rectilinear, rocking motion. At Re greater than 4000, bubbles 
form spherical caps. Rising velocity of bubbles -increases a t  high air-flow rates due to  
the proximity of other bubbles and resulting disturbs-nces of bubble wakes. 
ECKENFELDER and O'COBNOR found the size of air bubbles released by air dispersere 
to be related to both orifice diameter and air-flow rate; a t  low rates, bubble volume 
is proportional to orifice diameter and surface tension, and inversely proportional to 
water density. The size of the bubbles depends on the buoyant force, which separates 
the bubble from the orifice, and the shearing force necessary to break the surface 
tension across the orifice. 

For evaluating the performance of commercial aeration equipment, ECKEN- 
FELDBR and O'CONNOR (1961) have collsidered the aeration process in terms of the 
overall mass transfer coefficient KLa. This coefficient is a function of interphase 
area, water volume and other physico-chemical variables of the system. The number 
of bubbles generated per minute is : 

gas flow a t  orifice - -- G.* 
volume per bubble a t  orifice (v/6)dB3 

where a, = air flow, dB = mean bubble diameter. Tota.1 air-bubble surface area per 
minute amounts to : 
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C o n t a t  time between water and air bubble is: 

tank depth - H -- 
bubble velocity v, 

Therefore, total air-bubble siufa.ce area a t  any time is: 

6Gs H - - 
d, ' v, 

and the ratio of interphase area to water volume is: 

Since oxygen also is transferred from the turbulent water surface, Equation (6) 
becomes : 

For any aera$ion depth, oxygen transfer can be correlated according to the dimen- 
sionless Sherwood, Reynolds and Schmidt numbem (ECKENFB~DER, 1969) : 

where v, - bubble velocity ; v = kinematic viscosity. For aeration depths greater 
than l m, Equation (8) can be generalized for all depths by applying an exponential 
depth correlation: 

Combining Equations (6) and (g), and neglecting the oxygen transfer from the 
surface, ECKENFELDER and O'CONNOR (1 961) have shown K,a to be : 

Equation (1.0) is appIicable to aeration depths in excessof 1 m. Over therangeof air- 
flow rates normally encountered in waste-treatment a.eration practice, the mean 
diameter of the bubbles produced is an exponential function of the gas rate : 

where dB = mcnn bubble diameter; G, = air flow ; 7~ = exponent. Equation (1 1) may 
be combined with Equa,tion (10) for any operating temperature: 

Equation (1 2)  can be used to characterize the performance of air-disperser devices. 
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Maximum possible efficiencies of oxygen transfer from dispersed air have been 
considered by PASVEER (1966). He stresses the importance of rapid renewal of the 
interphase wa.ter-a.ir, in addition to  producing large inkrphase areas. Efficiency 
improvements could be achieved in two ways: (i) increase of contact time between 
air bubble and water by means of 'horizontal flow' systems; (ii) decrease in air- 
bubble size. Because of the practical difficulties involved in producing very small air 
bubbles, PASVEER fa~vours the h t  possibility. He discusses parameters of oxygen 
solution and of oxygen supply. We present here some of his considerations. 

I f  air is brought illto contact with oxygen-free water, the monomolecdar inter- 
phase film becomes saturated with oxygen within a one ten-millionth part  of a 

Time (secs) 

Fig. 2-80: R a t e  of  oxygen dif- 
fusion in stagnant oxygen- 
free fresh water, imme- 
diately after establishing 
t h e  water --air interphese. 
(After PASVEER, 1966 ; 
reproduced by permission 
of Pergarnon Press Ltd.) 

second. I n  stagnant water, the oxygen penetrates further into the water by mole- 
cular diffusion. This process is very slow. The amount of oxygen diffused in stagnant 
water is directly proportional to the square root of the time of existence of the inter- 
phase layer : 

where Q = quantity of oxygen which difFuses through the interphase layer A in 
time t ;  C, = oxygen concentration in the water a t  the beginning of the diffusion; 
C, = saturation conce~~trat ion of oxygen in water; k = constant of hffusivity. 

The speed of oxygen diffusion in stagnant water decreases with time (Fig. 2-80). 



It is inversely proportional to the square root of the time of existence of the inter- 
phase layer. 

Hence, quick renewal of the interphase layer is essential for maximum efficiency of 
oxygen transfer. 

In  air bubbIes rising through the culture water, the size of the air-water inter- 
phase area (as s function of total air volume) increases with decreasing bubble climen- 
sions (Table 2-28). Air bubbles smaller than 1.2 mm ascend more slowly to the sUr- 
face (Pig. 2-81) ; hence, contact time increases and gas exchange is enhanced. The 
amount of oxygen transferred (per imit air volume) from air bubbles to the ambient 
water increases with ascent height (water-column depth) and decreasing bubble 
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Fig. 2-81: Velocity of bubble asce11t as n function of bubble 
size. (After PASVEER, 1966; reproduced by permission of 
Pergamon Press Ltd.) 

Table 2-28 

Size of air-water interphase area and velocity of bubble ascent as a function of 
size and approximate number of air bubbles (After PASVEER, 1966; modified; 

reproduced by permission of Pergamon B e s s  Ltd) 

Interphaee air-water 
ml-l air 

(cm2) 

Velocity of ascent Long axis Bubble number 
(cm sec-l) (cm) ml- h i r  
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diameter (Fig. 2-82). When air bubbles were irltroduced into horizontally flowing 
water (Fig. 2-83), PASVEER (1966) obtained 2 ta 2 - 5  times the oxygen transfer 
characteristic of 'vertical' syst;ems (see also PASVEER and SWEERIS, 1965). 

a x i s  

Ascent he~ght  (cm 

Fig. 2-82: Amount of oxygen transferred from air 
bubbles of different sizes to the ambient watrr as a 
function of ascent height. (After PASVEKR, 1966; 
modified; reproduced by permission of Pargamon 
Press Ltd.) 

~ i r ' d i s ~ e r s e r  

Fig. 2-83: Air dispersion in hori- 
zontally %owing water. (After 
PASVEER, 1966 ; modified, repro- 
duced by permission of Pergamon 
Press Ltd.) 

The supply of oxygen to a culture system can be considerably increased by 
bubbling oxygen instead of a-ir through the culture water. Oxygenation is a very 
helpful rescue measure a t  times of aoute oxygen depletion (e.g. after accidental over- 
night aeration failure or in other stress situations). Permanent oxygenation is, in 
general, not advisable. Bottled oxygen is expensive. A more efficient and less costly 
way of providing additional oxygen is careful ozonation. 
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ChemicaI preparations (tablets containing urea hydrogen peroxide, sodium 
psrborate, potassium permanganate) have been developed for fast oxygenation of 
critically polluted culture water, and for providing an oxygen reserve during trans- 
portation of aquatic animals. Urea hydrogen peroxide quickly dissolves in water 
forming urea and hydrogen peroxide ; the latter forms H,O and 0,. KWHL and MANN 
(1  963) tested a number of preparations (see also PESCHEK, 1960). They found that  
oxygen production can be very intensive, and recorded dangerous supersaturations 
(200 to 300%). As long as it remains &%cult to administer proper doses, and to con- 
trol possible side effects, these oxygen providers can be applied only with consider- 
able reservetion. 

The high oxidative capacities of ozone gas may be both beneficia.1 and dangerous. 
Beneficial effects are: (i) culture-water disinfection and sterilization (p. 101); i.e. 
partial or compIete inactivation of pathogenic and other unwanted micro- 
organisms and viruses; (ii) reduction in the amount of life-endangering oxi&zabIe 
substances ; (iii) augmentation ofthe redox potential. Dangerous effects of ozonation 
are: (i) high toxicity to man, cultured organisms (e.g. cytological and cytogenic 
damage, including chromosome breakage and inhibition of mitotic activities, es- 
pecially in t:arly ontogenetic stages) and potential damage to equipment ; (ii) possible 
depletion of Iife-supporting substances including trace elemenb. 

Proper dosage of ozonation remains a problem. There are two major reasons for 
this : (i) The high speeds of ozone reaction and decomposition, ats well as the presence 
of other free radicals (e.g. Cl-), interfere with direct ozone dsterminations. (ii) The 
safety limit below which detrimental effects can be excluded is still a matter of 
dispute. It remains to be investigatt.cl whcther certain conditions (e.g. high organic 
load or presence of certain organic compounds) favour the formation of stable, toxic 
ozonides (e.g. HOLLUTA, 1963 ; H E ~ T  and LANDI, l. 964 ; LOAN and co-authors, 1965 ; 
DUPER and co-authors, 1968; CORTESI a.nd PWETT, 1972). The rate of ozone 
decomposition depends mainly on organic load and pH (SULZER, 1958). Since hyd- 
roxyl ions accelerate d.ecomposition (WEISS, 1936 ; STUMM, 19661, breakdown is 
usually more rapid in sea water (high pH values) than in fresh water. Strongly 
alkaline solutions tend to  stabilize ozone (HEIDT and LANDI, 1964). The solubility of 
ozone in water depends on temperature, salinity, pH and turbidity (HOATHER, 
1948 ; STUMM, 1954, 1958 ; SRECHTER, 1973). Interrupted (temporal) ozonc treat- 
ment and low dosages ore recommended in all cases where potential ozone damage 
cannot be ruled out with certainty. 

Ozonation lowers the level of organic substances dissolved in 6h.e culture water, 
oxidizes some potentially dangerous end-products of nitrogen metabolism, and pro- 
duces very clear water. Nitrite is readily oxidized to nitrate, and humic acids are 
largely degraded after a 6-min period of appropriate ozone treatment; however, 
ozonation does not contribute significantly to the oxidation of ammonia. 

Ozone was discovered in 1840 by SCHONBE~N. It represents a specific molecular 
state of oxygen: the ozone molecule (molecular weight: 48-00) consists of 3 oxygen 
atoms and h a  a very low dipole moment (0.49-0.68 debye). I n  the atmosphere, 
ozone is important as an ul tra-violet shieId. In contact with biological systems, ozone 
reacts with the carbon-carbon double bonds of unsaturated organic compounds to 
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form ozonides (addition of all three oxygen atoms a t  a double or triple bond). When 
these bonds break, aldehydes, ketones and acids form. Apparently, ozone reacts 
more readily with carbon-carbon double bonds than with carbon-nitrogen double 
bonds. It is not effective in oxidizing saturated cornpo-unds (SMITH and CRISTOL, 
1966). Examples of functional groups oxidized by ozone are -SH, -NO2, -NH2, 
-OR a.nd -CHO. The organic chemistry of ozone has been dealt wit11 by BAILEY 
and CO-a,uthors (1959), BEACHELL and N E ~ H O S  (1959), BMNER (14591, MOSHXR 
(1959) and others (see OZONE CHEMISTRY, 1959); its biological effects have been in- 
vestigated, for example, by GIESE and CHRISTENSEN (19541, GOLDSMITH and 
NADEL (1969), KLETN (1969), MUDD and co-authors (1969), DRUETT and PACKMAN 
(1972) and BLOGOSLAWSKI and co-authors (1973). The most recent bibliography on 
the biological effects of ozone and its technical application has been compiled by 
ROSENTHAL (1974). 

Heavy ozonation kills a variety of organisms, due to protoplasmic oxidation 
(e.g. BRINOMANN, 1953, 1964; D I C E E R ~ N  and co-authors, 1954 ; THORP, 1954, 
1955 ; FETNER and I ~ a o t s ,  l959 ; OZONE CHEMSTRY, 1959) ; hence, ozonatioil must 
be used with care in order t o  avoid undesirable side effects. 0.1 mg 1-l of ozone kills 
60,000 Escherichia coli ml-' in 5 secs, while 0.1 mg 1-' of active chlorine requires 
15,000 secs (4 hrs 10 mins) to yield the same result (BRINGMANN, 1963). Spores of soil 
bacteria (120 spores ml-l) which survive 20 hrs of water-steam treatment and re- 
qujre a lethal dose of I0 mg 1-' chlorine effective for 35 mins, are killed by 0.36 mg I-' 
ozone after X4 mins. Ozone also rapidly kills phyto- and zooplankton (lethal level 
about 0.3 mg I-' in 1 to 3 mins), insect larvae and Tubifez sp. (0.5 mg I-' in 10 mins), 
as well as isopods (0.8 mg I-' in 10 mins). In  waste water, 1.5 ppm of ozone brings 
about a decrease in CFUs from 70,000 cells ml-l to  practically zero within 6 mins 
(DTCRERMAN and co-authors, 1964). In  a Paris ozone plant, installed to disinfect 
filtered Marne River water, ozone is added a t  an average dose of 1-1 mg I-' (0.6 to 
1.6 mg 1-l); according to GUINVMC'H (1959), the treated water never contained 
living E. coli cells; the number of Clostridium pe~fringe~m (CF'Us) was reduced by 
about 50%, but the reduction in organic matter was only slighf.. . Even a t  the low 
temperature of 1" C, 0.4 to 0.5 mg ozone 1-' inactivated all E. coli present (FETNER 
and INQOLS, 1959). 

A compsrison of the bactericidal activity of ozone and chlorine discloses different 
modes of action. While the surviving fraction of chlorine-treated bacteria decreases 
in geometric progression M a function of time or concentration, ozone produces an 
all-or-none response wjthin a contact time of 1 min; there is no detectable effect 
until a certain critical concentration is attained, and then survival drops practically 
to zero. This response supports the theory of B R ~ ~ M A N N  (1954), that ozone acts as a 
general protoplasmic oxidant (FETNER and INOOLS, 1959). In cultures of Myti lw 
yalloprovincialis and Tapes decussatus, suppression of coliforrn bacteria was more 
efficient with ozone than with chlorine treatment (FAUVEL, 1964) ; clams exposed to  
ozonation retained their original flavour, whereas after additio~z of chlorine a,nd 
hyposulphite, they tasted sweet ('adoucir'). Further papers on bactericidal activity 
of ozone have been published by MILLER and co-authors (1959), TORMCELLI 
(1959)) FRANZ and GAGNAUX (1971) and others. 

Maximum efficiency of the ozonation process requires intimate 'contacting' a t  
the liquid-gas interphase (e.g. J a c o s s o ~ ,  1973; NPBEL and co-authors, 1973a, b). 



Severa,l factors modify the oxichzing capacity of ozone, especially temperature, pH, 
salinity, and contact time. For details consult the compilation by ROSENTEAL 
( 1  974). 
The potential effectiveness of ozone for inactivating viruses is la.rgely unexplored 

(C~KII~ZONE and VANINI, 1969; P ~ v o m  sand m-authors, 1972 ; M A J U B I D ~  and co- 
authors, 1973). I n  a wries of experiments, Pavom and co-authors were able to 
dernonstratevirtuaIly 100% inactivation of F, vim after a contact tirneof 5 mins a t  
a total ozone dosage of ca 15 ppm and a residual of 0-016 ppm. C o n  (1964) found 
that  n,residual ozone concentration of 0.3 mg l-' produced 99.99% or more inactiva- 
tion in the poliomyelitis virus after 4 mins in distilled water. Cow emphasizes the 
importance of virus-particle density, type of water, contact time and concentration 
of free residual ozone. A.ccording to PERLMAN (1969), a residual ozone concentration 
of 0-7 mg I - '  reduces the polioviru.8 level to 0.01 % after 4 mins. In triple distilled 
water, an initial ozone concentration of 1.27 mg I-' and a residual concentration of 
0-23 mg 1-' caused 99.99% inactivation of the poliovirus after 2.6 mina (SCUFFER- 
NOPH, 1970). In bio1ogically treated waate waters, the same amount of inactivation 
was obtained with an initial concentration of 1.38 mg 1-' and a residual of 0.2 mg 1-' 
after 2-5 mins. MAJUMDAB and CO-autihors (I973) obtained the resulta listed in Table 
2-29. In  all cases, the regeneration potential of virus particles after ozone inactiva- 
tion remains to be investigated. 

Table 2-29 

Poliovirus inactivation by ozonation under continuous flow conditions (After 
I\(][AJUMX)BR and co-authors, 1973; reproduced by permission of Water Pollution 

Control Federation) 

Ozone Residence Average 
Type of W& water concentration time (%l 

survival 
(m% I-') (mina) (%) 

Primary waste water 0.84 8.0 1.900 1.820 
0.84 8.0 1.740 
1.47 2.0 0-013 0.016 
1-47 2.0 0.029 
4.44 1-0 0.006 0.006 
4.44 1-0 0.006 
0.79 8.0 2.210 2.055 
0.79 8.0 1 .g00 
1.77 2.0 0.013 0.013 
1.77 2.0 0.01 3 
6.06 1.0 0.008 0,006 
5.05 1-0 0.006 

Secondary waste weter 

The high toxicity of ozone reported by HUBBS (1930) discouraged experimental 
ecologists and hatchery operators for some time from considering ozone for sea- 
water sterilization and disease control. Later workers, however, have used ozone 
with considerable success, and some (e.g. BENOIT and &TLIN, 1966) have sug- 
gested re-examining HWBS' results with the aim of determining whether they were 
truly due to ozone poisoning. Evaluating the pros and cons of ozonation, 
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HUCKSTEDT (1969) recommends intermittent operation. He warns against con- 
tinuous ozonation, not 1t.ast because ozonation produces additional amounts of 
nitrate. HUCKSTEDT found that an ozonator producing 200 mg ozone hr-I yielded 
7.3 mg nitrate h - ' ;  a smaller unit producing 25 mg ozone hr-I yielded 1.3 to 1.8 mg 
nitrate hr-l. On the other hand, BEAN (1459) was able to remove manganese from 
solution in waste waters by ozonation; his finding supports the notion that pro- 
longed application of ozone may remove essential trace substances. Water replace- 
ment (10% every two weeks) has been recomme~lded by SPOTTE (1970) to compen- 
sate for possible depletion of trace elements in ozonated marine culture systems. 
For further information regarding the potential depletion of trace elements in 
ozonated systems, the reader is referred to ROSENTHAL (1974). 

As is the case with chlorine, ozone, if improperly used, ca.n be dangerous to man 
and equipment. Hence, care must be taken to prevent excess ozone from entering 
the Iaboratory (MITTLER and co-authors, 1959; B R O K E ,  1964; GOLDUEN, 1.970). 
Even a t  concentrations a t  which ozone odour is barely perceptible, daily 8-hr expo- 
sures may cause detrimental effects to man. 

In aquaculture research, ozone gas ha.s been used for disinfection of make-up 
water (disease control), for oxidation of organic matter, for elimination of fouling 
organisms, and for inactivation of non-desirable phytoplankton by-products (e.g. 
BLOGOSLAWSKI, in : ~ L ~ C L E A N  and CO-a,uthors, 1973). At least 0-4 ppm ozone residual 
was required to disinfect thr sea water. Ozone treatment (30 sta.ndsrd cubic feet 
hr.-' in a 15-1 bucket for 3 niins by a 2% ozone-air mixture) a t  room temperature 
revealed the following effects on spawned, fertilized, meiotic and cleaving eggs of 
the commercial American oyster Crassostrea virginica (MACLEAN and co-authors, 
1973) : (i) unfertiIized eggs showed no cytological changes ; (ii) fertilization occurred 
less readily (decrease in polyspermy, increase in parthenogenesis) than in untreated 
sea water; (iij) the incidence of abnorma,l polar bodies increased; (iv) numerous 
cleaving eggs had abnormal nuclei (signs of metabolic difficulties or of degeneration ; 
the nuclei were pycnotic, pale, diffuse or even fragmented). The results document 
considerable danger in the application of ozone, especially with regard to early 
ontogenetic stages. Decomposition of ozone in water produces the same positive 
radicals (OH a,nd HO,) which are generally considered the biologically active pro- 
ducts of protoplasma irradiation. According to MACLEAN and co-authors, the cyto- 
logical and cytogenic ozone effects observed are ra,diomimetic. Ozone hds caused 
chron~osome breakage in Vicia faha (FETNER, 1968) and in mamma.lian cell cultures 
(FETNEEL, 1962; SACHSENMAIER and co-authors, 1965), and inhibited mitotic 
activity in Lenzna per@lla (FEDER and SULLIVAN, 1969). While potential ozone 
damage remains a danger in cultivatio~~, MACLEAN and CO-mthors believe that  
a.cceptable treatment steps could be developed and employed along with carbon 
filtration to remove or reduce the amount of life-endangering substances. 

Ozonation can also be applied for pretreatment of culture water (p. 100). 
BLOC.OSLAWSKI and co-authors (1973), for example, suggest the use of ozone for 
detoxification of red-tide water prior to use in culture systems. A series of ozone 
doses (20, 40, 65, 110 m1 min-') increasingly inactivated &jmddnium breve toxin 
as tested by mouse (MW muscuEus) and fish (Punddzrs heteroclitus) injections. The 
highest dose of 110 m1 min-I rendered the material non-toxic to mice and signi6- 
oantly reduced the degree of toxicity to the fish. Inactivatioll of botulism toxin 



(Clostridiam botulinum) by ozone had been reported earlier by MILLER and co- 
authors (1959). These findings are of importance to maricudturista who depend on 
natural raw sea water. 

Ozone should never be bubbled freely into the culture enclosure. In culture sys- 
tems, ozone is injected into a weter-filled tube separated from the culture container. 
Ozonation can be applied. together with, or as a substitute for, foam separation using 
air. Substitution of oxygen for air in theozone-generator in take doubles the quantity 
of ozone produced (SPOTTE, 1970). 

In sanitary waste-water treatment, ozone is used (ATKINSON and P A ~ ,  1973) 
to disinfect the water and render viruses ineffective, to remove colour, to eliminate 
had taste, and to remove pesticides and other organic materials such as herbicides 
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Fig. 2-84 : Ozonator-foam tower cornbinationusedin fish raising. 1 : ozonator; 
2 : air-dryer ; 3 : current meter; 4 : ozone tube ; 5 :/intensity regulator for 
ozone production. ( m e r  R O S E ~ H A L  and SANDER, 1974; modifred; 
reproduced by permission of Biologische Anstalt Helgoland.) 

and synthetic detergents. In corn mercitll water-treatment plants, ozone is pro- 
duced from cold, dry air by a high-voltage silent electrical discharge. There are two 
basic types of ozonizers: the Otto plate ozonizer with flat electrodes a.nd glass di- 
electrics, and tho Welsbach type with cylindrical eIectrodes and dielectrics. Accord- 
ing to A T ~ S O N  and PUN., the technically most dificult aspect of ozonation is the 
design of an efficient injection system. They list three possibilities: (i) an injector 
similar to the laboratory filter pump ; (ii) the Kerag eystem where the gas is injected 
into the eye of a mechanical mixer a t  the base of the contact column; (iii) gas dis- 
persers loca,ted in the column base. Numerous further papers on practical aspects of 
waste-water ozonation have been published, for example, by MARSH and PANTJLA 
(1965), ARTHUR (19711, ~ ~ C N A B N E Y  and WYNN (1971), ZENZ (1971), MCBRTDE and 
TAYLOR (1973),  NEBEL and co-authors (1973a, b) and ROSEN (1973). 
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An ozonator systen~ for use in fish raising has been developed by ROSENTHAL 
and SANDER (1974). The system (Fig. 2-84) combines dispergator ozonation and 
foam separation. Water from the culture enclosures passes through a pump, re- 
ceives air, and is tangentially injected into a reaction tower. The fast-rotating (ca 
2400 rpm) disc of a gas dispergator distributes small bubbles of ozone-containing 
air, thus providing for maximum water-air contact. The organic load of tlre culture 
water is considerably reduced, both by the ozonation process and by subsequent 
foam separation (p. 140). After pressurized-air aeration, the water re-enters the 
culture enclosures. ROSENTHAL and SANDER directed part of their culture mehum 
through the ozonator; the other part received bioIogica1 water treatment (p. 122). 

? Pz p3 

Fig. 2-86 : Ozona,t>or sp tem used at the 'Xnstitut fiir Meereskunde', Kiel. I: injector, 0 : ozone 
absorber (activabed charcoal filter), P : pump, S : sieve. (After SANDER, l971 ; modified ; 
rcp~oduced by permission of the author.) 

The 'Institut fiir Meereukunde' at Kiel (FRG) planned to rec-irculate the sea and 
brackish water in its public aqua,riu-m through an ozonator system consisting of 
ozone generator, foam- and disinfection towers, ozone absorber, and algal filter (Fig. 
2-85). According to SANDER (1971) and SC~LESNER (1973), sea water from the cul- 
ture tanks (exhibition tanks) overflows through a. 0.1-mm mesh size sieve (S,) 
into a collector basin, from where i t  is pumped (P,) through a foam tower operated 
with an air-ozone mixture. The foamate escapes though 3 sieves (S,) into the foam 
collector on top of the column. A second pump (P,) forces water into the disinfection 
tower (additional foam removal plus partial disinfection). The ozone absorber (0)  
was included to a.bsorb excessive ozone; it releases the water into a.n illuminated 
algal Mter (p. 129). From htm, the water is pumped (P,)back to thetanks. Duetothe 
high water turnover ratc, the activated charcoal in the ozone absorber tended to  
powderize and to pollute the tanks. Hence, the charcoal. was removed, the ozone 
generation reduced from 30 g 0, hr-I to 17  g 0, hr-l, and the ozone supply through 
the second injector (I,) shut down. These alterations changed the disinfection 
tourer to a second foam tower assisting in t,he release of excessive ozone. According 
to TREKEL (personal communication), the Kiel a.quarium is just as successful iu 



maintaining marine invertebrates and fishes as are other well-equipped public 
aquaria that  employ conventional sand-gravel filtera. However, the present degree 
of ozonation is insufficient for sterilization. In  order to opt~mize the efficiency of the 
system, SCHLESNER (1973) recommends. (i) modifying the foam tower so as to 
achieve a continuous, uniform movement of the foam column; (ii) reactivating the 
disinfection tower and reintroducing the acti1.att.d charcoal filter in such a way that 
it resists high turnover rates of the culture water. 

Methods for determining ozone concentrations in water (Compiled by ROSENTU, 
1974, from the sources indicated) 

Method 

Mmganese oxidation and 
colour reaction with 
orthotolidine 

Oxidation of leuco crystal 
violet 

Spectrophotornetry (visible 
region) 

Reaction with potassium 
iodide and colorirnvtric 
dotermination of iodine 

Reaction with potassium 
iodide and colorimetric 
determination of iodine 

Oxidative decoloration 
of indigo-sulphonate 

Reaction of ozone with 
potassium iodide 
Reaction of ozone with 
potassium iodide 

Automatic reading device 

Remarks 

Mn++-fi+++ 
(spectrophotometric 
determination a t  440 m p ,  
F 2 0  ~ 1-l) 

Redox indicator, colori- 
rnetn'o procedure a t  a wave 
lengbh of 692 m p  in acidio 
aolution (sub-ppm levels) 

Typical absorption band a t  
260 m p  (<0.4 p M  1-I) 

Two modified applications 
for low level (0.01-0-30 ppm) 
and high level determination 
(0.30-2.00 ppm) 

S toichiometry 

Calorimetric determination 
of the liberated iodine 
with starch 

Author 

ZEECENDER end STUMM (1963) 
S a z m  ( 1958) 

L A ~ N  and KIKMAN (1970) 

ALDER and H m  (1960) 
K~ZA'PRICK and C O - ~ i ~ t h o r ~  
(1956) 

SHEOHTER (1973) 

PARRY and HERN (1973) 

L ~ A H  and BENOLIEL (1 9.53) 

Most methods for ozone determination (chemical, electro-chemical, optical) have 
been deveIoped for measw5ng atmospheric ozone concentrations. Important 
methods of ozone determination in water are listed in Table 2-30. The classical 
method for determining residual ozone in water (ANONYMOUS, 197 1) requires sample 
volumes of up to 1 1 for low ozone concent,rations of about 0.03 ppm, and thio- 
sulphate titration of the iodine liberated by ozone has some limitations. For these 
reasons, SHECHTER (1.973) developed a spectrophotometric method. At sample sizes 
of 5 to 10 ml, SHECRTER'S method involves oxidation of a. buffered iodine solution and 
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spectrophotometric measurement of the triiodide ion liberated by ozone. Two pro- 
cedures are used: one for low ozone concentrations (0.01-0.30 ppm) ; and another 
for high concentrations (0.30-2-0 ppm). At 0.20 ppm ozone, the standard deviation 
of the method is 0-9 to 3 4 % .  According to ROSENTHAL (personal. communication), 
special problems exist in regard to determining ozone in sea water. Free radicals 
tend to reduce the specificity of the reaction. Hence, the methods listed in Table 2-30 
may have to be amended or modified for application undersea-water conditions. 

Ultru-violet Irradiation 

Ultra-violet irradiation is frequently used for purilication of sea water and other 
culture media. It oxidizes organic matter contained in the culture water and reduces 
the activity and reproductive capacity of micro-organisms. Ultra-violet exerts 
disinfecting, rather than sterilizing, effects. Ultra-violet irradiation comprirres wave- 
lengths below 400 nm (Volume I: JERLOV, 1970). For producing bacteriostatic and 
fungiostatic effects, the most efficient wavelengths range from 240 to 280 nm; 
maximum eficiencies are attained near 254 nm. 

The transmittance of ultra-violet irradiation in sea water varies considerably due 
to absorption by particles and yellow substance. I n  tropical ocean waters, trans- 
mittance ranges from 50 to 80% m-l of depth; in coast.al areas, such as the Skager- 
rak, maxinium transmittance does not exceed 10% m-' (JER~OV, 1968). Trans- 
mittance falls off with increasing concentration of dissolved substances (HOATHER, 
1955). I n  the surface waters of Liverpool Bay (UK), the distribution and magnitude 
of the ultra-violet (250-350 nm)  absorption were, except during September, pre- 
dominantly influenced by organic matter introduced from land sources, rather than 
by in situ biological activity (FOSTER and MORRIS, 1974). Penetration into most 
solids is virtually nil. However, some special glasses permit transmittance of bac- 
teriostatic wavelengths, while ordinary glass and perspex are very opaque (e.g. 
WOOD, 1961). Polished stainless steel, aluminium and surfaces coated with alumi- 
nium paint or chromium plating reflect a substantial portion of the radiation. 

Part of the oxidizing ca,pacity of ultra-violet discharge tubes, suspended directly 
over the culture container, results from ozone (p. 154) generation (e.g. BENOIT and 
M~TLIN, 1966), particularly below 200 nm with a rna.ximum near 185 nm. I n  addition 
to organic compounds, ultra-violet irradiation may also oxidize inorganic forms of 
nitrogen and phosphorus. 

The disinfective potential of ultra-violet irradiation has been investigated pri- 
marily in fresh water-in most cases, with the main interest directed on drinking 
and swimming-pool waters, and in regard to heat-labile laboratory equipment. 
Fundamental data for ultra-violet disinfection of fresh waters have been provided 
by Lucxuasc~ and HOLLADAY (1944). Ultra-violet is equally effective against 
Gram-positive and Gram-negative bacteria, with lethal doses in the range l to 
6 m.W cm-2. Bacterial spores require a 10 times higher, mould spores an up to 60 
times higher dose. According to SYIES (1969), a.ssessments of virus susceptibilities 
ta ultra-violet irradiation vary considerably; the ra,tios reported of inactivating 
doses needed for viruses and ba,cteria range from 10 : 1 to 100 : 1, with extremes of 
1 : 1 and 200: 1. BUTTOLPH and CO-authors (1953) list the following irradiation re- 
quirements, in terms of mW cm-* to inactivate 63.2% of the micro-organisms 
present within 1 min: Alpha streptococci and Staphylococcus uurew, 1-3;  Beta 
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haemolytic streptococci and Escherichiu coli, 5.3; moulds, 10; mould spores, 2.8. 
Employing a 1.5-W lamp with an ultra-violet emission of 90 mW cm-" KAWABATA 
and HARADA (1959) determined the hlerance of micro-organisms in aqueous sus- 
pension. They found. the periods required to lrill 99.9% of Gram-negative strains to 
be : P ~ o t e w  sp., 42 secs ; Shigella sp., 47 ; Eberthelba typhosa, 49; Escherichia coli, 60.  
For Gram-positive forms, the periods were : Group A Slreptococcw, 83 secs ; Xtaphylo- 
coccus aureus, 103 ; S.  f e d i s ,  1 65; Bacill~s .~ubtilis saunmura, 240; B. subtiZis 
spores, 369. The yeast Saccimromyces sake required ca 217 secs, and Willitzanomala, 
420 secs. 

Using a discharge lamp similar to that employed by KAWARATA and HARADA 
(1959), OKINAMI and co-authors (1952) investigated the feasibility of disinfecting 
seawater in cultures of oyster Crassostrea virginica with ultra-violet discharge units. 
Employing 'rather high' rates of recirculating water flow, a reduction of ca 90% in 
colony-forming coliform units was recorded after 1 passage. Utilizing six 15-W 
germicidal lamps, -m and 8rrzmr (1.954) ina.ctivated ca 90% of the bacteria 
present a t  a sea-water flow rate of 45 1 mind' and an exposure period of l. 5 secs. KELLY 
(1961) states that  ultra-violet irradiation is an effective means of destroying coli- 
form micro-organisms in sea water. His disinf~c!tion unit (30-W ultra-violet lamps; 
960 mW ; 150 1 min-l of sea water), developed for the treatment of sea water 
in laboratory experiments on oysters, accomplished more than 99.96% reduction of 
coliforrns a t  15 secs exposure. 

WOOD (1 961) and HERALD and co-authors (1 962) have examined the usefulness 
of ultra-violet irradiation for controlling bacterial populations in closed sea-water 
systems. When the water was passed through an ultra-violet sterilizer a t  the rate of 
about 32 1 min-', the number of suspended bacteria (CFU) waa reduced to almost 
zero. However, water %hat appeared to besterilaafhr 48 hrs yielded. bacterial colonies 
on test plates after about one week. Hence, the effect of ultra-violet irradiation was 
bacteriostatic rather than bactericidal. SEET,BOURNE (1 964) modified WOOD'S 
design. He used disinfection boxes (each measuring 60 cm X 30 cm X 30 cm) made 
of resin-lined marine plywood. The box lid contains two 16-W low-pressu-re ultra- 
violet discharge tubes, backed by an aluminium reflector (Fig. 2-86). Filtered sea 
water enters the box a t  a low level and passes over a longitudinally arranged 
plywood weir. At a flow rate of 1000 1 hr-l, the irradiatecl water turned out to be 
'virtually sterile'. Within 6 hrs, the originally high CFU characteristic of inshore 
water dxopped to a leveI closer to that  of open-ocean water (Fig. 2-87). I n  an experi- 
ment, irradiation wm continued overnight and sampling was resumed t,he following 
morning. By that  time, the sea water in the reservoir was perfectly clear, and the 
flter coated with debris. The filter by-pass was then closed, and the entire water 
flow directed through the ultra-violet discharge unit. Figure 2-87 documents the 
degree of disinfection and the recontamination capacity of a dirty filter. 

BURROWS and COMBS (1968) obtained significantly reduced incidences of infec- 
tious diseases in cultured salmon after ultra-violet treatment of the culture water. 
The efficiency of ultrs-violet irradiation increased with exposure time and with 
decrease in turbidity. Filtration of raw river water (rapid sand filter) doubled the 
efficiency of an 18-W ultra-violet irradiation unit (divided into 3 series of 6 40-W 
la.mps each) with a capacity of about 160 1 min-l. 

I n  barnacle cultures, heavy ba.cterial growth developed a t  irregular intervals on 
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the water surface of the heating tank. To prevent this, TICHE-FORD (1967a, b) 
employed two 15-W, 46-cm ultra-violet lamps, lzoused in a Tufno1 lid on top of the 
tank. These lamps emitted bacteriostatic radiant energy (254 nm) which kept the 

Aluminium Lid 
U.V. control geor 

Fig. 2-86: Ultra-violet discharge box 
for sea-water dismfection. The 
lid contains two 15-W ultra- 
violet tubes. (After SHELBOURNE, 
1964; modified ; reproduced by 
permission of Academic Press.) 

- Pour-plole ( i m1 samples an 
Zo6ellb$ 22+6 (rnedaum) 

,_, Miles ond Misro ( L m t  drops on =P 
~ 0 8 e l l ' s  2216 (medaum) 

Falter by - pass 
closed 

Noon 18:OO Midnighl 06:OO Noon 18:00 

Time 

Fig. 2-87:  Disinfection efficiency of the box shown in 
Fig. 2-88. Cloaedsystem (lOOO1hr-l; 17.7°-19.20C). 
CFU : number of colony-forming bacteria units ; 
plates incubated at 25" C for 24 hrs. (After SHEL- 
somrm, 1964 ; modfied ; reproduced by permission 
of Academic Press.) 

water surface free from microbial growth. EAGLETON and HERALD (1968) used 
ultra-violet irradiation for disinfecting rna,rj,~e aquaria. 

The Fishely-Oceanography Center a t  La Jolla (California, USA) has installed in 
its experimental sea-water aquarium an ultra-violet unit (Aquafine Sterilizer Model 
PVD-24) capable of disinfecting about 1000 1 of filtered sea water min-I by spinning 



the water with helical baffles past 26 quartz-jacketed ultra-violet lamp units en- 
cased in a PVC cabinet. I n  4 years of operation, bacterial contamination and fouling 
have been insignificant (LASKER and VLYMEN, 1969). The unit is cleaned once a 
month to remove accumulated minerals from the exterior surfaces of the quartz 
sleeves (flushing with a dilute solution of hydrochloric acid; MURPHY, 1969). At 
the bottom of the ultra-violet unit, dielectric probes are mounted in a tray. In  the 
aase of leakage, the tray fills with sea, water, shorting out the probes and tripping a 
relay which shuts off electricity to  the ultra-violet lamps and sounds a bell alarm. 

Ion-exchange resins are electrochemically charged. They remove ions from solu- 
tion by exchanging them with other ions. Eventually, the resin becomes exhausted 
and must be recharged. Depending upon the pollutants to be removed from solution, 
different resin types (~t~roongly or weakly acidic cations, strongly or weakly basic 
anions) are employed (e.g. K u m ,  1963). 

The usefulness of ion-exchange in cultivation is rather limited. In sea water, the 
large number and high concentration of ions present interfere with the exchange 
process. Even in freshwater cultures, ion-exchange resins can be used only with 
reservation. Organic substances leach out of the resin and may contaminate the 
culture water (Chapter 7) .  In  closed systems, the exchange process may modify the 
ionic composition of the culture wator. 

Ammonia removal from effluents of large aquaculture farms is a problem of in- 
creasing concern. In fresh and brackish waters, ion exchange may help. In secondary 
municipal waste effluents, MEIRCER and co-authors (1970) tested the efficiency of 
the ion-exchange process for reducing the extremely high ammonia loads. More 
than 99% of the ammonia was removed in the laboratory with 2 ZeoliteB columns 
in series ; however, the purified secondary effluent still contained 10 to 19 mg ammo- 
,a-N 1-! A n  average of 97% ammonia was removed by two 1900 1 clinoptilolite 
columns in a mobile demonstration plant, with the clarified secondary effluent 
containing 16 rng arnmonin-N I-'. Flow rate was 244 1 min-' m-2 (see also AMES, 
1967; MERCER and co-authors, 1967). Further s t u c l i ~  on the removal of ammorlia 
and nitrate from municipal waste water by ion-exchange resins have been published 
by NBSSIEI.SON (1954), ~ ~ B R T I N E Z  (1962), ELLASSEN hnd co-authors (1966) and C-c r .~  
and SLECHTA (1966).  Phosphate removal has received attention from MARTTNEZ 
(1962), EUSSEN and co-authors (1 966), RAND and NEBKEROW (1966) and CLESCERI 
(1908). 

Other Technzques 

Other techniques of physico-chemical water treatment have thus far failed to 
reveal promise in regard to cultivation. I n  municipal waste-water treatment, 
CLESCERI (1908) has applied lime, alum, aluminate, iron and activated alumina. 
Flocculation and precipitation of settleable and suspended particulate matter, 
combined with separate removal of colloidal dissolved substances by means of 
reversible oamosis (plus activated carbon and ion-exchange), has been discussed by 
3 b - z  (1971). Flocc~dation and coagulation processes have also been considered by 
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MAJXOTRA and co-authors (1 964), STU~IAT and HAHN (1 9671, STUMM and O'MELIA 
(1968) and BERNHARDT and WILHELMS ( 1  971). 

For removing ammonia and phosphate compounds from domestic waste water, 
FQYN (1964) has developed an 'electrolytic sewage-purification method'. Raw 
sewage, mixed with 10 to 16% of sca water, is conveyed to a cathode chamber, a.nd 
sea water alone is placed in the anode chamber. After applying electrical current, 
tlze p'H a t  the cathode increases; ammonia precipitates as a magnesium a,mmonium 
phosphate, and phosphorus as a calco-phosphato compou~ld (e.g. hydroxylapatite). 
At the cathode, magnesium hydroxide and hydrogen gas bubbles are formed, sup- 
porting the removal of illsoluble ammonia and phosphate compounds by floatation. 
The resulting sludge is skimmed off and treated by applying the usual sludge dis- 
posal techniques. At the anode, chlorine develops; i t  oxidizes and sterilizes the ef0u- 
ent. The electrolytic process lasts about 30 mins (400 kWh per 4 million 1 sewage 
water). It removes about 75% of the ammonia-N. The applicability of the process 
to effluents of large and heavily loaded aquaculture systems is open to debate. 

Culture-water treatment is of fundamental importance in all closed-system opera- 
tions. The recirculathig water is subject to pollution from the organisms cultured, 
from substances added by the cultiva,tor (e.g. food), or from the equipment and 
materials used. For counteracting such degradation of the culture water, a variety 
of procedures have been developed which may be grossly subclivided into pretreat- 
ment, reconditioning treatment and post-treatment. Pretreakment of the culture 
water includes cleaning, disinfection, aera.tion and adjustments in temperature, 
salinity, gaseous contents, etc., before adding the water to the culture system. Re- 
conditioning treatment constitutes the ba.sis of culture-water treatment. Post- 
treatment before culture-water release becomes necessary in large systems, such as 
aquaculture farms, in order to avoid environmental pollution. 

Reconditioning treatment comprises mechanical, biological and physico-chemical 
procedures. These procedures share a number of characteristics and, sometimes, 
defy exact distinction. Mechanical water treatment removes excessive suspended 
particdate and colloidal substances by sedimentation, ce~ztrifugation or filtration. 
Of these three methods, atration is the most important. It illvolves sand-gravel 
filters, rapid sand filters, diatomaceous-earth filters or disposable cartridge flters. 
The most commonly used filter is the sand-gravel filter. Biological water treakment 
aims a t  maintaining the Me-endangering s-ubst-ances, produced by the orga,nisms cul- 
tured, a t  acceptable levels. Micro-organisms accommodated in the filter bed remove 
excessive loads of organic matter from the recycling water. Algae remove from, and 
release into, the water a variety of substances and thus may assist in improving the 
quality of the culture water. While microbial water treatment is an essential corn- 
ponent in water-quality management, algal water treatment has not yet passed the 
exploratory phase. The contribution that algal filters can make to the cultivation of 
mu1tispe:ies systems remains to  be fully investigated. Physico-chemical water 
treatment aids in removing excess dissolved organic substances, e.g. by activated 
carbon adsorption, foam separation, aeration, oxygenation, or ozonation. It is of 
importance in cmes where biological water treatment is insufficient or impractical. 
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In the last decades, considerable information has accumulated on culture-water 
treatment. Many impulses for new procedures and techniques came from the related 
field of municipal waste-water treatment. However, the degree of communication 
and cooperation between ecologists and sanitary engineers and, in fact, between 
ecologists engaged in the cultivation of micro-organisms, plants or animals, is still 
insufficient. 

The moat important perspectives for future research may be summarized as 
follows. (i) We need more and better methods for recorhng, evaluating ~ n d  con- 
trolling chemical properbies of the water body managed. (ii) The possible contribu- 
tion of life-supporting substances, including those released by aquatic plants, 
deserves more attention. (iii) Special culture-water treatment techniques must be 
worked out for multispecies cultures and microcosms. 

(8) Capacify of CuIture Systems for Supporting Aquatic Animals 

(a) General Aspects 

The total amount ofliving animals that can be supported by agiven closed culture 
system is referred to as the 'carrying capacity' or 'animal load'. It is expressed in 
t e rns  of the weight or volume ratio culture water to cultured animals. The carrying 
cibpscity depends on water turn-over rate, water treatment (e.g. type, size and 
efficiency of the filter), as well as on type and size of the culture enclosure. Studies 
which relate these parameters to the weight (volume) of the animals supported are 
quite limited in number. I n  fact, proper relative dimensioning of essentia,l culture- 
system components has largely remained a virgin field. This very promising branch 
of cultivation invites the combined efforts and talents of both ecologists and 
engineers. 

Carrying capacity is viewed from different perspectives in research cultivation 
and in commercial cultivation. I n  research cultivation, there can hardly be too 
much sea water. The experimental ecologist usually aims at establishing con- 
dttions in which the amount of culture water neither limits, nor interferes with, th.e 
natural responses.of the animals cultivated. The sea-food farmer, on t h e  other hand, 
wants as little water as possible; he must produce maximum amounts of sea food 
a t  minimum cosh. 

Most of the scant information available on the carrying capacity of culture sys- 
tems has been produced with an eye on commercial cultivation. Ecologists have 
largely worked under undefined 'green-thumb' conditions-a situation which is no 
longer tolerable, if we want to compreh.end and manage life processes in oceans and 
coastal waters. 

A number of ecologists engaged in research cultivation have emphasized that  the 
weight (volume) ratio sea water to animals should be as large as possible. HINTON 
(1958) says i t  is d.ifficult to have too much sea water, and ATZ (1964a) refers to a 
cardinal, though unproven, principle holding tha.t the greater the water volume, the 
slower its rate of deteriora.tion. STOWELL and CLANCEY (1927) and WILSOR (1952, 
1960), on the other h-and, have suggested that the useful life of avolume of sea water 
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m a y  be lengthened by dividing i t  into equal parts, alternately 'resting' half of'the 
water .in a dark reservoir for 1 or 2 months. I n  the Amsterdam Aquarium (Nether- 
lands), the culture tanks comprise only one sixth of the total water volume of the 
system (SUNIER, 1951). Based on SAEKI'S (1958) work and his own experiments 
conducted a t  the Cleveland Aquarium (USA), KELLEW (1963) advises tha.t the 
relation of water volume to the weight of animals supported should be about 380 1 : 
0.45 kg. Of course, the carrying capacity of a given water volume dependa upon its 
turnover rate (p. 118). According to KEUEY, the water should circulate completely 
once every hour and pass through the filter a t  a rate of about 41 0-1 m-* min-' . His 
filter material consisted of 2 to 6 mm grains of silica gravel (75%) and calcareous 
gravel (25%) with 0.03 1n3 of tilter material for each 0.45 kg of animala. 

(b) Assessment of Carrying Capacity 

The f i s t  detailed account on standards for deeign and pIanning of closed systems 
for the cultivation of invertebrates and fishes was presented by S A E ~  (1958). He 
argues that-provided the basic environmental and nutritional requirements are 
met and the animals are healthy-critical consideration must be given those sub- 
stances that  are metabolized in la,rge quantities : oxygen, carbon dioxide, ammonia., 
nitrite, nitrate, phosphate and complex organics. Either excess or insufficiency of 
these substances soon causes damage or death. 

SAEKI (1968) used the ammonia content of the culture water as a criterion for 
assessing t he  standards for system design and planning (see also SAEKT, 1963, 1966). 
He measured and calculated-at temperatures between 20" and 25" G--the rates of 
ammonia production by the animals cultured and those of bacterial nitrogen assimi- 
la.tion in the filter bed.* SAEKI used various freshwater and marine invertebrates 
and fishes as test animals. Although there are some discrepancies in the figures, carp, 
goldfish, killdish, rainbow trout, brook trout, etc., excrete about 26 mg ammonia 
day-' 100 g-' wet body weight. 

Bacterial ammonia oxidation was measured by SAEKI (1958) in a percolator (Fig. 
2-88) containing 66 g of washed sand (weathered granite sand; grain size 2 to 5 mm) 
from the bottom of the balanced public aquarium a t  Ueno (Japan), and about 1.5 1 
of well water containing ca. 10 ppm of ammonia. Percolation a t  a. speed of ca 150 cm3 
min-l was effected by an airlift. The percolator ww kept a t  22" C in darkness. The 
results obtained are illustrated in Pig. 2-89. After 4 days, the original ammonia 
contents had decreased by about half, and after 7 clays the ammonia had practically 
disappeared. The velocity coefficient K in this experimei~t was 3.7 X .IO-3 ; when 30 g 
of sand were used for 1 1 of water, the coefficient was K30 = 2.5 X 10-3. Further 
experiments with sands of different detritus content, and after different periods of 
sand use, gave an average value of K30 = 2.0 X 10-I. This value is the same for sea 

Filter sand: calcite (limestone chip) or weathered granite sand of 2 to 6 mm g a i n  size. Salt water: 
stored sea water. Fresh water: well water of pH 7.9; 40 mg I-' Ca; alkalinity -3 meq. I-'. Ammonia 
was determined with Nessler reagent; nitrite with G.R. reagent; nitrate by strychnine reduction; 
phosphate by DBniges-Atkins' calorimetric method; alkalinity by titration. 



.water end fresh water. The processes of ammonia oxidation and nitrification may 
be represented by the following equations: 

dx K ,  
- -=-  dl  M ( A ,  -%)X 

Air - 

Perforoted 
plate ' 

Fig. 2-88 : Percolator for water-trest- 
ment studios. (Mtor Sum,  1988; 
modified; reproduced by permission 
of the author.) 

where AA and A, = initial maximum amounts of ammonia-N and nitrate-N, 
respectively; X and y = the arnounte thereof at time t ;  t ,  and t', = half-times of 
decrease or increase; K ,  and K ,  = reaction velocity  constant;^. 

If reaction velocity is constant, and if the amount of ammonia at a given time, 
as well as the initial amount of ammonia, is known, the rate of ammonia oxidation 
can be calculated. The equat;ions, however. refer to circumstances under which 
ammonia gradually decreases. I n  actual cultivation, the 'initial amount of ammonia' 
may be represented by the amount of increased nitrate. Ordinarily, the culture- 
water nitrate content is 20 to 100 mg I-'. For the oxidation rate Go reach equili- 
brium, a nitrate increase of about 15 mg 1-' is necessary. Since the amount of 
ammonia in a healthy fish culture is 0-1 to 0.2 mg I-', X 0.15 mg I-', the reaction 
velocity constant, as already noted, is 2.0 X IO-), and the value of ammonia-N 
correspondme; to  the initial ammonia is 15 rng l-'. Then, 
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This means that the bacteria proliferating in 30 g of sand oxidize ammonia a t  a rate 
of 0.47 mg day-l. 

Tlze rate of ammonia oxidation by the bacteria is proportional to the ratio r 
between the exchangeable ammonia in the filter bed and that of the system a-s a 
whole. SAEKI ((1958) took bottom snnd from the tropical fish tank of the Ueno 
Aquarium and sand from the filter tank during the closed-circulation culture of 
goldfish and eels. He then placed amounts varying between 20 and 330 g of each of 
these sands into the aforementioned percolation apparatus, through which he 
circulated well water in amounts from 0.8 to 1.5 1, with added ammonium sulphate, 

Fig. 2-89 : Changes in water quality during perco- 
lation. (After SAEKI, 1968; modified; repro- 
duced by perlnission of the author.) 

and for several days, measured the variations of inorganic nitrogen compounds 
therein. Fkally, he estimated the exchangeable ammonia of the sand and calculated 
the corresponding rate of ammonia oxidation and the constant of proportionality C. 
For weights of sand varying from 19 to 330 g, he found exchangeable ammonia 
values of 30 to 1.390 pg;  r values of 0.0037 to 0-166; rates of ammonia oxidation of 
0.35 to 2-4 mg day-' ; values of const,ant C of 14.6 to 54-4. Further couiderations 
led SAEHI to  assume a constant of proportionality of about 20. 

With an. ammonia content of 100 to 300 pg 1-Gin the culture water, what will be 
the amount of excha,ngeable ammonia in the filter sand under favourable cultivation 
conditions? For eel cultures and for the tropical water tank and the sea-water 
aquarium a t  Ueno, the exchangeable ammonia per 10 g of sand ranges from 1.9 to 
3.8 pg (in a non-circulating system the exchangeable ammonia is 11-8 t,o 12.2 pg); 
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the dissolred a m  rnonia ranges from 200 to 250 pg l-' . From these and related results 
one may reckon with 2.0 pg of excha~lgeable ammonia per each 10 g-I of sand. 

According to these values, the rate of filter-sand ammonia, oxidation is: 

where r = x/(z + z,); X, = weight of dissolved umnlonia; X = weight of exchange- 
abIe ammonia in filter sand (= 0.002 mg per 1.0 g of sand); C = constant of propor- 
tionality (= 20). 

I f  X ,  is taken to  be 0.1 to 0.3 mg I-', the value of X does not vary greatly; one can 
safely take 0.3 mg I-L as the value of X,. 

Since this rate is 0.1 6 rng day-' per 10 g of sand when employing the percolntion 
method (p. 167), the mean of the two values obtained will be used for computation : 

-- ' X ,  - 0.1.4 mg of ammonia day-] per l 0  g of sand 
dt 

The amount of nitrogen compounds assimilated by the filter-sand bacteria 
ranges between 46; and 100% of the amount oxidized. The rate of assimilation is 
proportional to  thc increase of bacteria., while the oxidation rate is proportional to 
the weight of the bacteria. Hence, oxidation may proceed even when there is no 
bacterial growth. For purposes of calculation, SAEKI (1958) takes the nssimdation 
rate to be 50% of the oxidation rate: 

The amount of' nitrogen compounds processed by the filter-bed bacteria must 
equal the amount of nitrogen compounds excreted by the a,nimals cultivated. 
Unless this prerequisite is met, cultivation is not possible. I n  order to satisfy the 
basic requirements for short-term cultivation with a sufficient margin of safety, 
the weight of filttr sand should be about 30 times that of the animals cultured. 

I n  order to meet the requirements for long-term cultivation, additional considera- 
tions are necessary. In  a closed-circulation system, the culture water tends to exhibit 
three major deviations from healthy, natural waters : (i) higher amounts of nitrates 
(100 to 1000 times higher) ; (ii) higher amounts of phosphates (about l00 times); 
(iii) lower alkalinity and pH. The excretaof the animals cultured are made up mostly 
of the elements H, 0, C, X, P, Ca, Na, C1 and Mg. Among t,hese, accumulations of N 
and P are most important. The changes in water quality due to long-term cultivation 
involve, first of all, a decrease in excess bcwe due to gradual increase in nitrate and 
accomp:inying oxidation processes. The increase in nitrate is limited, due to bacterial 
denitrification. In  the Ueno Aquarium, for example, SAEKI (1958) found thelimiting 
level to be around 100 mg 1-l. Increases in phosphate contents, in conjunction with 
the Ca, and Mg in the culture water, lead to precipitation, which occasionally may 
cause increased turbidity. Because of precipitation, the level of chssolved phosphates 
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does not exceed a certain amount (<G mg I- ' ) .  Since portions of Ca. and Mg are 
removed from the culture water, this mechanism reduces the alkalinity and may 
cause acidification. Examination of the deposits in the filker tank and circulating 
pipes of the Ueno Aquarium revealed that 49% and 0.7% respectively of the dry 
substance was calcium phosphate. Moreover, the surface of the filter sand, which 
liad been used fbr some time was covered with a substance conhaining phospha.te of 
lime or magnesium. When SAEKY added lime or magnesia to water-with a content 
of 2.56 mg I-' of phosphate-that had been used in eel cultivation, the phosphate 
content (determined in the supernatant layer) decreased considerably (0 to 0.4 rng 
I-') within 24 hrs (precipitation with Ca and Mg). The results of this experiment are 
listed in Table 2-31. 

Dephosphorization of eel-culture water by magnesia or lime treat- 
ment. To each 100 cm3 of original culture water, 0.2 g of MgO, CaO 
or MgCO, wereadded. After 24kr8, pH, alkalinity a.nd phosphate-P 
of the water were deternined. 22" C (After SAEKI, l958 ; modified ; 

reproduced by permission of the author) 

Culture medium 

Original culture water 8.2 2.56 2.64 
After M@ treatment 9.2 2.44 0.024 
After CaO treatment >9.2 3.94 0.000 
After MgCO, ~~rea tmen t  7- 7 4.60 0-450 

At pH 7.7, magnesium and phosphate ion concentration is extremely lout 
(ca 2 X 10-8 mole), Under these circumstances, H ions decrease in number, solubi- 
lity of CO, incrcn.ses, alkalinity decreases, and buffer capacity becomes reduced. 
The result is harm to the animals cultivated and reduction of bacterial ammonia 
o~ida~tion.  

Long-term cultivation leads to increasing acidifica,tion of the culture water 
(Tables 2-32, 2-33). The acidifying velocity approximates 2.6 equivalents (amount 
of nitrate increase = 2.1 equivalents + amount of phosphate increase = 0-6) per 
ton of' animals cultivated per day (SAEHI, 1963). Acidification can be counter- 
acted by addition of lime or sodium bicarbonate. In  view of the fact that  one cause 
of acidification is precipitation of calcium and magnesium, lime is preferred. When 
large amounts of lime are added, a portion does not dissolve immediately; the result- 
ing lime deposit counteracts acidification for some time. 

Capacity and efficiency of filtration (sand-gravel filter) in a small closed system 
have also been studied by HTRAYA~U (1 966a, b, 1. 96fja). He used oxygen consump- 
tion of the filter-bed micro-organisms (OCli) as criterion for assessing the ater's 
capacity to avoid water pollution due to excreta. and waste food ( H ~ A Y A M A ,  1965a). 
Analyzing the dynamic balance between rates of pollution and purifica.tion, 
RJRAYAMA (1966b) employed the closed system illustrated in Fig. 2-90, and used the 



sea bream Chrysophrys major as test fish, The rate of pollution X (mg 0, consumed 
min-') assumes the following relation to the body weight B (g) of the fish and the 
amount of food F (g day-') offered: 

Table 2-32 

Acidification of culture water and depression of microbial nitrification with repeated 
percolation. A :  nitrification with weathered granite sand; B:  with calcite sand 
(limestone chip). 1.5 1 of well water and 15 g of sand (2  to 5 mm grain size) were used 
in each experiment (After SAEKZ, 1958; modified; reproduced by permission of 

the author) 

Ammonia content Maximum rate Alkalinity 
Ropeat (mg I-') o f  ammonia (mN) PH 
cycle at at oxidation at at at at 

beginning end (mg I-') beginning end begnning end 

A 1 6.6 0- 1 5.0 2.59 1.80 7 -8  7.6 
2 8.9 0.05 4.0 1-09 0-99 6.7 0.6 
3 (7 )  - - 0.93 0.10 - - 
4* 10.2 10.1 0.0 0.11 0.10 6.7 6-6 

B 1 7.4 0.1 5.0 2,215 1.82 7.8 7-5 
2 9.6 0.05 3.7 1.69 0.94 7.5 7.4 
3 (7) - - 0.98 0.36 - 
4+ 8.8 0.05 3.0 9-41 0.36 7.3 7.4 

+ Calcium content (mg I - ' )  

at beginning et end 

A 4 40-5 44.3 
B 4 58-0 65.5 

where q represents the nurnbsr of fish. The water quality requirements of the fish 
can be e x p r e ~ e d  by the equation : 

wherep = number of filters, 1,' filtering velocity (cm min-l), U' = surface area of the 
ater  bed (mZ), G = grain-size coefficient, and B = sand depth. (cm). 

Grain size is determined by 

where R = main grain size (mm) of each fraction of graded sand, X = percentage 
weight of each fraction. 





The capacity of the ater-as assessed by OCF-must be larger than or equal to 
the rate of pollution by the fish. Equation (2) further reveals that the filtar capacity 
decreases as a function of the weight of the individual fish : A fi.lter which supports 
one 100-g fish may not be cupa.bIe of supporting 10 fish of 10 g each. This finding is 

Body weight ( g )  

Fig. 2-91. : Relation hetweon body weight of fish, 
oxygen consumption of filter-bad bacteria 
(OCF), ~ n d  concentrations of nitrite-N and 
ammonia-N. The c:ulture system used is 
illustrated in Fig. 2-90. (After Hmaw~wa, 
1966b : mocii6ed ; reproduced by permission 
of the author.) 

Time (hrs) 

Fig. 2-92: Changes in OCF after polluting 
the culture water with difForent 
amotmts of food not oaten by the test 
fish. Wet weights. Hatched area : totnl 
OCF obtained after adding 3 g of food. 
(After H ~ A Y A M A ,  1966b; modified; 
reproduced by permission of the 
author.) 

not surprising, since small individuals tend to  have a higher turnover of energy and 
matter than larger ones. The relations obtained by HIRAYAMA (1966b) between 
fish-body weight, OCF and nitrite-N and ammonia-N are illustrated in Fig. 2-91. 
OCF increases with fish-body weight, as c10 the concent,rations of nitrite-N and 
ammonia -N.  The test fish, kept in the closed system shown in Fig. 2-90, were not 
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fed during the experiment. CalcuIations by H X ~ A Y A M A  reveal that  the OCF increases 
with fish-body weight as follows: 

where A = OCF (mg min-') and I3 body wet weight (g). 
OCP values obtained after polluting the culture water (by adding different 

amounts of food not eaten by the fish) are illustrated in Fig. 2-92. The difference 
between a situation in which the food was not eaten and one in which it was swal- 
lowed shortly after feeding is shown in Fig. 2-93. Mean OCF values are much lower 
when the food is consumed. 

1 1 1 1 1 1 I I I I  
3 6 9 12 

Wet weight of daily food roiion (g) 

Fig. 2-93: Changes in OCF as a function of 
daily food ration. Filled circles: food not 
-ten; open circles ; food comumed shortly 
after feeding. Test 6sh : Clwysoph~ys 7mjor.  

Tha system used is illustrated in Fig. 2-90. 
(After -AY-, 1966b; modified; repro- 
duced by permission of t h e  author.) 

I n  his 1966 papers, HIEAYAMA investigated nitrate accumulation in the  water of 
closed systems containing Oclopus vulgaris. The values found on filter capacity 
( H ~ A Y A M A ,  1965a, b, 1966a, b) correlate well wit11 criteria established by 
GOLDIZEN (1970) on cultivation requirements of the st&noplastic marine 0. 
bimaculdalus: (i) 600 1 of culture water per kg animal; (ii) 0.1 m3 filter bed consisting 
of 2 to 6-mm grains of s magnesium-bearing calcium carbonate filtrant ; (iii) a turn- 
over rate of 80 1 per rn2 filter-bed surface min-[ ; (iv) replacement of 26% of the cul- 
ture water per month. Systems of similar design, according to  G.OLDIZEN, will 
maintain 5 kg of sea urchins Slronyylocentrotus purpuratus, or 7 kg of American 
lobster Hornal-us americanzcs. However, in reaxing and breeding experiments, t he  
animal load should remain below l. kg. The criteria listed above ha,ve been 
successfully applied to systems ranging in capacity from 80 to 300,000 1 and con- 
taining animals as diverse as the sponge Microciona prolijera and the dolphin 
Tursiops tr~~nccctus. 



Acidificat,ion m a function of food and animal load has been studied by 
H~RAYAMA (1970) in a 50-1 exper.irnent.a..l aqua,riurn (Fig. 2-94). The sea water used 
had a specific gravity of about 1.023 (16" C), a temperature of 23" to 25' C and a 
recirculation rate of 2 1 min-l. The sand filter (diameter a t  surface: 21 cm, a t  
bottom: 19 cm; depth: 16.5 cm) contained sand of 2.1-, 3-9- or 8.3-mm grain 
diameter. The aquarium was stocked with the black sea bream Mylio macropha.lus, 
fed with shrimp. RIFLAYAMA reports that the acidifying velocity of the culture 
water is not affected by the &Rerent filter-sand grain sizes. The rela.tio11 between 
acidfication ( I f  eq. day-') and feeding rate (F g day-') can be expressed. by the 
equation 

Fig. 2-94 : Experimental aquarium used for a c i a c a -  
tion tests. hrlift-operated recirculntion through 
sand filter. (After HIRAYAMA, 1970 ; modified; 
reproclucc!ci by permission of the author.) 

Compared with the effect of feeding rate, variations in fish-body weight remain 
insignificant. CaCO, (coral, mollusc-shell pieces, sand) can maintain the alkalinity 
above 1.0 meq. 1-l md the pH above 7.5; this positive effect is due to calcium dis- 
solution. I n  the absence of calcium, normal alkalinity values of about 2.0 may drop 
to nearly 0 meq. I-' within 20 days in sea breams cultivated in 100 1 of sea water and 
fed 10 g of shrimp per day. I n  each experiment, alkalinity decreased quite linearly 
with time until i t  reached 0.2 meq. I-'. According to HIRAYAMA, the low alkalinity 
values encountered cause practically no harmful effects to  the fish cultured over the 
experimental period (up t.o about 50 days). However, long-term effects remain to be 
examined. The nitrifying capacity of the sa.nd filter was sufficient to keep ammonia- 
N a t  a low level, even a t  pH values below 7. 

The total carrying capacity of a culture system depends upon the physiological 
condition of the animals cultivated, their feeding habits and the food sources. 
However, some generalizations seem in order: The carrying capacity tends to (i) 
be higher per unit weight of animal in larger than in smaller individuals of the same 
species ; (ii) decrease with increasing metabolic activity of the animals; (iii) be lower 
if the animals are to breed, and to increase if the cultivation goal shifts from rearing 
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The importance of continuous chemical monitoring of culture.water quality is 
now more widely rca,lized, and reliable monitoring systems are being developed in 
several instituti.ons. An example is the in.tar-disciplinary effort of EPIPANIO and co- 
authors (1973), who have begun monitoring essential variables (Table 2-36) in a 
pilot farm designed to raise molluscs from egg to marketing size. 

Table 2-35 

Chemical monitoring of culture water in  a closed-system aquacult~~re pilot farm 
(After E a r s a ~ r o  and co-authors, 1973; reprod.uced by permission of the  World 

Mariculfure Society) 

Vrrri~ble -4nalj.tical method Trend in system 

Ammonia 
Nitrite 

Nitrate 

Reactive phosphorous 

pH 
Alkalinity 

Salinity 
C&+ + 

Mg++ 
Cl- 
Dissolved oxygen 
Mass suspended matter 
Trace heavy metal 

Electrode 
Azo dye method 
(STRICELAWD and PARSONS, 1968) * 
Bmcine reaction 
(JEMCINS and MEDBKER, l909)* 
Molybdate reduction 
( S ~ I C K L A N D  and PARSONS, l968)* 
Electrode 
Electrode 
( S ~ ~ 1 c s r . n ~ ~  and PARSONS, 1968)* 
Salinomct.or 
Electrode 
Electrode 
Electrode 
Winkler 
Gravimetric 
Atomic absorption 

Spike, then constant 

Spike, then constant 

Slow accretion 

Relatively constant 
Constant 

Decreasing 
Slow increase 
Decreasing 
Decreasing 
Increasing 
Constant 
Constant 
Data not available 

Litmattme quoted in: EPIBANTO and CO-authore (1973). 

Organic substances accumulating near the fdter surface usually contain phos- 
phorous compounds such as phosph.olipids, nucleic acids, sugar phosphates and 
phytines (inositol phosphates of uncertain origin). Most bacteria produce phospha- 
tases near their cell membranes, which f.;tcdit.ate rapid breakdown of all pbos- 
phorous compounds except inositol. In  general, decomposition of phosphorous 
compounds is closeIy related in speed and efficiency to the mineralization of carbon 
compounds and nitrogen. Under specific conditions, precipitation of inorganic 
phosphates may occur; however, this does not seem to affect thc fdter. Heavy accu- 
mulation of inorganic phosphorous compounds and subsequent liberation of large 
amounts of soluble phosphate may lead to a1ga.l bloom in well-illuminated culture 
systems. Due to their fast decomposition and low initial concentration, phosphate 
compounds rarely become critical to the filter system's carrying capacity. 
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(c) Standards for Closed-culture System Design 

Based on his experiments, SAEKI (1958) recommends severad standards for design 
of a closed-culture system. The size of the culture enclosure should, in general, be 
about 10 times that of the volume of animals cultured, and the weight of the filter 
sand, about 30 times that of the animals. If specific gravity and interstitial coeffi- 
cient of the sand are known, weight and volume of the water can be calculated. I n  
large systems, turnover rate should be about 2 hrs; in smell systems, about 30 rnins. 
OrdinariIy, the volume of air used for aeration should amount to about 2 to 3 times 
that  of the circulating water. Speed of water movement through the filter should be 
about 100 to 700 m da,y-'. According to SAPRI (1963), the approximate normal 
standard concentrations of nitrogenous compounds in the culture water are 0.3 ppm 
organic-N, 0.1 ppm ammonia-N, 0.1 pprn nitrite-N, and 10 to 300 pprn nitrate-N. 
In systems which do not conform to these standards, the carrying capacity must 
be cn,lculated : Determine exchangeable ammonia per 10 g of sand and the dissolved 
ammonia in the water; find the ratio of exchangeable ammonia to  total ammonia; 
multiply this value by 60. This pertains to a standard nitrogenous excretion of 
60 mg day-' 100 g-l of animal. 

For proper management of culture water, SAEILI (1958) recommends adjusting 
the aeration in such a wa.y that dissolved-oxygen concentrations are maintained a t  
near-saturation levels. Whenever the pH falls below B to 7 (or alkalinity below 0.4 
meq. 1-l), lime or magnesia must be added. The standard amount of Iime to be added 
is found by multiplying the gram-days (populittion weight X cultivation time) by 
0-1/100 which gives the number of grams of lime 1-l of water. 

(d) Relationships between Metabolic Byproduct Concentrations 
and Culture-water Reuse 

Investigating salmonid-hatchery water-reuse systems, LIAO and MAYO (1972) 
have developed models for assessing the relationships between metabolic byproduct 
(rnetttbobte) release and water reuse. Their considerations are presented here in 
some detail. 

I n  an open fish-rearing system, the metabolite concentrationis M/& a t  the outlet : 

Melabolire 

Metabolite 
level in 
open system 
(0% reuse) 

unil 

where1M = release of metabolic byproductsfrorn the fish, and Q = water flow. At the 
inlet and outlet of the rearing unit, the concentrations of metabolic byproducts are 
zero and M/&, respectively. 

If the water inflow is reduced by half, and this half is reduced twice, and if the 
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metabolites released are completely mixed, the following flow-chart model is 
obtained : 

112 Q 
Metabolite 
level in 314 M 

60% water- 
reuse system 

At inlet and outlet, the concentrations of rnetabolites are M/& and 2 M/&, respect- 
ively. 
After incorporating a water-treatment process that removes 33% of the metabolic 

byprod.uct entering the treatment unit, the effluent metabolic byproduct concen- 
tration is 312 M/Q under steady state conditions: 

Metabolite 

treatment unit I I i 2 Q P  I 

level in 60% Q 

water-reuse - 

Since LIAO and M ~ Y O  (1972) have shown that the metabolite concentration in 
the rearing unit ia a fimction only of the degrees of water reuse and water treatment, 
a general mode1 can be derived : 

system with 2M M 

RQ RQ 

RCM 

1 

(1 .RX!  Q 
- 

I 
( C -  lW/Q RU CMIQ 

Q ( 1  - RM 
L 

GU c(l -RP 
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where C = concentration of metabolic byproduct a t  outlet of rearing unit; C = 1-0 
in an open system (single-use system) ; E = metabolic byproduct removal efficiency 
of water treatment unit (%); M = rate of metabolic byproduct release; Q = water- 
flow rate; B = percentage of water reused; RU = rearing unit; W TU = water 
treatment unit. 

According to Lrao and MAYO (1 972), under steady-state conditions, the metabolic 
byproduct concentra.tion i i ~  the mixture of incoming water and treated effluent 
should be equal to that a t  the rearing system inlet: 

(1 - E ) C M R  
= (C- 1) M/& 

R&+ (1 -R)& 

Equation (6) j.s considered important for predicting metabolic byproduct con- 
centration in the rearing unit a t  any degree of water reuse and wc~ter treatment. A 
graph construckcl on the basis of Equation (6) is illustrated in Pig. 2-95. 

(e )  Conclusions 

Tbe capacity of culture systems for supportil-lg aquatic animals must receive 
critical attention before starting a culture experiment. Ma.ny investigators have 
conducted their research without ensuring that the culture system employed is 
indeed ca.pable of adequately supporting the test organisms used and suited. for 
pursuing the specific experimental project proposed. 

Only a few pioneers have developed methods for assessing the carrying capacity 
of a culture system. Our present knowledge on dimensions and design of a closed 
sea-water system, concurrent with the aitn to suppol-t a certain weight of animals 
and to offer certain environmental qualities, is based 011 four authors: SAEKI (1958), 
1963, 1965), HIRAYAMA (X985a, b, 1966a, b, 1970) a,nd LIAO and MAYO (1972). More 
work along these lines is urgently required. 

The picture that  has emerged thus far is still incomplete and the fundament not 
solid enough for qualified generali~a~tions. 
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Even if all essential parts of a culture system are reasonably dimensioned, changes 
are unavoidable, e.g. in the weight of the animal populution supported, in the 
amount or quality of food added, or in the environmental requirements of th.e 
growing animals. Modifications in animal and food lon.d, temperature, salinity, 
water-circulation speed or aeration intensity can induce significant alterations in 
the dynamics of the system, and render part of the original considerations 
meaningless. Consequently, the carrying capacity of agiven culture system must be 
evaIuated in the light of all essential changes a,nticipated during the experiment. 
Continuous monitoring of essential system functions and computer control are 
likely to become a must for many cultivation projects. 

f 0 
Rzdegree of water reuse 

conc.ofmetabolite in reuse unit 

9 . . 8 conc. of metobolite In single c L\ \ pass system (ossurned to be 1.011 

Removal efficiency (E) of treotment process 

Fig. 2-95: Roletionships between metabolic by- 
product roleage and different degrees of w8tor 
reuse and water trearnent in a fish-rearing 
system. (After LIAO and MAYO, 1972 ; repro- 
duced by permission of Elsevier Scientfic 
Publ~shing Company.) 

(9) Equipment used in Cultivation 

The list of equipment used in the cultivation of marine organisms is almost end- 
less. However, a critical examination reveals that many types of equipment can be 
traced back Go a few fundamental designs developed long ago. These have been 
modified and improved time and time again to suit individual requirementnq, to 
comply with financial capacities and to adjust to the limited space available. Some 
basic equipment has been 'inventedJ several times. Only in a few cases was i t  possible 
to solve problems of priority xvith certainty and to give credit to the original 
inventor. 

The large diversity of apparatus used in cultivation precludes exhaustive docu- 
mentation. We present here a selection of useful devices and interesting techno- 
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logical solutionv to general problems collfronting the cultivator. Additional techno- 
logica.1 and methodological aapech are dealt with, in context with the type of 
organism cultivated, in Chapters 3, 4, 5 a.nd 6. 

(a) Basic Equipment 

Collection of Organisms 

Of the numerous types of equipment used for collecting aquatic micro-organisms, 
plants and animals (e.g. WELCH, 1948; XCELIEPER, 1968), very few devices have 
been tested criticslly with regard to their performance and efficiency. Most collection 
equipment involves rough handling and often causes injury. Since healthy orga- 
nisms are a basic prerequisite for successful cultivation, special attention must be 
devoted to obtaining intact culture material. Development of new equipment, 
especially designed for collecting organisnis to  be used in cultivation experiments, 
is highly desirable. 

Two suction devices for careful collection of non-attached forms are illustrated in 
Figs 2-96 and 2-97. They employ an a,irirfft and a pump, respectively. The pump- 
driven device consiats of a battery (enclosed in submersible housing) which powers a 
6-volt submersible bilge pump. Water and specimens are drawn into a screened 
glass trap, in which the organisms collect Comparable, but larger suction devices 
have also been operated from on board ships. 

Small plankters can be collected from water samplers or pipes delivering raw sea 
water (airlift or other gentle means of water propulsion) using the aquarium arrange- 
ment shown in Fig. 2-98. Many motile organisms aggregate in response to  baiting, 
light or other attractants and subsequently can be trapped, scooped up in a pail or 
caught by other gentle means. Attached forms have been collected aucce~fully on a 
variety of substrates (glass, plastics, wood, stones, rocks, etc.) that  had been ex- 
posed to in situ conditions to allow settlement. For collecting spores of benthonic 
algae, strings or nets are used. 

Overjlow Sieves 

A n-umber of devices have been developed to avoid loss of organisms through the 
overflow or drain of cdture enclosures. Two small and easy-to-construct overflow 
sieves are illustrated in Pig. 2-99. A rotating overflow sieve with a revolving cylinder 
of fine mesh forces small organisms awa,y from the entry of a drain (siphon) located 
near the cylinder axis (Fig. 2-100). This apparatus and the two overflow sieves 
mentioned above have been used in numerous modifications. It was not possible to 
determine the original inventors with certainty . 

Aerators 

In addition to the airlifts considered above, numerous different devices are used 
for aerating culture media (see also the aection Aeration). Aerators can be classified 
accordng to the air pressure applied (normal-pressure versus pressurized-air aera- 
tors) or according to the aeration site (surface versus submersed aerators). For cul- 
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ture purposes, aeration by non-pressurized air has the advantage that exchange 
equilibria between air and water are established under normal pressure conditions. 
This simula.tes natural conditions and excludes the danger of supersaturation. 

Fig. 2-96 : Diver-operated, airlift-driven suction collector. (Photograph : Dr. G .  
LAUCKNER; reproduced by p e d i o n  of Biologiache Amtalt Helgoland.) 

Aerators operated under normal air pressure include dripplers, sprinklers, 
sprayers, s p l ~ h e r s ,  caacaders and wave ma.kers. These aerators divide the water 
into small portions or cause water-surface undulations. They all qualify as surfa8ce 
a.erators. Severa.1 types simulate natural waterfalls. Injection of a n  air-water 
mixture through the water surface by aspirators may use either air of normal pres- 
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Switch 

\ 

Fig. 2-97 : Diver-operated, pump-driven suction collector. (After Smm, 
1973; modified; reproduced by permimion of N. V. Boekhnndel & 
Drukkerij voorheen E. J. Brill, Laiden.) 

Unfiltered 
sea water  

Fig. 2-98: Aquarium ~rrangement for gentle collection of plankters. (Original). 

sure or pressurized air. Practically all submersed air distributors employ pressurized 
air, released via air stones or other porous material, perforated pipes, etc., which 
distribute air bubbles into the surrounding water. Substantial air pressures may 
modify the normal exchange equilibriunl between air aud water. 
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Perforated 
plastic tube 
-1 

ongeous, 
f ine-p01 

matet 

Fig. 2-99 : Overflow sieves. Two designs operated a t  the intake end of the culture tank's 
overflow. The sieve consists of perforated plastic. For retaining very small 
organisms, the sieve ie surrounded by apongeous material. (Original.) 

Motor 

Fig. 2-  100 : Rotating overflow sieve. (Orignal.) 

A few aerators, which. are less well known than the common air stones, petforated 
tubes or plates and related basic aquarium equipment, receive brief aktention 
below. 
Among the surface aerators, multi-step cascaders require more space than 

single-step cascaders. Thc aeration ef6ciency of the latter type can be substantially 
improved by employing a pipe-lattice cascade ( W ~ Q R T C H ,  19688, b; ALBRECHT, 
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1971 ; KNOSCRE, 197 1, 1272). Splashers are used for fishpond aeration as arc 
propellers (e.g. VEJVODA, i973a), rotors (e.g. VEJVODA, 1973b) and related equip- 
ment (Fig. 2-10], *c). 

F I ~ .  2-101 : Aeration oquipmont. (a) Splashera in tanks used for holding eel elvers; (b, c) paddle 
splashers used in Japaneee eel ponds. (a, b photographs: WILLIAMSON, 1974 ; i'eproduced by 
permission of Dr. C;. R. Williamson and Fhhing News (Books) Ltd.; c: drawn by 
B. Heyrnann; [d) aspirator; after VINCENT, 1908; not copyrighted.) 

Aspirators usually consist of apipe tee with an air pipe, tohough which the flowing 
water sucks air in, or through which preesurized air enters. Aspirators drive fine air 
bubbles to water depths of several metres. In the aspirator de~lcribed by VINCENT 
(1908), water flow and air pressure are adjusted by Bcrews (Fig. 2-101d). Air bubbles 
can be sent down to a depth of about 4 m.  The aspirator can be installed in the water 
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supply pipe. For salmon rearing, BURROWS and Co~rss (1968) recommend scries 
of aspirators that  clrive well-aerated ulater down to a water depth. of 1.5 m (Fig. 
2-102). Each aspirator has a 1.9-cm air pipe inserted in a 3.8-cm pipe tee, a.nd is 
designed to deliver about 470 1 min-l a t  0.07 s tm ; this pressure must be maintained, 
in order to achieve the necessary velocity past the air pipe intake. Each of these 
aspirators requires 0.4 m2 of surface area. For maximum efficiency, the outlet pipe 
should be about 15 cm above the water surface. 

Aeration may cause problems if thc t i~nks are located far away from public elec- 
tricity sources. Petrol-driven compressors or cylinders of compressed air are usually 
employed in such situations. Where compressors cause a noise nuisance, compressed- 
air cyliilders are preferred. If these have to be transported across difficult terrain, 
reduction of weight and increase in efficiency become important. ABRAM (1971) 
has const~ucted an apparatus which achieves substantial savings in air and trens- 
portation costs. While standard compressed-air cylindem are charged to a pressure 

Fig. 2-102 : Aspirator assembly. (a) Design dotaila of a single ~qpirator; (b) culture tank 
with 5 aspir~tora. (After BURROWS and COMBS, 1808 ; modified ; not  copyrighted.) 

of about 180 atrn, fish tanks are usually aerated a t  about 0.2 atrn. Hence, a large 
portion of the energy used to  charge the cylinders is wasted a t  the pressure-reducing 
valve. ABRAM'S apparatus utilizes some of this energy in an expansion engine which 
aerates the tanks at about 0.2 atm. The total volume of air obtained for tank-water 
aeration is 5 to 6 times that available when an air cylinder is connected direct to the 
aeration system. 

Aera.tors employed in waste-water treatment have been reviewed by ECKEN- 
FELDER and O'CONNOB (1961). Three basic types of aerators arc commercially 
available : (i) Small orifice dispersers that consist of porous materids, or of plates or 
tubes constructed of silicon dioxide or aluminium oxide grains held in a porous 
mass with a ceramic binder. Competitive units include saran or nylon-wrapped 
tubes or bags. (ii) Mechanical or air-shear units, such as the impingement or jet 
aerator. (iii) Large orifice dispeners such as the sparjer a,nd discfuser. The sparjer 
contains short tube orifices from which air is emitted at high velocity; water turbu- 
lence ten& to redivide large air bubbles into smaller ones. The discfuser emits air 
from around the periphery of a disc. Additional types of recently developed air 
dispersers include: (i) the hydraulic shear disperser that discharges air into a box 
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through an  open pipe; the rising air-water mixture and the downward water flow 
create turbulence and hydraulic shear which break la,rge bubbles into small ones ; 
(ii) the Venturi disperser in which an air-water mixture is accelerated and dis- 
charged; (iii) the Inka system consisting of grating pipes, perforated on the under- 
siclc, and mounted 0.76 m below the surface on one side of a longitudinal vertical 
baffle. 

A new method for maximum contacting between air and water has been described 
by DERMOER (1970). It employs a gas-liquid mixer whch  produces air bubbles of 
constant size. For sludge aeration, DERXNOER proposes a new counter-cul.1-ent pro- 
cess. Mechanical surface .wrators and ejector aerators used in large-scale water 
treatment pla.nta have received attention from SCHUSTER and P~~SCHEL (1969) and 
KRAWSE (1971), and surface aerators for sewage treatment from RUB (1971). 

/ 
0 ~ 0 6 t ' ~ ' ~  l ' l l . l ' l  l I 

0.6 001.0 1.5 2 3 4 5 6 B 10 15 20 
Oxygen deficil, 0,-0, (mg i') 

Fig. 2-103: Efficiencies of various acratom at 
20" C. (From LIAO and MAYO, 1972, after 
LLAO and KENT, 1971 ; reproduced by por- 
mission of Elsevier Scient~fio Publishing 
Company .) 

ENOELBABT (1969) developed and tested line-aerators to be used in lagoons serving 
sewage treatment and sludge stabilization. 

The performance and efficiency of aerators have been eva l~a~ ted ,  for example, by 
LANOELIER ( l  9321, MOROAN and BEWTRA (1 WO), BAARS and MUSKAT (1 962), 
PASVEER and SWEERIS (1 962), GLOPPEN and ROBBER ( 1  965), Xcs~res (1 965), 
VAVRUSKA (1971), POON (1972) and Scorn (197%). VAVROSKA (1971) tested 
aerators used in Czechoslovak fish cultures and measured the resulting oxidatio~l 
capacity. SCOTT (1 972b) determined aeration efficiencies of venturis, air stones and 
sprayers in a 1.8 m3 tank. Maximum efficiency nriis obtained with vent,uris dis- 
charged through a nozzle near the tank bottom; air stones were 63% as effective; 
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sprayers directed a t  the surface were 41% as eEective. The Biological Station a t  
Nanaimo (Canada) uses venturis with success in its main sea-water system, main- 
taining the intake 0, level at 90 to 92% saturation (ALDERICE, personal communi- 
cation). For efficiencies of further aerators consult Fig. 2-l 03. 

Fig. 2-104: Airlifts, operated by a series of single large air 
bubbles (left) and by air stone dispersed air (right). The 
latter design has s, greater water-transport efficiency. 
(Original.) 

Airlift 

The principle of lifting water in a tube by air injection was invented in the nine- 
teenth century by the German mining engineer CARL E. LOSCHER. It is based on the 
weight equilibrium of fluids in communicating vessels, in which tne fluids rise to  
different heights, depending on their density. If a tube is placed vertically in water, 
and air is injected from below, an air-water mixture is produced in the tube that  is 
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lighter than the water and hence, rises to a certain height. In  tubes shorter than the 
maximal height attained, the air-water mixture overflows, and water is transported. 
The water-transport efficiency of t l~ i s  air-driven ma.ter pump, airlift pump or simply, 
airlift, depends on the an~ount of sir, bubble size, tube diurncti.~ and the  ratio trans- 
port:~tion height ( t )  : submersion depth ( S )  of the tube. At LL given bubble size and tube 
diameter, the water-transport efficiency increases with the amount of air ,  and with 
a decrease in the ratio t : S .  The airlift principle has also been employed for transport- 
ing solid bodies contained in a fluid (e.g. sand, gravel, dead fish). The genera.1 import- 
ance and usefulness of airlifts in cultivating aquatic organisms has attracted much 
attention (HOEFER, 191.3 ; OWENS, 1921 ; WARD and KESSLER, 1924 ; Sac~s ,  1929 ; 
HAGMEIER, 1933 ; O'BRIEN and GOSLINE, 1936; NEED-, 1937 ; W ~ D E M A N N ,  
1943 ; DATTA, 1948 ; HWCKSTEDT, 1963a ; P ~ ~ s s r s ,  1964 ; KRWGER, 1966 ; JEBRAM, 
1970, 1973; SPOTTE, 1970; K ~ N G  and KELLEY, 1971 ; KNOSCRE, 1971). 

Typical airlifts used in cultivation are illustrated in Fig. 2-104. According to 
KECUQER (1966), maximum lift height is achieved if air bubbles enter the lift tube 
(5 mm diameter) well above its lower end (compensation for recoil effect). HAG- 
MsrER (1933), SPOTTE (1970) and KlXct and ICELLEV (1971) stress that the water 
transport capacity is greater if the air entering the lift tube is well. dispersed (e.g. by 
an air stone in srna.11 systems or by perforated PVC baffles in larger systems). 
SPOTTE'S estimations of airlift capacities as a function of design are listed in Table 
2-36. 

Temporary trapping of ascending air in a tilted glass cup (GUSDELACH in:  
HAGMEIER, 1933; BUCKLE i n :  JEBRAM, 1970; JEBRAM, 1973) produces large air 
bubbles which are released a t  intervals a,nd reportedly have high water-t~..ansport 
capacities (Fig. 2-156, bubble c-up). 

In algal cultures, an airlift circulator has been used for producing laminar water 
flow (SALSER and MOCK, 1973). The device (Fig. 2-1.05) facilitates directional water 
circulation and even distribution of nutrients. With an air flow of 8 1 mill-', a t  an air 
pressure of 0.98 kg cm-2, the water in the tank (90 x 58 X 60 cm) is circulated a t  a 
rate of 500 1 min-' . The deflector a t  the top of the circulator (a section of plastic pipe) 
determines the flow direction. To achieve circulation a t  lower water depths, a second 
deflector is placed into the next lower discharge slot. Skelelonema sp., Thalassiosira 
sp. and CyclotelZa sp. are examples of algae successfully mass cultured with this 
a,pparatua. I n  addition, the circulator has been used for culturing larval a,nd post- 
larval penaeid shrimp. 

Airlifts tend to be troublefree and, in general, seem to represent a. lesser mech- 
anical hazard to many plsnkters than most other wa,ter-transport methods (pro- 
peller, rotor, paddle-wheel, pump). 

Float Valve and Cmtant-level S i p h  

A simple 0otz.t va,lve, described by B R E D E ~  (1964), consists of a valve (or glass 
stopcock), a suitsble-sized chemical flask, a l-hole cork and some additional parts of 
plastic or wood (Fig. 2-106). Serving similar ends, but more complicated in construc- 
tion, is the float-actuated sleeve valve designed by LICKEY and co-authors (1970). 
BREDER has also developed a simple constant-level siphon composed of some 
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Air 
Deflector n 

Fig. 2-105: Airlift circulator for algal and invertebrate mess cultures. 
(After SALSER and MOCK, 1973 ; reproduced by permission of the World 
Mariculture Society .) 

Fig. 2-106: Float valve and constant-level siphon control in and outflow of weter in a 
flow-through aquarium. (After BBEDER, 1964; modified; roproducod by per- 
mission of the ~ u t h o r . )  
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straight glass tubing, a tee, flexible plustic tubing and two plastic supports (Fig. 
2-106, right). A comparable device is illustrated in Fig. 2-107. 

Interaction of float valve and conetant-level siphon controls the water-level 
height in a flow-through aquarium. Flow speed can be a.djustcd by changing the 
diarnebr of the siphon tubing. Water-level height can be adjusted by varying the 
height of the horizontal tee arm. 

Fig. 2-1 07 : Conatant-level aiphon. (After 
Raclasrm, 1933 and FLtfcarre~, I988 ; 
modified; reproduced by permission of 
VEB Gushv Fiacher, Jena.) 

The constant-level siphon becomes foolproof if the open a m  which faws upward 
is extended by a piece of flexible tubing bent over to fonn an inverted TT (with the 
open end facing down into the aquarium and enclrng slightly above the water level). 
AY the water level in the aquarium rises, it occludes the open encl of the inverted tnbe, 
and the constant-level siphon converb into a normal siphon with two inlets; this 
increases the flow rate considerably (the amount of increase being related to the 
length of the drainpipe a,ttached to the horizontal tee outlet). As a consequence, the 
water level in the aquarium falls rapidly, and the end of the inverted-U tube is 
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re-exposed, with the system regaining its constant-level feat,ure. If the water inflow 
is slightly higher than the constant-level siphon ~nll  carry off, the water level in 
the a,quarium -will be a t  the mouth of t h e  open tube, and the tube will suck water and 

Drain 

Fig. 2-106: Culture-tank oleaner. (Aftor 
V~NCENT, 1908; modified; not copy- 
righted.) 

air from the surface through a large inflow range. This arrangement removes scum 
forming on the water surface. 

Related equipment with a wide range of applicability are capillary priming 
siphons (p. 246). 

Culture-lank Cleaner 

A suction device for cIeaning culture tanks (VINCENT, 1908) is illustrated in Fig. 
2-108. With the piston valve and lower end of the drainage tube below the water 
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level in the container t o  be cleaned, the bulb is squeezed with one hand and the piston 
valve pressed with the other. Placing the pipette tube in the water, first the bulb, 
and then the piston valve are released, thus starting the siphon. The water flow can 
be regulated by the piston. VINCENT also developed and illustrated a comparable 
device for cleaning culture ponds. For aquaria, numerous diEere11t cleaners that  
work on the same principle are commercially svailable. 

Flour-direction Reverser 

BREDER (1964) illustrates a pipe-valve device which allows water-flow rates to be 
changed from maximum in one direction through zero fo maximum in the opposite 
direction (Fig. 2- 109). With valves A, and B, closed and the others open, maximum 

Fig. 2-109: Flow-direction reverser. The device 
allows flow wtes to  be varied in pipes A and B 
from maximum in one direotion through zero to  
maximum in the opposite direction. (After 
BREDER, 1964; modified ; reproduced by per- 
mission of the author.) 

water flow leaves pipe A and enters pipe B (arrows). If A,  and B, are closed md the 
other two open, net water flow is reversed. To pass slowly through a state of no Bow 
to  reverse flow, either A, or B, is opened gradually. This reduces the speed of water 
movement because of 'back leakage'; after one of the 2 valves has been opened fully, 
the opening of the other valve further retards net flow ; when i t  too has been fully 
opened (all valves fully open), there should be no flow through pipes A and B. By 
beginning to close either A,  or B,, the flow begins to reverse; when these two are 
fully closed, maximum flow in the opposite clirection is reached. 

Equipmend for Controlling Enuironmenhl Factors 

Control of environmental factors is essentiaI for provi&.ng definable andlor repro- 
ducible culture conditions. An overviem of the long list of equipment available for 
controlling environmenhl factors reveals : ( i )  The period. of improvisation and make- 
shift has given way to engineer-designed, commercially available equiprnenc of high 
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performance and reliability; (ii) control of the important factor light has received 
insufficient at,t,t:ntion ; (iii) control of dissolved gases and of organic substances has 
been sadly neglvoted. 

Accounts on environmenta,l factors have been presented in Volumc: I. In  the fol- 
lowing pages, a few examples arc presented of apparatus employed for controlling 
some important environmental factors, especially under condtions of running sea 
water. 

Light  
No artificial light source is entirely satisfactory. Most cultivators have employed 

illumination levels far above those normally encomtxed in the natural habitats of 

Tungsten f i lomen1,500-  

2, While tluorescenl - , - 
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Wavelength (nm) 

Fig. 2-110: Emission spectra o f  tungsten and fluorescollt 
lamps. (Afber CARR, 1970; courtesy General Electric Co. 
Ltd.) 

the organisms investigated. I n  several marine organisms, natural light may be a 
prerequisite for normal development. Hence, ecologists interested in the normal per- 
formance of their culture organisms must conduct experiments under natural light 
conditions (wavelength, intensity, direction, diurnal and annual light rhythms). 
Some animals such as planktonic fish larvae seem to be able to catch their prey with 
sufficient accuracy and eficiency only when the light rays enter the culture enclosure 
from a proper direction (usually from a,bove) and a t  adequate illumination levels. 

Some properties of light sources used in cultivation have received attention by 
CARIE (1970) who briefly considers incandescent lamps, fluorescent lamps and dis- 
charge lamps. 

Among the incandescent lamps, tungsten bulbs give rather continuous broad 
emission spectra, but these are richer in long wavelengths than sunlight, and have no 
ultra-violet components. Tungsten lamps produce considerable irradiance in the 
near-infrared (800-l500 nm) with maximum emission near 900 nm (Fig. 2-110). 
The exact location of the maximum depends upon the operating temperature of 
the lamp which, in turn, is a function of the voltage applied. Hence, the illumination 
charact~ristics obtained from a 50-W bulb differ from those received from a 600-W 
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bulb. With increasing wattages and operating temperatures, the emission spectrum 
moves toward theultre-violet. Since thevisible flus of a tungsten bulbdecreases with 
time until the filament b u n s  out, it is necessary to regularly check the illumination 
actually produced. Tungsten bulbs irradiate over 80% of the i.nput energy as heat. 
This disadvantage must be compensated for by dissipation or absorption (water 
filter). 

In  flnorescent lamps the spectrum, in contrast to natural sunlight, consists of a 
number of discrete emission bands. In  general, these bands c10 not coincide with the 
wavelengths of maximum a,bsorption by chlorophyll. 'Warm White' fluorescent 
lamps are often considered more adequate for cultivation purposes than 'Daylight' 
or 'Cool White' because they generate less ultra-violet. Emitted by a low-pressure 
mercury lamp, the ultrn-vioIet produced in fluorescent lamps is absorbed by phos- 
phors (mostly inorganic salts and oxides) within the tube that  fluoresce a t  longer 
wavelengths. Some control in light quality is possible since variations in the propor- 
tions of the different. phosphom lead to light of different emission characteristics. 
I n  'Warm Whte '  Iamps, the emission spectrum shifts toward the longer waveIengths 
in comparison with the 'Cool White' fluorescent lamp. Infrared radiation is absent. 
In contrast to tu.ngsten bulbs, most energy is dissipated by convection and conduc- 
tion. Hence, fluorescent lamps cause considerably fewer heat problems, and are 
usually preferred by cultivators. 

Discharge lamps produce ultra-violet, visible and infrared light. A large variety 
of discharge lamps are available, operating a t  high or low pressures, and with 
electrodes of different materials. Discharge lamps can deliver narrow bandwidth 
light. CARR (1970) d i s c u ~ ~ e s  the production of defined-wavelength light with the 
rtid of grating rnonochromators or self-absorption and interference filters, as well as 
the control of the amount of radiant energy produced (see also WITHROW and 
WITEROW, 1956; ALTMAN and DITTMER, 1966). 

Light and temperature 
Numerous light- and temperatme-controIled rooms, cabinets or water baths 

have been designed and successfully tested. A convenient light-temperature-con- 
trolled cabinet for unicellular algae cultures can be constructed in Handy Angle or 
Dexion, fa.ced with 3.8-cm-expanded polystyrene boards (DROOP, 1969). The cabinet 
is illuminated from below through a double-glazed base. A domestic refrigerator 
replacement unit maintains temperature levels between 5" and 27" C with 160-W 
fluorescent lighting 30 cm below the baae. Illumination from the side (as in many 
commercial cabinets) cannot provide equal illumination to all cultures. Temperature 
control is effected by a mercury-toluene thermometer which, for trouble-free opera- 
tion over long periods, should control the relay by interrupting a light beam rather 
than an electrical circuit chrectly (although satisfactory results can be obtained if 
the interrupted current js limited to a few hundred micro-amperes). In either case, 
DROOP recommends that  the mercmy be covered by medicinal paraffin to protect 
the meniscus. 

A rubber-glove reach-in cultivation cabinet for long-term use (2 independent, 
alterna.tely operating cooling-heating systems) with controlled, fluctuating 
(diurnal, annual) light and temperature conditions has been constructed by KINNE. 
Based on the original version (KTNNE, 1958a), a more advanced model was devel- 
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oped in 1964 (KINNE, -unpublished). Daily temperature and light schedules are 
programmed onto the periphery of rotating, exchangeable plastic discs (1 rev. in 
24 hrs) and transferred into the control system by contact feelers riding on the rotat- 
ing disc's periphery. Culture hshes on perforated boards can be handled and 
observed though a, microscope without removing them from the cabinet. The 
cabinet has been used for cultivating the cnidarian Cordylophora m p i a ,  as well as a 
variety of snails, amphipods and copepods. 

For maximum control of environmental factors, the aquarium of the Zoological 
Museum a t  the University of Nancy (France) is equipped with electronic light and 
temperature controls (static relays and thermostats) for individual aquaria, linked 
to a general control panel (TERVER, 1972). Based on the automatic control system 
developed a t  the Nancy Aquarium, G E N ~ I  and BRACHOTTE (1.972) describe indivi- 
dual control modules and the use of a thermistance probe (electrical resistance as 
function of temperature). The control panel, corresponding to the layout of the whole 
aquarium, receives information from the individual modules, and relays a visual or 
acoustic alarm to hfferent '1.ook-outs'. 

T e?nperature 
For thermal adjustments in running sea-water systems, the principle of heat ex- 

change has been used with much success. A large variety of heat exchangers are 
commercially available (e.g. Carbone equipment). 

A temperature-control system tha.t delivers constant-temperature (f 0.5 C O )  run- 
ning sea water to a number of aquaria simultaneously (1 1 min-' to each aquarium) 
was developed by Moons and GRAY (1969). The system was planned to :  ( i )  deliver 
water with temperatures ranging from 2" to 40" C (using incoming water of 21' to  
31" C); (ii) use raw sea water that  contains silt, plankton and other objects which 
may cause clogging ; (iii) incorporate no materials which might be toxic or corrosive; 
and (iv) run for a year or more with minimum maintenance. The system supersedes 
earlier designs (MOORE and SANCBEZ, 1.967; MOORE and GRAY, 1968a, b), and em- 
ploys mixing valvcs. An apparatus which provides cycles of warmed and cooled 
water, and which can be programmed for any desired plan, has been described by 
~ o u a ~ r s s o ~  and VIILLET (1963). 

The temperature-control system for recirculation units designed by SCOTT (1972a) 
includes heating, refrigeration, filtration and aera.tion devices on a caster-mounted 
frame. Heating (electric resistance) and cooling (hermetic refrigeration compressor) 

I are performed in s. staii-iless steel combination cooler-heater unit. Temperatures 
can be maintained within k0.06 C" between 2" and 20" C in 900-1 tanks, using a 
modulating electronic temperature controller. The systein is compact and easily 
movable and has been used for cultivating rainbow trout S a l m  ya i rdw i? ;  over an 
8-month period (SCOTT and GILLESPIE, 197 2). 

An inexpensive system for providing temperature-controlled, filtered, running 
sea water (TENORE and HUOUENIN, 1973) features a Ti heat-transfer panel for 
water-temperature regulation. The water is filtered by a combination of filter bags 
and cartridgesof various porosities (resulting in 1 pm-filtered sea water with particu- 
late C concentrations of less than 30 pg 1-l). The temperature-regulated and 
filtered water is pumped into an  insulated header tank for distributioll to experi- 
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mental trays. Alarm systems are installed for reporting excessive temperature and 
water-level fluctuations. 

Additional information concerning temperatlire control of culture systems hns 
been published, for example, by LOOSANOFF (1949), TIGHE-FORD (1967a) and 
LICKEY and co-authors (1970). For exact tempera.ture control, water baths are 
ideal. A large variety of excellent equipment is now commercially available. 

8dinily 

Salinity oontrol in running sea water is not easy to aohieve. The system developed 
by MOORE and GUY (1970) requires a source of sea water, of fresh water and of 
high salinity water (produced in a glass still). It consists of: (i) a mixing valve for 

Sink v 

Fig. 2- I 1  X : Plunger jars. Water movement is produced by slowly raising and lowering a plate 
in the culture container. The counter-belance vessel is periodicelly emptied by siphoning (a) 
or by tipping (b). (After BROWNE, 1898; modified; reproduced by perrniaaion of Marine 
Biological Association of the U.K.) 

blending water from any of the three sources in desired proportions, (ii) an induct- 
ance cell through which the water flows from the mixing valve, and (iii) a Beckmann 
salinorneter and relay system that  measures the output of the cell and controls the 
mixing valve so as to maintain a predetermined mixture. The control system 
delivers 1 1 min-' of water with salinities from about Ox, to 35%,. It should be pos- 
sible to insert a differential gear in the salinity shaft and to power this from the 
torque amplifier with the aim of controlling the system by a programmer. Water of 
reduced salinity can best be prepared by dilution e t h  uncontaminated rain water. 
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Where rain water is not available, aged tap water or glass-distilled water are accept- 
able. Chlorinated tap water sl~ould be aerated before use for 3 (20" C) or 4 days 
(10" C) in order to remove excess chloride. 

Water movement 

Water movement is of basic ecological importance to aquatic life (Volume I: 
RIIDL, 1971a, b ;  SCHWENKE, 1971). In culture systems, water movement is the key 
to water treatment (p. 100). The equipment employed for generating water move- 
ment depends on system size and type of water movement to be created. Common 
equipment comprises aerators (p, 183), shakers, rotators, stirrers and paddle devices. 

Shaker 

Schou kel 

Fig. 2-1 I2 : Wator-movement generation by shaker, schaukel and piston-pump. 
(Mter SVOBODA, 1970; modified; reproduced by permission of Biologsche Anstalt 
Hclgoland.) 

In small culture systems with capacities in the millilitre range, water movement 
can be produced by temperature gradients, evaporation or capillary forces. In 
systems containing up to about 1 1 of culture medium, simple methods for producing 
water movement are : ( j )  to allow single air bubblea to ascend a t  intervals (e.g. 1 or 2 
seos) to  the surface; (ii) to create slow pressure fluctuations, e.g. with a rubber ball 
atta.ched to a pipette communicating with the cuIture medium (e.g. HANNERZ, 
1962/53) : by alternately depressing and releasing the rubber ball, the pipette rhyth- 
mically pours out and sucks in water ; (iii) gentle stirring, e.g. by slowly rotatingglass 
rods (e.g. ANTEIONY, 1910; HAGMEIEJL, 1933). 

In medium-sized culture systems with capacitiesbetween one and severalthousand 
litres, a great variety of equipment has been used for creating water movement. 
Numerous examples can be found in this and other chapters of the present volume. 
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A classic technique is the plunger ja,r (BROWNE, 1897). It was originally used to 
keep plankters afloat by gentle water movement, in the absence of bubble aeration. 
A glass plate with a centre hole is slowly raised a.nd lowered, traditionally by a 
counterbalancing container, which is periodically Nled with water a,nd emptied by 
siphoning (Fig. 2-1 1 1s) or tipping (Fig. 2- 11 lb) .  The a.dvantage of the plunger jar is 
its simplicity; its disadvantages lie in the potentia,l damage which may be caused 
to delicate forms, as well as in the intermittent turbulence caused. Later systems 
of vanes and paddles moving in the water share the plunger jar's tendency to damage 
delicate organisms (e.g. RICE and WILLTAMSON, 1970). Examples for producing 
water movement by flow-through techniques have been provided in the eection 
devoted to open sea-water systems. 

Shaker, schaukel and piston-pump are illustrhated in Fig. 2-1 12. A space-saving 
design with stacked boxes is illustrated in Fig. 2-1 13. The schaukel consists of a long 
container, forced into slow up-and-down motions by an eccentric cam. SVOBODA 

l 
BOX i %F= 

Fig. 2-113: Space-saving ~hnker with stackable boxes. (After HA~NSCHILD,  
1968 ; rnodfied ; reproduced by permission o f  VEB Guetav Fischer. Jena.) 

(1970) found that  shaker and schaukel produce water-movement rhythms wlich 
are too fast for cultivating the hydroid Aglaophenia plum. Hence, he simulated 
slow, oscillating water movement in a piston-pump system. In  this system, an 
eccentric cam moves a piston up and down in a cylinder, forcing culture water 
through a Plexiglas tube in and out of a compensation cylinder. The piston is 60 cm 
long, contains 50 1 water and displaces 40 1 of culture medium during maximum. 
stroke length. A pumping cycle lasts 7 secs and produces arnaximum water move- 
ment vclocity of 160 cm sec-'. The velocity can be reduced down to 70 cm sec-' 
by shortening the length of the piston stroke. The Plexiglas tube serves as culture 
enclosure; it is partitioned a t  both ends by horizontally and vertically arranged 
Plexiglas plates, in order to avoid undesired turbulences. In  the compensation 
cylinder, these plates can be removed to allow access to the tube. Piston and cylin- 
ders are constructed from PVC. Friction and turbulencr cause a heating effect 
(3 C" above room temperature) which must be counteracted through cooling. 

Rotators and combin.ations of rotators and shakers have been used with much 
success for culturing a variety of marine organisms. In  most cases, i t  turned out to 
be essential that  the rotations be slow. AJl devices designed and tested enhance both 
water movement and gaseous exchange. An example of a. rotator used for zoo- 
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plankton cultivation has been provided on p. 233. For cultivating protozoans, 
HJELM (1970) developed the culture-bottle rotator illustrated in Fig. 2- 114. In this 
rotator, exponential population growth of Tetrahymena pjrifvrmis continued up to 
about 106 cells ml-l. The culture container is centred and fastened on plate P, 
carried by the axles A and A , ,  which are rotated by a motor (not shown). Rotation 
speed can be varied between 50 and 400 rpm (normal speed: below 300-350 rpm). 
The rotator is positioned above a thermostated water bath, and the tempera,ture 
of the cultures is controlled by pumping water from the bath onto the container 
through tap T. A transparent bottomless plastic box with slits for the axle A , ,  
and for the neck of the container, surrounds tap and container (prevention of exces- 
sive water splashing). Air is led into the container through glass tubing in the stop- 
per, which is connected by rubber tubing to  the stainless steel tubing U that  rotates 
ins-ide a similar tubing V (connected to the air pump). 

Tronsporent plastic box 
S- \ 

Fig. 2-114: Rotator for protozoan cultures. A and A, : axles carrying plate P 
to which the cultures ere attached; R :  ring-shaped plfbte ; S, : screws holding 
P m d  R together; S?: centring screws; S, : screw7 for fixing position of A ,  
inside A ;  T :  tap; U and V :  stainless-steel tubings leading air into the 
culture. (After HJRLM, 1970; modified ; from Experimental Cell Research 60, 
p. 192; reproduced by permission of Acdernjc Press.) 

Responses of gamrnarids to different ambient oxygen concentrations under 
varying conditions of water movement were observed in the apparatus described 
by Voms (1973). 'The apparatus makes use of the laboratory-stream technique 
(Fig. 2-1 15). Water of defined oxygen content is stored in Plexiglas cylinders, and 
enter8 the screened animal chambers through dosirneter pumps. 

Laboratory streams-as models of small water currents-have been elnployed 
by several experimental ecologists. Most studies were concerned with limnic orga- 
uislns (e.g. F ~ s ~ r c m s  and L ~ D R O T H ,  1954; ODUM and HOSKXK, 1957; KALLEBERC, 
1958; Ardsk, 1961 ; ZIMMERMANN, 1961 ; WARREN and co-authors, 1964; Dams 
and WARREN, 1965; EXCRENBERGER and W ~ M B N N ,  1966; BROCKSEN and co- 
authors, 1968). Objectives, possibilities and constraints of laboratory-stream 
research have been reviewed by WARREN and DAVIS (1971); the equipment used 
has received attention from LUTECER and MAIER (1963), LAUFF and CUMMW~ 
(1964), WHITFORD and co-authors (1964), HARTMAN (1965), GEE and B m ~ m  
(1969), ZIEQELMEIER (1969) and WARREN and DAVIS (1971). 



LUTHER and ~ZLIER (1963) developed a small, paddle-wheel-driven laboratory 
stream (Fig. 2-1 15a) for orientation experiments on marine invertebrates. This 
a.pparatus was rebuilt and modified by ZIEQELMEIER (1969), who investigated 
current-dependent tube- building activities in marine polychaetes (Fig. 2- 1 15b). 

Fig. 2-116: Small laboratory etwams. a: Top view. (After LUTEER a d  MW, 
1963.) b: Side view. (After ZXEQELYLEIER. 1969; both reproduced by per- 
mkion of Biologische Anetalt Helpland.) 

A similar but larger laboratory stream (Fig. 2-1 16) has been used by WARREN and 
Dams (1971). The laboratory stream of FELDMETB (1970) provides relatively 
large rearing areaa and. can be operated with different current speeds. The cornpac t 
design allows rapidly flowing water counra to be set up in a rather small 1aborat .q 
area. 
In large culture systems with volumes exceehg several thousand litres, pumps 

end gravity feed are most wmmonly used for producing water movement. Several 
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Sea 

Fig. 2-1.1.6: Laboratory stream designed aseemi-opensyste~n with flow mator 
end variable-speed motor. (After WARREN and DAVIS, 1971; modified; 
reproduoed by permission of Annual Reviews Inc.) 
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Fig. 2-1 17 : Thormal g d i e n t  plate for cultivating small 
organisms. (After THOYAS endco.authors, 1963 ; repro- 
duced by permission of American Society of Limnology 
and Oceanography, Inc.) 

aquacult-ure farms employ aeration (p. 146) as a mea.ns to secure both the nccessargr 
oxygen supply and adequate water movement. Numerous makes of sea-water inert 
pumps are now commercially available and so are highly efioient, large-size aeration 
un.ita. 
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Dissolved gases 

Ru.ming sea water with constant concentrations of dissolved oxygen can be 
obtained from a.n apparatus described by HICKS and DEWITT (1.970). The a-pparatus 
discharges streams of water controllable withn 0.2 rng 0, I-' over a wide range of 
oxygen concentrations. Individual streams can be maintained at any flow rate be- 
tween 175 and 350 m1 min-'. The system can be used for running-water-toxicity 
bioasssys, in which constant dissolved-oxygen conditions are desired. SCOTT (1 971) 
monitored fish-tank oxygen concentrations with a digital recorder, and PEAK and 
co-authors (1971) designed a simple, automatic servo-mechanism for controlling 
oxygen tendon in aquaria. 
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( b )  
Fig. 2-118: Light-temperature gradient plate. (a) Growth respomes of the rhodophycean 

Cenhocerae clavulahm in enriched sea water of 33ym/,S. Daylength 14 hrs. Each 8qUWe 
represents a Petri diah. (b) Plate counta of colonies of the blue-green alga ApeneUum 
pdruplieatum. The numbers refer to colonies inch-2. (After VAN BWN and EDWUDS, 
1973; reproduced by permission of Cambridge University Press.) 

Environmental gradients 
Environmental gradients (e.g. light, temperature, salinity, chemical substances), 

in which the organisms studied develop differentially according to their require- 
ments or in which they are allowed .Go select their zone of preference, have been 
designed by SHELPORD and ~ E E  (191 3),  HERTER (1925, 1934), H~~QLUND (1951, 
1961), Z m  (1960), JANSSON (1962), GANNING and WULF (1966), S T A ~ D  (1.969), 
GOTTWALD (1.970), a.nd DUSENBERY (1 973). For a review on variorls types of gra- 
dient equipment used in the study of fishes consult FRY (1960). Pref~rence experi- 
men& yreld preliminary information on environmental requirements and are 
important for designing proper culture conditions. 

Thermal gradient plates for cultivating bacteria (e.g. OPPENHEIMER and DROST- 
HANSEN, 1959; CANNEPAX, 1962; LANDMAN and co-authors, 1962), algae (e.g. 
EPPLEY and &LCUSR, 1962), and bacteria, algae and foraminifers (Trro~as and 
co-authors, 1963), as well by other small organisms, consist of a meta.1 block with 
holes for accommodating culture tubes, and have a provision for cooling one part of 
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the block and heating the other. An example is illustrated in Fig. 2-1 17. Cold water 
enters the left end of the alumiai-urn block, warm water the right end. 

A light-temperature gradient plate has proven useful for determining combined 
light and temperature effects on cultured algae (HALLDAL and XEENCE, 1956, 
1968; EDWARDS and VAN BAALEN, 1970; VAN BAALEN and EDWARDS, 1973). 
Originally described by EDWARDS and VAN BAALEW ( l  9701, the plate can be used to 
accommodate small Petri dishes or other culture vessels. The plate is of a.l-uminium, 
14 X 16 X 0.76 mm, and insulated with styrofoam on the bottom and along the 
edges. Cooling and heating ba.ths are connected to either side of the plate via rubber 
tubing. The temperature gradient is controlled by thermocouples, which regulate 
the tempera.ture in the cooling and heating ba.ths. Illumination can be varied over a 

Fig. 2-1 19 : Recirculation tube for culturing 
hydroid colonies. (After BROWNE, X907 ; 
modified; reproduced by permission of 
Marine Biological hsociation of the U.K.) 

limited range in wavelength and intensity by choice of the fluorescent lamp phos- 
phor (p. 198) and its distance from the front edge of the plate. Daylength can be 
programmed with an interval timer. Examples of experimental results obtained 
with the light-temperature gradient plate are illustrated in Fig. 2-1 18a and b. 

Horizontal gradients of dispersants have been produced by WESON (1974) in a 
'fluvarium' which generates a stepwise gradient a t  right angles to  the direction of 
water flow. W ~ S O N ' s  apparatus, modified after HOGLUND (1 961), has been used for 
examining the ability of herring and plaice larvae to avoid oil dispersants. 

Small Recirculation Devices 

A small continuous recirculation tube for growing hydroids (e.g. Bougainvillia 
musczls) has been used by BROWNE (1907). Installed in a, bell jar, the device consists 
of a glass tube (32 mm diameter, 200 mm length) from which water is continuously 



withdrawn by an airlift. The resulting water current facilitates metabolic excb.an.ge 
and provides contact with food organisms (e.g. copepods) added to the culture 
water (Fig. 2- 11 9). Where required, the assembly could easily be combined with a 
aand-grave1 filter. 

SORUELOOS and PERSOONE (1 972) tested and described three recirculation de- 
vices for cultivating a variety of aquatic animals (protozoans, rotifers, crustaceans, 
and larvae of rnoLluscs and Gshes): a single-cylinder recirculator n ~ d  two double- 
cylinder recirculators. 

Fig. 2-120: Single re- 
circulator. (After 
SORGELOO~ and 
l%moom, 1972; 
modified ; repro- 
duced by permis- 
sion o f  Springer- 
Verlag. ) 

The single-cylinder recirculator (Fig. 2-120) consists of a glass c y h d e r  with an 
airlift. Continuous recirculation of the culture water prevents sedimentation of 
cultivated organisms and food particles. Recirculetjon speed can be regulated via  
nix6-inflow volume and heightaiarneter ratio of cylinder ancl lift tube. 

The double-cylinder recirculator without accessories has an internal glass 
cylinder with pla.nkto11 ga.uze glued to its bottom, which prevents the animals 
cultivated from passing through the lift tube (Fig. 2-121). The internal cylinder 
(animal compartment) can be removed, facilitating collection or transfer of the 
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animals. Particula.te wastes can be drained via a. stopcock. An overflow allows 
repIenishment or renewal of the culture medium during the experiment. 

The double-cylinder recirculator with accessories features a lateral siphon drain 
and a water-collecting tube (Fig. 2-122). The siphon drain can be operated with 
stopcock 1 closed, and a given amount of water siphoned off through stopcock 2 ;  
with stopcocks 1 and 2 cpen, the drain becomes a constant-level siphon (p. 191) 
lowering the water level from a to b. The water-collecting tube causes effects com- 
parable to  the 'wave maker' mentioned on p.  229. Water is lifted through the 

Llft 
tube 

Fig. 2-121 : Double-cylinder recirculator with 
animal compartment, overflow and 
bottom drain. (After SOROELOOS and 
PERSOONE, 1972 ; modilied ; reproduced 
by permission of Springer-Verlag.) 

lift tube into the wider collecting tube until it reaches level c ;  then siphoning 
begins, rapidly emptying the tube to level d. The sudden wa.ter flow creates a current 
which cleans the gauze bottom and ensures intermittent, thorough mixing of the 
culture water. (The most efficient gauze-bottom cleaning can be affected by back- 
washing.) &-flow rate and di~nensions of elevator and collecting-tube parts deter- 
mine the length of the time intervals between successive discharges and the water 
mass involved. SORGELGCJS and PERSOONE (1972) drained about 1/10 of the 
culture-cylinder volume every other minute. The device can be supplied with fresh 
culture medum by electromagnetic valves, multi-channel pumps, or Mariotte 
flasks. 
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Siphon 
drain 

Fig. 2-122: Double-cylinder recirculator 89 in Fig. 2-121, 
but with siphon drain and water-collecting tube which 
provides a wave effect. 1,2: stopcocks; a, b : water-level 
height. (Aftor SOROELOOS end P ~ O O N E ,  l972 ; modi- 
fied ; reproduced by permission of Springer-Verlag.) 

Many aspects of population ecology and the dynamics of multispecies cultures 
and microcosms (Chapter 6) can be studied more adequa.tely in continuous-fluw 
cultures than in ba.tch cultures (see.al~o Chapters 3, 4 and 5). In  batch cultures, 
environmental and nutritive conhtions t,end to  change quickly and extensively ; the 
changes incurred are often unpredictable nnd largely uncontrollable. Only in con- 
tinuous cultures can the organisms be maintained u.nder predetermined, feedback- 
controlled circumstances. 

Continuous-culture devices consist of: (i) a culture enclosure; (ii) equipment for 
delive1:ing and removing culture medium (nutrient supply, dilution and removal of 
metabolic proclucts) and for reducing the population density of the organism cul- 
tured ; (iii) a mechanism for thorough mixing of culture-container contents; (iv) 
aystems for controlling culture volume, temperature, ga~eous contents of the culture 
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Fig. 2-123: Essential components of a, continuous.culturo 
device : medium reservoir, metering pump, culture enclosure 
with stirrer, temperature control, air supply and a receiver 
for efEluent culture fluid. (Aftor EVANS md co-authors, IQ70 ; 
reproduced by pormisaion of Academic Press.) 
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Fig. 2-124 : Simplest form of a chemostat. 
(After POWELL, 1965 ; modified; repro- 
duced by pennission of Labaa.lory 
Practice. ) 

water, water movement, etc. The essential components of a continuous-culture 
device are illustrated in Fig. 2-123. 

Continuous-culture co~ditions can be provided (i) by using a constant-volume 
device and maintaining a constant culture-medium flow, thus allowing the popula- 
tion density to equilibrate (chernostat); (ii) by regulating the medium flow SO aa to 
obtain a constant population density (turbidostat). 

Continuous cultures usually contain organisms in randomly different states of 
development. Where material of an identical physiologicel state is desired, S F -  



chronization becomes necessary (see also Chapter 4.1). Synchronization can be 
effected in two ways: (i) An originaly random population is subjected repeatedly 
to a timed environmental stress that initiates, prv~~lotes or slows cyclic processes. 
( j i )  Certain developmental stages (e.g. spores, dividing cells) are differentially 61- 
tered , centrifuged or manually selected. Shock treatment through heavy stress can 
mohfy functions or structures of the cultured organisms and may produce effects 
tha t  become apparent only after considerable time. Such consequences of envuon- 
ment-stress synchroniza.tion are insufficiently investigated. An ecologicallp accept- 
able method is synchronization by defined photoperiod rhythms. However, not all 
organisms may be sufficiently susceptible to such treatment. A combination of 
photoperiod and non-detrimental changes in temperature may yield optimum 
results. 

Fig. 2-125: Flow diagram of a chemostat for culturing rotifers, based on the 
followingsraumptions : ( i )  no algal growth occurs between A and B ; (ii)  there 
is no negative slope in the working region of the nutrient concentration/ 
growth-rate relation ; ( i i i  ) steady-state conditions prevail. (After DROOP, am: 
CONOVEB, 1970; modified; reproduced by permission of Biologische 
Anstalt Helgoland .) 

Culture 
rned~um 

In a chemostat, the continuous, defined flow rates of culture medium and nutri- 
ents produce a situation in which s limiting factor controls the equilibrium between 
supply and consumption of life-supporting energy and matter. The principal a,dvan- 
tages of the chemostat are: (i) The state of dynamic equilibrium can be altered by 
introducing controlled changes (e.g. in nutrient supply; medium flow rate, tempera- 
ture, sa,li tiity, oxygen, etc. ; addition of toxicants, removal of specimens). Analyses 
of the consequences of such alterations yield insights into the forces which, control 
intra- and interspecific co-existence. (ii) Results are produced on a statistical basis. 
Major disadvantages of the chemostat are : (i) 'unnaturdly' high population densi- 
ties; (ii) ma.i.utenance of logarithmic growth rates and perfect equilibria, which 
may rarely be realized in marine environments. 

Cbernostats have been used extensively as a statistical instrument for studying 
population dynamics in marine micro-organisms and unicellular plants. In mixed 
cultures of micro-organisms, specific nutritional circumstances may be chosen, so as 
to analyze the dynamics of competition and co-existence (e.g. VELDXAMP and 
JANNASCH, 1972). Chemostat experiments with marine animals have thus far been 
restricted ta osmotrophs and ba.cteria- or phytoplankton feeders. 
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Chemostats have received attention from MONOD (1950), NOVICK and SZURD 
( 1  950), HERBERT (1  958), HERBERT and co-authors ( 1  965), DROOP ( 1  966b, 1969) 
and CONOVE~Z (1970). POWELL (1965) and TEMPEST (1970) have provided useful 
accounts regarding the theory of the chemostat, and EVANS and co-authors (1970) 
have presented a comprehensive pa.per on chemosht construction, as well as a list 
of manufa.cturers of chemost;bt components. 

It is convenient t o  construct chernostnts in two separable parts, a fermenter unit 
and a control unit, so that  one set of control instruments can be used with a range of 

Fig. 2- 126 : Chemostnt dynamics. Relationship between growth 
rote of a rotifer population rmrl algal input. 'R: concentration 
of nutrient input at A (see Fig. 2-125) in mP3;  8 :  output of 
algee at  B (rnl-$) ; X :  rotifer m s  (ml-j) ; 4: dimensionleas 
net conversion factor; E :  maintenance constant with dimen- 
sion t - l ;  p :  spccific growtl~ rate with dimension t - ' .  (After 
DROOP, in: CONOVER, 1970; reproduced by  perrnissioil of 
13iologische Anstalt Relgolend.) 

fermenter units of different capacities (HERBERT and co-authors, 1966). The fer- 
menter unit comprises the culture enclosure, medium and antifoam reservoirs, 
effluent receiver, medium a.nd antifoam pumps, and acid or a.lkali reservoirs with 
their associated valves. In order to obtain rapid a,nd complete mixing, vigorous 
stirring is necessary. Stirring is effected by dispeming sterile air or by mechanical or 
magnetic means. The culture volume is controlled by an overflow. Samples may be 
withdrawn directly from the culture enclosure, but  as this causes a sudden decrease 
in culture volume, and a corresponding increase in dilution rate, sample volumes 
must be restricted to a few percent of the culture-enclosure content. Larger samples 
can be collected from the overflow, in which case the weir type of ovorflow is prefer- 
able t o  the external type of overflow, unless the flow rate is large. According to HER- 
BERT and co-authors, proper flow control requires: (i) variability of flow rate over a 



range of a.t lea,st 20 to 1 ; (ii) long-term constancy of a given flow setting within a 
few percent; (iii) possibility of sterilizing (autoclaving) all parts in contact with the 
culture medium; (iv) medium passage without biological or chemical contamina- 
tion. The most reliable flow control is facilitated by employing a. properly 
designed metering pump. 

A diagram of the simplest form of chemostat is presented in Fig. 2-1.24. DROOP 
(1966, and in: CONOVER, 1970) has used a ch-emostat for cultivating the rotifer 
.Brachionus plicatdlis (Chapter 5). The flow diagram of his rotifer chemostnt is illus- 
trated in Fig. 2-125. I n  the rotifer culture compartment, the perfectly mixed 
medium flow8 in and out a t  a constant rate, and the .B.plica.tilia population gxows a8 
fast as the food-alga (nutrient) concentration permita, reaohing a steady-shte in 
which rates of population growth and wash-out are identical. Maximum stability 
of the system can be attained by employing the combination of an algal chemostat 
(autotroph producer) and rotifer chemostat (heterotroph consumer), separated by a 
sensing device that  doses cultare medium and food algae in proportions necessary 
to maintain a constant algal concentration. The dosemeter senses algal density a t  
fixed intervals and decides whether to dose an aliquot of culture medium or an equal 
aliquot of algal culture. Interval and aliquot size are a.djustable, as is algal densiby. 
In the long run, this leads to constant medium flow and constant food levels, which 
can be lliaintained over months. After each cha.nge, e.g. in flow rate, it takes a week 
or two to  reach a new equilibrium. In  this way, dynamics of nutrition and population 
growth can be analyzed (Fig. 2-126). 

A diagram of the chemostat used by DROOP (1 966) for measuring the parameters 
of vitamin B,, requirement in the chrysomonad Monockysis lutheri is illustratecl in 
Fig. 4-18. The chemostat consists of a medium reservoir, a spherical constant- 
level culture enclosure (reactor), placed in a photothermostat with 2000 lux con- 
tinuous illumination and an effluent receiver. Filtered air is pumped through the 
system for aeration (at the rate of 400 m1 min-' ), stirring and medium transport. The 
air is water-satu~aated to lessen evaporation from the culture, the cotton-wool air 
filters being gently warmed to  keep them dry. Mixing of the culture is a.ided by the 
spherical shape of the culture enclosure and the eccentric position of the medium-air 
nozzle. Ports are provided in the various containers for inoculation, medium re- 
plenishment and sampling. The chemostat is made entirely of glass a,nd silicone 
rubber, and can be amtoclsved. The positive air pressure within the system ensures 
~teri l i ty during c o n t ~ u o u s  operation. Aliquots of culture medium are metered into 
the culture vessel a t  hourly intervals. This i& effected by 2 clamp-type solenoid 
valves, operated by a timer. Both valves close together. Valve l. (SV,) remains 
dosed for about 20 secs, Valve 2 (SV,), a little longer. Closing of Valve 1 raises the 
culture medium in the dosemeter, while the opening of Valve 2--n little later- 
allows the medium to flow slowly into the culture enclosure, until the level in the 
dosemeter has dropped to a position determined by the (adjustable) height (h) of 
the junction of the medium and air tubes. According to DROOP, this dosage system 
has the advantage of reliability over capillary systems, and of economy over 
peristaltic pumps; but i t  h a ~ l  the disadvantage that  a truly continuous flow is not 
provided. However, the dosage interval never exceeded one twenty-fifth of the 
generation time of the organiim cultwed. 

For cultivating tintinnids, a semi-a.utomatic, continuous-flow system was 
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developed by GOLD (1973). The system controls the yield through adjustment of 
both food input and flow rate (Fig. 2-127). In  the case of Tintinnopsis beroidea, 

Fluorescent light tube 

Culture container 

Fig. 2-127: Continuous-Bow sptem for cultivating the ciliate Tintin@ bemideo 
(not drawn to male). Food algae aro added intermittently. (After Mm, 1973; 
modified; reproduced by permission of American Society of Zoologists.) 

maximum sustained yield approached 10-3 cells ml-l. The intermittent addition of 
food (4 algae: Isochrysis galbana, Platymonas tetrathele, Rlwdomonas lens and an  
unidentified species) was the only function not carried out automatically. While i t  
would be simple to grow I. galbana and the unidentified species a t  the same 
temperature as the tintinnid (10" C), P. tetrathele and R. lens require higher tempera- 
tures (10" to 15" C), and grow poorly-r not at all-at 10" C. These different ther- 
mal requirements of consumer and food were the principal reason for intermittent 
food addtion. According to GOLD, T. beroidea is the first phytopiankton-feeding 
protozoan cultured in a continuous-flow system. 

Turbidostat 

To the marine ecologist, it is important t o  study population pa,rameters a t  indi- 
vidual densities comparable to  in situ conditions. This is possible in a turbidostat 
where the rate of flow is controlled by population density (in a chemostat, population 
density is controlled by flow rate and hence, is usually much higher than in the sea). 
In modern turbidostats, a photoelectric monitor detects deviatior~s from a pre-set 
culture density (turbibty) a.nd initiates (via pump or valve) a compensatory in- 
crease or decrease in dilution rate of the c-ulture medium. Apart from the photo- 
electric control system and some optical requirements with respect to the culture 
tube, all the components of a turbidostat have functions similar to those of a 
chemostat. 
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The apparatus illustrated in Fig. 2-128 m n  be used either as a chemostat or as a 
turbidoutat ; i t  employs an external optical cell (photometer) in a circulation line, 
and can be fitted to any conventionally stirred fermenter (HEBBERT and co-authors, 
1.966). Circulation is effected by an external peristaltic pump (Pump 2), drawing 

- - -  
- Culture - 

- - - - -  

Fig. 2-128: Continuous culture system, which can be used as a chemostet or tur - 
bidostat. By converting the recorder into a recorder-controller (to regulate the 
action of the culture medium metering Pump l ) ,  the chemostat becomes a 
turbidostat. (After HERBERT and co-authors, IQIIB; modified; reproduced by 
permission of Laboratmy Practice.) 

culture medium downwards through a vedical pipe inside the fermenter a t  a rate 
which allows air bubbles to rise (so that  culture medium reaching the optical cell in 
the photometer is bubble free). Part of the circulation line containing the flow- 
through cell can be isolated and Bushed with 3N NaOH followed by sterile water; 
such procedures remove wall growth and keep the cell clean for at least 1 month 
without contaminating the culture medium. The photometer signal is fed to a re- 
corder-controller, operating control conta,cts when the turbidity reaches a pro- 
grammed level. The contacts activate a metering pump (Pump I )  which adds fresh 
medium to the culture container; the volume of the medium added is registered on 
a second recorder (not shown). The pump is set to about twice the steady-state flow 
rate corresponding to the optical density selected, so that  i t  is on or off for about 
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equal periods; this results in a close control of optical density. By switchng off the 
control system and opera-ling t4hc metering pump continuvusly a t  a constant rate, 
the turbidostat becomes a ohernostat, with the extra facility of continuous optical- 
density recording. Turbidostat tecl~niques have been considered, for example, by 
BRYSON (1952), ANDERSON (1953), PHLLLIPS and MYZRS (1954), FOGQ and co- 
authors (1959) and DROOP (1969). A comprehensive account on turbidostat oper- 
ation, design and application in microbiology has been presented by MUNSON (1970). 

Air /CO, Nutrient medium 

Solenoid volve 

Sompre outlet 

Heater unit 

Fig. 2-129: Continuous-culture light thermostat. Diagram. (After 
SEN~ER and co-authors, 1972; modified; reproduced by per- 
miesion of Academic Prcar:.) 

Light thermostats for continuous and synchronous cultures of photo-autotrophs 
(bacteria, algae, flagellates, ciliates), which may serve as food organisms for a 
variety of marine animals, have been employed by a number of experimental 
ecologists and physiologists (e.g. PRAU and co-authors, 1971; SENQER and co- 
authors, 1972). The apparatus illustrated in Pig. 2-129 is produced comlnercially by 
Kniese Apparat~bau GmbH, Marburg, FRG. 
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(b) Specific Equipment 

Specific culture equipment is referred to in Chapters 3, 4 and 6 .  A few additional 
examples follow below. 

Dialysis Cult.u;res 

Introduced by METCHNIKOFF and co-authors ( 1896), artificial membranes have 
been used by numerous investigators for cultivating micro-organisms (see review by 
SCWLTZ and GE-RDT, 1969). I n  regard to marine organisms, dialysis cultures 
have thus far been restricted to unicellular phytoplankters (TRAINOR, 1965 ; JENSEN 
and co-authors, 1972). JENSEN and co-authors cultivated a variety of unicellular 
algae under laboratory as well as under field conditxons. They found the dialysis 
technique to  be very weful : It produces a high algae yield, facilitates quality assess- 
ment of a given volume of sea water for supporting phgtoplankton growth, and 
allo~vs the evaluation of the effects of environmental factors, includjng pollutants, 
under close-to-natural conditions. 

The apparatus employed by JENSEN and co-authors (1972) is illustrated in Fig. 
4-tia. Membrane filters of various porosities or dinlysis tubing made of regenerated 
cellulose were used as dialysis membranes. Most experiments were carried out in 
dialysis bags (Fig. 4-6b), mounted on a rotating support. Under laboratory condi- 
tions, dialysis cultures of a number of algae gave dense populations when grown in 
running, non-enriched sea, water (Table 2-37). In  the open sea, satisfactory growth 
was obtained in most cases. 

A number of technical problems remain to be solved. JENSEN end co-authors 
(1972) list the following: (i) Light penetration through very dense culture8 (Light 
tubes may be introduced directly into the cultures); (U) diffusion-limited growth 
(porous membrane materials will speed up nutrient support) ; (iii) inhomogeneity of 
culture population inside narrow bags (this can, perhaps, be overcome by pumping). 

Accumulation and Isolation of Unicellular and 
Small Multicelluhr Organisms 

In  freshly collected samples, accumulation of unicellular and small multicellular 
organisms is acheved by decantation, pipetting or sieving ; selective seclimenta.tion ; 
centrifugation ; migration initiated by environmental or nutrient gradients; elutria- 
tion; and interphase accumulation. Most of these methods may also be used for 
isolation which, in addition, requires sterilization (p. 1 02) : repeated transfer of 
individuals through a sequence of culture dishes containing sterile media and 
antibiotics. For details consult Chapters 4.1 and 6.1. General accounts on sampIing, 
accumulation and separation of meiofauna have been provlded by HULXNOS (1971), 
H u m ~ s  and GRAY (1 971), ELMGREN (1973) and U ~ G  and co-authors (1973). 

Decantation, pipetting, sieving, sedimentation and centrifugation do not involve 
equipment that  would require special mention here. Equipment used for migration, 
elutriation and interphase-accumula,tion techniques receives brief attention in the 
following paragraphs. 
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Migration of mesopsa~nmal (interstitial) microfauna elements from a sedment 
sample into an accumulation dish car1 b(1 effected by establishing environment a1 

gradients ( e .g .  temperature, salinity, dissolved gases). Such 'climate deterioration 
technique' has beenemployed by Umrc (1 964b, 1968). Crushedsea-wabrice, placed 
on top of a sediment sample, forces the vagile microfauna to leave the sediment, 
to pnss through a nylon gauze, and to enter a sea water-filled accumulation dish 

Table 2-37 

Dialysis cultures of phgtoplankters. Approximately 3000 
lux (24 hrs) ; 8"-12" C; X-on-enriched sea water, passing the 
test tank a t  a fiow r&te of 200 1 day-' (After JENSEN and co- 
authors, 1972 ; reproduced by permission of North-Holland 

Publishing Company) 

Species Final density 

Skelelonema cmi&urn 
Thalasai0mm.a natxachkdea 
Natnhka Iranailam, var. 
deru-sa f .  deEica8ula 
Thabaiosi~a p e w 3 m n . a  
Phaeo&ctyZ~rm tricornuturn 
(fonyaUIQ1: hmarewk 
Gonyauloz spinifera 
Peridinium, trochoideum 
Prorocendmna micarrs 

2-0 X 107 cells ml-' 
2-6 X 106 ce11s ml-I 

1.0 x 106 cells ml-l 
2.4 X 10' cells r n l - I  
2.4 x 10' cells ml-I 
4.0 X l O4 cells ml-I 
3.0 x 104 cells ml-' 
3-0 X 104 cells ml-I 
1.0 X 104 cells ml-l 

Pelri dish Accurnulotion dish 

Fig. 2- 130: Crushed, melting sea-weter ice forces protozoens 
and other interstitial organisms to leave the sediment 
sample, pass through a nylon gauze and to enter the 
filtered sea water in the accumulation dish. (After UHLIQ, 
1964; modified; reproduced by permission of Biologische 
Anstalt Helgoland.) 
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(Fig. 2-1 30). The effects of the melting ice are primarily due to the resulting salinity 
gradient, to a lesser degree to a reduction in temperature. The sea-water ice tech- 
nique is most effective in sandy sediments with a capillary structure. Muddy sedi- 
ments require treatment of sediment fract,ions and repeated extraction. U ~ ~ z a ' s  
methods can be amended by subsequent decantation and elutriation (see below); 
for flagellates and ciliates, the efficiency of the forced migration is close to 100%. 

Thistle 
CUP 

Erlenmeyer 

Fig. 2-131 ; Migration tube system for isolation and purification. The 
ciliate8 migrate from thistle cup to the Erlenrneyer containing 
nutrient medium. About 120 mm long g k ~ s ~  tubing of 6 mm internal 
diameter. (After PHELPS and FERNANDEZ, I900 ; modified ; reproduced 
by permission of Universidad de Costa Rica.) 

Tn the migration-tube system developed by PFIELPS and FERNANDEZ (1960; see 
also PHELPS, 19471, motile micro-organisms out-swim their accompctnying contami- 
nants and thus facilitate isolation and p~rificat~ion (Fig. 2-131). Nutrient medium is 
placed in an Erlenmeyer f l ~ k  with rubber stopper, entry and exit tubes, and 
plugged with cotton. This whole arrangement is then autoclaved while a clamp 
prevents the medium from flowing. The Erlenmeyer is shaken thoroughly to aerate 
the mechum, thc clarnp removed and air is blown through the short entry glass tub- 
ing, provided with sterile cotton, in. order to fill the tube system wit,h medium. If 
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bubbles remain in the tubing, they must be removed by sucking the medium back 
and by ngnin forcing i t  through until the fluid in the Erlenmeyer and that  in  the 
thistle cup are a t  the same level. A pinch clamp is applied to the rubber tubing and 
about 2 m1 of medium withdrawn from the thistle cup; 0.6 m1 of the culture to be 
purified is then added to the thiatle cup and the pinch clamp removed. Ths pro- 
cedure ensures against gravity flow of c~nt~aminnnts towards the Erlenmeyer. 
Protozoans added to the system usually complete the nligration within 3 days. At 
the end of migration, the pinch clamp is re-applied to  the rubber tube, and ErIen- 
meyer, U-tube and rubber tube disconnected from the rest of the system. S a ~ p l e s  
are then transferred from Erlenmeyer flask to sterile media. 

Fig. 2-132 : Elutrintion. SmnIl organisms are 
separated by water current and retained on a 
sieve. (Based on B o l s s ~ ~ u ,  1957 ; from UBL~C 
and co-authors, 1973 ; modified ; reproduced 
by pam~is~ion of Biologische Anstalt  Helgo- 
land.) 

Elutriation (BOISSEAU, 1957) is based on water-current separation. Exposed to a 
continuous water stream, floating protozoa~~s and other micro-organisms are washed 
out according to weight (volume) and collected on sieves (Fig. 2-132). 
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Interphase accumulation has been employed by GXTTELSON and. co-authors 
(1970) for accumulating and harvesting protozoans. This simple technique makes 
usc of the tendency of many unicells to accumulate a t  the interphase between air 
a.nd culture medium or b ~ t w e e n  culture-enclosure bottom and cul.ture medium. By 
gritdually reducing the i.ntc.rphase areas available (neck of Erlenmeyer flask, bottom 
part of burette), cell densities are attained up to 260 times those ofrandom distribu- 
tion in log-phase c~dtures. 

D e l l e c t o r  +-Wb /colkdor 

Harvest 

lank 

Fig. 2-133 : Phytoplankton harvesterworking on the principle 
of foam separation. Foam tube length ca 70 cm ; diameter 
ca 7.6 cm. (After EPIPANIO and co-authors, 1973 ;modified 
reproduced by permission of the World Mariculture 
Society .)  

For observation a,nd experimentation, protozoans have been immobi.lized on 
protarnine-coated slides (MARSOT and C o r m r , ~ ~ ~ ,  1973). Best results are obtained 
with 0.015 to  0.06% (wlv)  of protarnine sulphate. Glass microscope slides are 
cleaned with 95% ethanol and a 1.5-cm circIe of melted paraffin is painted on, thus 
forming a shallow compartment. The circle is then Wed with a few drops of freshly 



prepared protarnine solution and 15 mins allowed for adsorption to the glass. Subse- 
quently, the remaining solution is drained off and the slides rinsed with culture 
medium. Finally, a drop containing washed protozoans is mounted under an 
untreated coverslip. P ro t~mine  is possibly just one oi  the many positively charged 
polyelectrolytes which could arrest negatively charged cells, histones being an 
obvious a.lternative. Immobilization of protozoans can also be obtained in the 
'roto-compressor chamber' (Biological institute Philadelphia, USA). 

Phytoplunkton Harvester 

Alga1 food for phytoplankton-feeding animals must be added without large 
amounts of nutrient medium. EPIFANIO and co-authors (1973) have developed a 

Fig. 2-134: In. witu aporophyte c u l ~ u r e  ~ystem with germanium dioxide disperser (W) for 
control of diatom contamination. (a) Single urut (normal positioning is horizontal); CS: 
culture slide ; SE : secondary water-entry port ; V : vacuum pump. (b) Double unit asaembled 
under in ailu conditions. (After PACE, 1973 ; modj.fied; reproduced by permiaeion of Welter 
de Gruyter & Co., Berlin-New York.) 



phytoplankton harvester (Fig. 2-133) which allows the collection of undamaged, 
relatively nutrient-medium-free alga.] cells (Platymonas sp., C a r t d  sp., Nanno- 
~hEoris oculala, Plaeudaclylum trimn?ctum). The harvestm operates on the principle 
of foam separation (p. 140). 

Plex~qlos conloiner 

Fig. 2- 136: Spray apparatus supporting fast growth of sortwesds. 
(After CHAPMAN, 1973; m o a e d ;  reproduced by permission 
of Cambridge University Press.) 

Algal cells are ajrlifted into a column of foam produced by a high-capacity air 
stone (ca 2.15 cm in diameter; very fine pores). Trapped in the foam, the cells are 
carried into a collector, while the culture water trickles back into the harvester tube, 
from where it is siphoned back to the culture tank. From the collector, the algal 
cells are harvested via an effluent tube. The harvester has no moving parts; this 
reduces the chance of possible malfunctioning. Prefoaming of the cell suspension in 
the airlift increases the harvesting efficiency. 

In situ Sporophyte Culture Systern 

For cultivating early sporophytes of Mmrocystis intq-r.l;olia under field condi- 
tions, PACE (1973) used a Perspex cyhder  containing 6 glass dshes (37 X 25 mm) 
held end-to-end by a double border of plastic tubing (Fig. 2- 134). The dishes serve as 
attachment substrate for the sporophytes. A germanium dioxide (GeO,) disperser 
is attached to the inflow end of the cylinder. It consists of a screened glass funnel 
which amplifies and directs the a.mbient water current through an aspirator-type 
vacuum pump. A plastic bottle containing 1 g of crystaUine GeO, is attached to the 
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suppresses the diatoms. Iahibition of diatoms was almost complete during periods 
of reduced diatom settlement. Comparison of test and control slides revealed no 
adve.rse effecta of the GeO, inhibitor on the developing sporophytes of Macrocyatis 
integrefolia. 

Air supply Walor supply 

To constant- 
lPwl overflow 

e jot 

Fig. 2-137 : Water transport system of plankton- 
kreisel. (After GBEVE, 1968; modifled; repro- 
duced by permission of Springer-Verlag.) 

S p a y  Apparatus for Cultiding Seaweeds 

Some macroscopic algae have been reported to grow well under a continuous 
shower of sea-water medium (HANIC, personal communication in: CHAPMAN, 1973). 
HANIC constructed an appara.tus (Fig. 2-135), in which the  medium is recirculated 
and sprayed continuously over the alga placed on the bottom of a Plexiglaa 
container. 

Appardzrs for Cultivating Planlclers 

The planktonkreisel for cultivating carnivorous zooplankters (GREVE, 1968) 
consiste of a round culture enclosure (30 to 50 cm high), an inside sand-gravel filter 
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and a water transport system (Figs 2-136, 2-137). It is lnsde of glass and plastic 
materials. The kreisel can be operated as a closed- or semi-open sea-water system. 

Fig. 2-138: Double ouvette for culture experiments on planktars. Parallel cornpart. 
ments (Cuvetta l and 2) with identical water quality facilitate comparison 
between oontrola and experimentals. (After UREVE, 1970 ; modified; roproduoed 
by permission of Biologiache A d t  Helgoland.) 

In  the closed-system arrangement, an airlift transports the water upwards until it 
f& into the wllecting tube, where remaining aix bubbles are released before thc 
water re-entere the culture co~npartment via a jet. The jet outlet must be plactxtl 
close to the outer wa.11 of the round mntainer, sad arranged at anglee shown in the 
imet of Fig. 2- 136. The resulting wcater movement and the specific c o ~ a t i o n  of 
the sand surface facilitate the pldcters '  re-entry into upwardly directed water 
currents. The speed of water rotation is a function of airIift intensity, and osn be 
modified over rather wide range (l rohtion per 20 secs to 4 mins). I n  the 8emi- 



open-system arrangement (Fig. 2-137), new sea-water enter8 the collecting tube 
through the water-supply tube (which ends below the water level of the culture 
compartment). I n  the collecting tube, the new sea water mixes with. the filtered sea 
water. Constant water-level height in the collecting tube (which must be somewhat 
higher than that in the culture compartment to provide gravity feed) can be 

Llf t 
I ube- 

CoIlectlng 
tube- 

Fig. 2- 139 : Kreisel for seaton-feeding 
planktern. Seston recircles through the 
perforated PVC cone while zoo- 
planktern remain in the culture com- 
perLments and thus avoid air contact in 
the lift. When filled, the bottom- 
weighted wave maker tilts around its 
eccentric axis (open circle), emptying 
into the culture compartment ; down- 
wards and upwards movements of the 
beaker are limited by restriction points 
(filled circles). After GREVE, 1970; 
modSed; reproduced by permission of 
Biologische h s t a l t  Welgoland.) 
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acheved by connecting a constant-level overflow (Fig. 2- 107). In  the planktonkreisel, 
GREVE cultured the N'orth Sea plankters Pleurobrmhia pileus, Beroe gracilis and 
Sagitta setosa from egg to egg. More delicate forms (species of Uolinopsis and 
Oikqleura) mny be injured by the fast water stream leaving the jet. Increasing the 
number of jets from 1 to 8, and widening the jet openings from 2 to 4 mm diameter 
avoided such damage and provided more uniform water-movement. 

The double cuvette (GREVE, 1970) employs vertical water rotation, and has its 
water-transport system located outside the culture enclosure (Fig. 2-138). C'uvetJtes 
l and 2 are separated a.bove the sand, but communicate in the gravel layer and thus 
harbour identical water bodies. This fact, as well as photographic recording, facili- 
tates comparative studies on plankton populationa (e.g. inter- or intraspecific 
population dynamics), using one cuvette for controls, the other for experimentals. 
GREVE'S original apparatus measures 40 X 50 X 10 cm. 

A kreisel desiped for cultivating seston-feeding plank& (GREVE, 1970) allows 
seston particles to pass through a perforated PVC cone, a.nd to re-enter the culture 
compartment via lift tube and collecting tube (Fig. 2-139). Most zooplanktern tested 
avoid passing through the cone ; they remain in the culture compartment and hence, 
are protected from contacting the bubbles in the airlift. The seston (e.g. phyto- 
plankton) remains well distributed in the water column, and can be grazed on by the 
zooplankters cultivated. I n  order to simulate wave action, a wave maker can be 
installed on the kreisel; i t  consists o f a  bottom-weighted beaker, which tilts around 
an  eccentric axis (open circle) when filled with sea water, and straightens up again 
when empty. The intervals a t  which the wave maker empties inta the culture com- 
partment can be regulated by the speed of water inflow. 

In the 'Meteor'-plankton-cuvette (Fig. 2-140), newly caught plankton can be 
maintained for extended periods of time aboard ships (BREVE, 1975a). The all 
Perspex cuvette consists of a cylindrical culture enclosure (30-cm diameter, 12-cm 
width) with a small cylinder (10-cm diameter) on top, and a combined water- 
movement-aeration system. The small cylinder prevents culture water from 
splashing out of the mair cylinder if the ship rolls. Temperature-controlled water 
enters (1) and leaves (2) a Perspex box which surrounds the culture enclosure and 
serves as water bath. Inside the culture enclosure, the water is kept in gentle 
rotation, entering through a jet and leaving through a large gauze-covered opening. 

The taumeltisch (Fig. 2-141) features a carda,nically suspended table which is 
slo\oly swivel-tilted by wheels (W) attached to a tilted, motor-rotated frame 
directly beneath the table (in the figure, the frame is shown detached from the 
table's subsurface). Culture dishes (not shown) are placed on the table and kept 
in continuous motion. The taumeltisch has been used successfully for cultivating a 
variety of plankters. 

In the double cylinder (Pig. 2-142), two joined Perspex cylinders are separated by 
a sheet of gauze. The latter allows larval or juvenile zooplankters to leave the adult 
comparbment and to enter the larval compartment. Prom here, the larvae can be 
removed via a light-trap siphon. A second, h e r  gauze sheet prevents escape with 
the recirculating water. The water returns to the culture enclo~tures via airlift a,nd 
header tank. GREVE'S (1975b) double cylinder facilitates continuous cultivation 
over several successive generations. 





The in situ kreisel (Pig. 2-143) allows cultivation of macroplanktonic and ben- 
thonic seston feeders on the sea bottom (JATZKE, 1970). The perspex apparatus 
may be from 0.5 m to several metres high, and is served by skin divers or aquanauts. 
The i n  situ kreisel is positioned parallel to prevailing water currents. T;S7ater rotation 
inside the kreisel remains constant, even in the presence of alternating ebb and 
flood tides, since water coming from left or right is deflected in opposite directions. 
The incoming water carries small plankters and detritus through an outer and inner 
screen (gauze or perforated plate) ; it is then forced to circulate by current deflectors, 
rotate upwards and finally leave through the top screen. Where excessive wave 
action prevails, a turbulence protector reduces extreme pressure changes. In the 
southern North Sea, JATZKE raised a number of invertebrahs, e.g. BeroZ sp., 
Pleurobrachia pileus, larvae and suba.dults of Elmnarz~s gamm,arus, Eupagurus 
be~nhardus, and GaZathea squarmijera. It turned out that  the outer screen requires 
periodic clearing. For planlrton cultivation in the sea, plastic bags (p. 76) have 
proven ve-ry useful. In large plastic bags, installed in wind-protected sea areas, 
plankton populations can be sustained under close- to-natural conditions. The 
plastic-bag concept is likely to  develop into a powerful ecological tool. 

Culture tanks for ctenophores and medusae (Fig. 2- 144) have been constructed by 
WAPJI (1974). He used 2 standard 80-1 aquaria (30 X 60 X 46 cm) in line with a 360-1 
polyethylene reservoir tank (not ehown in the figure). The inside corners of each 
aquarium are partitioned off by glass plates (Silastic aquari-am sealant). TWO plates 
facilitate water distribution via l-mm X 5-mm notches (spaced 2.5 cm apart along 
the edge of each plate) ; the other pair assists in returning water from the aquarium 
to the reservoir. The culture water is recirculated continuously ( 6  l min-9, creating 
a strong circular current. The water percolates through a gravel filter ( 3  to 6 cm 
deep), and siphons into a pair of overflow vessels, from where i t  drains back into the 
reservoir. The temperature-controlled reservoir is aerated vigorously with a tered 
(glass wool, carbon) air. WARD maintained several hundred large adult Mnemiopsis 
sp. ( ~ 5  kg ctenophore biomass) in this culture systern for up to 4 weeks with no 
apparent physical deterioration. Mnenziopsis cydippid larvae ( 1  t o  2 mm in dia- 
meter) have been raised to adult size. In  addition, ReroB ovala and the medusae 
Cyanea q i l l a t a  a.nd Chrysaora quirquecirrh, have been maintained S-uccessfully in 
the system for extended periods of time. 

The pla.nktonrotor (YAPFENHOFER, 1970) consists of a. tilted aluminium fia.me 
holding a glass jar (culture enclosure). The upper axis of the frame is &tached t o  a 
universal joint; the lower axis penetrates the loop of a drive shaft, which is rotated 
slowly by an electric motor (Fig. 2-145). The jars (3000-, 4000- or 8000-m1 capacity) 
rotate twice each minute. While aerators, stirrers, and related equipment operated 
in the cultu.re enclosure, may cause physical damage to the organisms cultivated, the 
slow rotations of the planktollrotor apparently cause no harm. PAFFENROFER 
offered chain-forming diatoms to the zooplnnlsters cultured ; the diatoms remained 
evenly distributed, and did not sink to the bottom of the planktonrotor. The zoo- 
plankters normally remained afloat and rarely contacted the glass walls or the water 
surface. The copepods Calanus helgolandicw, Psezcdocalanua elongatus, Temora 
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Vertical section 
l I 

Horirontrl section 

Fig. 2-143: In  d~zl hiss1 for cultivating macroplanktonic or benthonio 8eston feedem 
in the sea. h f h :  vertical; right: horizontal section. Tidal current is shown to enter 
from left. (After JA-, 1970 ; modSed ; reproduced by permission of Biologiache 
Anstalt Helgoland.) 

Fig. 2-144: Culture tank for ctenophoree and 
meduaae. Sea water entere two opposite 
mrner compartments formed by notched 
g h  plates. Forced through the notches by 
e 1 -cm head pressure, the water circulates end, 
after paseing from the gravel -5lter bed into a 
pair of return compartments (RC), siphons 
into 2 overflow vessels (OV) from where it 
returns to the raeervoir. (After WARD, 1974 ; 
modified ; not copp'ghted.) 



Eongicornia and the appendicularian Oikopleuru dioica have been reared and bred 
successfully in the planktonrotor (PAFFENHOFER, 1970, 1973 and persona.1 com- 
munication; see also Chapter 5.1). 

Motor 

Fig. 2-145: Plmnktonrotor. Placed in 8 tilted frame 
and fastened by a belt, a glass jar containing the 
plankters is slowly rotated around a universal 
joint by a rnotor driven shaft. (After PUTEX- 
HOFER, 1970; modified; reproduced by per- 
mission of Biologischo Anstalt Helgoland.) 

A closed culture system for planktonic copepods (Fig. 2-146) hau been developed 
by Zmmoux (1969a, b). H e  used the ciliate Euplotes vunnus as culture partner. E. 
vannw controls bacterial growth and consumes accumulated debris. The copepods 
graze on the c i l i ~ t ~ s ,  as well as  on phytoflagellates provided as primary food 
sources. The culture system facilitates foam separation and sustains high population 
densities of copepods (e.g, Acartiu clausi and A ,  tonsu) a t  15" C in artificial sea water 
('Triton Marine Salts'). From the foam tower, sea water flows by gravity through a 
glass-wool. filter and enters the lower reservoir, where i t  remains until a level snitch 



(L) activates an induction-driven pump. The water is then forced through a 15-pm 
cellulose a.cetats cartridge filter (F,) in series with a 0 - 4 5 - p n  pleated membrane 
cartridge filter (F,) and into the upper reservoir, from where i t  enters the bottom of 

Fig. 2-146: Recirculation syetem for cultivating plenktonic copepods. 
F,, : 15-pm cartridgo filter; F, : 0.46-pm cartridge filter; L : level 
switch. (After ZILLIOUX, 1969; rnodifiod; reproduced by permigeion 
of Springer-Verlag . ) 

each culture tank. Flow rate is governed by pinch valves located on the delivery 
tubes. Through removable screens, the water passes into troughs whch  extend the 
width of the tanks, and flows out to re-enter the foam tower. The screens consist of 
'Nitex' No. 200-74 nylon screen cIoth(re.ted porosity = 74pm) imbeddecl in an acrylic 
frame. A screen of 156 cm2 area sufficiently distributes the outflow of 125 rnl min-' 
per tank, so that  no undesirable concentration of copepods occurs in its vicinity; 
at this flow rate, the screen restricts passage of the smallest nauplii, but still allows 
food algae to pass freely. The compressed air supplied to the foam tower is f h t  dried, 
passed over activated charcoal, and then rehydrated by bubbling through a col-umn 
of distilled water. 

The culture tanks (100-1 capacity) consist of I-cm thick, solvent-welded acrylic 
plastic; the  tubing is of Pyrex glass, silicone rubber or nylon; the pump sur- 
faces in contact with the sea water are of polypropylene (except for the titanium 
shaft). Polyethylene and polyvinyl chloride are also used in the system. According 
to ZILLIOUX ( I  969a), none of these materials had any demonstrable effect on the 
copepods when tested separately. (See, however, Chapter 7.) Constant overhead 
illumination (approx. 1500 lux from a 40-W, cool-white fluorescent tube) keeps the 
copepods generally well distributed ; however, some aggregation occurs a t  the upper 
tank corners ; this facilitates harvesting. 



The closed culture system described above has been improved by Z~LLIOUX and 
LACKIE (1970). The 3 major inlpmvernents are : (i) increase of foam-tower efficiency 
by removing cellular particulatcs prior to  foaming; (ii) modification of foam- 
towar design to  facilitate rapid removal of foam ; (iii) easy switch-over from recircu- 
lating closed system t o  flow-through open system (Fig. 2-147). Cellular particulates 
are reduced by installation of the glass-wool filhr before (not after) the foam tower. 
The improved foam tower is described on p .  143. The two 100-1 culture tanks have 
been subdivided into  eight 25-1 containers. Switch-over from s closed bo an open 
syst,em was considered desirable for provichng more na.tural wa,ter conditions. At 

Fig. 2-147: Xinproved version of culturc~ systc~n illustrxtwl In Fig. 
2-146. Pump and cartridge filter aro under the h ~ n c h .  (After 
Zu~roux and Lamrx, 1970; reproduced by permission of 
Biologi~che Anstalt Holgoland.) 

first, water was pumped from the moutlz of a a  estuary into a column with 2 nylon 
screens. While this filter column worked fairly satisfactorily, it allowed foreigr, 
animals such as hydroids, tunicates, sma.11 copepods a,nd molluscs to enter t h e  cul. 
ture tanks. Thus, the f l tc r  column was replaced by a filter-settler (Fig. 2-145). Flom 
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rates stated in the figure are essential for proper filtration and settling; they are con- 
trolled by hosecock clamps on tubing connections. Continuous, slow water flow 
through the  base of each of the 3 compartments avoids the rapid oxygen depletion 
which often occurs in static sediments. Mesh openings of the 3 remova,hle successive 
nylon screens are 260 pm,  74 pm and 37 pm, respectively. The 37-pm mesh allows 
passage of microflagellates suitable for the cultured copepods. Sea water is delivered 
to the upper reservoir a t  the rate of 750 ml min-' ; the h a 1  delivery rate to the cul- 
ture containers is limited to 500 m1 min-' ; an overflow port added to the reservoir 
assures maintenance of a constant supply level. Insula,tion (e.g. foam neoprene 
rubber) of the exterior of the filter-settler a.nd the upper reservoir maintains the 
culture ma.ter a t  nearly natural temperatures. Unwanted accumulations of organis- 
mic contaminants must be removed periodically. 

SANDIFER and CO-authors (1974) have described a system for cultivating plank- 
tonic decapods (Figs 2-149, 2-150): Although a cylindrical shape might offer certain 

Vent pipe 

Fil ter assembly 

From airl ift 

Perforoted 
horizontal water . . - - - .  . . - - . . . . . . . . . 
dislrib" tion pipe 

Fig. 2- 150: Recirculation system for planktonic cm--. 
Front view. (After SANDIPER and co-authors, 1974; 
modified ; reproduced by permission o f  Biologische 
Anstolt Helgoland.) 

advantages, they adopted a rectangular shape for the culture enclosure because of 
the configuration of the building used. The tank has a sloped bottom; the water 
enters a.t the shallow end and flows across the bottom ; at the deep end, an  airlift 
(pumping rates 400- to 600 1 h-') produces a surface countercurrent. The water can 
be continuously recirculated through an attached (or separate) gra.vel lilter. The 
water clrculatioil established in thc culture enclosure (a,rrows) maintains food 
particles in suspension and keeps the plankters nearly evenly dispersed. SANDIFER 
and co-authors have used this closed system successfully for culturing thc prawn 
Macrobrachium rosdergi i  and postu1a.h that i t  may be suitable for other species 
(see also SALSER and MOCK, in press; ZIELZNSKX: and co-authors, in press). 
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A pelagic egg incubator for sh.i.pboard use has been constructed by KRAKATITSA 

and SAPIN (1971). The temperature-controlled device has been employed success- 
fully for incubating eggs of various fishes, e.g. Sardinella jimbriala, Stolephorus 
zollingeri, Anchviella sp., Fistularia villosa as well as eggs of members of the 
familres Carangid W, Serrani dae, Sparidae and Mullidae. 

A n  apparatus for measuring feeding rates in cultured CaEanua helgolancl.icue has 
been described. by RICHMAN and ROQERS (1  969). Thea,pparatus(Fig. 2-151) is similar 
to  that  developed by PAASCHE (1967) for cultivating aIgae. Cylindxlcal Pyrex test 
tubes (65 X 500 mm),  which eaaily accommodate 1000 m1 of culture medium, serve 
as culture containers. Each tube is fitted with an airlift that recirculates the culture 
rndium a.nd keeps the food diatoms (Ditylum brightwellii) in suspension. Air is 
pumped down the inlet tube and collected by a funnel. The water thus transported 
falls back through a 100-pm Nitex net held by a. pair of concentric Tefion rings. The 

Medium ~ n l e t  

Fig. 2-151 : Apparatus for 
measuring feeding rates in 
cultured copepods. (After 
R r c m N  and RO~ERS,  
1969; modified; repro- 
duced by permission of 
American Society of 
Limnology aad Oceano- 

EWP~Y.) 

air pressure is adjusted to produce a water-flow rate sufficient to wash the diatom 
cells through the netting without damaging the copepods' faecal pellets, which are 
retained and subsequently collected. A second, lower net with 500-pm netting allows 
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both faecal pc:llc:Ls and dia.toms to pass, but not the copepods. The whole double-net 
assembly can be pulled out of the culture container, thereby collecting all copepods 
on the lower net. Samples of culture ~ n e d i u n ~  are removed at 6- to 10-hr intervals 
via the sampling tube, and diatom-cell counts are made with a Coulter Counter. 

Mass cultivation of brachyuran larvae under controlled conditions of light, tem- 
perature, salinity, water movement and food (nauplii of Arlernia salino) has been 
achieved by SASTRY (1970a, b). I n  the prototype system, larva(? of Cancer i~rmatus 
and Pa7wpew herbslii were raised from eggs (obtaint:d from frc,xhly caught ovigerous 
females and developed in large finger bowls contailling filtered sea water trea,ted 
with penicillin) to  the first cra.b stage; however, only a few juveniles were obtained 
( S A S ~ Y ,  1970a). Improvement of techniques (SASTRY, 1970b) resulted in the mass 
culture system illustrated in Fig. 2-1 52. I n  contrast to the prototype, the improved 

vel con 

Reservoir 

Fig. 2-182: Culture system for raring braohyuran larvae (mass dturee) .  Improved 
version. EC: eleotronic controls for liquid-level controller and pump P,. (After 
SASTRY, l Q70b ; modified; reproduced by permission of Verlsg Birkhliuser.) 

version has provisions for removal of W& materials (exuvia~) ,,and can be used with 
several cultw-e enclosures simultaneously. Each culture enclosure (W 40-1 capacity; 
Plexiglas) has separate water in- and outlets. The apparatus can be operated both 
as a closed and an open system. Sea water from thc reservoir (or from fhe sea) is 
pumped (P, ) into a header tank from where i t  enters the culture enclosure(s). The 
flow into each enclosurr? can be regulated by an inline PVC ball valve. From the 
culture enclosure the water is pumped (P,) though:  (i) a PVC cylinder containing 
activated carbon, (ii) 2 Orlon-mound cartridge filters of dimmhng pore size 
(15 pin, 0-5 pm), (iii) a. sterilizer (2 parallel 91-cm long ultra-violet lamps); finally, 
the water is returned to the reservoir (or led to waste). A timer regulates the photo- 
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period (fluorescent lamp). The sea-water volume in the culture enclosures was 
maintained between 25 1 and 27 1, by controlling the operation of the fill pump (P,). 
The platinum electrodes of the level controller are positioned in the reservoir to 
maintain a minimum water level. If the water level drops below this minimum, P, 
is stopped ; i t  is re-activated by rising water in the reservoir. The culture-enclosure 
drain pump (P,) operates continuously. Streptomycin (2 m1 I-') is added to the sea 
water in the reservoir. During operation, pH values remained between 7.9 and 7-7, 
and oxygen concentrations near the saturation level (aeration in header tank). 
Construction details of the culture enclosure are shown in R g .  2-153. Larvae of 

Side view- 

Top view 

False bot lom 

Drain 

True bottom Fa l se  bottom 

Fig. 2-153: Culture enclosure (Plexiglas) for rearing 
brachyuran larvae. The rectangular colitainer has a 
double bottom. The true bottom is perforated by a 
central hole to which the drain pipe is attached. The 
removable false bottom lies on rib supports 5 cm above 
the true bottom; Nitex cloth screen (74 pm) cement& 
over the perforations freely passes fine waste particles 
but retains the larvae. (After SASTRY, 1970b; modSed ; 
reproduced by permission of Verlag Birkhauaer.) 

Cancer irroratzls were introduced into the apparatus immediately after hatching; 
they received daily 'large quantities' of freshly hatched A~temia salina. 'Few' 
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mortalities were noted during zoeal development, but loss of larvae may have oc- 
curred due to cannibalism. Mortality was high during megalopa development (no 
details given; see also Chapter 5.1). 

A simple apparatus for cultivating decspod larvae in an open sea-water system is 
illustrated in F-ig. 2-154. Perspex cylinders (10 to 15 cm in diameter, 15 to 30 cm 

Water,? 
entry 

troy - 

- -. - -- - - . . . - . - - - - . - . 
Floating cylinders 

Fig. 2-164 : Open system for cultivating decapod larvae. Two floating cylinders 
and 1 floating tray with nylon-gauze covered bottoms. (After RICE and 
WKLLUMSON, 1970; modified; reproduced by permission of Biolog~scl~a 
Anstalt Helgoland.) 

long; covered a t  the lower end by nylon mesh) serve as floating culture containers 
(RICE and WLL~IAMSON, 1970). A floating, compartmented plastic box with a per- 
fora,ted bottom accommodates single individuals. 

Attempts t o  rear phyllosome larvae of scyllarid decapods remained rather un- 
successful until special equipment had been developed (DEXTEE, X 972). Figure 2-155 

U 
Fig. 2-166: Closed system used for rearing larvee of scyllarid decapods. Plywood tank 

(1-5 x 0-6 X 0-2 m) coated with fibre-glass resin. l :  thermostat-heater; 2: corner filters 
with glass wool and activated carbon; 3: outside filter, dynaflow typo, with calcium 
carbonate chips, activated carbon and glass wool ; 4 : ultra-violet disinfection unit ; 6 : p H  
control (oyster-shell fragments scat,tored over tank bottom) ; 6 : culture enclosures consist- 
ing of plastic tubes with nylon netting, singly mounted in, and removable from, styrofoam 
flo~ts.  (After DEXTER, 1872 ; modfied ; not copyrighted.) 
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illustrates DEXTER'S closed recirculation system (132-1 capacity). Thorough, but 
gentle aeration is provided by a 2-cm-diameter PVC tube of l .2 m length, into which 
a series of small holes had been drilled. A stainless steel rod, sealed in rubber surgicn-l 
tubing and placed inside the air tube, holds it to the tank bottom. Main features of 

Air 
h @ 

Bubble pump 

Fig. 2-156: lbairculation ayatern for 
d l  sessile and hemisswile minds 
fedmg on phnkton. Water-current 
apeeds (0 to 60 cm are pro- 
duced by a combination of airlift and 
bubble cup (bubble pump.) BC: 
bubble cup; R, : water-intake regu- 
lation ; R, : air-intake regulation ; T : 
thermometer. All meeeuremenfe in 
cm. (Bfter JEBW, 1970; modified ; 
reproduced by penniseion of 
Biologische b t d t  Helgoland.) 
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the system are: ultra-violet disinfection, intensive filtration (2 inside corner filters, 
l outside filter), and oyster-shell fragments scattered over the tank bottom for pH 
control. Culture enclosures are kept afloat by styrofoam sheets (30 cm X 10 cm x 
1 cm). They consist of Plexiglas tubing (2 cm, 2.5 cm, 4 cm, 5.6 cm 01. 6 ctr~ in. dia- 
meter) cut into 3.2 cm lengths; small windows are n ~ a d e  in,the sides of the 4 larger 
tubes, and nylon netting (mesh size 253 pm) is glued (silicone cement) to  bottom 
and windows. The small containers are used for Stage I and Stage I1 phylloso~ne 

Fig. 2- 167 : Rearing apparatus for sessile plankton feeders. Con- 
tinuoue horizontal water rotation keep  food planktars in s ~ -  
pension and carries them past the bryowar-colonies on the 
slidea (S), placed on a perforated board. BC: bubble oup; T: 
thermometer. All measurements in cm. (After JEBRAM. 1973: 
modified; reproduced by permission of h tit" t fk~eere~kunde; 
Kiel.) 
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larvae; the 1n.rger ones, for older larvae. DEXTER leached the culture enclosures in 
fresh water for at least 48 hrs before use. The fibre-glass-coated plywood tank is 
covered with black Plexiglaa sheeting to reduce evaporation and to prevent foreign 
material from falling into the tank. Deta.ils on larval growth, survival and nutrition 
are presented in Chapter 6.1. 

Apparatus for &ltivating Sessile Plankton .Feeders 
Equipmentfor cultivating bryozoans has been developed by JEBRAM ( 1  970,1973). 

The system illustrated in Fig. 2-156 accommodates srna.11 sessile and hernisessile 
plankton feeders. Water-current speeds produced by an air1ifGbubbl.e cup combina- 
tion can be regulated from 0 to  about 50 cm sec-'. Water entering th.e round culture 
enclosure is forced into circular movement. Exact gauging of current speed remains 
a problem. The 'rearing agparatus for sessile plankton feeders' (Fig. 2-157) has a 
U-shaped perspex culture enclosure, thus facilitating vertical water rotation. The 
necessary gravity feed is supplied by the right tubular container, in which the water 
level is maintained about 16 cm high.er than in the culture enclosure. 

Several plankton feedem have been provided with natural plankton (open flow- 
through system or hand feeding). Such a procedure may introduce additional culture 
members (including parasites or young stages of predators) which can h a m  the 
cultured animals. 

A growkg tank for Ghe juvenile hard clams Mercamria mercenaria (2 to 4 cm in 
width) has been developed by E P ~ F ~ O  and co-authors (1973). Cosstructed of 
plywood, the 2.6-m long, 1-3-m wide, 0.6-m deep tank holds juvenile clams on 
screened baskets (Fig. 2-158). The recirculated culGure water flows from top to 

A i r l i f t  
flow directors (7.61 min-'1 

\ 
Dro in 

S c r e e n  t r a y s  

Fig. 2-158 : Growing tank for juvenile clams. (After EPIFANIO and co-authors, 1973 ; 
modi6ed; reproduced by permission of the World Mariculture Society.) 

bottom of the tank. Two flow directors are installed to achieve uniform water flow. 
The clams are fed algal suspensions obtained from the phytoplankton harvester 
illustrated in Fig. 2-133. The water of the clam growing tanks is emptied into the 
main fdilter twice a day, and the tanks are supplied with freskly filtered sea water. 
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Apparatus fw Cultivating Xubstrate Dwellers 

Organisms attached to solid substrates can be cultivated in a variety of culture 
systems already described. However, sedment dwellers require special arrange- 
ments. Devices for culturing sediment dwellers are constructed in such a way that a 
flow of aerated water penetrates the sedment either from top to bottom, from one 
side to another or from bottom to top (e.g. Pig. 2-169). I n  the flow-through device 
illustrated, water enters the header tank, flows down the central tube, spreads 

Float valve 

Constant laval 

hon 
Header tank with 
water- level scale 

\screen'' 

Fig. 2-  1.59 : Aasernbly for cultivating sediment dwellers. (Original.) 

t i 

along the bottom, penetrates the sechment and leaves through siphons. The speed of 
water penetration is regulated by water-level height in the header tank. The water- 
level height selected is maintained by a Boat valve and a. constant-level siphon 
(p. 191). 

A micro-aquarium for mud-Iiving nematodes has been described by v o ~  THUN 
(1966). The micro-aquarium consists of 2 thin g l w  slides (26 X 76 mm, or 18 X 58 
mm), glued to glass pieces of l-mm thickness (Fig. 2-1 60a). I t  contains enriched sea- 
water agar as substrate (MAYEB, 1956). For interstitial sand dwellers, VON THUN 
uses shallow micro-aquaria with sand and sea-water circulation (Fig. 2-160b). 
Both arrangements allow microscopic observations of mud or sand-living micro- 
organisms. These small and narrow containers are better suited for short-term 
observation than for long- term cultivation. 

Siphon 4 
L .  



Apparatus for Cdlimting Intertidal Plants and Animds 

Rhyt3hmir. fluctuations in tidal dynamics are a primary characteristic of intertidal 
habitats. Under laborstory conditions, fluctuations in tidal level have been achieved 
in various ways, e.g. by raising and lowering of attachment plates (Pig. 2-161); 
changes in overftow height (Figs. 2-162, 2-163) ; raising and lowering of a water 
reservoir (Fig. 2- 164) ; rhythmic siphoning (Fig. 2-1 65) or capillary-priming siphons 
(Fig. 2- 166) ; valve operations (Fig. 2- 167) ; timer-controlled pumping (Figs. 2-1 68, 
2-169); see also the thalassiotron (Fig. 4-30). 

Organisms attached to solid substrates, such as bryozoans or barnacles, can be 
exposed to  tidal variations by raising and lowering their substrate, allowing for 
defined periods of immersion and submersion. Using attached algae as objem,  
TOWNSEND and LAWSON (1972) devchloped the apparatus illustrated in Fig. 2-161. 
An electric motor, attached alterna.tely to 4 wheels of different diameters (gear- 

From grwity tank 

1 

Fig. 2-160: Mioro-aquarium for observations on mud-living nemehdw end related forms. 
( A f t e r v o a ~ ,  1966;modified; reproduoed bypermission of Witut fkMoeresfo~schung, 
Eremerhaven.) 

box)--completing 1 revolution in about 12 hrs, 6 hr8, 3 hrs or 1.5 hrs-lowers the 
sub~tra te  plates into, and lifts them out of, the water-filled culture enclosure. Each 
wheel axis conriects to metal arms on either side of the apparatus, and each arm is 
fitted with a pin, which has a metd  loop with a nylon thread attached. The pin can 
be moved up and down the arm to fscilitrtte proper positioning of the plate in the 
aultnre enclosure (top of plate barely covered with water in low position ; bottom of 
plate just above water surfam in high position). When the 12-hr geas is engaged, the 
metal arm raieee and lowem the plate every 12 hrs. Culture enclosures and pulley 
sys tem may be a.rrmged in a series on one side of the apparatus, or on both sidea, 
utilizing both m e .  

Changes in overllow height have been employed by DE BLOK (1 964) who con- 
structed an apparatus (Rg. 2-162) in which the flexible overflow tubing is raised 
and lowered by motor-driven rod inclinations. Fo r  proper functioning, maximum 
overflow rates must be higher than the constant water-input rate. In the culture 
enclosure, the resulting tidal dynamics can be varied by changing: (i) the motor's 
speed or the d iameter of the coggecl chain-operated wheel, (i i)  the attachment posi- 
tion of the mohr-wheel combination on the stand, or ( i i i )  the overflow point (OF) on 
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the rod. I n  order to be able to discriminate between effects of hydroststic pressure 
and water-level height, DE Br ,oc~ used closed culture containers (Fig. 2-163). Air 
and water entered the enclosure a.t defined pressures. 

The principle of raising and lowering a reservoir tank relative to  the culture 
enclosure bau been employed by MICALLICI? (1967). The reservoir, filled with sea 

Georbox 

Side view 

Motor \ Glass plate 

Culture enclosure 

Fig. 2-161: Tidal system. Natural tidal fluctuations are simulated by 
raising or loworing plates to which tho cultured organisms are 
attached. (Aftor TOWNSEND and LAWSON, 1972 ; modified; reproducnd 
by permission of North-Holland Puhliuhing Company.) 

water, is connected by rubber tubing to the static culture ta.t.x~k (Fig. 2-164). A motor 
oscillates the reservoir in a circular path above and below the static tank, slowly 
filling or emptying it in the process. Designed for la,boratory operation, the appara- 
tus is portable. Tidal dj~iamics can be controlled by altering the speed of the motor 
and/or by changing the set of gears. 

Providing the rate of water supply is constant and less than the rate of drainage, 
the siphon arrangement shown in Fig. 2-165 provides a simple but effective means 
for rhythmic alternation of high and low-water conditions. When the water level 
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in the regulator jar reaches the upper bend portion of the siphon, the water begins to 
drain from a11 jam. Tidal dynamics can be adjusted empirically by mochfications in 
water flow, and in the dimensions of siphon tubing and jars. 

Capillary priming combined with intermittent siphoning (Fig. 2 1CiGa) h= heen 

Fig. 2-162: Tidal syatem. Changes in overflow height cause rhythmic 
water-level fluctuations in the culture enclosure. OP:  overflow point. 
(After DE BLOK, 1964; modified; reproduced by permissiora of  
Netherlmda Institute for Sea Reseerch.) 

employed by h ~ s s r s  (1964). The narrow upper curved part of the siphon exerts 
capillary action. With the long arm of the siphon not reaching into the water of the 
lower tank (into which the water is drained), the water in the upper tank ascends 
freely in the short arm, and-aided by capillarity-reaches t h c  highest point of the 
curvature before the upper tank overflows. The water in the upper tank is then 





Fig. 2-164: Tidal system. A reservoir is slowly rotated 
thereby raising or lowering the water level in the culture 
enclosure. (After MICAUEF, 1967 ; modified ; repro- 
duced by permission of Netherlands Institute for Sea 
Iteeearch .) 

Water  

Fig. 2-165: Tidal system based on rhythmic siphoning in regulator end 
exporimentsl jars. (Original.) 

Valve operations for producing tidal chamges have been employed by TIOFIE- 
FORD (1967a, b) for cultivating barnacles attached to Tufnc~Lpanels. In his tray tidal 
aystern, sea water from a constant-head tank flows though a va,lve (Fig. 2-167) 
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Glass  d a t e  or s c r e e n  

I u D D ~ ~  t a n k  1 

Fig. 2-166  : Tidal syst,em for cultivating intertidal animals. (a) Intermittent 
siphon with capillary priming; (b) culture container. High and low 
indicate tidal range. (Aftor Pmss~s, 1964; rnodifiod ; not copyrighted.) 

- Tufnol cam 

Roller 

Plunger oscembly 
Sprinq 

Fig. 2-167: Valve for controlling 
tray tidal system. An electric 
motor is mounted behind the 
Tufnol cam. The head of the 
plunger assembly which seats 
against tho pcrspex b o w )  is 
made of nylon. (After TICHE- 
FORD, 19678; modified ; repro- 
duced by permission of Lob- 
o~atory Practice.) 
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into a series of interconnected, shallo~r plastic trays and then to waste. A tidal effect 
is produced by cyclic opening and closing of the valve over 6-hr periods. The Tufnol. 
cam is turned clockwise by a gearedelectric motor which completes 1 rev. in 24 hrs. 
High and low quadrants of the cam bear upon a roller on top of a plunger assembly. 
The high cams push the assembly down, shutting off the water flow. This position is 
held for 6 h, while the water in the trays drains out. The low cam releases the spring, 
allowing the water to flow again. 

For cultivating the intertidal midge CEunio marinus, NEUMANN (1968) omployed 
a tidal system (Fig. 2-168), consisting of 2 pumps (K-T 'Tauchpumpen' LP 60 ma,de 
of PVC), two culture enclosures (a and b ; 50 X 33 cm; 1.30 cm high) of 6-mm Grans- 

Fig. 2-168: Tidal system for cultivating the intertidal chironomid 
Clunw mrinw. a, b :  culture enclosures; C,, C2: cultures in glass 
dishes ; V : valves. The timer activates the pumps alternately. (After 
NEWMANN, 1968; modified; reproduced by permission of Springer. 
Verleg. ) 

parent PVC plates, PVC tubing, 4 P V C  valves and a PVC overflow. Sea water is 
pumped ~tlternatively into the 2 containers to a maximum level of 1 m above low 
water. A timer governs the pumping cycle and allows simulation of the tidaI rhythm 
in the midge's habitat. The valves make i t  possible to regulate the degree of tidal 
change per unit time. The difference of 1 m in water height is effected a t  an ~ ~ l m o s t  
constant rate in 2 hrs, and maximum low or high-tide conditions (wavy horizon.ta1 
lines) are m.aintained for 4.25 hrs. To avoid critical chokingof the pumps, a portion of 
the water transported is returned to the container being emptied. In  thia way, 
turbulence is provided in both culture enclosures. The cultures (C, and C,) are in 
dishes resting on the bottom of the containers. NEUMANN placed his tidal system 
in a room maintained at 20' C and provided controlled photoperiods. 

The tolerance of salt-marsh plants to flooding has been examined by vow WEKHE 



SPECIFIC EQWMENT 253 

and DREYLINO (1970) in the system illustrated schematically in Rg.  2- 1 69. Paraf- 
fined clay pots with a perforated PVC plate and coarse gravel a t  the bottom served 
as culture enclosures with a quartz gravel-peat (3%) mixture as substrate. Sea. 
water enters the culture enclosure from below, it is periodically f o r d  into the pots, 
and allowed to drain from them by a timer-operated pump combined with a con- 
stant-level overflow arrangement. In  this way, flooding periods can. be controlled 
and varied. 

Apparatus for simulating tidal cycles have also been employed by MARTIN and 
REID (1935), ALEEM (1949), FREUDENTBAL and CO-a.uthors (1963) and MORTON 
(1 970). 

gravel 

Detail of culture 
enclosure 

Flg. 2-109: System for exsmining flooding and selinitv tolerances of 
cultured dt-marsh plants. (After VON WEIEE and DBEYLMO, 1970 ; 
modified; reproduced by permission of Biologische Anetalt Helgo- 
land.) 

Holding and Experimental Tanks for Fishes 

Numerous reports are available on design and construction of holding and experi- 
mental tanks. Two examples of successful designs muat suffice. 

Holdmg tanks for flat fishes (e.g. Pleur& plalessa) have been developed by 
MCGI~EQOR (1973). The culture water is aerated, cooled, recirculated, filtered and 
treated with ultra-violet irradiation (Fig. 2-170). One cooling trough (275 X 70 X 30 
cm deep) contains 6 separate holding tanks (Pig. 2-171); it is constructed of 20-mm 
Douglas fi plywood, with cross struts of 10-mm brass rods providing additional 
strengthening ; i t  is made wa,tertight by a,n inside lining of black polythene sheeting. 
Five plaice of 10- to 20-cm length can be kept in each holding tank. The tanks are 
not self-cleaning; hence, uneaten food and faeces must be removed by siphoning. 
The unit can be assembled inexpensively and requires little attention unlcss the 



temperature of the mains suddenly changes. A temperature-controlled refrigeration 
unit would eliminate this problem. 

For juvenile Pacific salmon (genus Ommhynchw), plastic holding tanks have been 
developed by ~ D I E R D I C E  and co-authors (1966). Their design (i) provides water 
circulation for maintaining cultured fish in a state of steady swimming, (ii) avoids 
projections or~~surfaoea which tend to cause injury, and (iii) allows emy cleaning 

Fig. 2-170: Holding-tank eseembly for Bet fishes. Crow section of coohg trough 
(lmed with polythene and strengthened with cross struts) end see-water filled 
plastic holding tank. The sea water is aerated, cooled, recirculated, fltered and 
ultra-violet treated. Tenk capecity: about 30 1 ; recirculation rate : 90 1 h-'; I : 
inlet for coolant; dots: freshwater coolant. (After MCOREOOR. 1973 ; modified ; 
reproduced by permission of the suthor.) 

(Rg. 2-1 72). In addition, the tanks are self-cleaning and minimize accumuletion of 
solid wastes. They have been produced in 3 sizes (SO-, 197- and 780-1 capacity) (Fig. 
2-1 73). The material used is glasscloth and polyesterresin, built up on an inexpensive 
plywood mould. The mould provides a very smooth h i s h  for the tank interior. The 
fist resin coat on the mould is a colour coat, which forms the inner surface of the 
tank. Glass clotll~ and subsequent resin coats are built up to a thickness of about 
0-32 cm. The rc:sulting tank is strong enough to hold its sha.pe without distortion 
when filled with water. 





energy budgets of cultured fish, the holding tttnk, has been equipped with controlled 
water reairaulation (BRETT and co-authors, 1969 ; BRIFTT and HIGCIS, 1970 ; BBETT, 
1971; BRBTT and co-authors, 1971). For description of the experimental tank, it is 
convenient to consider sequentially 3 different components (Fig. 2-174). 

(i) Water adjustment. Uebg mmnally wntrolled PVC diaphragm valves, pri- 
mary control of incoming-water temperature is 0 f f d  by 0~088-mixing heated and 
chilled water. The tank is flnshed a t  a rate of 2 volume exchangw h-'. The booming 
wabr (Fig. 2-176) ptbsses through a flow meter (F) into the top of a &ipper column 

Fig. 2- 172: Holding tank for fishes. Left : complete eesembly with plastic tank 
in a plywood box ; upper put of the central drain extends above the water 
aurfaca; water-inlet pipe enters tank through tked piece of sheet wrylate. 
Right: a aeaond tank is turned upside down to illustrate tank shape and 
dn& connection. (After ALDEBDIOE md co-authors, 1966; reproduced by 
permission of the Fisheries Reeeerch Board of Canada.) 

(S) ; there i t  cascades over porcelain saddles counter-current to a rising air flow, in 
order to avoid deviations from normal air saturation of vital gases. The water passes 
thence to a. bubble trap, whose tubular outlet is inserted through the Plexiglae top 
of the tank, discharging below the water level (Fig. 2-1 74). A slight conetriction of 
this tube causes the trap to fill just to the  overflow point, assuring bubble-£& water 
input. Since the bubble trap i s  attached to the removable tank lid, flexible tubing is 
used for both the tubes leading immediately into, and overflowing out of, the de- 
tachable trap. When a closed water circuit is required, the tank drain is closed off to 
induce complete filling and then, the flow-control valve on the line leading to the 
trap is turned off; the bmked-up water in the stripping column rises to the overflow 
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and exits to waate. Adjusted new water may be re-introduced by simply opening 
this flow-control valve again. 

(ii) Tank. Incoming water circulatesin the tank a t  a mean velocity of about 15 cm 
secL', and overflows from a centra.1 pipe (an outer pipe of clear Plexiglas, hgher than 
the overflow, forces water through bottom slots, carrying faeces and unused food 
rapidly to waste; Fig. 2-174). Recirculated water enters through input jets in the 
tank wall ; it produces a vertical water 'fa,n' yielding fairly smooth water movement 
in the tank. Water is drawn through a rosette of h e  holes drilled in the opposite 

Fig. 2-173: Holding tank for fishes with details of tank dimensions. (After 
ALDERDICE and co-authors, 1966; modified ; reproduced by permission of 
the Fisheries Research Board of Canda.) 

tank wall, and pumped back to an imbedded, perforated pipe. The force of input jets 
is throttled by a valve in series with a pressure gauge. 

To switch into closed circuit, the 'pressure off-set clamp' is actuated, pinching ofY 
a rubber sleeve a t  the drain, The water level rises in the tank, impinging on the 
undersurface of the Plexiglas top. The latter is sea*led by jam locks around the peri- 
phery, compressing an 0-ring sea.1 (upper insert in Fig. 2-174; see also Fig. 2-175). 
Since the tank is tilted slightly, the rising water displaces all air, and finally forces i t  
out through corner holes in the (slightly higher) front edge of the top. Once the 
tank is filled to overflowing, the flow-control valve is turned off, leaving the water 
in the bubble tra.p to seek a lower level in equilibrium with the flooded top. Sealing- 
off corks are then inserted in the small flood holes and in the feeding funnel, and a 
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water sample is taken for oxygen determination (from valve near heat exchanger). 
(G) Recirculation and control. On s platform below the tank are mounted the 

basic parts for recirculntion and control of the culture water (Figs 2-174 and 2-176). 
A recirculation pump forces the water through a heat exchanger, past a pressure 

- - - - - -  - - - -  
1 

1 
I 
I 
I 

Fig. 2-174: Experimental tank for determining energy budgets of cultured fishes. Schematic 
drawing of entire assembly. (After BRMT and co-authors, 1971 ; modified; reproduced by 
permission of the Fisheries Research Board of Canada.) 

gauge, over temperature and oxygen sensors, and thence in.to the rising jet pipe. 
The heat exchanger incorporates a coil, through which chilled water is continually 
passed a t  a rate which just overcomes all heat input. A 300-W heater with ther- 
mistor sensor is activated by a proportional thermoregulator for precise temperature 
control (10.1  C" both in open or closed circuit). The temperature is recorded via a 
thermograph bulb housed i n  the sensor chamber (lower inset in Fig. 2-174). 
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A row of six fully-equipped environmental control tanks is shown in Fig. 2-177. 
The front control panel and the flow-control valves are readily accessible. Insulated 
polyethylene lines below the tanks carry chilled water to the heat exchangers. The 
fish are allowed to temperature-acclimate in the tanks for l month; during this 
period, food-ration control is applied. The next 6 weeks are devoted to weekly 
weighings, and 2 weeks (3rd and 5th) to metabolic-ra,te determinations. Energy' 
expenditure is determined during a continuous 24-h programme, wit11 each ta-nk 
cycled on a regular open-closed-circuit schedule (cqual on and off periods of 2, 3 or 
4 hrs, depending upon the time required to draw down 20 & 5% of the culture water's 
oxygen content). The period is set by checking from 0,-probe readings. Energy lost 

Fig. 2- 176 : Experimental tank. Water adjustment. Labelled offaet jam lock is in open poslt~on, 
the other jam locks seal the Plexigles top of the tank. F: flow meter; S :  stripper column. 
(After B R ~  and co-authors, 197 1 ; reproduced by permission of the E'lsheries Remarch 
Board o f  Canada.) 

to excretion is determined indirectly (food input = growth + metabolism + excre- 
tion) or by direct ~neasurements on faeces trapped a t  the tank drain in a fine- 
meshed screen and on ammonia + urea contents of'the water (BRETT and CO-authora, 
1971). 

Feeding Equipne?zt wed in Commercial Fish Culture 

In aquaculture, the application and distribution of feeds, is one of the most labour 
convu~ning processes. Traditional manual feeding has little chance in modern in- 
tensified fish culture. Cost of labour, inaccurate rationing, need for regular feeding 
schedules also on non-work days--these are the main reasons for the developn~ent 
and world-uide appI.im.tion of new mechanical, automatic feeding equipment. 
Mechanical feeders are &Is0 used for a variety of experimental purposes. The per- 
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formance and efficiency of a Iarge number of feedens have been evaluated by BIRU 
(1973). His review includes addreaees of rnanuf&otmm. 

BERU (1973) subdivides the feeders available into stationary and mobile equip- 

Fig. 2-1 78 : Row of six fully equipped enviromnntel- 
control tenlos. (After BE- md CO-authom, 197 1 ; 
reproduced by permirreion of the Fisheries Research 
Boerd of Cenada.) 

ment. Stationary equipment is insta.Ued in individual oulture enolosures; mobile 
equipment ie used for serving a number of cultures coneecutively. The development 
of both stationary and mobile feedens hae been greatly fwilitated by the introduc- 
tion of dry, pelleted or grwular feeds. 
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Among the stationary feeders, the equipment illustrated in Figs 2-178, 2-179 
and 2-180 depends on controlled energy supply. The feeder shown in Fig. 2-178 
employs an electromagnet, that shown in Fig. 2-179, pressurized air. I n  the latter 
case, with the magnetic valve (MV) closed, feed pours out to form a small: heap in the 
dstributing tube (1) under the discharge opening. As the magnetic valve is opened, 
compressed air drives the heap along the distributing pipe, together with further 
feed poured from the container. As soon as the magnetic valve is closed again, the 
air flow stops and a new feed heap forms, preventing further pouring from the con- 
tainer until the valve is opened again. The air-tight distributing tube is adjustably 

Fig. 2-177 : Expc.rimcnta1 t m k .  R,ecirculntion and corit.ro1. The vertical pip<, carries wntor from 
the tank to t'hc pump. Thc insulat,od line resting on top of the pump contains chilled waste 
wetor ; its flow is monitored by the   mall vertical meter shown. (After B R ~  and co-authors, 
1971 ; reproduced by permission of the Fisheries Research Board of Canada.) 

fitted into a guide tube; its free end points to the water surface of the fish enclosure. 
The compressed-air container makes it possible to maintain a certain air-pressure 
level while the valve is open. This is important, especially when the feeders are 
placed a t  a longer distance from the air compressor. Valve operation is timer con- 
trolled; during one action, the valve can be kept open for periods varying from 0.1 to 
10 secs. Water flow has also been used to operate a variety of stationary feeders, 
depending on energy supply. For remote areaa lacking power lines, battery-powered 
&h feedera have been constructed (e.g. CARNES and LOUDER, 1970). 

Of the stationary feeders operating without man-supplied energy, the most impor- 
tant  ones are demand feeders or self-feeders. Unlike the automated feeders, which. 
apply feed even in periods when the fish are not hungry or consume only part of the 
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feed provided, demand feeders (Fig. 2-18)} apply feed only upon d-etermined action 
by the fish. Hungry fish rnovc a bait lever and thus, release n, certain amount of feed 
from the food container. Thr fish quickly learn how to push the lever, usually within 
a day or two. Demand feedcrtl provide p~rallelism between a.ppetite and food pro- 
vision, and between diurnal fluctuations in the fishes' locomotory and feeding 
activities. They further allow a certain control of the fishes' physiological condition : 
no or too slow decrease of feed-container contents signals that somethng is wrong, 
e.g. the presence of disease, parasites or oxygen depletion. 

In practical fish farming, successful operation of demand feeders dapencts on 

Fig. 2-1 78 : Automatic, electro- 
magnetic fish feeder. 1 :  rest 
position ; 2 : electromagnetic 
movoment of rationizcr; 3:  
feeding. The feeding schedule 
is controlled by a prcset, timer. 
(After BERKA, 1973 ;modified ; 
reproduced by pernlisuion of 
FAO.) 

adequate adjustment of the bait rod. When the feed container is full, i t  is more 
difficult for the fish to move tht: rod because of higher feed pressure. For this reason 
GR~ZZEL (1969) and BERKA (1 973) recommend making a perforated partition in the 
middle of the container to reduce the maximum pressure. The bait rod may be moved 
also by strong water movement or wincl. Such undesired interference can be com- 
pensated for by placing the feeder in a circular breakwater submerged 12 to 15 cm 
under. the water surface (BERXA, 1973). Some fish are more playful than others and 
may press the bait lever without being hungry. Increaqe in the minimum thrust 
required for feed release may discourage such unwanted activities. Niimerous dif- 
ferent types of demand feeders are on the market. Three examples are illustrated in 
Figs 2-182, 2-183 and 2-184. 
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Since a certain minimum thrust ia required for operating the bait rod, fry and 
small-sized fish cannot handle bait-rod demand feeders. For these cases, demand 
feeders have been developed that  do not require the fish to contact a bait rod. In- 
stead, removal of all feed from a submerged plate activates the feeder. The weight of 
the food resting on the plate controls the pouring of further feed. 

Demand feeders cam also be used for catching fish (STRAMEL, 1970). The feeder is 
placed in a construction of wire netting with 6 entry funnels for fish on 3 sides (Fig. 
2- 184). On the fourth side an outlet funnel leads into a trap (&h pen). The fish caught 
are carried with the trap to the side of the pond and collected. 

Mobile feeding equipment comprises, for example, feeding devices mounted on a 
pick-up car or a boat. From the car, blowers spread the feed over distances of up to 

I Compressed 
air 1 

Ai r  
from 

Pig. 2-179:  Autoxatic fis1.1 feeder operated by pressurized air.  A timer 
controlled magnetic valve (MV) blonrs feed through the distiributing 
tubs (1) into the fish tank. (Based on ANDER.SEN, 1966; Patent 
France No. 1398334.) 

20 m;  from the boat, the feed is distributed by controlled washing out through a 
bottom slot. I n  the USSR, vehicle-mounted feeders are sometimes combined with 
equipment for water aeration and fertilization (TJUKTJAJEV, 1969). In the USA, 
fish-cage culture is becoming increasingly popular. According to BERKA (1 973), the 
cages are usually arranged in rows extending over several kilometres. Feeding and 
servicing are carried out from barges which pass over the cages. A 2-km line of fish 
cages can be serviced within 3 hrs. Computer programs take into account stocking 
density, fish weight a.nd mortality, and determine the preferred harvesting time. 
The computer programs are continuously adjusted according to weekly fish 
samplings. 

For small-scale experiments, a mechanical food dispenser has been designed and 
successfully tested by ADRON (1 972). The food dispenser works a t  a low voltage and 



can be used either for automatic feeding or dema.nd feeding (Figs 2-1 86, 2-1 86, 
2-187). It can be also operated without electricity by using a. clockwork time switch 
and a car battery. I n  essence, the food dispenser consists of a solenoid, a food hopper 

Fig. 2-180: Automatic fish feeder ernploylng the endleas screw 
mechanism. The screw (enlarged view of screw portion on top) 
is alowly rotated by an electric motor and transports feed to the 
fish W. Timing of the motor controls amount of feed and 
f&g schedule. ( B m d  on FRIOK, 1963; Patent FRG No. 
1158314.) 

k ~ o i  t l e v e r  

Fig. 2-181 : Demand feeder. W o r m  
principle. (Drawing Dr. P. 
LANDImS.) 

and a PVC slide. The keyhole shape of the hole in the PVC slide (Fig. 2-185) is neoes- 
sary to prevent jamming when the diepensex is used with large pelleta. The &men- 
sions of the feeder can be easily a.djusted to experimental requiremenb. The feeder 
has been used for long periods requiring little attention except for routine cleaning. 
Experimental fish fed with the automatic feeder mere plaice P l e u r d  platessa, 
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salmon smolts and parr Salmo salar, as well as larvae of several species of.flat fish. 
The demand-feeder version has been used only for rainbow tro-ut SaEm gairdnerii. 

For offering fine-particle food to fish larvae, BARNABE (1974) used net bags (the 
larvae take food pieces through the net) or a screened airlift-a so-called 'feeding 
hopper'. One screen a t  the bottom, the other at the top of a tube just below the 
water surface, the feedmg hopper sieves the food and distributes it in the culture 

Fig. 2- 182: Demand feeder med in fish farms. Feed 
capacity ca 220 kg. (Courtesy National Pressed 
Steel Co.) 

tank from one point. This feeder enables the fish to be trained toobtain their food in 
a restricted area, thus eliminating or reducing the need for them to search through- 
out the entire watter column. 

(c) Conclusions 

Development of adequate equipment is a key factor for successful cultivation. 
Numerous devices are commercially available. The home-aquarist industry, the 
swimming-pool industry and the manufacturers of equipment used for domestic 
and industrial waste-water $reatment offer a large variety of apparatus that can be 
used directly, or after some modification, for cultivating aquatic organisms. How- 
ever, in many cases, the cultivator still depends on self-invented or self-made 



r f o r  

Fig. 2- 183 : Demand feeder used in fish farme. 
(Courtesy National Pressed Steel Co.) 

P1 Demand f e e d e r  

~- -.. 

S~de view 
5 

Top view 
6 

Fig. 2-184: Demand feeder combined with wire-netting construction and trap for cstching 
fish. I to 6: fish-entry funnels. (After STRAMEL, 1970; modified; reproduced by permission 
of the Commerciel Fish Farmer & Aqusculture News.) 

equipment. The requirements of marine organisms are often very specific as are the 
conhtions for conducting experiments. 

We need better and more equipm-ent for gentle collection of test organisms, for 
controlling environmental factors under fluctuating and multivariate conditions, 
for cultivating planktonic forms, including nannoplankters, and sediment dwellers. 
Special attention must be devoted to accommoda-ting suspension feeders and lan-ae 
of marine animals under ecologically acceptable circumstances. 
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Fig. 2.1 85: Fish feeder for small-amle experiments. Exploded view. (After ADRON, 
1972; reproduced by permission of Conseil International pour 1'Exploration de 
le Mer.) 

Food dispensers 

- - - - 250V 50Hz 

Fig. 2-186: Fish feeder for small-scale experiments. General lay-out 
circuit of control box. (After ADRON, 2972; reproduced by permission 
of Conseil International pour 1'Exploration de la Mer.) 



2. CULTNAITON OF MARINE ORGANISMS (0. =NE) 

,111 scree; Silicon 
rectif ier 

Pig. 2- 187 : Rah feeder for small-scale experiments. Oireuit of demand 
feeder vereion. The conetruation of the bait swifoh actuated by the 
&h ia shown at the lower left. (After ADRON, 2972; reproduced 
by permbeion of Chmil International pour 1'ExpIoretion de la 
Mer .) 
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CULTIVATION OF MICRO-OKGANISMS 

3.1 BACTERIA 

(1) Introduction 

Bacteria differ significantly from other organisms. They encompaes Inore 
different metabolic types than any other group; but ~norphological diversity and 
number of different species are small. They are easier to cdtivate than most higher 
forms of marine life; but it seerns to be more difficult to cultivate bacteria under 
conditions that are ecologically meaningful; i.e. under conditions that allow extra- 
polations of results obtained in the laboratory to situations prevailing in oceans 
and coastal waters. 

I n  the sea, the total number of organisms in a, millilitre of water rarely exceeds 
a few thousand. Actually, their numbers arc so erna.11 that statistically one would 
have to examine hundreds of microscopic fields to be able to see one bacterium. 
In marine sediment5 and in productive waters bacterial numbers are considera,bly 
higher but, in general, their densities in marine envlroments are low and are in 
direct proportion to the nutrient content. 

Fol-tunately-and unfortunate-ly-many marine bacteria are easy to grow if 
properly fed. Nutrient-rich media and optimal cirltivation conditions may readily 
produce millions of organisms in a millilitre of culture overnight. We always tend 
to optimize and are never happier than when we have found out how to grow dense 
liquid cultures and large pretty colonies on agar media. But can meaningful 
ecologica.1 studies rea,lly be made with this kind of culture? 

The bacteria of the sea are adapted to live a t  very low nutrient leveI~ and a,t 
low temperatures; this certainly does not promote abundant and rapid growth. 
Chemostat studies of cultures grown at 0cea.n levels of nutrients have permitted 
the ~a~lculation of specific growth rates as low as 0.005 h-', corresponding to  a 
genera,tion time of 200 hrs (JANNASCH, 1969). When occasionally more concentra- 
ted nutrients appear, e.g. pa.rticulate excretions from animals, dead bodies of 
plankton or other organisms, the nutrient situation may, a t  a, first glance, look 
similar to the high-nutrient laboratory culture. However, i t  might be somewhat 
dangerous to draw a parallel between the two situations. Laboratory cultures 
comprise pure cultures of enormous population densities or, a t  best, enrichment 
cultures of a highly selective nature. I n  the sea, colonization and growth on par- 
ticulate matter occur as a dynamic system of numerous positive and negative 
interactions between mixed microbial populations, and each participating species 
may rarely reach a population density of more than a, few hundred or thousand 
individual cells. 

Population size is important in this connection beca.use gene mutations are known 
to occur with an average frequency of about one in every 108 cell divisions. A 
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semispherical bacterial colony of I mm diameter (a rather small colony) contains 
about 5 X 108 inclividual cells when these have a size of about 1 pm3. It is easy to 
see that  potential genetical events alone reduce somewhat the reliability of pre- 
dictions made from laboratory observations. 

There is ample evidence of cha.nges in characteristics of marine bacteria during 
prolonged cultivation in nu trient-rich laboratory media, e.g. changes of morphology, 
loss of pigmentation, loss of ability to reduce nitrate, loss of requirement for sea 
water, etc. Direct proof that  changes occur during transition from low to high 
nutrient conditions was furnished by JANNASCH (1968) who showed that some of 
the major original g~owth  characterjstics were lost when marine bacteria, isolated 
and g o w n  in the chemostat a t  low nutrient levels, were transferred to a peptone- 
yeast extract medium. 

What is the purpose, then, of cultivating marine bacteria? Can we with the so- 
ca.lled 'pure culture technique', developed almost 100 years ago for the cultivation 
of pathogenic bacteria, learn ~ornething about the micrnhial systems of the marine 
environment? To some extent the technique has been usefxd. It has been possible 
to enumerate bacteria and to  find out about their distribution. in oceans and coa.sta1 
waters; bacteria causing fish diseases have been isolated and studied ; the presence 
or absence of many of the known physiological groups of bacteria in the sea has 
been demonstrated ; and many important nutritional, biochemical, and taxonomic 
studies on marine bacteria been made. 

If we consider the many unsolved problems in ma.rine microbial ecology it  be- 
comes obvious that  a well-developed cultivation tech-nique is far from enough and 
that we have neglected to work out new methods and techniques to tackle ecological 
problems. After a t  leaqt 70 years of research we still do not know the laws that 
govern bacterial growth, and metabolism in the sea. We do not know whether 
bacteria significantly contribute to the productivity of the sea and exactly what 
r6S.a they play in the food chains, incIuding mineralization. Bacteria are claimed to 
be responsible for many of the major characteristics of ocean. waters but we still 
do not know to wha.t extent the oxygen content of the seas is controlled b.?. bacterial 
activity or where, and at. what rate, nitrate regeneration takes place. We 
do not know whether hy&-ostatic pressure is a significant factor in bacterial meta- 
bolism or whether barophilism is the rule rather than the exception in the depths 
of the sea, etc.-just to mention a few significant problems facing the microbial 
ecologist. 

Admittedly, the difficulties and expenses of working in areas as large, compli~at~cd 
and diverse as oceans and coastal waters are considerable. I t  shall also be admitted 
that  some new and meaningfd trends in marine microbial research have become 
apparent, and that new tools and techniques have become available and are being 
used to a larger and larger extent. 

This chapter on the cultivation of marine ba-cteria contains several examples of 
the traditional bacteriological techniques which the author, for reasons which are 
obvious from the statements made in this introduction, does not consider fully 
relevant in ecological research. A few newer techniques, of which a couple ar? still 
in their infancy of use and perfection, will be described and may, hopefully, inspire 
marine microbiologists to  some badly needecl inventiveness in t.his important field. 



(2) Growth Requirements 

(a) Organic Nutrients 

Carbon Sources 

A large number of organic carbon compounds can be utilized by heterotrophic 
marine bacteria a8 nutrient and energy source. They include simple sugars (pen- 
toses, hexosea, disaccharides, sugar-alcoholu, etc.), polysaccharides (cellulose, 
starch, glycogen, agar, pentosans), organic acids, alcohols, and aldehydes, lipids, 
hydrocarbons, etc. Although several bacterial species may grow equally well with 
a number of these carbon sources, singly or in combination, others may have more 
specific requirements. Many marine pseudornonads, for example, do not utilize 
glucose but will grow well with fructose and galactose (COLWELL and LISTON, l961 ). 
In cultivation, the most used carbon sources have been glucose, glycerol, acetate, 
and succinate. Although many of the sugars may not support growth they may still 
be fermented and thus serve as a source of energy. 

The special carbon requirements of various physiological groups of bacteria 
will be dealt with in a later section (p. 326ff; see also Volume 11: PANDIAN, 1975 ; 
SCHLEQEL, 1975.) 

Carbon-Nitrogen Sources 

The most luxuriant population growth of heterotrophic marine bacteria, occurs 
on complex media containing peptone or similar mixed proteinaceous materials, 
including yeast extract. Many attempts have been made to  replace peptone with 
chemically defjned compounds. MACLEOD and co-authors (1954) conducted an  
extensive nutritional study on 33 marine bacteria and found that  these organisms 
would all grow in a salt, medium with 18 amino acids, several vitam.ins, and glucose 
or glycerol as major carbon source. The amino acids, which could replace peptone, 
and the vitamins used by MACLEOD and co-authors are listed in Table 3-1. 

A simi1a.r investigation was made by SKERMAN (1963) of bacteria from naritic 
and oceanic waters and from sediments. A fa.irly high proportion of the micro- 
organisms required amino a.cids or amino acids and vitamins for growth. Alanine and 
proline were found by COLWELL (1968) to be particularly good for use in isolation 
media. 

Chitin, a polyglucose amine, can be utilized by many marine bacteria as a source 
of carbon and nitrogen, but vitamins are usually also required. 

The vitamin requirements of marine bacteria have been investigated by I~IACLEOD 
and co-authors (1954), BURRHOLDER (1 963), and others. BURKHOLDER found tha,t a 
surprisingly high proportion of bacteria from various sources (water and sediments 
from tropical, temperate, and subaretic regions) required one or more vitamins of 
the B-complex when gro~vn in chemically defined (holidic) media. Biotin was re- 
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Table 3-1 

Chemically d e h e d  (holidic) medium for cultivation of marine heterotrophic 
bacteria (After ~ ~ c X ~ E O D ,  1968; reproduced by permission of Academic Press) 

Component 
Amount 
(mg I-') 

Component 
Amount 

(I-') 

L-Alanine* 500 L-Tyroaine l00rng 
L-Ar@e 200 r--Valine 100 mg 
L-Aspartic mid 200 Glucose 3g 
L-Cysteine 100 p-Arninobenzoic acid 1 mg 
1.-Qlutamic acid 500 Biotin 10 ~g 

Glycine 100 CO balamin 10 tLg 
L-Histidine 100 Folic acid 10 CLB 
L-Isoleucine 100 Niacin 1 m13 
L-hucine 100 Pantothenic acid 1 W 3  
L-Lysine 200 Pyridoxnl l m6 
L-Methionine l00 Thiamine 1 m~ 
L-Phenylalanino 100 Trkt buffer, pH 7-6  0.1 M 
L-Prolino I00 
L- Serine 100 
L-Threonine 100 
L-Tryptophan 100 

*If DL f o m  only are available. twice the amounts of the L forms should be used. 
tTris - Triq (hydroxymethyl) aminomet,hane added as the HCI aalt. 

The above organic components can be d i ~ o l v e d  in sea water, artificial sea water or an appropriate 
mixture of naltg. A salt ~olution consisting of NaCI, 0.2M; KC1, O.OlM; MgSO,. 0.06M and CaCI,. 
0.01M, will substit,uts for sea weter for the growth of many bacteria. Both sea water and the artificial 
salt mixtures require the further addition of an iron aalt (e.g. FeCI,, O.lmM) and inorgnnic phosphate 
(e.g. (NH,) H,P04, 0-33mM) for good growth. 

Adjustments of pH can be made with %OH prepared by boiling a solution of commercial NHJOR 
and paesing the NH, gaa evolved into glasa-distilled water. 

quired by 605 strains, thiamine by 501, cobalamin by 163,nicotinicacid by 97,panto- 
thenic acid by 16, and riboflavin by l strain. The vitaminsnsed by MACLEOD and CO- 

authors are listed in Table 3-1. 
I n  mixed cultures of marine bacteria, vitamins usually need not be added, as 

many bacteria actually excrete vitamins ( G A N D ~  and ~ E I T A S ,  1964 ; STIL~CKLAND, 
1965). 

Ascorbic acid is often used in media for anaerobic ba.ctcria but its function is 
that  of a reducing agent and not as a vitamin as such. 

(b) Mineral Requirernenta 

Nitrogen, Phosphorus and Sulphur 

All organisms require nitrogen, phosphorus and sulphur. Bacteria which can 
utilize sugar or other nitrogen-free carbon sources can satisfy their nitrogen requjre- 
ment by simple a m m o ~ u m  salts, e.g. NH,C1 or (NH,),SO,, which generally are 
better than nitrates. Phosphates and sulpha.tes are used reahly. Whereas sulphates 
are abundant in sea water and rarely need to  be a.dded to culture media, m.ost 



natural waters are low in inorganic nitrogen and phosphorus, requiring the addition 
of these nutrients in quantities determined by the amount of carbon and other 
nutrients. 

The chemo-autotrophic nitrifying bacteria use ammonium a ~ l d  nitrite as energy 
and nitrogen sources and are favoured by rather low concentrations (Volume 11: 
SCHLEGEL, 1975). Nitrogen-fixing bacteria use elemel~tal nitrogen as a nitrogen 
source and can grow on simple carbon compounds. The photo~~vnthetic nitArogen 
fixers, which are anaerobes, need the addtion of nitrogen gas if grown anaerobically 
in hydrogen gas. 

Photosynthetic sulphur bacteria and chen~o-autotrophic sulphur bacteria have 
a requirement for reduced inorganic sulphur, the former as electron donor, the latter 
as a source of energy. The photosynt~hetic bacteria use sulphide, the chernoauto- 
trophs either sulphide, elemental sulphur, or thiosulphate. 

Calcium and Magnesium 

The specific requirement for magnesium and calcium by marine bacteria has 
been demonstrated by many workers. The two metals are necessary for the normal 
development and function of the cell wall (HIDAKA aad  SAW, 1968). BRISOU and 
VARGUE ( 1963) found tha t  a halophilic Achrombacter required a minimum of 0.5 mRI 
of ci1ciu.m and magnesium per litre for growth whereas a halophilic Vibm;o sp. 
would grow with as little as 0.1. &l I-'. In  media deficient in the two meta,ls lysis 
would occur in  the early growth phase. Extreme halophiles h i~ve  been found to  
require 100 to  500 mM of magnesium for optimal growth and stability (BROWN 
and GIBBONS, 1955). 

The two metals can, t o  some extent, substitute for each other. MACLEOD and 
ONOPRXY (195613) found, for example, tha t  in media low in calcium, a requirement 
of from 4 to 8 m M  of magnesium existed for maximal growth, but  if 2.5 mM of 
calcium was added, the magnesium requirement was reduced from 8 to 0.04 mM. 
Tn general, the calcium-magnesium requirements of marine bacteria are higher than 
of terrestrial bacteria. Both calcium and rna,gnesium exist in fairly large amounts in 
natural sea water (Mg, 0.054 M; Ca, 0.01 M) and should not become limiting when 
natural sea wa,ter is used in media. 

Sodium and Poka8siu.m 

The specific need for sodium by a marine bacterium was first demonstrated by 
RICHTER (1928). It has since been established that  all Gram-negative marine bac- 
teria require sodium for growth ( ~ ~ A G L E O D  and co-authors, 1954; M~CLEOD and 
ONOFREY, 1956a; TYLER and co-authors, 1960). MACLEOD (1968) states, t ha t  of 
the 95% of Gram-negative rods found in the sea, the majority require sea water or 
salt mixtures on initial isola.tion. Every one of these bacteria examined in detail 
has been found to require sodium for growth whereas the Gram-positive species, 
which make up the remaining 5% of the organisms, have not been found to  have this 
specsc  requirement. It is now generally believed tha.t true marine bacteria. can be 
distinguished from terrestrial species by this criterium. 

The concentrafiion of sodium required is in the order of 0.2 to  0.3 M ;  a t  lower 



concentrations (0.1 h1 and thereunder) the organisms mill lyse after an initial 
outgrowth. Sodium, in these organisms, cannot be replaced by lithium, potassium, 
rubidium, or cesium. 

R4equirement for potassium in marine bacteria has also been established but not 
as well investigated as the sodium (PAYNE, 1960; HIDAKA and SAKAI, 1968). 

.Iron and Trace Element8 

Iron has been found to be required in small smounts (0.1. mM) for most bacteria 
investigated by MACLEOD (1968). For chemo-autotrophic iron bacteria a ferrous 
salt serves as energy source. Nanganese, cobalt, zinc, copper, and boron are necess- 
ary elements for most organisms and are functional in various enzyme systems. 
Whether marine bacteria have any specific requirement for these metals is not well 
known but  they are all present in small amounts in natural sea water. Molybdenum 
is required by nitrogen-fixing bacteria and is usua.Uy added, together with iron and 
other trace elements as EDTA chelates, to nutrient media. 

Ca~bon Dioxide 

Carbon dioxide is the only carbon source for the cherno-autotrophic and photo- 
autotrophic bacteria and as such constitutes a principal nutrient (Volume 11: 
SCW~EOEL, 1975). As a considerable reserve of carbon dioxide is present in sea water, 
mostly ss  bicarbonate (about 0.14 g 1-' a t  pH 8 and salinity 35%), i t  ra.rely becomes 
limiting. However, for intensive cultivation, additional carbon dioxide, usually in 
the form of sodium or potassium bicarbonate, is added. 

Small amounts of carbon dioxide are a.lso fixed by many heterotrophic bacteria 
but as sufficient amounts are produced by the same orga.nisms in their respiration 
no addition is necessary. 

(c) Sea Water 

Natural Sea Water 

In  the definition of MAGLEOD (1968) all true marine bacteria require sea water 
on initial isolation. However, sea water from the open ocean and sea water from an 
estuary are rarely the same although the proportion of many of t h e  mineral com- 
ponents may be comparable. In andclition to  wide fluctuations in the total salt 
content (salinity), the conhnt of particulate and dissolved organic matter is likely 
to vary considerably (see also Volume I: MACLEOD, 1971). 

Freshly collected sea water has a slightly bacteriostatic effect (ZOBELL, 1946) 
and should not be used directly for the cultivation of bacteria. So-called 'aged' 
sea. water is water which has been filtered through glass wool or similar coarse 
filter to remove larger organisms and particles and stored for several weeks in glass 
or plastic containers in the cold. During this 'aging', a good deal of the organic 
matter is biologically decomposed and transformed into minerals and bacterial 
cells. The cells slowly settle leaving a clear water low in organic matter and wlth 
a slightly lower pH than the original (see also Chapter 2). 
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Because the composition and quality of sea water used to cultivate bacteria may  
have a pronounced effect on the growth characteristics, the need to  use sea water 
of known and standardized conlposition has long been advocated. Many formulae, 
simple and complex, have been suggested and used. The composition of an artificiil 
sea water used by BUR,KXXOLDER (1963) to study ni~trjtional requirements of marine 
bacteria is shown in Table 3-2. A somewhat simpler formula is indicated in Table 3-1 
(see also Chapter 2). 

Osmotic Requirements 

The total salt cuntent of 'normal' sea water (35%,; Volume I, Chapter 4) is about 
1-04 M, corresponding to an osmotic pressure of 23.1 atm. Of this, sodium makes up 
0.46 M, magnesium, 0.05 31, potassium, 0.01 M, calcium, 0.01 M, chloride, 0.54 M, 
sulphate, 0.027 M, and bicarbonate, 0.002 M. The range of salinity tolerance by 
marine bacteria varies but, in general, Gra8m-negative bacteria (whether from the 
sea, or from other sources) are rather sensitive osmotically compared to  Gram- 
positive bacteria (MAcLEoD, 1971). Ma,ny Gram-positive cocci and bacilli tolerate 
20 to 25% sodium chIoride (corresponding to 3.5-4.3 M, or an os~notic pressure of 
78-96 atm), wherees Gram-negative organisms rarely grow above 10% salt. TYLER 
and co-authors (1960) found, for example, that  of 15 marine bacteria tested, all 
tolerated 4.7% sodium chloride (0.8 M ) ;  9 would grow a t  8.2% (1.4 M) but none 
a t  15.2% (2.6 M). The extreme halophilic bacteria (whic;hactu.allyareGram-negative 
pseudornonads) grow optimally a t  about 25% sodium chloride (4 M). 

, Many marine bacteria can tolerate low salinities better than high. Actually, 
ZOBELL and XCENER (1938) showed that a large number of cultures isolated from 
the sea grew almost equally well in freshwater medium and in sea-water medium 
after a few months of cultivation, For this reason, sea water is often d-iluted with 
distilled water for use in media in proportions 1 : 1 or 3 : 1 to prevent an increase in 
salinity as water evaporates during cultivation. 

Sometimes marine bacteria show a very narrow range of salinity tolerance. For 
example, KADOTA (1968) demonstrated that  a group of marine sulphate-reducing 
bacteria were rest~:icted to a salinity range corresponding to about 2 to 4% NaC1, 
clearly distinguishing them from a group of sulphate-reducers of terrestria.1 origin 
which were inhibited a t  about 2% Mac1 (Fig. 3-1). 

Particulale Matter 

Marine bacteria have no requirement for particulate matter; but, like many soil 
bacteria, their population growth and metabolic activity is often stimulated by the 
presence of particulate matter in culture media.. Fine sand, clay, precipitated cal- 
cium carbonate, cellulose fibres, etc., have been reported to stimulate bacterial 
growth in liq-uid media. The effect is probably purely physical as ions and dissolved 
organic matter tend to adsorb to and concentrate on the surface of solids providing 
a more concentrated and improved nutrient situation. The effect is most pronounced 



i n  nutrient-poor media. The stimulation of bacterial growth by particulate matter 
has been investigated by ZOBELL and ANDERSON (1936), G~LBBICHT (19611, 
KRUMBEIN (1 97 1 ), and others. 

0 1 2 3 4 5 
NaCl concentration (O/O) 

Fig. 3-1 : Pop~dation growth of sulphate-reducing 
bncteria in oulture media as A function of NaCl 
concentration. Marine strains : Desulfovzbrio 
aesluarii; freshwater strains: D. desulfzbricana. 
(After KADOTA, 1968 ; modified ; reproduced by 
penniasion o f  Now York Academy of Sciences.) 

(d) Hydrogen-ion Concentration 

The pH requirements of marine bacteria vary somewhat with the organism; but 
most heterotrophic bacteria isolated from sea water seem to grow best in the pH 
range 7.6 to 7-8. Very few bacteria will grow at  all a t  a pH exceeding 8.5 (ZOBELL, 
1941s). The lower Limit again varies considerably; a pH of 5.5 arrests the growth of 
m o ~ t  bacteria. 

Control of pH in bacteriological media and special pH requirements of various 
physiological types of bacteria are dealt with on p. 3 14 and p. 326, respectively. 

(e) Composition of Culture Media 

Complex (02igic  a d  Meridic) Media 

Peptone-type media have been the choice of marine microbiologists for growing 
bacteria from the sea, The most popular medium during the last three decades hm 
undoubtedly been the so-called 'Medium 2216' and various modifications of i t .  
Medium 2216 wax the result of testing a large number of potentia.1 nutrients and 
was found (ZOBEU, X 941a) to  be the medium which consistentIy yielded the highest 
and most reproducible plate counts. The medium has the following composition: 
Peptone, 5 g;  ferric phosphate, 0.1 g ;  agar, 15 g ;  aged sea water, I 1; pH 7.5 to 
7.8. The medium is still widely used and is now commercially available under the 
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large and sometimes spreading colonies a t  the time their slow-growing counter- 
parts start to form visible colonies. BURTON (1  968) found that  this could be avoided 
by diluting the standard media. By doing so, he observed that  a 1 : 10 dilution gave 
twice as many bacterial colonies as undiluted medium but the colonies were con- 
siderably smaller. Other investigators have had similar experiences. T n a ~  (un- 
published) has observed that  agar plates prepared with 0.5% gelatin as the only 
organic nutrient gave more but smaller colonies than media prepared with peptone 
and other complex proteins. Chromogenesis was also found to be better on gelatin 
agar plates. 

A wide variety of complex organic materials have been used for isolation and 
pure culture media of marine bacteria: beef extract, fish meal, enzymatically 
digested casein, soy meal, corn meal, blood, yeast extract, casamino acids, soil 
extract, marine mud extract, etc. I n  addition, various sugars and other well- 
defined organic materials have been added for maximum growth. For composition 
of various selective media consult p. 314. 

De$ned (IiIolidic) Media 

Chemically definecl media have,been used for photo- and chemo-autotrophic 
bacteria which have no organic requirements but have not been too popular for 
the cultivation of heterotrophic bacteria (see also Volume 11: SCHLEQEL, 1975). 
Several useful holidic media have, however, been described. Components of two such 
media are listed in Tables 3-1 and 3-2. 

(f) Oxygen and Other Electron Acceptors 

In a study of the relation to oxygen of l50  bacteria isola,ted from various depths 
in the Pacific Occi~n, OEIYE and GUNDERSEN (1970) found that  between 30 and 40% 
of all bacteria were aerobic and required oxygen for growth. About 60% were 
facultative anaerobes and would grow in the absence of oxygcn provided other 
electron acceptors were available ; 5% of the bacteria were micro-Lwrophilic, grow- 
ing best in the presence of low concentrations of oxygen. No bacteria from the water 
column were obligate anaerobes ; but such forms are not uncommon in anoxic waters, 
in sediment3 and in the littoral zone. 
The amount of oxygen required by aerobic bacteria. varies considerably: the 

average is about 200 p1 rug-' dry weight (corresponding roughly to  l og  cells) h-'. 
0n.e litre of aea water a t  35% S and 25' C contains, when in equilibrium with air, 
about 7 m g  of oxygen, or 7 pg ml-l. This amount would therefore be used up by a 
population of 3.5 X 107 bacteria ml-l in 1 fir, provided sufficient respirable material 
were available. ZOBELL (1 940) found that the rate of oxidation of organic matter in 
sea water was not affected by the concentration of oxygen in the range of 0 .3  to 
12.74 m1 1-' but  waq influenced by the concentration of organic matter. 

A surprisingly large proportion of heterotrophic marine bacteria are capable of 
growing in the absence of oxygen by turning to afermentative typeof metabolism or 
by using nitrate as electron acceptor, if available. The efficiency of the anaerobic 
type of metabolism is significantly lower and population growth is cox~espondingly 
slower. If nitrate is used as electron acceptor, the reduction prod.uct is often nitrite; 



but many heterotrophic marine bacteria reduce nitrite further to nitrogen gas, 
ammonia, and apparently also to some unknown intermediate. 

Sulphate .is used as electron acceptor by some obllgatc anaerobic bacteria (sul- 
phate-reducers) with the production of sulphide. Obligate anaerobic photosynthetic 
bacteria use either carbon dioxide (green and purple sulphur bacteria) or organic 
materials as electron acceptors (purple non-sulphur bacteria.) 

The ecological significance of light for marine bacteria has been dealt with in 
Volume I:  GUNKEL (1970). 
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Fig. 3-2:  Pigrnont absorption spectra (rolativa values) of purple and green 

photosyrlthctic bacteria and agreen alga. (After STANIRR and CO-authoru, 
1970; reproduced by permission of Prentice-Hall, Inc., Englewood 
CliRs, N.J.) 

Among the marine bacterja only photosynthetic forms are known to require 
light. To these organisms, light is the only source of energy (the non-sulphur purple 
bacteria can also use organic energy sources when growl in air in the dark). The 
light-absorbing pigments-bacteriochlorophyll a or d in the purple bacteria and 
bacteriochlorophyll b or c in the green bacteria-have characteristic absorption 
spectra which differ in ma,jor respects from pigment spectra found in other photo- 
synthetic orga,nisn~s. As seen in Fig. 3-2, a substantial portion of absorption occurs 
in tht: far-red and infra-red parts of the spectrum a t  wavelengths which are readily 
absorbed by sea water. All photosjmthetic bacteria can be cultivated in artificial 
light prpvided it contains a fair amount of longer wavelengths. 

The lethal effect of ultra-violet light and high intensities of other wavelengths 
on beckria is well substantiated. The frcquent occurrence of pigmented bacteria 
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in the sea, particularly in the upper water column, has led to the assumption that  
the pigments (mostly carotenoids) of such bacteria serve as photoprotective agents 
in. a manner similar to the photoprotection demonstrated in the yellow non-photo- 
synthetic bacterium Sarcdna lulea (MATHEWS and SISTROM, 1959). Carotenoid-less 
mutants of S. le~tea are quickly killed when exposed to direct sunlight inair, whereas 
the p:igmented wild-type is not. Photokilling is due to photo-oxidation and, there- 
fore, both light and air (oxygen) are necessary. However, no conclusive proof has 
been presented to  substantiate a mechanism of photoprotection in m a i n s  bacteria 
except in extreme halophiles (LARSEN, 1962). 

Moderate light intensities are not known to affect marine bacteria; but i t  could 
well be that  some light-killing occurs when bacteria from deep dark water are, 
during sampling, suddenly exposed to strong sunlight. For example, the marine 
nitrifyi.ng bacterium Nitrosocyslis o c m u s  is sensitive to sunlight and will only grow 
well in subciued light and in darkness ( G U ~ E R S E N ,  unpublished). 

(h) Temperature 

The temperature relationships of marine bacteria have been fairly well in- 
vestigated and have been discussecl in detail in Volume I : OPPENHEZMER ( 1  970). 

(i)  Hydrostatic Pressure 

Hydrostatic pressure (Volume I, Chapter S), has not yet been shown to be a 
general requirement for growth of marine bacteria. However, many demonstrations 
of pressure effects on permeability of cell membranes, cel.1-wall. formation, as well 
as on density, viscosity and other physical properties of the cytoplasm and of sea 
water show that pressure is a factor of ecological significance in oceans and coastal 
waters. The possibility even exists that  the deep see harbours bacteria for which 
pressure is an ab~olute  requirement; but this will not be known until sampling and 
cultivation equipment is developed which will permit manipulation of deep-sea 
samples without intempting decompressions (see also ZOBELL, 1970 ; Volume I : 
MORITA, 1972). 

(3) Culture Methods 

The rnet.hods used in the cultivation of marine bacteria are not unique. With a 
few exceptions they represent methods developed jn the early days of medical 
bacteriology which are now used widely in the entire field of microbiology. This 
section discusses some of the most frequently and most widely used types of culture 
media and techmques for the cultivation of marine bacteria. 

(a) Basic Culture Techniques 

Many useful morphological and biochemical characteristics of bacteritt, can be 
studied best on agar plates, e.g. size and shape of colonies, pigment formation, 
motility and swarming, production of exoenzymes. Agar plates are also used gen- 
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erally as isolationmedium. When one or two drops ofsea water, sediment suspension, 
or liquid enrichment culture are spread evenly over the surface of a selective agar 
medium only those bitcteria which will grow on that particular medium, and under 
the conditions of incubation will form colonies. Dispersal over the surface reduces 
competition for nutrients and other interactions between different colonies so that 
slow-growing bacteria may form colonies under the same conditions as those growing 
more rapidly. 

Bacteria may also be isolated from pour-plates. These are prepared by adding the 
inoculum to a volume of sterilized agar medium (while still molten) in a test tube, 
inverting the tube several times to ensure good hapersal and pouring thecontentinto 
a sterile Petri dish where the agar gels. Subsequent population growth appears in 
form of lens-shaped colonies within the agar which can readily be picked up with an 
inoculation needle or n Pasteur pipette for tra,nsf'er to fresh medium. 

G.UNEEL and co-authors (1961) have pointed out that whenever sea water is 
mixed with warm agar for pour-plates, roll-tubes, etc., a risk of heat-killing exists. 
Many marine bacteria are injured by prolonged exposure to 30" C or higher tem- 
peratures (ZOBELL and CONN, 1940). It is recommended, therefore, that the agar 
always be cooled to 42" C before adding the inoculurn and that the agar volume be 
kept small ( 1  0 m1 or less) to facilitate fast cooling. 

Tubes are used for a va.riety of purposes, for example as agar slants for preserva- 
tion of cultures. Agar shake tubes are employed mainly for isolation of anaerobic 
bacteria, e.g. sulphate-reducers and photosynthetic bacteria. Narrow, long test 
tubes, preferably with screw caps, are filled to about 415 with melted nutrient agar 
and autoclaved. When the agar has cooled to about 42" C, the tubes are placed on a 
water bath of the same temperature. A few drops of inoculum are taken from a liquid 
enrichment culture and a.dded to one or two tubes which are a t  once mixed by in- 
version. If necessary, dilutions are prepared by transfer to further agar tubes. 
Irnrnedia,tely after inoculation the tubes should be cooled. When colonies have 
appeared, the glass tube is cut open with a diamond cutter and colonies removed with 
a Pasteur pipette. Roll tubes are used for aerobic bacteria; in this technique, the 
agar is permitted to gel while the tube is slowly being turned horizor~tally along its 
long axis resulting in a large internal surface area. 

Agar, a t  a. concentration of I to 2%, is the most preferred gelling agent for 
bacteriological media. In semi-solid media, mostly used for studying bacterial 
motility, agar is used in a concentration of 0.2 to 0.6%. Agar-digesting bacteria, 
which are not uncorntnon in the sea, may sometimes ruin agar cultures by completely 
liquefying the medium. Gelatin, a t  a concentration of 10 to 12%, is a good gelling 
a,gent; but it is readily attacked by a large number of proteolytic bacteria. A bio- 
logically inert gelling agent is silica gel which in  many respects is the ideal solidifier 
for sea-water media. Still, silica plates are little used because they are laborious to 
prepare, compared to agar media. A workable and convenient method for the 
preparation of silica plates has been described by INGELLHAN and LAURELL (1  947). 

Liquid Media 

Liquid media are mostly used for determina,tion of growth rates, for production 
of large bacterial crops, and in the enrichment technique. In  the latter case, a liquid 



selective mechurn is inoculated and incubated under a given set of conditions. 
Since any primary inoculum contains a variety of organisms, those for which the 
conditions are most suitable will outgrow the others. The efficiency of the enrich- 
ment can be controlled by manipulating such factors as temperature, salinity, pH, 
nutrient composition, and oxygen tension. Antibiotics and other inhibitors, known 
not to  affect the bacterium far which selected, may further enhance the efficiency 
of selection. Isolation of the ba.cterium can normally be achieved by seria.1 dilution 
through a series of tubes of liquid medium ox by plating on a solid medium. 

Diagnostic Jfedia 

For the purpose of identifying marine bacteria, a variety of diagnostic media are 
required. Such media are usually made from a basal sea-water medium containing 
all necessary components not to  be assayecl. To the basal medium is then. added 
whatever substance is required for the determination of nutrient requirements 
(e.g., carbon and nitrogen sources, vitamins), substrates for bioche~nical tests, 
nitrate for nitrate-reduction , etc. Standardized procedures for diagn.ostric analyses 
have been described in PET,~ZAR (1957). A simplified scheme for the identification 
of marine Gram-negative bacLeria has been proposed by SEEWAN (1963); but the 
standard reference work for ba,cterial classification is still BREED and co-authors 
(1957). However, the fundamentals of bacterial taxonomy are presently in a. state 
of revision (MANDEL, 1969), and particulnrly the marine microbiologist is likely to 
encounter frustration. in attempting to identify an unknown bacterium. 

The natural buffering system of sea water becomes highly inadequate when large 
amounts of organic matter and other substances are added. Although the original 
pH may not be significantly changed by such additions, bacterial activity rapidly 
results in production or removal of sufficient hydrogen ions to drastically change 
the pH. I n  most cases i t  is necessary, therefore, to add pH-buffers to  sea-water 
media. Phosphate buffers a,re not practical as they tend to form insoluble phos- 
phates with metal iona in sea water. More useful are tris buffers (tris-hydroxyrnethyl- 
aminomethane an.d hydrochloric acid) with a range of pH 7.2 to 9.0. Tris buffers 
can be used a t  concentrations of 50 to 100 mM and are non-toxic to most bacteria. 

Precipitated calcium carbonate is an efficient buffer for use in cultures of nitrify- 
ing bacteria, serving a t  the same time as a neutralizer for the acid produced and as a 
carbon source. The particulate nature of calcium carbonate is in itself stimulatory 
to  bacterial growth. by providing large solid surfaces. 

A suitable pH indicator for sea-water media is bromthymol blue (bIue in alkaline, 
yellow inacidsolution). One m1 of a 0.04% solution of the indicator (in 50% ethano]) 
1-l of medium will add a clear blue colour to media above pH 7.4. 

Media can be sterilized in various ways, for example by autoclaving. Most workers 
seem to use 'hard' autoclaving, i.e. 120" C for 20 mins, which usually results in 
precipitation of solid& from sea water. JONES (1967) analyzed such precipitates by 
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emission spectrogrnphy a.nd neutron activation and found that thc precipitates 
consisted of small amounts of a large number of elements, notably Mg, Si, and Ca. 
Calcium carbonate, with an aragonite structure, was identified consistently. 
Natural sea water contains very few spore-forming bacteria and can, therefore, be 
sterilized by simple pasteurization wI1ic11 will not result in precipitation. If organic 
ma,terials are to be dissolved in the sca water base it is safer to sterilize these separa- 
tely in a small volume of distilled water and to add the organics to the pasteurized 
sea water afterwards. 

Sea water and sea-water media can also be sterilized by filtration through mem- 
brane filters, asbestos filt,crs, or through fritted glass or porcelain filters. When 
using filters for sterilizntion one should realize that minute reproducible bodies of 
many marine bacteria may pass through filters of about 0.5 pm porosity (ANDERSON 
and HEFFERNAN, 1965). Certain t-ypes of membrane filters contain small amountsof 
detergents (Triton X-100 and similar products) t o  increase their wettability and 
filtering efficiency. Such filters have bacteriosta,tic properties (CAHN, 1967). 

U.v.-irradiation of sea water in quartz vessels renders it sterile and also results 
in almost con~plete oxidation and mineralization of any organic matter present 
(ARMSTRONG and co-authors, 1.966; see also Chapber 2). H A M ~ T O E  and CARLUCCI 
(1 96G) investigated possible toxic effects of u.v.-irradia,ted sea water but found that  
it could safely be used for cultivation of marine bacteria and diatoms. However, 
brief autoclaving was required to make it compar.ra.ble to artificial sea water and 
charcoal-filtered natural sea water for use in vitamin B,, assays. 

Preparakion of Inocula 

The use of aseptic sn.mpling techniques during the collection of material for 
enrich.ment and isolatioll cultures is, of course, mandatory in bacteriology. The 
sampled rnateria.1 may sometimes contain a large number of organisms and need to 
be diluted to serve as a suitable inoculum. This would, for exa,mple, be the casewith 
most seclirnents, intestinal material from marine animals, eutrophic water, etc., 
which can best be diluted in sterile sea water or enrichment medium. Other types 
of samplcs, e.g. water from the open ocean, are mostly low in organislns and some 
concentrating might bc needed. This ran be done by centrifugation (not practical 
on board ship) or by filtration. Bubble scavenging in a foam tower has been used 
with some success in concentrating bacteria from sea water (CABLUCCZ and WLLIJAMS 
1965). Aggregates of bacteria can to some extent be broken-up, and bacteria attached 
to particulate matter be released by treatment with surface-active agents (JONES 
and JANNASCH, 1956). 

Membrane filters have been found extremely useful in marine microbiology to  
concentrate bacteria from sea water. After filtration of a measured volume of sea 
water or a suspension of other material under aseptic conditions, the filter membrane 
can either be transferred to a liquid e~vichment medium or be placed directly on a 
nutrient agar plate and incubated. I n  the latter case, the filter pad is kept moist 
by contact with agar, and nutrients and waste products diffuse through the filter 
pores. Pure cultures are readily obtained when colonies have grown out and can be 
transferred to fresh mediurn for further cultivation. 
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Aerobic ana! Ame~obie Cultirration 

Most bacteria isolated from oceans and coastal waters will grow, and mostly 
grow best, in the presence of oxygen. To secure an adequate supply of oxygen in 
cultures, various types of flasks and bottles which provide a relatively large liquid- 
air interface are preferred. The efficiency of itc:ratibn can be considerably increased 
by the use of a rotary or reciprocal shaking machine or by blowing sterile-filtered 
compressed air through cultures via an airstone. In  large-scale culture vessels, so- 
called fermenters, aeration is optirnized by simultaneously forcing air through the 
culture and stirring. 

Anaerobic culture techniques require special glaas or stainless steel jars (Brewer 
ja.rs) in which the air can be replaced by nitrogen, hydrogen, or other biologically 
indifferent gas (hydrogen gas in some caqes functions in anaerobic metabolism). 
Cultivation of anaerobic bacteria has been consjderably facilitated by the observa- 
tion that bacteria can be protected from the toxic effects of oxygen by adding 
strong reducing agents to the medium. Sodium-thioglycollate a t  a concentration of 
1 g 1-4 or traces of cysteine or sodium-sulphide (0.1 g I - ' )  in media make i t  
possible to  handle anaerobic ~ultiva~tion under field conditions when the more 
bulky jar technique is impractical. 

Measuring Bacteria2 &moth. 

A variety of methods can be used to determine bacterial growth (population 
growth) : 

(i) Direct microscopic counting of ce1.l~ in a bacterial counting chamber; 
(ii) Plating of a known volume of culture (or a dlution) on an agar medium and 

counting the colonies after incubation; 
(iii) Filtering a known cultme volume (or dilution) through a membrane filter; 

incubating on agar medium, and counting coIonies; 
(iv) Serial dilution (usually 1 : 10) in liquid medium, incubation, and computation 

of cell number in the original culture from observations on growth; the most dilute 
culture which has supported growth must have contained a t  least one cell; 

(v) Measuring the turbidity of a Liquid culture in a. calorimeter or spectrophoto- 
meter; to  obtain actual cell numbers, turbidity readings must be calibrated against 
direct counts or plate counts; 

(vi) Determining the dry weight of cells after filtration or centrifugation and 
subsequent drylng in an. oven. a t  105' C; 

(vii) Determining a characteristic cell component (e.g. protein, ATP) or a 
metabolite (e.g. organic acid, vurbon dioxide). This method does not necessarily 
correlate with the actual cell mass or number, but under standard conditions and 
after calibration i t  is often found convenient. 

Maintenance of marine bacteria cultures requires regular transfer to fresh medium 
to prevent drylng out of the medium and death of the organisms. Stock cultures are 
usually kept on agar medium (slants) a t  low temperature (0°4" C) and are trans- 
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ferred every I t o  2 months. If overlaid with sterile paraffin oil, transfers can be 
delayed for several months. 

The best method of preserving cultures is by lyophilization; but  special pre- 
cautions must be taken to prevent dehydration of the cells due to  concentration 
of the sea-water medium (evaporation). A critical osmotic state .will occur before 
evaporation is complete ; i t  may result in collapse of the cells. OHYE and GUNDERSEN 
( 1  870) found that  several suspending inedia used commonly in l yophilization of 
non-marine bacteria were unsuitable for marine forms. They used a medium con- 
sisting of 200 g dehydrated skim milk in a mixture of 50 m1 of aged sea water and 
950 m1 of distilled water a t  p11 7.5. Young bacterial cells growm on marine agar 
(Difco) were used. Alnpules were kept under vacuum for 6 hrs, sealed and stored a t  
0" C. Bacteria which did not s-urvive lyophilization in the s h l n  milk medium usually 
could be lyophilized in a medium consisting of 5 g peptone and 5 g yeast extra,ct 
in 250 m1 of sea water and 750 m1 of' distilled water. 

Stock Culture Collectior~s 

Numerous stra,ins of marine bacteria have been deposited with many of the large 
culture collectio~~ (ATCC, NCTC, and NCIB). For storage of stock cultures of marine 
bacteria and other micro-organisms, the National Collection of Marine Bacteria 
(NCMB) was established in 1947 a t  the Torry Research Station in Aberdeen, 
Scotland. The collection presently comprises more than 2000 strains of marine 
bacteria which are available t o  researchers for a nominal charge. 

(b) Special Culture Techniques 

The Chemostat 

The chemostat has proved to be the most useful cultivation device for the study 
of bacterial growth under nutricnt-limited conditions (see also Chapters 2 and 4) .  
Basically, the chernosta.t is a continuous culture system by which a. controlled 
steady-state condition can be established a,nd maintained. Fig. 3-3 shows the features 
of a chemostat used by JANNAYCH (1967) t o  study growth of marine bacteria a8t 
very low nutrient levels characteristic of the open-ocean ecosystem. 

When steady-state conditions have been achieved, the nutrient concentration 
in the culture vessel (I) is dependent on the growth rate ( p )  but  independent of the 
limiting nutrient in the reservoir (S,). The population density (5) is proportional t o  
the limiting nutrient, thus: 

and 

where D is exponential dilution rate, p,,, is the maximum growth rate a t  excess 
c~ncentra~tion of the limiting nutrient, K, the saturation constant, i.e. concentration 
of the limiting nutrient giving rise t o  one-half the maxi~num growth rate, y the 
yield coeffici,ent, i.e. the average amount of limiting nutrient consumed per unit 



Fig. 3.3: Chemostat used for studying growth chamcteris- 
tics of manne bacteria. C': t h e  connection to second 
culture vessel; D:  drop counting device; H: submer- 
sible heater (quartz); 1;: capillary resistance in 
constant-temperature water bath ; O2 : measuring and 
recording device for dissolved oxygen ; Ov : overflow 
vessel ; Ov' : second overflow vessel for second chomo - 
s ta t  unit; P': peristaltic pump, used for shod time 
experiments and high flow rates only; pH : measuring 
and recording device for pH ; Pr : temperaturo probo ; 
St : stirring bar; T: teflon covered lid; Tc: thermo- 
regulator; Th: thermometer; Va: vnriac. (After 
JANNASCH, 1967 ; modified ; reproduced by permission 
of American Society of Limnology and Oceanography.) 

weight of cell material produced (JANNASCH, 1967). Some basic and important 
information on the con.trol exerted by nutrient-poor ocean water on bacteria growth, 
a.nd on the peculiarities of the bacteria. which ca.n exist under such conditions, have 
been obtained by JANNASCE (1968, 1969). 

The chemostat has also been used for isolation of ma,rine bacteria with low 
nutrient req~rirements (JANWASCH, 1964 ; HAMILTON, 1968). HAMILTON used an 
artificial sea-water medium en.riched wi th  50 t o  I00 pg of glucose I-'  in addition 
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to  a nitrogen and phosphorus source and inoculated the system with natural. sea 
water. The medium was pumped through the chemostat a t  a flow ra,te of 50 to  100 
m1 4 hrs-'. After 4 to 7 days, the culture vessel contained one or two bacterial 
species which would multiply a t  the low nutrient concentration ulheret~s others, with 
higher requirements, had been washed out. Interestingly, the culture vessel would 
also contain one or two species of bacteria which were not able t o  grow a t  the low 
nutrient concentration per se but ha,d established themselves in a form of bala,nced 
CO-existence with the low-nutrient organisms. 

Apart from these investiga.tio~~s i t  seems tha t  the chemostat has, unf~r tuna~te ly  , 
been little used to study growth and nutrition of marine bacteria. 

Hydrostdic Preamrure Cultivation 

The basic equipment for cultivating marine bacteria under elevated pressures 
was developed by ZOBELL and O P P E ~ E I ~ Z E R  (1.950); i t  is, with various modifica- 
tions and improvements (LANDAU, 1970), still used in many laboratories (Volume 
I : MORITA, 1972). 

The equipment consists of a heavy stainless-steel cylinder with a screw cap and 
a high-pressure needle valve. Bacterial cultures, contained in s~nal l  glass tubes with 
neoprene stoppers, are placed in the cylinder ravity which is completely filled with 
hydraulic fluid (mostly s 50 :50 mixture of glycerol and water). The cylinder is 
connected through hydraulic tubing to a pressure pump by which the desired 
pressure is produced. Most equipment is constructed to withstand at least 1000 atm, 
the hydrostatic pressure prevniljng in the greatest depths in the ocean (Volume I:  
KINNE, 1972). 

There have been some problems connected with the cultivation of bacteria in 
this type of pressure equipment. Because of the relatively small volu~ne of culture 
liquid which can be used, and because of the necessity of closing the culture tubes 
with tight stoppers, aerobic ba,cteria rapidly -use up the small smount of oxygen 
available. Also, waste products, pa.rticularly csrbon dioxide from respiration, 
accumulate and tend to produce secondary effects. 

To overcome oxygen exhaustion, BERGER and TAM (1970) substituted the culture 
tube with a selectively permeable membrane bag which permits gas exchange 
between the external hydraulic fluid and the culture whiIe retaining water and 
solutes. 

Controlled Model Ecosystems (Microcosms) 

KAWAI and CO-autl~ors ( I  964, 1966, 1968) have shown that  i t  is possible t o  deter- 
mine quantitatively the growth and tnetabolic activity of several different physio- 
logical types of marine bacteria, in a closed model ecosystem (Cha<pter 6). They used 
an  aquarium with fish, equipped with a sand bed resting on a screen a few centi- 
metres above the bottom (Fig. 3-4). An air-water lift maintained acirculatingcurrent 
of aerated water in the aquarium and permitted continuous water percolation 
through the sand bed. Chemical and bacteriologicltl changes occurring in sand and 
water were monitored regularly during a period of several months. 

The ana,lyses showed tha t  the bacterial populations of both filter sand and culture 



water changed markedly during the early stages of cultivation, but stabilized some- 
what after 1 to 2 months (Fig. 2-5, c and d). A comparison of axenic cultures of 
nitriffig bacteria with the accumulation of nitrite and nitrate in the model 
ecosystem showed that nitrification in the sand bed proceeded in a manner almost 
identical to the axenic culture. (For E\, detailed account on axenic cultures consu-lt 
Chapter 6.1 1). 

A similar system, the model sea,-bed, was devised by LISTON (1964) who studied 
the microbial degradation of gelatin, agar, ceIlulose, chitin, and other substrates in 
water percolated through the system. 

The .BiockemicaZ Potential Technique 

This technique is, in principle, an enrichment technique but its purpose is not the 
ultimate isolation of bacterial cultures. Instead, i t  measures the integratedresponse 
to enrichment of the entire population of an isolated sample of an ecosystem. To 

Air supply 

ID 

Culture water 

@' 
- 1  

. L L L L . L L L L . l I I L  
' 

Fig. 3-4:  Model ecoeystem. Aquarium used to study 
bacterial growth and activity. (Aftsr %war and CO- 
authors, 1968 ; modified ; reproduced by permission of 
the authors.) 

make such measurements meaningfu1 in an  ecological sense, it is important that  the 
quantity of added substrate be kept within reasonable ('natural') limits, that a 
minimum of physical disturbance be made to the sample, and that the duration of 
the experiment be as short as possible. Label-led substrates and sensitive chemical 
methods are essential in this technique. 

A classical example of the biochemical potential techiques is the method for 
determining primary production by phytoplankton in water bodies (STEEMANN 
NIELSEN, 1952). Here, the uptake of carbon-14-carbonate is used as a memure of 
potential Light-dependent growth, but the method also gives information on the 
carbon uptake in dark reactions by phytoplankton and by heterotrophs. 

Vaccmo (1 969) attempted to  determine the heterotrophic potential for organic 
materials in ocean water by enrichment with carbon-14 labeIled carbohydrates, 
amino acids, and organic acids. But only by preconditioning the popdations to the 
nutrients diu-ing a 24-hr period prior to the experiment was he able to derive uptake 
rates on which mathematical analyses could be used successfulIy. In short-term 
experiments (3  hrs), uptake of any nutrient was irregular and unpredictable and not 
suitable to Wchaelis-Menten kinetic analysis. VACCARO believes that the organic 
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carbon tu.mover rates in the open ocean are too low to be measurable even with the 
sensitive isotope technique, but that more success is likely to be obtained in. es- 
tuarine and coastal watem where the heterotrophic activity is more intense. 

That this may be correct was demonstrated by HARRISON and co-authors ( 1  971) 
who used a, technique similar to  VACCARO'S ( l  969) to determine the hebrotrophic 
potential of sediment. Instead of measuring nutrient uptake (glucose and acetate), 
these authors determined the amount of carbon-14-carbon dioxide produced from 
the nutrient and showed that  a linear response could indeed be obtained within an 
experimental period of less than 15 mins. 

lnitlol nitrote ("g-ot NO,- N i') 
0 5 10 15 2 0  25 30 35 4 0 

100 - 

in water column 

5 7 0 0 -  0 

*m m 
1000 - 
1100 - 

- 20 -15 -10 - 5 0 5 10 +l5 .20 

Changes in nitrate oftsr 30-day incubation ( L I ~  - at NO,- N L') 
Fig. 3-6:  Nitrifying potential (filled circles) and nitrate-reducing potential (open circles) in a 

Pacific Ocean water column. (Mter GUNDERSEN and co-authors. 1972; reproducd by 
permisuion of American Society of Limnology and Oceanography.) 

GUNDERSEN and co-authors (1.972) measured the nitrifying and. nitrate-reducing 
potential in a profle of the watcr column in the Pacific Ocean by enriching water 
samples with 14 mg of m , - - N  1 - b r  with 14 mg of NO,-N plus 1 g of glycerol I-' 
and determining the change,s which occurred in the nitrate content of sa,mples after 
a relatively long incubation period (30 days). The result of this experiment is 
shown in Pig. 3-6. The nitrifying potential waa evidenced by an increase in the 
amount of nitrate over the initial, whereiis the nitrate-reducing potential was shown 
by an overall decrease in nitrate in the incubated samples. 

(c)  In situ Techniques 

I n  chemostats and model ecosystems (microcosms), experimental conditions, to 
a considerable extent, can be kept under the experimenters control (see slao Chapter 



6). The situation becomes more complex and uncontrollable when attempting to 
study bacterial growth in nature. BROCK (1 97 l ) has discussed the many difficulties 
encountered by the microbial ecologist working in the field, but has also pointed out 
and given examples of severd workable methods for measuring microbial growth 
and activity in aitu. A few techniques which are applicable to marine systems -will 
be discussed here. 

Subnzerged Slide 

The submerged-slide technique was initially developed by CHOLODNY (1930) 
for examinations of the microflora of soils; the technique has since been modified 
and has been much used in aquatic research (e.g. ZOBELL and ALLEN, 1933 ; &ISS 
and M~RKIANOVICE, 1954; SOROKIN, 1963). 

Almost a.ny insoluble material will, when immersed in a solution such as natural 
water, adsorb ions and various polar and non-polar substances (MARSHALL and co- 
authors, 197 l ; SECHLER, 197 2).  The physico-chemical properties of the original 
solid may change rapidly as a complex microlayer is formed over its surface. If 
microscopic pla.nkton organisms, including bacteria, are also present in the water, 
they too may settle on the surface, as a result of electrostatic attraction, by chemo- 
taxis, or simply by chance collision and adhesion. Provided the surface constitutes 
a. favourable substratum for a.n organism it  may proliferate and eventually give 
rise to a small population. 

Because of adsorption, i t  is likely that  biological events occurring on the surface 
are more dependent on chemical and biological characteristics of the water than on 
t.he original nature of the surface itself (except for toxic or biodegradable materials) ; 
therefore, microscopic examinations of glass slides, subsequent to a proper period 
of exposure to water, are representative of the conditions in the water itself. On 
this premise, KRISS and MARKIANOVICH (1954) used the submerged-slide tech- 
nique to determine bacterial growth rates and biornms increases in various seas. 
Their results were astonishing as they were a.ble to show that, in some cases, a 
doubling of bacterial biomass would occur in 24 hrs. 

The validity of these findings can be questioned as i t  has long been known that  
solid surfaces per se. are promotive to bacterial activity and growth (ZOBELL and 
ANDERSON, 1936 ; Volume I : ZOBELL, 1972) hence micro-biological events are likely 
to become accelerated when occurring on the surface of a glass slide. Various inter- 
actions between microbial populations, such as synergism, predation, antagonism, 
etc., as well as minute local changes in pH, oxygen tension, etc., may also selectively 
modify the biotic equihbrium. 

Used. with care, however, and particularly as a supplement to other techniques, 
the submerged-slide technique ma,y well be a useful tool in marine microbial ecology. 

The Pelosmpe 

The peloscope is a clever little invention by PERFILIEV and GABE (1 969) ; it can 
be used to study the rnicro0ora of the upper layer of sediments in lakes and marine 
environments. It consists of an assembly of Aat capillaries attached to a frame. 
When inserted into the interface sediment-water and left undistubed micro- 



organisms will grow w i t h  the capillaries in zones corresponding to the na.tural 
zonation of the sediment. When removed, the capilIaries can be stucbed under the 
microscope and can be broken up and the content used to inoculate nutrient media 
for further enrichment. 

Fig. 3-7 : I n  situ incubator, ISIS (1 litre ; Kahl 
Scientsc Instrument Corp., El Cajon, 
California, USA) used in a primary pro- 
duction experiment with one light bottle 
(left) end one dark bottle (right). Bottlea 
are interchangeeble, facilitating installa- 
tCo11 of 2 dark bottles, 2 light bottles, or 1 
light bottle plus 1 dark bottle. Bottls lids 
are cocked open during descent through 
the water column and forced to snap shut 
by two lateral rubber springs when 
triggered by a messenger. Bottles can be 
drained through valves in the lower lids; 
air vents are on top lids. (Photogmph by 
R. B. HANSON, University of Hawaii.) 

In an experiment, P E R ~ E V  and GABE (l. 969) were able to demonstrate 8 micro- 
zones over a vertical. distance of 2 mm in the sediment of a lake. The upper zone 
consisted of photosynthetic diatoms, followed by a zone of iron bacteria (Ochrobium 
sp. and ~dl&llcc sp.), a predatory bacteria.] zone (Dictyobacler sp.), zones of nitro- 
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gen-fixing bacteria, filamentous bacteria, etc. Thc portion of the capillaries which 
represented the deepest part of thc sediment exhibited considerable reducing 
potential with Dm~ljovibrio sp. and precipitates of iron sulphide. 

Fig. 3.8 : I n  situ incubator (2  litzr) for detcrrn~ning rates of nitrogen 
fixation in coral hcads snd sediments. Nutrients are added and 
samples removed through valves and inlets (closed wi th  serum 
bottle stoppers) in the top lid of  the expcr~mental chamber. The 
lower compartment (air -filled) contain8 batteries, 8 magnetic 
stirrer, and lead weights for anchoring. (Photograph by R. B. 
KANSON, University of Hawaii.) 

I n  situ lncubatms 

Most important are experimental ecological studies a t  the site of events. By 
removing samples and specimens from the environrnei~t for analysis one inevitably 
disturbs physical and biological equilibria and may not be able to make valid 
observations. I n  situ incubators attempt to  avoid this by permitting remote 
int.ended manipulations within the ecosystem. Fig. 3-7 shows an incubator used 
for experimental work in the water colun~n. It was originally designed for in silu 



determination of primary production (GUNDERSEN, 1 973), but hns proved. useful for 
a number of other ecological studies based on the biochemical-potential technique 
(p. 320). Nutrients--e.g. carbon- 14 labelled carbonate, amino acids, algal hydro- 
lysate, etc.-are released into one or two bottles (if one only, the other serves as a 
control) as they close by breaking the glass a.mpou1e which contains the nutrient. 
Closing is triggered by s messenger sent along the hydrographic cable from the 
supporting ship. During incubation, the in situ incubators will remain a t  the depth 
a t  which they were closed, suspended under the ship or under a drifting or anchored 
buoy. At the end of the incubation period, the incubators are recovered and their 
contents analyzed. 

Atlother type of in situ incubator, developed by HANSON (unpublished) for deter- 
mination of nitrogen fixation in corals and seclimenta, is shown in Fig. 3-8. The use 
of this incubator requires that  the experimenter be capable of diving to the depth 
of incubation, placing the coral head specimen, a sample of sediment, or whatever 
is being studied, inside the incubator and manipulating the enrichme.nt and periodic 
sampling with the help of syringes and other tools he can bring with him. 

Both types of in sdtu incubators are used in marine ecological research a t  the 
University of Hawaii. 

(4) Physiological Types 

(a) Heterotropbs 

Most bacteria in oceans and coastal waters depend on organic material as carbon 
and energy sources ancl participate in the transformation of material which, in the 
end, becomes fully oxidized and decomposed to mineral components (Volume 11: 
PANDUN, 1975, SCHLEGEL, 1975 ; Volume I V  : S O R O ~ ,  1977). A small fraction of 
the organic matter is transformed into more complex compounds, humus, which in 
colloidal or particulate form remains suspended or precipitates, and only very 
slowly undergoes chemical and biologicsll degradation. 

Micro-organisms, either immediately or after a period of adaptation, act upon 
almost any organic material of biological origin made available through excretion, 
death of other  organism,^, or disposal by man. The greater part of these scavengers 
are heterotrophic bacteria which belong taxonomically to many different families 
and genera. From an ecological point of view it makes more sense to deal with these 
bacteria as physiological types rather than as taxonomic entities. I n  many cases, one 
and the same bacterium ma.y appear as two or more physiological types depending 
on nutrient availability and physical conditions. For example, many aerobic and 
fa.cultatively anaerobic pseudomonads belonging to the genera Pseudmwnm, 
V i h i o ,  Aerobacter, and Beneckea, are capable of utilizing a wide arra.y of nutrients, 
e.g. simple sugars, starch, agar, chitin, gelatin, lipida, etc. (STANIER and co-authors, 
1966; BAUMAN and CO-authom, 1971) and of using either oxygen or nitrate as 
electron acceptor; they may, therefore, qualify as 'aerobic chitin-digesters' or as 
'facultative anaerobic nitrate-reducers', depending on the medium and the cal tura.1 
conditions applied. Another case is the so-called 'sulphate-reducing bactcrin' and 
the 'denitrifying bacteria'. Strictly, most of these a.re regular heterotrophic bacteria 
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which use sulphate or nitrate as h a 1  electron acceptors. The reduction products 
which rcsult (sulphide and nitrogen gas) are the only justifications for classifying 
them as me do. 

In this section, culture requirements of a few of the most studied and, therefore, 
better-known groups of heterotrophic marine bacteria will be considered. It is not 
possible to include in this review every detail of procedure and technique used in the 
cultivation of the various bacteria; the reader is referred to the individual papers 
cited for additional details. Information on culture media and special cultivation 
techniques can also be found in RODINA ( 1972). 

P~otwEytic Bacteria 

Proteins, polypeptides, and amino acids are perhaps the best general source of 
nutrients for marine lzeterotrophic bacteria. MERHEL (1965) has developed an 
elegant method for the detection and isolation of marine proteolytic bacteria. As a 
base medium he uses either nutrient agar or a 0.5% peptone in sea-water medium 
with 2% agar to which a chromoprotein is added. Proteolysis is detected as zones 
of decoloration surrounding active colonies. Various chromoproteins, e.g. phy- 
cocyanin and allophycocyanin, are obtained from the red alga. Pwphyra sp. by 
extraction with 0-07 M phosphate buffer and subsequent concentration by ammo- 
nium sulphate precipitation. A direct col-relation exists between loss of chromo- 
phore colour and protein degradation. 

C ~ ~ ~ ~ ~ 0 8 e - d e C o r n p 0 ~ ~  Bacteria 

Cellulose-decomposing bacteria of the genera Cytophaya, Sporocytophaga, 
Cetlvibrio, Cloalridium, and others can be isolated from timber, cotton lines and 
fish nets, and other cellulose-containing materials from the sea. Many marfile 
sediment8 have been found to harbour populations of celIulose-decomposing bac- 
teria. These organisms are often also associated with diatoms and other plankton 
organisms, and cellulose bacteria have been isolated from plankton tows. 

Decomposition of cellulost~ is accomplished both aerobically and anaerobically; 
in the latter case wit11 frequent formaftion of methane and hydrogen gas. 

Enrichment cultures are prepared in simple sea-water media with a source of 
cellulose as the only carbon constituent. As nitrogen source, NH,Cl or NaNO,, 
0.5%, is added together with K,HPO,, 0.1%. To neutralize any acidity resulting 
from cellulose decomposition CaCO,, 2%, has often been found useful. A small 
amount of yeast extract or vitamin solution enhances activity. 

Isola.tion of organisms is best accomplished on agar media of the same composition 
with a filter-paper pa,d or a slurry of cellulose powder spread on top. When inoculated 
with a dilution of a liquid enrichment culture and incubated for 5 to  10 days, the 
presence of cellulose-decomposing bacteria js evidenced by the formation of pink, 
red, or orange-often slimy-spots on the cellulose. With very active strains the 
filter peper may become perforated. Pigment formation by cellulose-decomposing 
bacteria is enhanced by growing the bacteria on potato sIant. 
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Agar-digesting Bmteria 

Agar (a mixture of polysa.ccharides extra,cted from certain red and brown algae) 
i s  utilized by about 1 to 2% of the aerobic heterotrophic marine bacteriaas carbon 
and energy source; but as the same bacteria utilize also many other carbon sources, 
e.g. starch and cellulose, they have no absolute requirement for agar. Agar-digesting 
bacteria are also common in soil. Most of these bacteria belong to the genera 
Vibrw, Pseu-, and Cylophuga. Often the agar i s  drcomposed with consider- 
able gas production. 

STANIER (1941) used 0.1% agar in sea water for enrichment cultures with 
KNO, or (NH,),SO,, 0.1 %, as the only mineral addition. For isolation on solid media 
a small amount of peptone must be added. 

Alginic acid (a polyuronide occurring abundantly in marine aIgae) is readily 
used as carbon source by many marine bacteria. 

The insoluble polyseccharide chitin is a constituent of the exoskeleton of crus- 
taceans; i t  occurs in many other marine organisms, and in cell wslls of fungi. 
Chemically, chitin is a long-chained polymer of glucosamine and thus contains 
nitrogen. It can be utilized as nutrient by many marine bacteriaandactinomycetes, 
isolated from marine sediments, plankton tows, intestinal content of fishes, and 
sometimes from the water column. Enrichment cultures are made in sea water, 
chitin-peptone medium containing precipitated chitin 0-5%, yeast extract O*l .%,  
and peptone, 0.5% (OKUTANX, 1966). 

After about two weeks of incubation, dilutions of the enrichment culture are 
spread on agar plates of the same composition with 2.5%, agar. The presence of 
chitin-digesting bacteria is evidenced by dissoIution of the chitin around active 
colonies. 

Lipid and Hydrocarbon Decompose~s 

Substantial amounts of triglycerides and related lipids are produced by marine 
phytoplankton, particularly during periods of nitrogen starvation. Lipids also 
occur abundantly in most other organisms in the sea. 

Bacteria capable of decomposing lipids have been found in a.11 pads of the ocean, 
and i t  appears that  a large percentage of common marine pseudomonads and other 
heterotrophic bacteria produce extracellular lipase and hydrolyze and use a variety 
of natural oils, fats and waxes as nutrients when these are finely ernulgated wi th  the 
water and a source of nitrogen and phosphorus i.s available. 

SEKI (1967) found that  from l0  to 100% of marine heterotrophic bacteriaisolated 
from coastal waters ancl sediment8 in Japan end from the Pacific Ocean had the 
capacity to  deco~npose lipids. Lipolytic bacteria were easily detected and isolated 
from agar plates containing the dye spirit blue, and with olive oil as a substrate. 
The basal medium contained NaNO,, 0+01%, or peptone, I%,  as a nitrogen source 
and FePO,, 0.01%, jn aged sea water a t  pH 7.8. The olive oil was prepared as a 
20% emulsion with Tween 80 and 2.5 mI added per 100 m1 of basal medium. Follow- 
ing isolation, the bacteria were grown aerobically in flasks of the same medium. 
Most of the lipid was decomposed within 24 hrs and yielded a-bout log mIh ml-l. 
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Of considerable practical interest is the biological degradation of accidentally 
spilled oils and petroleunzs. Many kinds of marine bacteria have been found to 
oxidize petroleum hydrocarbons with the formation of organic acids, esters, al- 
cohol~, carbon dioxide, and bacterial protein. Such bacteria are common in coastal 
areas, harbours, and around off-shore oil weus where oil spills are more or less 
chronic, but are rare in the open ocean. With sufficient oxygen supply, and with a 
source of nitrogen and phosphorus available, oil degradation may proceed a t  a 
rate of 0.02 to 2 g m-2 day-' a t  24" to 30" C. Many papers have been published on the 
subject of oil degradation, and the topic has recently been reviewed by ZOBELL 
(1969; see also Volume V). S o u  and BENS (1972) have investigated the cultural 
requirements of oil-decomposing species of Arlhrobacler and Ackromobacter. The 
bacteria decomposed various crude oils and mixtures of hydrocarbons in a basal 
medium containing NH,Cl, 0.1%, KH,PO,, 0.02%, together vith trace elements 
and vitamins. 

Marine bacteria capable of oxidizing gaseous hydrocarbon, notably methane, have 
long been known. The methane-oxidizing bacterium M~rka- carbonatophila 
was grown by HUTTON and ZOBELL (1949) in a sea-water medium in Sohngren- 
vessels in a mixture of methane, oxygen and carbon dioxide. The medium was 
enriched with NH,Cl, 0.1%, andK,HPO,, 0.05% ; optimum pH was found to be 6.5. 
Culture requirements and growth characteristics of various methane-oxidizing 
bacteria have been reviewed by SILVERMAN ( 1  964). 

Within the major nutritional groups of heterotrophic bacteria dealt with a,bove 
are numerous interesting physiological types of which many are important members 
of ma,rine ecosystems. However, as ea,ch of these types, and even individual species, 
require their own special media and conchions for cultivation i t  would be impossible 
to include them all in this chapter. The reader is referred to  the following papers and 
reviews : Halophilic bacteria (LARSEN, 1962), psychrophilic bacteria (MORITA, 
1968), luminescent bacteria (SOLI, 1970), denitrifying bacteria ( S R E E ~ A S A N  and 
VENKATARAMAN, 1956 ; RHODES and co-authors, 1963), sulphate-reducing bacteria 
(STARKEY, 1960; POSTQATE, 1965), nitrogen-fixing bacteria ( M ~ U Y A M A  and co- 
authors, 1972). 

(b) Photosynthetic Bacteria 

Cultivation of this small but interesting group of marine and freshwater bactaria 
requires light, anaerobic conditions and a suitable electron donor. Purple and green 
sulphur bacteria use reduced sulphur compounds, mostly in tlze form of sulphide, 
as electron donor; they are capable of living autotrophically with carbon dioxide 
as sole carbor~ source. Purple non-sulphur bacteria use simple organic materials 
instead of sulphide but they too can grow a.utotrophically. 

After initial enrichment, photosynthetic bacteria can be plated with relative 
eme onto agar medium or grown in shake-tubes from which pure cultures can be 
obtained after several days of incubation. Carbon assimilatio~l in these bacteria 
is highly efficient. Some of the purple non-sulphur bacteria growing on acetate in 
light may transform as much as 90% of the carbon into cell material, and large 
cell crops may easily be obtained in batch culture under optimal conditiom. 



Pu~pl e Bacteria 

Thior hodaceae (purple sulphur bacteria). This group uses hydrogen sulphide a.s 
eIectron donor; the oxidation product, elemental sulphur, is deposited intra- 
cellularly as oily refractive globules. Oxygen is strongly inhibitory to growth. 
A few species require growth factors (vitamins) but otherwise: grow in s purely 
mineral medium at  pH 7b0 to  7.5. Enrichment and other cultivation techniques for 
various purple sulphur bacteria have been described by SCHLEOEL and PFENNXC 
(1961), and more recently by TR~JPER (1970; see also Volume 11, Chapter 2).  
TRUPER isolated and cultivated 36 strains of purple sulphur bacteria from ma,rine 
sources in a medium prepared from four different mineral stock solutions with 
vita-min B,, as the only growth factor. The bacteria revealed salinity optima ranging 
from 10 to 30%,. 

Athiorhodaceae (purple non-sulphur bacteria). Most of our knowledge of t h s  
group of bscteris stems from the classical study of VAN NIEL (1944). Three genera 
of the family are now recognized, Rhodopseudmncmas, Rhodospirillurn, and Rhoh- 
microbium, the latter multiplying by budding. Several marine isolates have been 
described. These bacteria (:an all be grown anaerobically in light with acetic acid, 
lactic acid, or some other simple organic compound as electron donor. If th.e elec- 
tron donor is more reduced than the cell organic ma.tter, carbon dioxide is used as 
carbon source; if more oxidized, the electron donor is also the carbon source. So.me 
of the purple non-sulphur bacteria ca,n use molecular hydrogen as electron donor 
in photosynthesis with carbon dioxide as the only carbon source. In the dark, these 
bacteria behave as heterotrophs by obtaining energy from aerobic respiration of 
organic compounds. 

B-vitamins are required for growth by most speciee. As vitamin requirenients 
are species specific, selective enrichment is possible. For example, SCHER and co- 
authors (1963) could isolate Rhodospirillurn palustris from cultures containing 
p-aminobenzoic acid, and R. rubrum from cudtures with biotin. 

Marine purple non-sulphur bacteria can be grown in light in sea-water medium 
consistingof Na-lactate, 0.5%, K-acetate, 0.04%, yeast extract, 0-G%, andK,HPO,, 
0.5%, a t  pH 7 to 8. 

Green Bacteria 

Isolation technique and meha  used for green bacteria have been described by 
VAX NIEL (1 931) and still seem to be used by most workers. Green bacteria thrive 
in a rather high concentration of hydrogen sulphide, 0.1 %, at  a pH of about 7- 
as opposed to purple sulphur bacteria which require lower sulphide concen,trations 
and somewhat higher pH levels. These differences can be used to separate the two 
groups of photosynthetic bacteria which frequently occur together in nature. 

I n  shake-tubes under anaerobic conditions in. light, dsc-shaped, yellowish- 
green colonies of about 1 mm diameter appear after 7 to 10 days of incubation. After 
isolation, the bacteria can be grown in liquid mechum in glasa-stoppered flasks. 
PeC1, is required for growth in purely mineral media. 

The cultural and biochemical characteristics of the two species of green bacteria 
Ghlorobiunz lirnicola and C .  thiosulfatopkilunl have been extensively investigated 



by LARSEN ( 1 953). TRWPER ( 1970) isolated and investigated I l strains of Chlwrobium 
from ~7;irioi1s marine and brackish-water sources. These organisms urould pour  in 
the same medium as the purple sulphur bacteria a t  pH 6.8. 

(c) Chemo-autotrophic Bacteria 

AI1 chemo-autotrophic bacteria (Volume 11: SCHLEQEL, 1975) use inorganic 
materials as source of energy and reducing power (electron donor) and carbon 
dioxide as carbon source. Many of these organisms play an important role in the 
transformation of inorganic matter in the sea, e.g. the nitrifying bacteria which are 
instrumental in the regeneration of nitrate (Volume I V :  CONOVER, 1976; SOROKIN, 
1977). Because members of this group, as the phytoplankton and the photosynthetic 
bacteria, use carbon dioxide as their only carbon source, they also contribute t o  
some extent to the net production of organic matter in the sea. Many of the chemo- 
autotrophic bacteria are difficult to cultivate in laboratory m.edia. 

Sulphur Bacteria 

TILTON. and co-authors (1967a, b) isolated marine strains of Thwbucillus thio- 
oxiclans and T .  Ihioparus from the Caribbean Sea and the Atlantic Ocean using 
membrane tiltration and thiosulphate agar, and by enrichme~lt in 20-1 carboys. 
Both enrichment medium and agar medium contained per litre of sea water: 
NH4C1, 0.1 g ;  FeC13.6H20, 0.001 g ;  K,HP04 or KH2P0,, 0.2 g ;  and Na,S20,, 
1 0 g. Oxidation of th io~ulpha~e proceeded much more rapidly when the initial pH 
was adjusted to 5.6,  than a t  the original pH of 7.2. In the acid medium the final 
pH would be close to 2 as a result of sulphuric acid production. Most strains also 
oxidzed elerne~ltal sulphur and all of them were aerobic and required sea water 
for growth. If transferred to nutrient broth, marine agar, or to a medium containing 
0.01 % yeast extract, no growth would occur. 

Seven strains isolated by ADAIR and GUNDERSEN (1969a.) from estuarine, neritic 
and oceanic environments in the Pacific Ocean could, in contrast to the Caribbean 
and Atlantic strains, easily be adapted to a heterotrophic existence if the thio- 
sulphate was replaced by 0.5% yeast extract or peptone. These facultative auto- 
trophs grow well in the presence of glucose, galactose, mannose, and glycerol 
(ADAIR and GUNDERSEN, 1969b). The Pacific strains werc initially isolated from a 
medium consisting of (NH4),S0,, 0.1 g ;  NaHCO,, 0.2 g ;  MgS04.7H20, 0.1 g ;  
CaQ,. 2H,O, 0.02g;K2HPO,,O-1 g;FeSO,. 7H,O, 0.003g;andNa2S,0,. 5H,O, 2.58 
in 1 litre of aged sea water. The thiosulphate was sterilized separately and added as 
5 m1 of a 50% solution 1-l. A solid medium was made by adding 15 g of agar. Initial 
pH was 8.0. 

The rather delicate, .micro-aerophilic sulphide-oxidizing bacterium Thiovulu?n. 
majw has been cultivated from marine materials by L A R ~ ~ I E R E  (1963) in a 
sea-water medium consisting of NH,CI, 0.005% ; KH2P0,, 0.005% ; and Na,CO,, 
0.005%, a t  pH 8. Hydrogen sulphide and oxygen were supplied a t  optimal concen- 
trations throughout the propagation period. Pure cultures were obtained by growing 
the bacteria in controlled gradients of oxygen and sulphide in sea water. 

The beggiatoas are large sulphide-oxidzing bacteria whose chemo-autotrophic 



nature is questioned; representatives of this genus are sometimes found in large 
colonies in the littoral zone and in mud Ba.ts. Beggiatoa sp. wlls successfully grown by 
BURTON and MORITA (1964) in a semisolid agar mehum with yeast extract, 2.0 g;  
Ne-acetate, 0-5 g;  and CaCl,, 0.1 g in tap water or sea water. BURTON and MORITA 
believe that  the difficulties often experienced by others in growing this organism 
were due to  the accumulation of peroxides in the cultures. They overcame this 
problem by adding a small amount of catalase to the cultures and obfained a marked 
increase in cell yield. 

Nitrifying Bacteria 

In spite of numerous attempts by various workers to demonstrate the existence 
of nitrifying bacteria in the sea, i t  was not until the early sixties that  a truo marine 
ammonium-oxidizing organism was isolated in pure culture (WATSOX, X 962). 
The organism was named Nitrosocystis oceanus; its isolation was followed by the 
isolation of other nitrifying bacteria vhich proved that there was a definite bio- 
logical basis for nitrate-formation in the oceans. 

WATSON (1962) demonstrated successfully the presence of Nitrosocystis oceanus 
by using large volumes of sea water for the original enrichment. Five to 10-1 samples 
of sea water were enriched with ammonium ealts and phosphate and incubated for 
several months with occasional aeration. When nitrite and nitrate began to ac- 
cumulate, subcultures were made in 1-1 medium of the followina composition: 
(NH,),SO,, 13.2 g ;  &ZgS0,.7H20, 200 mg; Ca,GI,, 20 rng; K,*o,, i14 mg; 
chelated iron, 130 pg Fe;  Na,MoQ,. 2H20, 1 pg; MnCl, .4H,O, 2 pg; CoC1,. 6H,O, 
2 pg; CuS04. 5Hz0, 20 pg; ZnS0,. 7H,O, I00 pg. Subsequent cultivation in 14-1 
ferrnenters in the same medium was successful (Wa~sow,  1965); pH was kept con- 
stant a t  7.5 by adding sliquots of a 2 M K2CQ, solution. 

WATA and co-authors (1961), who studied nitrification in sea-water aquaria, 
stressed the importance of using low nutrient concentrations for cultivetion of 
marine nitrifying bacteria (WATSON wa successful with rather high concentrations). 
They used per litre of medium only 30 mg of (NH,),SO, for ammonium-oxidizers 
and 30 mg of KNO, for the nitrite-oxidizers in a.ddition to 2 mg K,HPO, and 0.2 
mg of chelated iron. The p H  was kept a t  8.4 by addition of K,CO,. If the nutrient 
concentration was increased to 300 mg 1-' growth was inhibited. Small arno~mtrc of 
sand were found to accelerate nitrification. CARLUCCI and HENNEUSE (1965) also 
recommended the use of low nutrient cont.t:ntrations for marine nitrifying bacteria 
and found optimal growth of Nitrosocystis oceanus with 50 pg a t  N I-' equivalent 
to 6.6 mg of (NH,),SO,. 

GUNDERSEN (1966) and CARLUCC~ and MCNALLY (1969) were able to grow 
Nitrosocystis oceanus on rnitlcral agar medium when the oxygen in the gas phase was 
reduced to 1/10 of atmospheric pressure. The adverse effect of oxygen on the growth 
of nitrifying bacteria was further investigated by GUWDER~EN and co-authors 
( X  966) and C~RLUCCI and 3 l . c N m ~  (1969) who demonstrated that oxygen would 
inhibit carbon-dioxide h a t i o n  by N. oceanw, even a t  the partial pressure of oxygen 
in air, but that  the oxidation of substrate was unaffected or even accelerated. Suc- 
cessful growth of batch cultures was obtained only when initiaI stirring was slow 
and aeration not started until a cell density of about 106 ml-' had been reached. 
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The stationary phase was usually reached after 7 tc 10 days with s final density of 
109 cells ml-' (GVNDERSRN, unpublished). 

Based on the use of men1 bra.ne filters, FINSTEIN (1 968) devised a two-step metl~ocl 
for the enumeration of ammonium-oxidizing marine ba.cteria. Filters, through which 
measured volumes of sea water had been sucked, are placed on sterile gl&-wool 
pads soaked with a solution of amrnoni-urn sulphate and incubated for several days. 
During the incubation, autotrophic njtrifying bacteria will oxidize a substantial 
part ofthe ammonium tonitriteand form minute colonies on the membrane. In the 
second step, the membranes are first freed of nitrite by several transfers onto sterile 
cellulose-absorbent pads saturated with sea water a,nd then incubated for 5 to  30 
mins on the surface of a solid medium containing (NH,),SO,, 0.1 5%. During the sec- 
ond incubation, the nitrifying ba.cteria will have produced sufficient new nitrite to  be 
detectable as red spots when the agar surface--after removal 01 the filter pad- 
is flooded by nitrite reagents. Each red spot corresponds to a colony of nitrifying 
(nitrite-forming) bacteria. The method has the serious pitfall that  many marine 
heterotrophic ba,cteria (present together with the nitrifiers on the membrane 
filter) are capable of attacking the n~embrane filter matrix (cellulose nitrate) and 
thereby releasing nitrite-positive materials (GUNDERSBN, uxlpublished). This 
somewhat minimizes the value of an othenvise very elegant technique. 

I ron and M-anganese Bacteria 

These are chemo-autotrophic and heterotrophic ba.cteria which are found jn 
iron- and manganese-rich fresh and marine waters and in sediments. The chemo- 
autotrophic Thiobacillw ferrooxidans derives energy by oxidiz-ing ferrous iron to 
ferric iron a t  pH values below 3. Such an acidity probably does not exist in the 
marine environment; hence i t  is questionable whether t h i s  bacterium is active there. 

On the other hand, the stalked iron hcterium Gallionellcc sp. has been isolated 
repeatedly from marine sediments and deposits. Oullionella ferruginea was shown 
by KUCERA and WOLFE (I. 967) to grow well in a medium of NH,Cl, 0.1 %; K,HPO,, 
0-05%; and MgS0,. 7H,O, 0.02% with sulphide added as almost insoluble FeS. 
Growth would occur in a, narrow zone of optimal concentrations of oxygen and 
ferrous iron provided as counter-gradients -in rtgar slants overlaid with water. 
Under aerobic conditions, addition of carbon dioxide to the gas phase stimulates 
growth considerably. 

Various species of Gallionella have been demonstrated in ferrorna,nganese deposits 
on the sea floor ( B U T K E ~ ~ ~ C H ,  1928); but their participation in the formation of 
ferromanganese nodules is still uncertain. ALEXANDER (1961) points out that the 
bacterial oxidation of the organic material to which the ferrous iron is chelated may 
often be confused with bacterial action on the iron itself. At the normal pH of sea 
water, and with oxygen present, ferrous iron oxidizes spontaneously to the ferric 
state and precipita1;es. 
J o w ~ s  (1965) scraped aseptically the surface of 30 ferromanganese nodules 

recovered from the Pacific Ocean and was able to isolate several different bacteria. 
One organism, which was isolated from a.U nodules, mould precipitate a material 
with an X-ra,y diffraction pattern similar to that of ferromanganese nodules when 
grown in a liquid medium with a shark's tooth added. JONES cultivated these 
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ba,cteria in a sea-water medium consisting of NH,-citrate, 0.05% ; glycerol- 
phosphate, 0.01% ; MgS0,. 7H,0, I W 5  M; &nd FeSO,, 10-' M. The taxonomic 
relation of the  bacteria was not determined. 

Hydrogen Bacteria 

N~unerous bacteria which can utilize molecular hydrogen have been found in the 
sea (ZOBEIL, 1947). Some of these are obligate anaerobes which use sulphate as 
h a 1  electron-acceptor (SISLER and ZOBELL, 1951). The bacteria usually grow well 
in mineral sea-water medium with negligible a m o u ~ ~ t s  of organic matter and uae 
c ~ ~ b o n  dioxide as carbon sou.rce and molecular hydrogen as energy source. The true 
autotrophic nature of anaerobic hydrogen bacteria (mostly referred to as 'sulphate- 
reducing' bacteria) has been questioned (POSTGATE, 1965). 

The presence of aerobic hydrogen bacteria ('Knallgas' bacteria) in the sea hes 
not, to the author's knowledge, been reported but a likely locality for such bacteria 
would be a t  the mud-weter interface over strongly anaerobic sediments, under 
oxygenated water. 

(cl) Actinomycetes 

Since actinomycetes are often considered bacteria and becauae some progress 
has recently been made in the cultivation of these organisms from marine materials 
they wilI be briefly mentioned. 

Actinomycetes are practically absent from open-ocean waters, but have been 
isolated from nearshore waters and from marine sediments. They can be demon- 
strated on agar plates only after a long period of incubation (4-6 weeks). WEYLAND 
(1969), who carried out a rather extensive survey of marine actinomycetes in 
sediments from the North Sea and the Atlantic Ocean, was able to  isolate a large 
number of strains of Noca~dia,  Micromonospora, Microbispora, and Streptmyces 
from six different media. A typical mediilm usc~ci by W E Y L ~ D  contained peptone, 
0.05% ; yeast extract, 0.01. % ; chitin, 0.1 % ; FePO, . H,O, 0.001 % ; agar, 1.5%, 
in 75% sea water a t  pH 7.5. 

(e) Bacteriophages and Bdellovibrio 

Many marine bacteria-including species of Pseudmruvnas, Vibrio, J!!icrococcus, 
Photobacteriurn, Cytophqa and Flavobacterium-have been found to be susceptible 
to  bacteriophagea (KRISS and RUKINA, 1947; SPENCER, 1963; K A K ~ O T O  and 
NAQATOMI, 1972). A bacteriophage isolated by SPENCER (1955) from the North 
Sea was Iytic to Cytophaga marino$ava; it was shown by VALENTINE and co-authors 
( 1  968) to be a particle with hexagon.al head ancl a tail with base plate but without 
tail sheaths. Marine bacteriophages apparently differ from phages of other origin 
with respect to  their temperature and ion requirements. Thus, SPENCER (1963) 
found that  several ph.ages which mould lyse marine bacteria had a specific require- 
ment for sodium and magnesium, and that  no plaques were formed a t  temperatures 
exceeding 30" C. 
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The significance of bacteriophages in the  marine environment is not known. It 
is a cornmoll observation that many marine bacteria which form colonies on an 
isolation medium do not survive the transfer to fresh medium. Bacteriophagev 
could well play a role here. 

Bacteriocins are substances produced by bacteria ; they exert a specific inhibitory 
effect on other bacteria, usually closely related species. Bacteriocins have been 
found to be produced by the marine bacteri-urn Pseudornonas sp. which is active 
a,gainst an A-rthrobacter sp. (SIEBURTR, 1966). Some evidence has been produced that 
bacteriocins are defective bacteriophages (SANDOVAL and co-authors, 1965). 

Bdeblovibrio bacteriovorus is a very small (0.2 pm) vibrio-like organism described 
by STOEP and STARR. (1 963) which is pathogenic to many bacteria, including marine 
bacteria. According to MITCIIELL and co-authors (1967), rapid die-off of Escherichia 
coEi in sea water could in part be attributed to B, bacteriovoms ; typical plaques were 
formed when the host organism after treatment with sea weter was plated on nutrient 
medium. 





CULTIVA'I'ION MICRO-ORGANISMS 
3.2 FUNGI 

3.21 LOWER FUNGI, ASCO- and DEUTEROMYCETES 

(1) Introduction 

I n  contrast to other micro-organisms, fungi of marine habitats have received full 
attention from marine  ecologist,^ only in the last 20 to 30 years. The occurrence of 
these important heterotrophic organisms, however, had already been established 
about 100 years ago by ~MONTAQNE (JOHNSON and SPARROW, 1961). In 1905, 
PETERSEN systematically collected marine fungi, especially Phycornycetes. But 
these and similar investigations initiated no more than passing inkerest. Nearly 30 
years later, SPARROW (1934, 1936) published his work on algae-inhabiting phy- 
cornycetes from the coast of Denmark, and in 1944, B~~RGHOORN and LINDRR drew 
a,tkntion to the Ascornycetes and Deuteromycetes. This was the beginning of a 
new era: the fungi were conceived for the f i s t  time as integrated constituents of 
the marine environment (see the historical review by JOHNSON and SPARROW, 
1901). 

Numerous publications testify that fungi of nearly all taxo~~omic classes populate 
the sea (JOENSON and SPARROW, 1961). However, most of the species described 
belong to-and most of the papers published concern-the folIowing taxonomic 
groups : 

(i) Chytridiomycetes* (including marine species of Chytridium, Olpidium, 
Phlyctochytrium, Rhimphydiurn, Rhizidium, Rhiwphlyctis, and others); 

(i i)  Oomycetes* (including the genera Ectrogella, Leptulegnia, Thr~uu~och~triurn, 
Lqenidium, Haliphl7w~os, Alkinsiella, and others) ; 

(iii) Asconlycetes (especially Halosphaeriaceae, an ecological-not a taxono- 
mical-group related to the Sphaeriales) including the yeasts ; 

(iv) Deuteromycetes (Fungi imperfecti). 
Related organisms, probably parasitic fungus-like forms--e.g. Labyrinth,uZu 

wemcystis and others ( S C ~ O L L E R ,  1 960 ; SCHENIDER, 1969a), De~mocystirbis~nz 
sensu GOLDSTEIN (GOLDSTEIN and MORIBEB, 1966), Altho~nia crouchid (JONES and 
ALDERMAN, L 973), and Osl~aco61abe implexa (ALDERMAN and JONES, 197 l a)- 
which defy incorporation into the afore-mentioned groups, have also attracted 
increasing interest. 
Fungi of oceans and coastal waters have been found in sediments, water samples, 

algae (Phycornycetes), wood and related material (Asco- and Deuteromycetes), 
animals, and calcareous materials like shells. Most fungi appear to be saprophytes, 
and only a, few species are probably obligate or facultative parasites, e.g. Eury- 
chmidium tumefaciens (in Ce~am,ium), Ectrogella perforans (in diatoms), Lageni- 
*Often referred to  as 'Phycomycotos' or 'Lower Fungi'; these term are used here for convenience. 
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cliurn callinectes (in crab eggs), Lagenidium coscinocliscus, and Althor7zia crozcchii 
(in oysters). 

Knowledge about marine fungi derives from studies in littoral and neritic zones, 
rather than from deeper oceanic regions. Many Ascomycetes (including yeast.8) 
belong to  ta,xa. that  are not normally considered part of the marine biota (e.g. 
species of Aspergillu.~, Allernaria, Cladosporium, Fzcsarium). 

While a large number of papers has been published on the morphology and 
taxonomy of marine fungi, few publications are available on their ecology. Effects 
of the composition of nutrient media and of salinity on Lower Fungi, Ascomycetes, 
and Deuteromycetes have been studied by several authors: e.g.'Scrro~z (1965), 
VISHNIAC (l  9GO), GOLDSTEIN and co-authors (1969), S C H N E I D ~ : ~ ~  (1969b), GAERTNER 
(1970), HARRXSON and JONES (1970), ALDERMAN and JONES (1971a), BOOTH 
(1971a, b), JONES and co-authors (1971), ~ ~ C L E O D  (1971). GAERTNER (1968) 
developed a method to 0btai.n data about the abundance of Lower Fungi in the sea 
nnd their geographic,al and seaeone;l distribution pattern. 

Certain marine fungi endanger constructions in harbours, fisheries equipment, 
or food sources; they cause, for example, biodeterioration of wood pilings, cordage, 
and nets, and diseases in oysters and fishes (ALDERMAN and JOKES, 1967, 197 1 b ; 
JONES, 1968; JOKES and LE C k w ~ o w - A ~ s u ~ ~ ,  1970a, b ;  Chapter 9;  see also 
J o m s o ~  and SPAIRROW, 1961). 

Cultivation of fungi has been dealt with by EMRRSON (X958), JOHNSON and 
SPARROW (1  961), FULLER (1 964), RUE (1 965), GAERTNER (1  9651, VON ARX (1 968), 
HOWNK (1968), and J o ~ s s  (1971); also of interest are papers by EMERSON (1960) 
and BOOTH (1971~). 

(2) Lower Fungi (Phycomycetes) : Chytridiomycetes and Oomycetes 

It is difficult to isolate and to cultivate aquatic fungi, especially the lower forms. 
The reasons are easily listed (EMERSON, 1 960) : (i) These forms consist of very small 
thalli of only one or a few cells. They grow- :tt lemt in culture-slowly and are 
more sensitive and ephemeral than, for instant:(:, Ascornyr.c.f t)s and Deuteromy- 
cetes. (ii) Aquatic fungi seldom aggregate in 'blooms' ; they live dispersecl and hence 
make collection a problem. (iii) Being heterotrophic, they depend on dead or living 
organic matter : they are saprophytes, parasites, or pathogens, often with specialized 
nutritional and environmental demands. In pure culture they usually show res- 
tricted growth-unlike the common moulds which clevclop an extensive mycelium, 
capable of almost indefinite spreading as long as suitable conditions are maintained; 
vegetative growtl~ terminates after a few generations, life cycles are reduced, and 
structures are modified making taxonomic determination difficulb or impossible. 

An experimental ecologist who wants to cultivate Phycomycetes from marine 
habitats must take all this into consideration right from the beginning, i.e. samp1.ing. 
No matter what substrate he chooses-water, mud, algae, plank ton, fishes, 
molluscs, drifting ma3teriala-he must take the following precautions : (i) process 
the sample as soon as possible under sterile conditions; (i i)  if sample transport is 
inevitable, take great care to ensure good aeration (it is better, for instance, to 
trttn.sport a few algae thalli per vessel with a small amount of water just covering the 
plants than to place a huge bulk in a small bag); (i i i)  keep tran~port-container 
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tempcratnrc low. At temperatures above 10" C, oxygen deficiency will seriously 
reduce su~.\rival chances of sensitive, rare, or slowly reproducing fungi. 

For sa.mpling of water, pla,nkton, or algae normal sampling equipment (ZOBELL 
ulntcr sa-mpler, plankton nets, dredges) is used. Transport -vessels should be sterilized 
before use ; if this isnot possible, they should a t  least be rinsed thoroughly with water 
from the sampling location. 

Before processing the samples in the laboratory, plankton and algae thalli should 
be examined microsc:opically. In  some cases, fungi can be detected without enrich- 
ment and be isolated directly fro-m the substrate. In most cases, however, it is 
necessary to increase the number of Yhycomycetes in enrichment cultures. Two 
enrichment methods have proved especially successful: (i) baiting, (ii) plating on 
solid media, sometimes after filtration or centrifugation of water samples. 

In order to  delay the development of fmt-growing f o h ~ g  organisms, only small 
bits of substmte are placed in the many ellricluxlent dishes; solid nzaterial (a,lga,e) 
is rinsed with sterile sea water or wa,ter of the sampling area to diminish slimy bac- 
terial layers and protozoans. The cultures are scanned for fungi every other day for 
2 to 3 weeks or longer and desired organisms are subcultured as soon as possible in 
fresh medium. 

(a) Baiting 

Small quantities of mud, algae pieces, or other substrates collected are distribu- 
ted in Petri dishes or Erlenlneyer fla.sks (100 to 300 ml) which contain a sterile sea- 
water mixture (sea water of ca 36%, S : aqua destillata = 1 : l )  or a shallow water layer 
from the sampling location. Baits are then added, e.g. small amounts of pollen of 
Pinus sp., pieces of crab chitin or grass blades, fish scale, cellophane, or half hemp 
seeds, etc. It is recommended to use only one sort of bait in one dish. 

Enrichment cultures are then incubated a t  about 16" C in the dark. After 3 days 
or longer (in some caves i t  ta,kes 2 weeks until the first fungi appear) Lower Fungi 
may be seen attached to the bait upon microscopic examination. 

Baiting has several a.dvantages : most baits release only small amounts of nutrients 
into the surrounding water, suffici~nt to attract the zoospores of Phycomycetes, 
but too small to significantly enhance bacterial growth. Once a zoospore has settled 
on a bait and developed a germ tube, from which rhizoids arise, piercing the outer 
layers of the bait's cells, the fungus has gained some advantage over competing or- 
ganisms which must stay 'outdoors'. Since most baits float a t  the water surface, 
settling fungal spores develop under fairly good oxygen conditions. 

(b) Plat.iug 

Numerous authors have successfully used solid nutrient media (mostly on agar 
basis) for exulchment and isolation of aquatic fungi. VISHNIAC (1955) was the f i s t  
to introduce a solid medium into marine mycology. FULLER and co-authors (1964) 
used a simplified version of V ~ s m c ' s  medium (Table 3-3). 

After autoclaving, the medium still being hot, streptomycin sulphate, 0.5 g, and 
penicillin, 0.5 g, are a.dded. dc~bording to  FULLER and co-authors (1.964), atnti- 
biotics are added dry. No co~ltaminatio~i was observed which could be attributed to 
this way of adding antibiotics. 
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Table 3-3 

Modification of V r s ~ m c ' s  med- 
ium (After FULLER and CO- 

authors, 1964 ; reproduced by per- 
mission of the New Pork Botani- 

cal Garden) 

Component 

Glucose 
Gelatin hydrolysate 
Yeast extract 
Liver extract 
Agar 
Sea water 

Amount 

1-0 g 
1.0 g 
0.1 g 
0.01 g 
12.0 g 

LOO0 ml 

GOLDSTEIN and MORIBER (l 966) developed a more complex medium--designed 
for Dermocystidium sp., but suitable also for other marine Phycomycetes, such as 
Thrauslocl~ytrium 8p. (T&bble 3-4). In this connection the publications of GOLDSTE~N 

Table 3-4 

Compositiorl of culture medium for Lower Fungi (After GOLDSTEIN and I \ l o ~ m ~ a ,  
1966 ; reproduced by permission of Springer-VerIag) 

Component Amount Component Amount 

KC1 
KzHP04 
CaCI, 
NaCl 
MgS0, ' 7H20 
Casein-hydrolysate 
(enzymatio) 
Glucose 
Agar 
Thiamine-HC1 
Cyanocobalarnin 

70 mg 
43 mg 
47 rng 
2.4 g 
0.8 g 
0.2 g 

Ne,EDTA 
B (M 
Fe (as FeC1,. 6H20) 
m (BA MnC12 .4H20) 
MO (m Na.2M~0.. 2H20) 
Zn (m ZnC1,) 
CO (as CoCI, , 6H20) 
Cu (as &Cl2. 2H,O) 

Aqua destillats to 100 m1 (glass distilled) 
pH (after sutoclaving) 7.3 

and BEESKY (1 963) and GAERTNER (1 970) are of special interest. These studies re- 
vealed the requirement of vitamin B, and B,, by marine Phycomycetes (Thrau- 
stochgtrizbm aureum, T . roseum, Schizochytrium aggregatum). BELSKY and GOLD - 
S T E ~  (1 965) compared the effect of different bacteriostatic and fungistatic com- 
pounds on non-filamentous marine fungi. The results suggest that greater flexibility 
in the isolation of lower marine fungi may be reached by using different antibiotics in 
combination. 

GAERTNER ( I  960) used sdica gel for cultivating a freshwater phycomycete; this 
method is applicable for marine fungi as well. M~LER ( 1  967) employed membrane 
atrat ion to  concentrate propagules of Phycomycetes from sea and fresh waters, 
although with moderate succesa in regard to the marine forms (species of Thrau- 
stochytriwm and Schiwchytrium have been isolated). 



According to M~LLER, the main limitation of this method is the long time necessary 
to filtrate water containing large qua,ntities of particulate matter. This problem 
could be eliminated to some extent by allowit~g the suspended matter to settle prior 
to filtration (the water sample was decanted and filtered). FULLER (1 964) success- 
fully applied continuous-flow centrifugation to isolate species of Dermocystidium, 
Th~au~tochytrium, Schizockytrium, Lagenidium, Ha.liphthoros, A tkinsiella, Pylhium 
and Pkytopltlhwa from marine-water samples. Y O ~ S O N  and SPARROW (1 981 ) 
recovered fungi fronz concentrated decaying marine phytoplankton samples by 
means of a sedimentation tank. 

Sever:d procedures are available to obtain monospecific axenic cultures of' marine 
Phgcomycetes. They represent varia.tions of the methods employed by COUCH 
(1939) to isolate freshwater Phycomycetes (see compilation by SPARROW, 1960). 
Two methods of isolation have been adopted by many authors: (i) Transfer of 
single sporangia or of zoospores with glass capillaries, into several successive drop- 
lets of sea water; (ii) streaking of infested material on solid media and transfer of 
single colonies to fresh media. 

These two basic isola.tion methods have been modified in numerous ways, e.g. : 
If enrichment is achieved by baiting, for example with pollen, the first-mentioned 
method may be employed. For isolation the following glassware and solutions are 
required: 25 slides (sterilized by Aaming; one in each dish); glass capillaries (inner 
diameter of the tip approx. 50 pm, the ideal diameter being slightly larger than an 
average sporangiurn of the fungus to be isolated) sterilized by steam or alcohol; 
sterilized Petri dishes (4 6 cm); a Pt-Ir-inoculation loop; a microscope with low- 
power objective (a working distance of S to 10 mm should br available); a solution of 
penicillin, 0.5 g, and streptomycin sulphate, 0.6 g 1-I sea water (chloramphenicol 
0.1-0.2 g I-' is also recommended); sterile pine pollen and sea water. 

Two droplets of sterile sea water are placed on each of the sterilized slides (to 
prevent desiccation there should be a little water in the Petri dish, and slides placed 
on short glass rods). On two separate sterile slides 4 to 6 droplets of antibiotics solu- 
tion arc placed, and the slides kept in dishes, as described above, until they are 
needed. Then a small drop of enrichment culture is distributed on a third slide with 
light pressure to separate ~porangia from the bait. Some sporangia are collected 14th 
a ca.pillary under the microscope and transferred to the fkirst antibiotic droplet; 
further sporangia are likewise placed on the remaining antibiotic droplets. The 
capillarjes should be cleaned with alcohol and washed with sterile sea water after 
each transfer. In case the sample is heavily contamina.ted, another transfer in a 
second drop of antibiotics sol-ution may be useful. 

Following this antibiotic treatment, one sporangiurn is tran~ferred to each sea- 
water droplet under microscopic control; this will ensure the growth of' a mono- 
specific culture of the fungus. Then, a very small amount of sterile pine pollen is 
dusted over these microcultures and the slides incubated in their dishes a t  ca 15" C, 
in the dark. After 4 to 6 days microscopic control reveals if there has been any 
fungal development and if the microcultures are free of undesired orgallisms (es- 
pecially bacteria, yeasts, moulds, protozoam and flagellates). During this examina- 
tion of the cultures any draught should be avoided in order not to recontaminate 
a.heady pure cultures. Phase contrast facilitates recognition of zoospore activity 
(an important indicator of the vitality of the fungus) and any contamination. 



~Iicrocultures which show fungal development (e.g. sporangia and/or good 
zoosporeactivity) and no infections by undesired organisms should beprocessedwith- 
out delay : the droplet of the microcul ture is transferred by means of a sterile inocu- 
lation wire loop or a capillary to approximately 5 m1 sterile sea water in a Petri dish 
(+ 6 cm), and dusted with pollen. Incubation follows as previously outlined. To 
ascertain that  these macrocultures are free of other organisms, subcuItures from 
well-growing macrocultures are obtained in medium without agar, or some material 
is plated out on this medium solidified with agar. Such procedure will reveal any 
contamination. GAERTNER (personal cornrnnnication) prefers very small: glms loops 
t.o isolate single sporangia or zoospores. 

This method may be modified as follows : single sporangia are isolated in drops of 
sea water. After sporulation, the zoospores are streaked out on a solid medium, so 
that  they are well isolated from. each other. JONES (1 97 1) recommends using low 
nutrient concentrations, which favour zoospore gemination, for insta,nce: plain 
agar (3% agar), Lsihner's agar (2% agar, 0.004% peptone). 

Solid substrate-such as pieces of algae, fhh, shell.fish, etc. are placed on solid media 
(see above) in Petri dishes. The dishes should not be overcrowded. Sometimes i t  is 
advisable to rinse the substrate pieces with sterile sea water to reduce the adhering 
slimy cover of bacteria and other organisms. 

Residues of centrifugation or filtration can be distributed likewise after redilu- 
tion in a small amount of supernatant or filtrate (0.2 m1 of suspension is sufficient). 
After a few days of incubation (15" C, darkness) the h t  fungal growth. can be 
observed, either in form of hyphae or sporangia (single or in clusters) which originate 
from the dispersal of zoospores of monocentric forms. Subcultivation on fresh media 
should take pla,ce as soon as possible to reduce contamina.tion by other organisms. 

Several species of Labyrinthu&reportedly sa,prophytic or parasitic organisms- 
live on algae, see grass (Zostera sp.) and other plants. They have been successfully 
isolated by a number of authors. KUE (1965) describes a detailed method to isolate 
L. wenocystis. Two or three steps are generally necessary to obtain di- or mono- 
specific cultures: Infected algm are placed on agar plates (peptone, 0.03 g ;  agar, 
0.75 g; sea water, 100 ml). L. coenocystis accumulates, together with accompanying 
bacteria, around the plant material. From these plates, agar blocks are cut- out 
-preferably from regions which are less in.fected by bacteria, diatoms, or flagellates 
-and transplanted on fresh plates, radially inoculated with Aerobactw aeroycws. 
L. coenocysti.~ grad~a~l ly  escapes undesired organisms jointly carried over by sub- 
inoculation. As cells of L. coenocystis grow in regions free of bacteria and related 
micro-organisms, i t  is possible to cut out blocks which harbour only L. wenocysti.r. 
KUE (1965) transferred. these blocks to peptone-sea-water agar plaks as abuve, 
with 1.0 m1 inactivated beef senim added, and inoculated prior to transfer with 
suspensions of A .  aerogenes or Tomlopsis famata. From these dispecific cultures 
monospecific cultures can be obtained by transplanting blocks on plates previously 
plated with dead yeast cells or cell fractions. L. ~oenocystis can also grow on syn- 
thetic sea-water agar enriched with dead yeast cells. 
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(4) Ascomycetes, Excluding Yeasts, and Deuteromycetes (Fungi imperfecti) 

A comprehensive compilation of cultivation methods for Ascomycetes and 
Deuteromycetes has been provided by JOHNSON and SPARROW (1 961). More recently 
JONES (1971) has published an account on this subject. 

(a) Enrichment and Isolation 

Three methods are generally recommended and often applied to enrich and isolate 
Ascomycetes and Deuteromycetes: hrect  examination of collected material, 
tra,pping, plating. 

Direct examination of freshly collected marshland grasses and other plants, of 
driftwood and cordage by means of a hand lens often reveals the presence of peri- 
thecia of higher fungi. Sometimes the a.scocarps are embedded in the material, and 
only the necks of the fruit bodies, piercing the surface of the substrate, indicate the 
presence of fungi. Old piling8 are often inhabited by these organisms even if im- 
pregnaked against fouling organisms, and should be included in the list of substrates 
to be examined, well as submerged cellulosic material, like I-ootstocks. KOHE- 
alEVER (1966) applied this method with much success. Fungal spores have been 
found in sc'ums and foam on beaches (KOHLMEYER, 1967). ANASTASXOU and 
CHURCHLAND (1969) report fungi from decaying leaves exposed to sea water. 

Some authors have obtained higher fungi from marine habitats by trappiug 
(e.g. SOENSON and co-authors, 1959 ; JONES, 1962,1963). The principle of this method 
is to expose steam or gas-sterilized wood panels for weeks or months to the sea. 
Untreated, unimpregnated rough blocks, 20 X 8 X 15 cm, of Pinus sp., Fagus sp., 
Tilia sp., Maple sp., Och~oma sp. (balsa wood) are suspended in etrings-each panel 
well separated from the other by a plastic washer. A weight should be attached to 
keep the panels well under water. It isadvisable to haveasecondropeloosely attached 
in case the main rope breaks. At the test site, hydrographical data (e.g. temperature, 
e a h i t y ,  water movement, turbidity, pollution) a.re recorded and the degree of 
test-panel colonization by other micro- and macro-organisms determuled. 

The test panels are brought to the laboratory under sterile conditions and pro- 
cessed : They are scanned (perithecia of Ascomycetes present are picked up with a 
sterile needle and distributed on a solid medium ; see following) and incubated in 
damp-chambers to enable mycelia, development into perithecia. Glass or plastic 
boxes are lined with blotting paper and sterilized by autoclaving or ethylene-oxide 
treatment. All panels are carefully cleaned of adhering macro-organisms, slightly 
blotted with sterile paper towelling and placed in the boxes in such a way that they 
do not touch each other. Some authors (e.g. JOHNSON and SPARROW, 1961 ; JONES, 
1971) emphasize that  Fungi imperfecti often do not form conidial stages unless 
the surface water has drained off. On the other hand, the pane18 should not be 
allowed to dry down completely ; small amounts of sterile sea water must be added 
to the boxes from time to  time. Usually, several weeks of incubation are required 
until reproductive stages can be observed. JOHHSON and co-authors (1 959) recom- 
mend to dry test blocks on which perithecia have formed in order to enhance 
spore release. They also describe a method of 'forcible ascospore discharge': Agar 
plates are prepared a,nd a pad of moist sterile filter paper is placed on the inside of 
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the Petri dish cover. The plate is then inverted and small segments of panels in- 
fested with ascocarps placed on the paper so that  the ostiola are directed toma,rds 
the agar surface. Ejec:ted bacteria-free spores adhere to the overlying agar. Devel- 
oping mycelia can be transplanted to fresh media. 

Incubating panels in damp chambers shortens the time required for the pre- 
ceding exposition of the test material to sea water (JOENSON and SPARROW, X 961). 
Ln general, a n  exposition of 7 to  14 days is sufficient under damp-chamber con- 
ditions. 

Plating of infested material (plant culms, wood slivers or cores) directly on 
agar media often leads to the development of lignicolous fungi; difficulties may 
arise, however, in obtaining isolates by this method in regard to contamination by 
other fouling organisms, such as bacteria a.nd protozoans. To avoid contamination, 
JOHNSON and SPABROW (1961) recommended to  dry the test substrates rapidly. 
This considerably reduces the incidence of bacterial contaminants. 

Media, for isolation of marine fungi shodd be low in nutrient content.. The follow- 
ing formula is used by many authors (JONES, 1971): Yeast extract, 0.1. g;  glucose, 
1-0 g ;  agar, 18 to  20 g ;  sea water, l000 ml. Cornmeal agar ox cellulose agar also have 
been recommended (BOOTH, 1971~) .  Sometimes, addition of wood flour to a simple 
yemt extractrglucose medium enhances growth of the fungi desired. 

Many authors use a diluted, aged sea water to prepare the media. The sea water 
is Ntered to  remove detritus, and kept in a cool dark place for several months. It is 
then diluted with distilled water to ca 25%, S. To reduce the development of un- 
desired contaminants, antibiotics may be added : 0.1 g chloramphenicol, penicillin 
or streptomycin sulphate (single or in combination) is sufficient in most cases. 
Chlore.mphenico1 can be added before ~utoclaving. The pH of the medium should be 
above 7 .  

It is not easy to obtain reproductive stages (ascocarps) of marine lignicoloils 
fungi in culture. MEYERS and REYNOLDS (1 959) had some success with species of 
Lulworlhio, Cerwspcwopsis, Corollospma, and Torpedospora after adcling balsa- 
wood slips to a 0.1% yeast estractcsea-water broth. Temperature, time and sub- 
strate also affect the reproduction of rnuri-ne Ascomycetcs (see also Volume I). 
K ~ K  (l 969) employecl a similar technique. He used a more c-omplicated medium in 
combination with birch-wood sticks. 

Some authors have obtained lignicolous fungi from sea water in a 
system, in which sea water is pumped continually over test blocks. A simple cir- 
culation system which can be sterilized has been described by JOHNSON and GOLD 
(1959). Methods for obtaining single-spore isolates from rough cultures-a pre- 
requisite for identscation and for physiological and ecologicnl studies-have been 
reviewed by BOOTH (1971~).  

(b) Sustenance 

In contrast to materials infested with Ascomycetes or Deuteromycetes (wood, 
cordage), substrates containing Phycomycetes usually cannot be stored without 
vitality loss of fungi within a short time (days or weeks). Material suspected to 
contain marine Phycomycetes should, therefore, be processed without delay. 

For long-term sustenance of living pure cultures of Higher Fungi, JOHNSON and 
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SPARROW (l  961) recommended storage on agar olants under mineral oil. The widely 
used lyophilisation, thus far, has not proved practicable with marine Ascomycetes 
a,nd Deuteromycetes, since they do not produce abundant masses of spores. Also, 
no reliable and generaUy applicable method for susta,ining cultures of marine 
Phycomycetes over long periods of time seems to be available. Species of Thrau- 
stochytrium and Schizochyt~iz~m, however, can be kept viable on agar slants for 
:3 to 5 months. The composition of the agar is as follows: peptone, 1.0 g ;  yeast 
extract, 2.0 g ;  agar, 8.0 g ;  sea-water mixture, 1000 m1 (750 m1 sea water, 35%, S, 
and 250 m1 distilled water). To prepare stock cultures, 5 m1 of a good growing 
culture of the fungus are pipetted on the slants. The tubes are incubated a t  room 
temperature, in the dark, until the organisms have developed well on the agar. The 
cultures are then stored at about 5" C. 

Fastid-ious Phycomycetes of tLerrestria1 and limnetic origin have been stored in 
liquid nitrogen (HWANG, 1966). For further pertinent information consult FENNEW 
(1960) and ONIONS (197 1). 





CULTIVATION OF MICRO-ORGANISMS 
3.2 FUNGI 

3.22 YEASTS 

(1) Introductiou 

Vegetative reproduction by budding is a principal quality of yeasts; hence 
cultivation of both ascosporogenous and asporogenous genera will be treated here. 
The presence of yeasts in oceans and coastal waters was first established by RSCHER 
(1894) who isolated bacteria and yeasts on an Atlantic Ocean clwise. He was not 
able, however, to cdtivate Lower Fungi; these organisms require complicated 
culture techniques. Because of the similar size and nutrient requirement, there is 
little difference between culture and sampling methods of yeasts and saprophytic 
bacteria (Chapter 3.1). This fact may also be significant for assessing the ecological 
role of these organisms in the marine environment. Nearly all marine substrates 
sampled harbour yeasts and bacteria together. Antiyeast activities of certain 
marine bacteria have been described by BUCK and MEYERS (1065) and BUCK (1967). 

Most marine occurring yeasts can be identified on the basis of LODDER.'S (1970) 
'Taxonomic Study', which includes mainly terrestrial forms. From this may be 
concluded that the majority of the yeasts found in oceans and coastal waters ;tre 
of terrestrial origin. Thus far, only a few species have been isolated exclusively from 
marine sources. To thwe belong MetscJznikowiella zobellii and M. k r i ~ s i i  (VAN UIIEN 
and CASTELO-BRANCO, 1961 ), Canrl,ida marina, Tordopsis lorreaii and T. maris 
(VAN UDEN and ZOBELL, 1962) and C. mecica ( M ~ A N D A  and NORKRANS, 1968), 
which are well adapted t o  the marine environment and perl~aps autochthonous 
marine yeasts. 

Most yeasts isolated from marine habitats can be cultivated by employing 
standard methods. In order to obtain ecologjcally vatlid information, light, tempera- 
ture, salinity and pH should be comparable to habitat conditions. On the other 
hand specia.1 requirements of the yeasts in respect of these factors must be regarded. 
It is not possible to obtain aJl types of yeast present in a marine water sample by 
using only one isolation medium. A larger number of different media has been listed 
~ ~ A A R O N S O N  (1970) and BOOTH (X97ld). A review of thenutrition a.nd soluteuptake 
by yeasts was made by SUOMALAINEN and OURA (1971.). 

Ecological studies involv-ing cultivation of yeasts from marine substrates have 
attracted increasing attention during the last thirty years. I C ~ r s s  and NOVOZH~LOVA 
(1964) a.nd MEYFRS and co-authors (1967b) studied the yeast flora of the Black 
Sea. Yeasts in the Indian Ocean received attention from BHAT and KACHWALLA 
(1  955) and FELL (1 967), those of the Pa.cXc Ocean from VAN UDEN and CASTELO- 
BRANCO (1963). Yeasts from aquatic regions of Florida mere isolated by FELL and 
co-authors (1960) and AHEARN and co-authors (1968). The yeast flora of the North 



Sea was studied by MEYERS and CO-auttlors (1967a), that of the Baltic Sea by 
NORKRANS (1966a) and HOPPE (19728, b). Both individual density and variety of 
species tend to decrease with increasing distance from the shore. Only some selected 
species are able to grow and reproduce in offshore regions. These organisms may 
be called obligate marine or facultative m a r i n e t o  follow the terminology of VAN 

UDEN and FELL (1968), according to their dependency on specific marine environ- 
mental factors. Whereas there is hardly any difference between yeast species com- 
position in fresh water and cstuuries (AHEARN and co-authors, 1968), offshore 
regions are primarity occupied by the genera Rhodoh-uEa,Cadida and Debarymyces. 
Seaward distribution of yeasts appears to be limited by additive environmental 
stress due to such factors as temperature, sa.linity, pH and low concentration of 
nutrients. 

After 20 years of studying primarily distribution and taxonomy, investigators 
are now beginning to concentrate on specific ecological, physiological and biochemi- 
cal problems. Studies on subst'rnte uptake and threshold concentrations of nutrients 
analogous to those of bacteria ( J ~ A S C H ,  1970) would be very instructive. Culture 
methods may help to reveal yeast species of special ecological significance and 
spe-c5c metabolic ca.pacities. 

(2) Isolation end Cultivation 

(a) Yeasts from Water Samples 

The density of yeast cells in marine habitats is low. Hence isolation by plating is 
successful only in eutrophic inshore areas, such as harbours, estuaries and sewage 
outlets. For quantitative sampling of yeasts from offshore waters, membrane 
filters are used. Water is collected by a sterile sampler (ZOBELL, 1941.b; NISKXN, 
1.962). Depending on the expected yeast density, water voltunes from 1. m1 to 
l000 m1 are sucked through a membrane filter of 0.2 pm- to 0.6 pm-pore size. The 
filter is then placed on isolation agar, solidified in Petri dishes. In  heavily polluted 
areas, series of dilutions up to 10-' may be necessary to obtain countable densities of 
10 to 100 colonies ml-< At an incubation tetnperature of 20" C, the grown macro- 
colonies are counted after 5 and 7 days, a t  12" to 14' C after 9 days (MEYEILS and 
co-authors, 1967a), a t  10" C after 7 and 14 days (HOFTE, 1972a). The lower incuba- 
tion temperatures correspond to the sea-water temperatures prevailing in northern 
regions; they limit the growth rates of moulds without reducing the number of 
yeast colonies. 

Solid media can be replaced by carton discs and liquid media (GOCKE, unpub- 
lished). Inoculated membranes are then placed on soaked cartons in Petri dishes. 
This method is very practical on long ship cruises ; i t  can also be used for isolating 
bacteria. 

I n  tht. microcolony method small colonies on the membranes are counted micro- 
scopically after short-time incubation of 1 to 3 days and staining (e.g. 1% ery- 
throsine in 5% phenol). In  this way, the results are quickly available. 

Direct counting of yeasts by bright field, phase contrast or fluorescence micro- 
scopy requires considerable erperience; but this technique is promising in pure 
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cultures. KMSS (1959) compared results from plate counts with those obtained by 
direct microscopic examination. The presence of yeasts could be detected in 56% 
of his water samples from the Black Sea when observed microscopically, in agar 
plate test only in 49%. Such discrepancies in enumeration methods are caused by 
dea.d or inactive cells or the attachment of several cells to organic particles which 
form only one colony on membrane filters. Some yeasts may not grow a t  all on the 
culture media thus far employed (BAN UDEN and FELL, 1968). 

For isolation and cultivation of yeasts from marine substrates, numerous nu- 
trient media are illuse. Except for synthetic media, there are no essential differences 
in the composition of these media. Therefore, a few examples will suffice : 

The isolation medium used in the reviewer's laboratory contains : glucose, 20 g ;  
peptone (Difco), 5 g; meat extract (Lab-Lembco-Powder, Oxoid), 2.3 g; yeast 
extract, I g; and agar-agar, 15 g ;  dissolved in 1 1 aged sea water or appropriate sea- 
water-freshwater mixtures. The medium is autoclaved for 20 mins a t  2 atm, and 
acidified after cooling to pH 4.5 with 10% Iactic acid. To prevent bacterial growth, 
different antibiotic mixtures are added to the media before plating : (i) Chlortetra- 
cycline HC1, I0 mg % ; chlorampl~enicol, 2 mg % ; strepton~ycin sulphate, 2 mg % 
(FELL and co-authors, 1960). (ii) Chloramphenicol, 50 mg % ; chlortetra.cycline, 
10 mg % ; streptomycin, 15 mg % (MEYERS and co-authors, 1967b). (iii) Chloram- 
phenicol, 0.5% or Gelztamycin sulphate (Schering), 0.2 g I-' (AHEARN and co- 
authors, 1968). (iv) Dihydrostreptomycin or Binotal (Bayer), 0.25 g l-' (HOPPE, 
1972a). Mould overgrowth can be suppressed by fungistatic agents, such as sodium 
propionate and diphenyl (HERTZ and LEVINE, 1942). MORRIS (1968) and SESHADRI 
and SIEBURTH (1 97 1 ) questioned the use of acidic media in cultivating yeasts from 
alka.line sea wa.ter, because bacterial growth can be suppressed completely by 
sufficient antibiotics. SESHADRI and S~EBURTH recommel~ded a supplement of 
100 rng I-' chloramphenicol. Por vital staining of colonies they used a supplement 
of 100 mg I-' TIC (2,3,5-triphenyltetrazolium chloride a t  pH 7.0).  

A simple medum, appropriate for isolation of yeasts from various marine sub- 
strates, has the f0110wi.g composit,ion in % wlv (VAN UDEN and. CASTELO-BRANCO, 
1963): glucose, 2 ;  peptone (Difco), 1 ; yeast extract (Difco), 0-5 ; agar, 2 ;  filtered sea 
water. The pH of the medium is adjustrd to 4.5 with lactic acid. From isolated 
yeast colonies, pu-re ci~ltures can be obtained by repeated streaking (mme medium) 
and isolation of single-cell colonies. Preservation by freeze drying has proved best 
for the sustenance of pure ~ult~ures. In  this way the capacity for ascospore formation 
is maintained for a long time (WICKEREIAM, 1951), and laborious long-term labora- 
tory cultivation is no longer necessary. Cultures on agar slants, especia,lly of Rhodo- 
torula species, should be transferred frequently (monthly) to fresh medium.. For 
species with oxidativo metabolism tho culture tubes should be closed with cellulose 
stoppers. 

(b) Yeasts from Marine Sediments 

Sediments are sampled with a sterilized spoon or a sawed-off syringe; in grea.ter 
depth, with a special bottom sampler. An appropriate sediment volume (1 cmS) is 
distributed in a portion of sterile sea water andgro~~nd  by an emulsifier or by shaking 
with glass beads ta detach the organisms from the substrato. A sufficient quantity 



(1 mI) of the emulsion is then plated with agar, or filtered through a membrane 
filter after settlement of coarse particles. Accurate quantitative results cannot be 
anticipated by this method. If the sehment layer on the filter is rather thick, 
bacterial colonies may develop despite added antibiotics. 

(c) Yeasts from Marine Plants 

For isolating yeasts from seaweeds (SESRBDELI and SIEBURTII, 1971), up to 5% 
seaweed (wet weight) is suspended in sterile artificial sea water. Adhering yeast cells 
are set free by shaking with glass beads for 10 mins, or by blending in precooled 
(4" C) artificial sea water for 2 to 5 mins. To avoid transfer of inhibitory substances 
from the seaweeds, the yeasts above the filter are held in suspension by a stirring 
blade, whde the tenfold sample volume of sterile sea wa.ter is added. Then the sample 
is reduced to 5 m1 and quantitatively transferred to a second filter for incubation. 

Studies on yeasts isolated from marine plankton were carried out by SDEH~RO 
and co-authors (1962) and Su~rmro and Tor~n~asu (1962, 1964). Phytoplankton 
is collected with a net and directly transferred to sterilized cotton-plugged flasks. 
After adding chlortetracycline (50 ppm) and citric acid (200 ppm), the samples are 
stored at 20" C and surveyed for yeast development a t  24-hr intervals. The isolation 
medium consists of 3% maJt extract (Difco) and 1.5% agarprepared with seawatar. 

(d) Yeasts from Marine Animals 

Various isolation techniques for yeasts from internal and external surfaces of 
invertebr&tes and fishes have been adapted by ROTII and co-authors (1962), 
SIEFMANN and HOENK (1 962) a.nd VAN UDEN and CASTELO-BXLANCO (1 963). Small 
animals or aseptically removed pieces of animals are placed or streaked out directly 
on the agar surface. The whole sample may be incubated in liquid media or adhering 
yeasts rinsed with sterile sea water. Gut contents of birds and other animals are 
suspended in sterile sea water and plated with agar after serial dilution. Exact 
quantitative analysis shodd not be expected from these methods. 

( e )  Selective Cultivation 

For isolation of the human pathogenic yeast species C a d i d a  nlbicans several 
methods are used. STEDHAM and co-authors (1966) recommended a modified Pagano 
Levin Medium to isolate Candida species selectively from. highly contaminated 
materials. The medium contains: Pagano LRvin base (Difco); 2,3,5-triphenyl- 
tetrazolium chloride (TTC, Difco), 0.1 mg ml-l; cycloheximide, 0.5 mg ml-' ; and 
chlorarnphen.icol, 0.05 mg ml-'. 

According to LODDER (1.970), yea9ts frequently metabolize mono-, di-, and tri- 
saccharides, polyols and organic acids as wen as polysacch.arides (starch and inulin). 
The compounds of the plant cell wall, celIulose and pectin, can be decomposed only 
by certain species. Cellulolytic activity was substantiated, especially for Tricho- 
sporm cutaneum and T. pullulam (DENNIS, 1972), which may perhaps act as primary 
invaders. CelIuIose breakdown was tested according to the method of BRAVERY 
(1968). Pectolytic properties were revealed for the yeast species T. culaneum, T. 
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pulluluns, Cryplococcus ~tutceraw and Cudid& dbddus by DENNIS ( 1972). The selec- 
tive medium consists of yeast extract, glucose, peptone, meat extract, a.nd agar 
(WICKERHAM, 1961), supplemented with 0.5% CaCI, and layered with 2% sodium 
polypectate. T. cutaneum, in particular, was frequently isolated in contact with 
marine phytoplankton (Su~rrmo and TOMIYASU, 1962) and putrified algae. 

(3) The Importance of Environmental Factors in Yeast Cultivation 

Survival and reproduction of terrestrial yeast8 in a marine environment depends 
on their responses to environmental factors, such as temperature, salinity, p'H and 
concentration of assimilable nutrients. Culture experiments to investigate mini- 
mum, optimum, and maximum tolerances of yeasts in regard t o  these factors have 
been made by Ross and MORRIS (1962), NORKRANS (1966b, 1968), N o ~ t l c ~ a ~ s  and 
Kym- (1969) and HOPPE (1972a). The growth rate was estimated by turbidity 
measurements (0 10 nnz), plating, or direct counting after various periods of incuba- 
tion in sterilized media (filtration). 

The incubation temperature greatly affects the development of yeavts in sea- 
water media (see also Volume I: OPPENEIEIMER, 1970). Solid media ( N O R ~ N S ,  
1966b) as well as liquid media (HOPPE, 1972a) have been used to determine the  
cardinal temperatures of yeast growth. Liquid media seem t o  yield more detailed 
results in critical ranges. HOPPE used the multiple temperature-incubation appara- 
tus ( O P P E ~ E I M E R  and DROST-HANSEN, 1960) for maintaining ternperatwe 
gradients and estimated growth by turbidity measurements. In a S-uitable nutrient 
medium (glucose, 8 g; peptone, 3 g ;  yeast extract, 2 g; KR,P04, 0.3 g ;  higSO, X 

7H,O, 0.3 g ;  1000 m1 water with suitable salinity, pH 4.51, yeasts develop from 
nearly 0" to 42" C. Yeasts iso1atc:d from the Western Baltic Seagrew best between 25" 
and 30" C (HOPPE, 1972e) ; such high temperatures are reached only in summertime 
in shallow coastal waters ; the average temperature is 9" C. Most of the yeasts isolated 
from the Western Baltic Sea are able to grow between 1" and 5" C after a- prolo~~ged 
lag period. RTicroscopical observation indicates no cell damage a t  low temperatures, 
but progressive destruction of cell structures a t  supra-optimal temperatures. I n  
Rhodotorula atrains, pigmentation is reduced considerably a t  supra-optimal 
incubation temperatures. Psychrophilic strains of Rhodotorula in$rmo-minida 
have a minimum temperature for growth of 4" C, an optimum of 14" to 18" C, and 
a maximum of 26" to 28" C (&EARN and R,orrr, 1966). Strains from seawater showed 
a special requirement for vitamins of the B-complex. 

The salinities tolerated vary from 0 to 10% w/v NaCl (Sacclmromyces cerevisiae, 
Cryplococcua neofmmans) to 0 to 22% w/v NaCl for Debaryomyces species (Ross and 
MORRIS, 1962 ; see also Volume I : MacL~oo, 1971). Salinity tolerance is much lower 
than sugar tolerance (KOPPENSTEINER and W m ~ r s m ,  1971) ; i t  is based on tolerance 
to osmotic pressure. Fermentation activity of cell-free extracts ceases a t  an osmotic 
pressure of 30 atm in neutral salt solutions, but a t  120 atm in sugar media (KOPPEN- 
STEINER, 1969). The cause of m e r e n t  salt toleranoe of S. cerevisiae and D. hamsenii 
was studied by NORKRANS and KYLIN (1969). Incorporation experiments with the 
isotope pairs 22Na-24Na and 42K-86Rb showed that  the relation of K to Na was 
higher in the cells than in the medium, and higher in D, hansenii than in S. cerevisiae. 
This result indicates more effective Na extrusion and K uptake in D. hansenii than 



in S. cerevisiae. I n  some yeasts (S. mellis, S. rozcxin'i, 19. bisporus and Pichiapasloris), 
KOPPENSTEINER and WINDISCEI (1972) recorded increased compatibility of salt 
solutions a t  increasing concentrations of fructose or galactose and lactose. The kind 
of nitrogen source available affects the growth capacity of yeasts a t  different salt 
concentrations (Ross and MORRIS, 1.962 ; Table 3-5). 

Table 3-5 

Maximum salt tolerance of yeasts as a function of 5 different nitrogen soirces. 
-: no growth during 6 weeks' incubation (After Ross and MORRIS, 1962; repro- 

duced by permission of the authors) 

% w/v NaCl Day8 required for growth in 
Species and strain in medium (NH4),S04 Peptone Asparagine Urea FC 

extmt 

SupranormaI salinities may prolong lag phase and generation time. For example, 
the lag phase of Rhodotor2cla rubra lasts 28.5 hrs a t  8.1% NaCl, but 68 hrs a t  16% 
NaCI. Generation time for Cryptococm albidus was 3 h s  a t  0 t o  4%, 7 hrs a t  8%, 
and 21 hrs a t  12% NaCl (NORKKAN~, 1966b). Respiration and fermentation inten- 
sities remained nearly the same from 0% to 4% w/v NaCl in yeast strains of marine 
origin ( Debarymyces hansenii, Saccharomyces cerevisiae, Cyptowccus albidus, 
Candida zeylanoides, NORKRANS, 1968). 

Culture experiments revealed no specific sodium-chloride requirement for yeasts 
from marine waters. Yeasts usually exhibit good or best growth in media without 
sodium chloride. 

Hydrogen i o n  concentration (pH) of the medium is important for successful. 
yeast cultivation. Most yeasts from terrestrial and aquatic habitats are acidophilic. 
Usually yeasts from the Western Baltic Sea exhibit the following growth character- 
istics in relation to pH : minimum a t  pH 2 to 3, optimum a t  pH 3 to 6.6, maximum 
a t  p H  8 to 9. While cells die off in extreme acid media, cell damage was not noticed 
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a t  maximal pH values (up to pH 20 tested), with the exception of #accha~omyces 
cerevisiae; this may be significant for the survival of yeasts in sea water (pH 7 .5 -  
8-4). 

At alka.line pH values, NORKRANS (1966b) established a decrease in growth rates 
and prolongation of the lag phase in several marine yeasts. Increasing precipita- 
tion in alkaline culture meha disturbs turbidity measurements. Attempts to reduce 
precipitation by admixture of EDTA failed, because this substance inhibits growth 
in some yeast species (NOBKRANS, 1966b). 

(4) Cultivation of Yeasts in Natural Sea Water 

Yeasts may develop differently in nutrient media and in natural sea water. I n  
sea water low contents of assimilable compounds seem to be primarily responsible 
for limited growth. Survival, reproduction, generation time and morphology of 
yeasts in this medium have been studied by KRISS (1961), NORKBANS (1966b), 
MADRI (1968), and HOPPE (1972a). Sea water with its natural microflora, or sterile 
filtared sea water, were inocuhted with pure cultures and incubated in batch culture 
or continuous culture. Yeast development was estimated by plating techniques, on 
membrane filters, or direct counts UI chambers. 

KRISS (1961) cultivated Torulopsis pulcherrima and 7'. candida, which occur in 
marine habitats, in sea water from the Bla.ck Sea and from the Pacific Ocean. Both 
species are capable of reproducing in sea water; maximal cell counts (10 to 15-fold of 
the inoculum) were obtained a.fter 1.2 to 30 days incubation. I n  t h e  Black Sea yeasts 
have been isolated from the anaerobic zone in 1000 to 1500 m depth. According to  
KRISS (1961 ), many marine yeasts are capable of denitrification enabling them to 
live in oxygen-free media. 
NORKRAXS (1966b) tested the survival of yeasts in sea-water of 34%, MaCl en- 

riched wit,h nutrients. After 120 days incubation survival rate was 1.0% for Rhdo- 
torula qlutini.s, R. rubra, and some strains of Debanjmyces hunsemii; less resistant 
were Candida sp., C~yptococcz~s hurentii, C.  Zuteolus and Sacc7m~omycea cerevisiae 
with 5% surviving cells after 60 days. 

When exposed to sea water, Canclida alhicans formed typical myceliurn and 
chlamydospores only in exceptional cases (MADRX, 1968). The development of 
yeasts and various ecological groups of bacteria in a 5-1 water sa,mple (16.3% S) wa-s 
estimated by HOPPE (1 972a, Fig. 3-9). After 33 days the number of survivors had 
decreased to 1.6% for the yeasts, 10% for 'freshwater' bacteria, and 22% for marine 
bacteria. I n  brackish-water batch culture with progressively decreasing nutrient 
wncentration yeasts seem to be limited more severely than bacteria. 

Experiments with pure cultures of S m h r o m y c e s  cereviaiae (H 116) and Rhodo- 
tmulamucilaginosa (H 25) were performed in sterile filtered Baltic Sea water (16-4%, 
or 17.3%, S) and tap water. S. cerevisiae showed a t  no time an increaseincell counts. 
In tap water the cell numbers decreased even more quickly than in sea water. At an 
incubation temperature of 20" C, the rate of' survival was 50.7% ; a t  4" C, 70% (Fig. 
3-10). The mean size of the cells decremes from 8.3 X 6.4 pm (nutrient agar) to  6.9 
X 4.5 pm (20° C, sea water) to 5.7 X 4.5 pm (4' C, sea water). Sporulation wasstronger 
a t  20" than at 4" C. Supplementary glucose caused a significant increase in cell 
counts correlated with germination of ascospores. Addition of NK,NO, caused only 



3. CULTIVATION OF WURO-ORQANISMS (H. -Q. HOPPE) 
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Fig. 3-9: Dovelopment of yeast and baoteria population8 in a 6-1 
braolueh-war ( 16 .3u )  sample, which waa stirred and incubated 
in the dark at 80' C. 28: modified yeast extract-paptone-agar 
according to OPP- and ZoB- 1962 ; ZL : ZS prepared 
with tap water; yeast medium: see p. 349. (After Horn,  1972a; 
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Fig. 3-10: Development of S&cmyca ccreviaiae (H 116) and Rhodobrda rnucihqinosa 
(H 26, isolated from the sea) in sterile filtered sea water (17.3%5), stirred and incubated at 
4' C and 20' C. (&%&F HOPFT, 19728; rnodised; reproduced by permission of h t i t u t  fiir 
Meereskunde, Kiel. ) 
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a weak and temporary increase in yeast development. This indicates that  the con- 
centration of assimilable carbohydrates is of tlecisive importance for survival and 
reproduction of yeasts in sea water. 

Rhodolorula mucilaginosa, isolated from sea water, was able to grow in all media 
tested. At an incubation temperature of 4" C, an 18-times higher cell concentration 
was yielded than a t  20' C (Fig. 3-10). While generation time is usuelly longer a t  4 O  C, 
the better survival chances may be ecologically more important ; a t  20" C,generation 
time is short, but death rate high. 

In a chemostat, Rhodotorula mucilaginosa can be cultivated conti~~uously in 
sterile filtered sea. water. At 25" C, a concentration of 5020 cells 1-l witha gcnera.tion 
time of 178 hrs could be maintained; a t  4' C, the corresponding values were 23,800 
cells 1-' and 263 hrs. This means that the yeasts in question are capable of buildi.t~g 
up a self-perpetuating population in sea water when competitors are exduded. 

( 5 )  Some Aspects of the Use of Yeast Cultivation 

I n  general yeasts are mesophilic and able to develop over a fairly wide range of 
pH values; hence their isolation and maintenance normally presents few, if any, 
difficulties (VAN DER WALT, in: LODDEB, 1970, p. 36). This statement may be 
applicable also to yeasts found in marine habita,ts. Cultivation experiments with 
yeasts from marine sources have been mainly concerned with ecologicaI considera- 
tions. 

To all appearances, yeasts may have a bearing on the supply of vitamins and 
nutrition of marine animals (Chapter 6). SIEPMANN and H O H ~  (1962) observed a 
strong riboflavin extrusion of Debarymyces subglobosus during assimilation tests. 
33 from 68 strains of this organism were isolated from the interior of fishes. Russian 
investigators have grown the polychilt?k Nereis sp. exclusively on yeast cells 
(cited from SXEPNANN, 1963). RODINA (1960, i n :  S~EPMANN and E I o r n ~ ,  1962) 
demonstrated the importance of yeasts as a source of nutrients for planktonic 
and benthic animals of lakes a.nd fish ponds. Yeasts can be used as food for fry 
(ASSMAN, 1957, in: SIEPMANN and HOHNK, 1962). 

Some species of yeast are considered to be pathogenic to  man and animals 
(GENTLES and LA TOUCHE, 1969). Among these, especially Cwndida tropicalis, 
C. pseudotropimlis, C.  parapaihsis, Triclwsporon culaneunz and Bhdolorula 
mz~cilaginosa were also found in coastal and offshore areas. For details consult 
Chapters 8 and 9. The occurrence of the human pathogenic Canclidaalbicans and the 
industrially important Saccharomyca cerevisicce can sexve as an indicator of pollutJion 
in coastal waters. 

Substrate uptake is of considerable importance in aquatic ecology. v m  KLEEPP 
and CO-aathors (1 969b) used a modified autoradiographic method for the detection 
of radionuclides accumulated in bacterial as well as yeast colonies. They tested 150 
classified yeast strains for accumulation of 60Co, 89Sr, 106Rn, IZ51, ' 3 d C ~  and '44Ce. 
Candida humicoh accumulated almost all cerium presented after 24 hrs incubation, 
while about SO% cobalt was taken up after 16 days shaliing in the medium (KOKKE 
and CO-a-uthors, 1969). To study the localization of the radionuclides within the 
yeast cells, a method described by V A N  ICLEEFF and co-authors (1969a) ma,y be 
used. This technique necessitates electronmicroscopic examination. 



Yeasts contribute to heterotrophic remineralisation of organic substances in the 
sea. (MEYERS and AHEARN, 1974). Since most yeasts isolated from marine substrates 
do not grow optimally in sea water, their remineralization ca.pacity in the sea 
seems inferior to  that  in fresh water. While marine bacteria arc reported to  be 
predominantly proteolytic, the ecological importnncc of yeasts may be based on 
their preference for carbohydrates (with the exccption of some species, such as 
Candida. lipolytica and C. tropicalis, which specialize on h.J~drocarbons; Hua and 
F'IECHTER, 1973). With increasing distance from the shore, the 'biomass' of yeasts 
decremes more than that  of bacteria.. In &el Bay the relation 'biomasa' of yeasts 
to marine bacteria changes from 1 : 61 to 1 : 180 (HOPPE, 1972a). 

These facts indicate that yeasts are mainly inshore-inha.bitjng organisms or 
marine transients. They are much less tolerant to marine waters than are marine 
bacteria. The low nutrient concentration of the sem seems to favour oxidatively 
dissimilating yeast epecies, resulting from the better energy balance of this meta- 
bolic type. Yeast distribution in marine environments depends on microzonation 
and ecological niches providing sufficient assimil~ble nutrients. 
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CULTIVATION OF PLANTS 

4.1 UNICELLULAR PLANTS 

(1) Introduction 

(a) Importance, Purpose and Scope of Uuicellular Algae Cultivation 

A basic prerequisite for the critical analysis of the relationship between unicellular 
algae and their environment, abiotic and biotic, is our capability to cultivate these 
algae under adequate conditions. Progress in modern marine ecology depends 
heavily upon more exact information on environmental and nutritional require- 
ments. T1.lere is great demand for ecologically meaningful inf~rma~tion obtained 
under controlled and reproducible conditions. 

Ecological, physiological, biochemical, life history, and phylogenetic investiga- 
tions of micro-algae benefit from studies on la,boratory cultures that  often elucidate 
characteristics not apparent in isolates taken directly from na,ture (PAHRE and 
ADAMS, 1.960; B n m n ,  1961 ; WILSON, 1967 ; KORNMANN, 1970).  To conduct thcse 
varjoils investigations it is first necessary to develop culture methods for a particular 
species that  will provide dense cell populations, preserve the integrity of the species 
and yield prehctable results. In. many cases, axenic cultures maintainedunder well- 
defmed environmental conditions are inoat desira.ble. Although less rigorous 
standards are satisfactory for some purposes, the interpretation of experimentad 
results is generally enhanced by high standards of purity. 

Since the introd~c~tion of u. Chlorello, species as an experimental tool for investiga- 
tion of photosynthesis by WARBURG (1 91 9)-because i t  was simple to  handle -under 
controlled conditions and gave better reproducibility than higher plants-this alga 
and others have become fa.voulite organisms for elucidating photosynthetic 
mechanisms, its well ss other problems i n  biochemistry and cell physiology. There 
has developed a considerable literature of investigations into the fundamental 
biochemistry of photosynthesis (BRODY and BRODY, 1962), pigments (SCHIBF, 
1964), metabolic pathways, and nutritional requirements (PROVASOLI, 395813) in 
which micro-algae are used as experirnoizta.1 tools. With the advent of electron 
microscope techniques, micro-algae are providing much of the information on 
membrane structure and cell-organelle development (P~TELKA, 1963; BROWN and 
c:o-authors, 1.970). 

The large uninucleate unicellular alga Acetabularin mediterra.nea (Fig. 4-la) ,  
isolated from the littoral zone of tropical and subtropical enviro~ments, is an idea.] 
object for investigations of nuclear-cytoplasmic interrelationships (HAMMERT~INQ, 
1931 ; HAMMERLING and co-authors, 1959). Particularly useful for studies of the 
relationship between cytoplasm and nuclear division is stalk division leading to  
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dichotonic and trichotonic cells. This is only sometimes found in nature but can be , 

induced in the laboratory (Fig. 4-1 b ;  BONOTTO and BONNIJNS-VAN GELDER, 1969). 
A.. mediterraneu is also well suited for studies on RNA-synthesis, interspecies 
grafting, and ionizing-radiation effects on the morphogenetic process (Purs~ux- 
DAO, 1962; Purs~ux-DAO and co-authors, 1972; BONOTTO and K~CEIMANN,  1972). 
Marine algae are also useful for studies on ionic relations and membrane transport 
a t  the cellular level (GUTKNECHT and DAINTY, 1968). 

Fig. 4-1 : Acetuhlaria d d e r r a n e a .  (a) Reproductive cap (9 mm diameter); (b) branched 
cells, each branch differentiating a reproductive cap (cell length 35 mm). (Unpublished 
photographs taken by, and reproduced by permission of S. BONOTTO.) 

The potential of unicellular algae as a food supplement for man in the daily diet 
(OSNITSKAYA and GORYWNOVA, 1962) or as a food for such esoteric pursuits as 
submarine travel or space exploration has been evaluated in numerous publications 
(CASEY and LUBITZ, 1963; CASEY and co-authors, 1963). BENOIT (1964) proposed 
that  man's physiological needs for O,, water, food, and sanitation disposal could be 
met by a closed system involving a continuously managed culture of micro-algae. 
Thus far, freshwater species of Chlwelta have received most of the attention, but 
some investigators (e.g. EDDY, 1956) have already recognized the importance of 
considering other species and that isolates from salt and brackjsl-1-water environ- 
ments may offer some special advantages. Recently, a concept of industrial photo- 
synthesis has become popular that  describes a multi-dimensional process of waste- 
water treatments, food production, and water reclamation. The major emphasis 
in such a system is on the algal photosynthetic conversion of solar energy into a high 
protein food while simultaneously reclaiming water and disposing of waste (MAT- 
TONI and co-authors, 1965; SCHMITT, 1965; RYTHER and co-authors, 1972). Marine 
and brackish-water algal species can then be utilized directly as a food for rearing 
crustaceans and molluscs or the algal cultures processed and used to supplement 
food of other animals (Fig. 4-2; Chapter 5). 
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As pressures for additiona.1 food sources increase, the controlled industrial culti- 
vation of many unicellular marine algae on a large scale is a likely consequence 
(HUTNER, 1964). Methods already developed for the rearing of bivalves depend on 
the large-scale culture of particular species of unicellular marine algae as a food 
source in the early stages of bivalve development (LOOSANOFF and DAVIS, 1.963 ; 
DAVTS, 1969; UKELES, 1971 ; Chapt'er 5). Among prospects for the industrial use of 
micro-algae is a proposal that species of Chlorella could be cultivated as a source of 
amino acids and added to cereal diets (HUNDLEY and co-authors, 1956). It is be- 
lieved that algae are nutritionally equivalent to yeast, being higher in protein, fat 
and vitamin content than other vegetable sources, with the exception of some seed 
products, and with a potentially higher yield per unit space than conventional 
crops (RSHER, 1955; Lusrrz, 1963). 

Industrial marine micro-algal cultivation also has a potential for the production 
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of specia.1 substances : the gel-forming carrageens, of which Porphyridium. cruentum 
is an excellent source (GOLUEKE and OSWALD, 1962) ; or pharmaceuticals (HUTNER, 
1964) as provitamin A which can be obtained from Dunaliella salina. Sometimes 
beta-carotene pigment is present in D. salincc in concentrations that are 10 times 
higher than in most green algae and leaves. A method of isolating the carotene was 
developed and a type of beta-carotene preparation made available that  suggests 
positive results in animal husbandry and medicine (RABOTNOVA and MIE'KO, 1966). 
No doubt, products of other synthetic capacities jn marinemicro-algae could be put 
t o  practical use, possibly the production of thiamine by D. tertiolecta and Skeleton- 
emu costatum, or B,,  by Coccolithua huxleyi, or biotin by D. tertiolecta, Phaeodactylum 
tricornutum and S. costatzcm (CARLUCCI and B o w ~ s ,  1970). 

For some time it has been a hope that certain species of algae would be valuable 
assay organisms for examining water quality. With the growing interest in marine 
pollution (Volume V), micro-algal assay organisms are being proposed for evaluating 



toxicants or eutrophic conchtions in freshwater, brackish-water ancl ma.rine 
environments. ALEEM (1970) bioassayed sea water from the English Channel at  
Plymouth and from the Celtic Sea with uni-algal cultures of the pelagic diatoms 
Chaetoceros dydimua, Phueodaclylum tt-icornutum and a 'reddish flagellate A'. In an 
extension of the study of the problem of 'good' and 'bad' sea water that dates back 
to the classical studies of ALLEN and NELSON (1910), ALEEM'S resdts agreed with 
WILSON'S (1951) regarding the grading of different sea water as good or bad for 
rearing larvae. Bioassay experiments were also undertaken by JOHNSTON (1963b) 
using Skeletonema eostatum and Peridinium trochoideum; a rapid monitoring of 
water quality was developed using a Chlmella species (CULLZMORE and MCCANN, 
1972). Assay experiments with Chlmella ovalis, S. coatalum and P.  tricornutum also 
yicsldcd informstion on the cjuality of water in an Oslofjord with various polluted 
discharges (SKULBERQ, 1970). SMAYDA (1970) noted marked differen.ces in water 
quality of surface waters collected from different stations in Phosphorescence Bag, 
Puerto Rico, based on the growth response of the diatoms Bacteriastrum hyalinum,, 
Cyclotella nana, S.  wstutum and ThaIassiosira rot&. Vitamin content in sea water 
was assayed by RYTHER and G n n ~ m ~  (1962), BELSER (1963) and GOLD (1967) 
utiIizing unicellulur marine algae. The industrial application of marine micro- 
algae to assay of vitamins, and cytotoxic pharma.cological agents was also proposed 
(AAILONSON and co-authors, 1964), using what GAVIN (1956) defined as 'analytical 
microbiology'-a branch of microbiol.ogy in which micro-organisms arc used for the 
qualitative determination of certain chemicals. 

Whatever the ultimate importance and purpose of unicellular algae cultures, 
there are certain. principles that must be adhered to. These may be modified or 
amplified depending on the facilities available, the scale of cultivation, the particu- 
lar use of the culture and strain requirements. However, the basic approach to 
cultivation is similar in all cases. A physical and chemical environment must be 
provided that will induce a particular species of micro-algae to increase in cell 
numbers with no change in characteristics unless intended by the experimenter. 

(b) Availability of Unicelldar Algae Species for Cultivation 

DROOP (1961a) observed the significant fact that the majority of unicellular 
marine algae species in culture are neritic, littoral or supralittoral in origin. Species 
usually found in estuaries are known as laboratory 'weeds' growing in laboratory 
culture without great difficulty, e.g., Phaeodac1ylum tricomzulum, Skeletonema 
wstatum, Dunuliella tertiolecta, Chlorella sp. and Nannochloris sp. It is not known 
why so many phytoplan.kters will grow well in a relatively low nutrient sea water, 
as th.e ocean, and will not grow in such water or in enrich-ed sea water in the labora- 
tory. WOOD ( l  968) could get truly oceanic species to grow in the laboratory from 
time to time but could not obtain reproducible results. DROOP (1961a) suggested 
that the reason for the dificulty of cult,~lrin.g planktonic species does not lie in the 
capacity of ordinary laboratory media t,o satisfy a nutritionally exacting species, 
but that these species have developed n narrow tolerance to physical or physico- 
chemical conditions as a result of becoming adapted to the constancy of natural 
oceanic habitats. These habita,ts cannot ~tlways be duplicated in the laboratory. 
Some conditions in a culture medium are very different from those in nature, such 
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as enclosure within a small space, need to sterilize solutions, artificial pH buffers 
and conditions of n ~ ~ t r i e n t  and light saturation. Ro~vcver, concern about t,he arti- 
ficiality of the culture environment may often be overemphasized. Many species are 
available today in cultures t.hat were a t  one time considered not amenamble to the 
unduly restrictive enviromlent of laboratory culture. According to ACK~UN and 
co-authors (1970), any bloom must result from an imbalance of the factors that 
normally restrict growth and reproduction of a pre-existing paren.t stock. There 
would be no reason to  belie-ve that the analytical da.ta from aparticular na,tural bloom 
sample would be Inore typical of a species than those obtained from artificial 
cultures in which certain growth components were eliminated or pronded in excess. 

Organisms isolated from the natural marine habitat are obtained from plant 
fragments or other debris in the water, from na,turally occurring blcoms or from 
plankton tows. WOOD (19G8) discussed the inefficiency of plankton tows, particu- 
Iarly in regard to loss of small organisms as p-flagellates and very small diatoms. 
Each of the other collection methods, such as filtration, continuous centrifugation 
or closjng samplers, offers some improvements but presents its own difficulties, 
particularly for collection of the more delicate species. 

Another source of marine algae for culture are symbiotic forms, zooxanthellae of 
marine invertebrates. With new separation techniques, antibiotics and defined 
media, axenic culture of symbionts is now possible. The history and present status 
of these techniques have been described in numerous publications (MCLAUCHLIN 
and ZAHL, 1957, 19511, 1962 ; ZAHL and MCLAUQHLIN, 1957 ; FREUDENTHAL, 1962 ; 
LEE and ZUCKER, 1969). 

Established cu1l;nre collections offer a va.riety of'  specie.^ with a known culture 
history for experimental investigation. The 5 major collections in the world are; 
(i) Culture Centre of Algae and Protozoa, 36 Storey's Way, Cambridge CB3 ODT, 
England; (ii) Sammulung von Algenkulturen, Pflanzenphysiologischen Snstituts 
der Universitat Gottingen, Nikolausbergerweg 18, Gottingen, West Germany ; 
(i i i)  Sbirka Xultur Autotrofnich Organisms (%AV, ViniBcA, 5, l'raha, 2, Czecho- 
slovakia; (iv) Culture Collection of Algae, Institute of Applied Microbiology, 
University of Tokyo, Japan; (v) Culture Collection ofAlgae, Department of Botany, 
Indiana University, Bloomington, Ixldisna 47401, USA. 

While most collect,ions have a prcponclera~~ce of freshwater species and few marine 
isolates, many smaller collections exist that concentrate on marine species. Tropical 
and subtropical cultures art? maintained in the laboratory of '\V. H. THOMAS, Scripps 
Institution of Oceanography, La Jolla, California (USA); a variety of marine and 
braclrish-water forms are in the Oceanographic Institution, W'oods Hole, Massa- 
chusetts and also a t  the National Marine Fisheries Service Laboratory, Milford, 
Connecticut (USA). A few marine species are available from the American Type 
Culture Collection, M7ashington, D.C. Published lists of culture collections con- 
tain information on the marine isolates available, fees and maintenance media for 
stocks (PROVASOLI, 1958a ; STARR, 1960, 1964, 1971a, b ; BASLE~OVA and DvoAA- 
KOYB, 1962; KOCR, 1964). 

According to  WOOD (1968) the word 'marine' is usually taken to include oceanic 
environments, waters and sediments of the continental slopes, estuaries, and some 
lakes that are as salty as the sea. I t  is sometimes difficult to decide where the fresh- 
water environment ends and the marine begins. On the whole, marine and fresh- 
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water phy-toflagella.tes show similar requirements, except for chfferences in salinity. 
In  fact, salinity requirements can be very different for species that are taxonomically 
closely related. For* exarnplrt, the Euglenophyta are most abundant in fresh watcr, 
but brackish-water and salt-water forms are also known (Volume I : GESSNER and 
SCBXAMM, 1971). Species of other genera (Ghborella, Stichococcw) also range from 
marine to fr.eshwater habitats, which are apparently inexacting about salinity 
(GEOROE, 1957). Much of algal culture methodology defies any distinction between 
marine and freshwater culture techniques. This chapter concentrates on culture 
methods applied to genera,lly accepted marine and brackish-water species, although 
references to freshwater species will occasionally be necessa.ry. Discussion will be 
limited to the culture of those organisms which are unicellular in the adult stage 
thereby excluding spores of multicellular algae. The blue-green and phagotrophic 
species of marine micro-algae are covered in other chapters. 

The terms employed are used as given by STRICKLAND (1966). Phytoplankton 
re.fera to plant organisms suspended in the water with very limited mobility which 
mat or do not rna.inta.in their distribution against local water movements. 
~croplanl t ton,  nannoplankton and l~ltraplankton describe size distributions in the 
range of 50 to 600 pm., l0 to 50 p m  and 0-6 to 10 pm, respectively. 

(2) Laboratory Culture 

(a) Technological and Procedural Aspects 

Culture Enclosures: 

Cleaning of glassware is an important aspect h algal culture (Chapter 7) ; failure 
to cultivate a unicellular alga or to obtain reproducible results may sometimes be 
attributed to improper glassware treatment. New glassware may be contaminated 
with spores from packing material or a residual film of alkali (remove by soaking in 
1% IFCl). All organic and metal contaminants must be carefully removed. After 
cleaning, the g l ~ s w a r e  shonld have a neutral reaction and be free from residual 
anti-microbial or stimulating agents. Cleaned glassware should be carefuIly drained 
or oven-dried and stored to avoid dust. 

Can (1942) recommended preliminary rinsing in hot tap water, soakixlg for 2 days 
in strong potassium dichromate sulphuric acid solution, followed by heating at 
70" C for l hr, and successive rinses with hot water, distilled water and Pyrex 
glass-distilled water. KAJB and. FOOO (1958a) also cleaned glassware by soaking in 
chromic acid followed by 30 rinses in tap water and 3 in distilled water. Other work- 
ers believe that the use of cleaning solution with chromate sllould be avoided 
since chromic ions tend to absorb on the glass and then slowly 1ea.ch out into the 
culture medium (HERVEY, l. 949). LAUQ (1934) found that 10 rinses did not com- 
pletely remove the dichomate from glass, and RICHARDS (1936) reported that a 
clichromate-cleaned pipette yielded 0.1 to 0.2 ppm after the 10th rinse. LEWTN 
(1959) suggested concentrated sulphuric acid, saturated with commercia1-grade 
sodium nitmte, for w ~ ~ h m g .  When detergents are .used special care must be taken 
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to  wash them out since they are sometimes inhibitory (UKELBS, 1965a,). Caution in 
the usc of high detergent concentrations has also been recommended by BER.NHARD 
and ZATTERA (1 970) although they found that detergents have little or no effect 
on three pl~ytoplankters inconcentrations which probably remain on glassware. 
LEWIN (1969) regarded multiple changes of distilled water unnecessary, but other 
scientists employ elabora,te rinsing procedures. For example, CUMMINS and co- 
authors (1966) rinsed 5 times -h distilled water plus 5 times in double-distilled water 
after washing glassware in a 96% ethyl alcohol sodium hydroxide mixture. HAY- 
WARD (l. 968b),  in a study on metal requirements, washed gla,ssware with detergent, 
rinsed wit11 Pyrex double-distilled water, stea,med for 30 mins with consta,ntly 
boiling HC1, rimed a,ga,in with double-distilled water and then autoclaved glassware 
filled with double-distilled water capped with beakers, as suggested by W A R I W ~  and 
WERKMAN (1943). A small amount of chelating agent added to the rinse water is 
often recommended. After frequent use, culture vessels may become coated with 
materiaI that is resistant to normal washmg procedures; in this case Q U R A I S ~  and 
SPENCER (1971) recommended that glassware be boiled in soap a,nd sodium hy- 
droxide solution before the usual washing procedure. ~ ~ O V A S O L T  and GOLD (1962) 
baked glassware for 2 hrs at 200' C to remove adhering organic matter. 

Conventional cuIture methods for marine unicellular algae call for the inoculation 
of solid or liquid media dispensed into various types of culture containers. Culture 
container sizes range from a hanging drop to the deep tank described by STRICKLAND 
and co-authors (1969). Containers for micro-algae can be ada,pted from those 
available for other types of microbiolog-ical culture techniques: e.g., culture-wet 
film, hanging drop, slide immersion, agar blocks, or flat capillary techniques 
(HARTMAN, 1968; NORRIS and RTBBONS, 1969). The more conventional culture 
containers are limited to various size test tubes, fla,sks or carboys. Microbiological 
cultivation techniques require an  abundance of glassware and other equipment 
described in a comprehensive review by HUTNER and co-authors (1 958). 

Screw-capped test tubes (19  X 150 mm or 19 X 120 mm) or 125-m1 flasks are 
recommended for stock cultures. While vessel size is determined by preferences and 
particular needs, a good surface-to-volume ratio must be insured to avoid CO, 
limitations if CO, is not delivered to the culture from an outside source. Culture- 
medium volumes recommended for Erlenmeyer flasks are 40 to  60 m1 for 125-m1 
flasks, 60 to 100 m1 for 250-m1 flasks and 150 to 250 m1 for 500-m1 flasks. Roux flasks 
are also sometinies used as culture containers (EDDY, 1956; B~RDSEY and LYNCH, 
1902) and are particularly recoinmended for culturing species of Acetabuhriu 
(SHEPNARD, 1970).  Where larger volumes of culture mebum are needed, a 2800- 
m1 wide-neck Fernbach flask with a cotton plug containing a glass siphon for 
periodic harvesting is very satisfactory. If i t  is necessary to  shake cultures for 
keeping cells in suspension, a modified Fernba.ch flask can be used. The macin 
feature of this new type of flask is a conical base around which 2 1 of water can 
circulate with the flaslr on a reciprocal shaker (Fig. 4-3; WALSBY, 1.967). Numerous 
other ingenious culture enclosures have been described to meet special requirements. 
One such example is the pipette container constructed from a, volumetric pipette. 
The culture compartment is contained in the broad part of the pipette, the lower 
part is bent into a U  through which aeration is supplied (JBRQENSEN and STEEMANN 
NTELSEN, 1961). 



Culture enclosures should be made of good quality borosilicate glass with a low 
thermal expansion, although for certain t p  of nutritional investigations (e.g., 
mineral requireme~its) this type of glass is not satisfactory and v y cor, polycrtrbonate 
or coated glaas is called for. Autoclaving nutrient media in Pyrex can leach boron, 
as well as silicon, from the glass (MCBRDE and co-authors, 197 1 ). For investigations 
of silicate uptake it is no longer necesasry to reaort to coating glass interiors with 
pure paraffin as in the past (PRWQSHEIM, 1946b) since specially manufactured 

Fig. 4-3: Culture h k  with conical bottom. (After 
W-BY. 1967; reproduced by permission of 
Oordon and Breach.) 

polycarbonate culture vessels that are transparent, non-toxic, autoclavable and 
do not leach silicon into the medium are now available ( B U ~ B Y  and LEWDF, 1967). 
During an. investigation of iron requirements, GOLDBER~ (1952) found that 80 to 
90% of the iron added as ferric citmte was adsorbed within 1 day on the wall of the 
culture bottles. To eliminate this adsorption, the bottles were treated with 'Desi- 
cote', a silicon polymer (supplied by Beckman Instruments, USA). 

Closures on culture containers must prevent contamination and permit good gas 
exchange; each particular closure should be examined for its effect. Closures may 
be non-absorbent cotton-wool plugs, metal or polypropylene mps. Some authors 
state that with the latter type of closure contamination is no grmter than with 
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cotton wool (ELLIOTT and G ~ ~ ~ ~ ~ ~ ~ ,  1969) but other workers do not concw 
(SUTTELZ, 1969). LEWIN (1959) obtained good results with inverted glass ,vials on 
rimless culture tubes as closures. Although traditional cotton plugs a.re convenient 
and inexpensive, their use may cause problems. The possibility exists of introducing 
unwanted nutrients present in the cotton wool (SHER\VOOD and SINGER, 1944; 
ROBBINS and SCHMITT, 19.15) ; in adclition, moisture accumulating in the cotton may 
facilitate bacteria.1 contan~ination through water channels in the plug. Cotton 
plugs should be loosely covered with paper cups or caps of wax paper to reduce 
evaporation and to prevent soiling with dust. Screw-capped tubes and flasks offer 
a solution to  the problems caused by cotton plugs, but two cautions should be 
mentioned: (i) Drying of agar slants and evaporation of liquid media must be kept 
a t  a minimum, but caps cannot be so tight tha,t they do not permit gas exchange. 
Screw ca,ps should be left loose during autoclaving, allowed to cool in the closed 
autoclave and tightened immediai,ely when removed; (ii) Caps must be of some 
inert material that does not introduce unwanted nutrients or toxic materials. Often, 
the resins used t o  seal cap liners are toxic. I n  the reviewer's laboratory, cap liners 
are thoroughly removed by soa.king in acetone, scraping out the liner material, 
washing with detergent and rinsing in distilled water. 

A type of culture fla.sk colnrnon in tissue culture work, but not often applied to 
the cultivation of micro-algae, is the perfusion chamber. By adopting the liquid 
transport principle of paper chromatography, a. perfusion chaLmber of a new type 
was developed and used to cultivate unicellular algae (Fig. 4-4; SXIM, 1966). For 
producing dense populatiom of cells in a medium free from complex constit-uents 
or toxic products, dialysis cultures are suitable. Some var.iables in dialysis culture 
and different types of  rnr~mbranes were i.nvestigated by GERHARDT a.nd GALLUP 
(1 963) ; the subject of dialysis culture of micro-organisms as a whole was reviewed 
by SCHTJLTZ and GEXHARDT (1969). I n  a recent report on aome exploratory studies 
of tlie value and potential of dialysis techniques for phytoplankton studies J-ENSEN 
and co-authors (1972, p.  241) state: 

'It  seems quite astonishing that the many useful possibilities offered by the 
halysis technique have not been further exploited for the cultivation of auto- 
trophic organisms.' 

For some experiments JENSEN and co-a.uthors used Sartorius membrane filters of 
various porovities in a modified dialysis culture flask based on the apparatus of 
GRRHARDT 511d GALLUP (1963); for other experiments, R "  (1.6 cm) dialysis tubing, 
or regenerated cellulose in tlie form of a ba,g (Pig. 4-5). Dialysis culture of marine 
algae can be set up in the field or laboratory and for many species yields dense 
populations when cultivated in non-enriched sea, water, demonstrating the efficiency 
of removing .toxic wastes from the culture (see also p. 218). 

Many culture containers are suita.ble only for the production of large volumes of 
algal culture; some of these are discussed in the section on mass culture in this 
review. I n  general, size and shape vary : vertical glass columns (MYERS and CLARK, 
1944; REISNER and THOMPSON, 1956), Pyrex carboys (DAVIS and UKELES, 1961 ; 
UKELES, 1971, 19731, polycarbonate and fibre-glass tanks (UKELES, l965b, 1973), 
wooden vats (LOOSANOFF, 1951)) concrete tanks (ANSELL and co-authors, 1.964) 
and a coated steel 'deep tank' (STRICKLAND and co-authors, 1969) have been used. 
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Siphon 

Fig. 4-4: Perfusion chambers (1, 2). B: chromatographic paper strip; 
C :  colony of algae; H: difference between liquid levels; I: opening 
for inoculation; N: opening for medium introduction; P: plate 
canying the paper strip; Y :  opening for inoculetion. (After SEW, 
1966; moMed ; reproduced by ponni~ ion  of Macmillan (Journals) 
Ltd.) 

The results obtained may be seriously affected by using materials with toxic 
components dwing sampling, stora.ge or experimentation (Chapter 7) .  DYER and 
RICHARDSON (1962) tested numerous materi&i,ls for their effects on chlorophytes 
and found that  plastics, in general, were non-inhibitory except in a few cases. They 
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emphasized that one cannot rely on s particular material because one formulation 
was found non-toxic; each individual formulation must be tested for toxicity. 
Of the metals tested, aluminium alloys gave the bcst results but these varied 
greatly with copper-containing alloys. Stainless steels were generally good although 
two types were occasionally inhibitory; toxicity was also noted by C U M ~ N S  and 
co-authors (1966). Even if stainlegs steel has no discernible effects on algal cultures, 
adverse effects on other species feeding on algae exposed to the metal can become 
apparent. This was found to occur even after a short exposure of algae to blenders 
or filters with stainless steel components ( D ~ v x s  and UKELES, unpublished). An 
impressive list of the effects of chemicals released from 70 different materials on 
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Fig. 4-5: Dialysis cultures. (a) Dialysis flask apparatus; (b) dialysis rotor with bag. (After 
JENSEN and co-authors, 1972 ; modified; reproduced by permission of North Holland Pub- 
lishing Company.) 

6 marine phytoplankters (BERNHAED and ZATTRRA, 1970) revealed that  there are 
no suitable non-toxic laboratory gloves and only surgeons' gloves can be used in 
washing and handling laboratory glassware. Many widely used rubber and plasti- 
cized polyvinyl chlorides are highly toxic; but teflon, polyethylene, tygon, poly- 
propylene and polycarbonate are considered safe. For further details consult 
Chapter 7 .  

Isolation 

Unicellular algae are isolated from crude samples brought into the laboratory 
(e.g., from plankton tows, tidal pools, submerged slides or other objects coated 
with nutrient agar or gelatin, body surfaces of marine species or decalcified shell 
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fragments of barnacles and molluscs as shown by PRUD'HOMME VAN REINE and 
VAN DEN HOEK, 1966). If the samples contain dilute algae suspensions, cells must be 
concentrated by centrifugation or other methods although some cells may not 
survive the process; where applicable, the gentle concentrating device of DODSON 
and THOMAS (1964) is very useful. Concentrating phytoplankton samples on 
IvIillipore filters, as described by CLARK and S I ~ L R R  ( l  963), is sometimes convenient. 
After filtering a sample the filter is removed from the support, either cupped in the 
hand or put in a special holder, and the organisms wa.shed from the filter into a dish 
of sea water with a compressed air atomizer. 

The next step after collecting the crude sample is to obtain uni-algal clone cultures 
(vegetative progeny of one individual) and then bacteria-free cultures if possible 
(this may depend on defining the minimal and optimal conditions for growth a.nd 
reprocluction). Basically, a.11 mtrthods of obtaining clonal cultures depend upon 
isolation of single cells. M7henever pure culturea m necessary, the culture should 
originate from a single cell (LEWIN, 1969); introduction of more than one cell may 

Fig. 4-6: Stock culturea of unicelluler marine algae growing on enriched natural sea water 
ager media. (Original.) 

invalidate the concept of a clonal culture and increase the chances of contamination 
with another strain. 

Growth of algae under a particular set of environmental conditions in nature does 
not necessarily mean that these are optimum conditions; however, trying to emulate 
this environment is a good starting point in attempting isolations from nature. 
Hardy species can be streaked on agar and colonies isolated by normal bacterio- 
logical techniques. Small unicellular algae with firm cell walls or pellicles grow 
especially well on agar; however, BUTCHER (1951) reported an abundance of ab- 
normal forms obtained from agar slants. Delicate species may not survive agar- 
plate treatment that tends to flatten and even disrupt naked cells, but some species 
grow with persistent efforts of the experimenter, e.g., the chrysomonads Mono- 
chn~sis luthri and Isochrysis galbana, generally considered unable to grow on agar, 
are now being routinely cultured on agar slants in the reviewer's laboratory (Fig. 
4-6). A wire loop or glass ~preader is used in preference to a needle for streaking or 
spreading a diluted algal suspension on agar. Agar Petri-dish plates or test-tube 
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slants are made up as a, mineral-enriched sea--water medium with 1.6 to 2.0% itga.r, 
and incubatcd for several days or weeks until colonies begin to appcar. These are 
then examined microscopjcally, and selected isolated colonies aseptically trans- 
ferred with s sterile loop or needle into tubes of liquid media. The process is repeated 
to ensure that isolation of n singlc strain has been nccomplishcd. DROOP ( l  954) found 
that test-tube slants of 1 % agar are preferable to Petri dishes since drying out of the 
medium is delayed ; howevcr, considerably more skill is required for iaolations. 
Some a81gae tha.t can withstand temperatures of 40" C for a few minutes will grow 
in agar overlays on pour plates. I n  the reviewer's laboratory Dunaliella euchlwa, 
Chlorella autotrophica, Platymonns sp . and Phaeodactylum 1ricornutum &TOW 

thro~ighout the depth of a thin agar overlay. Colonies of Prymnesium parvum were 
obtained from single cells in soft agar overlays on a solid medium in an atmosphere 
of high humihty by PADAN and co-authors (1967). LEWIN (1969) described a 
technique for isolating cells enmeshed in debris in which a small drop or clump of 
the mixture is placed on a t lsh fdm of agar and teased out with fine needles under 
the bi~-~ocular microscope so that the selected cell is drawn away from other material. 
As liquid is absorbed into the agar, the block on which the cell stands is cut out or 
drawn into a fine capillary and transferred to a tube of liquid rnedjurn. Another 
suggestion is that cells of pennate diatoms be allowed to creep over the  surface of an 
a,ga.r plate under unidirectional lighting which Inay separate the diatoms from 
debris and other organisms. 

For isolating single cells over 5 pm, an interesting device was developed by ED- 
MONDS ( 1  972). I t  consists of a cat hair (vibrasse) of 50 pm or less in diameter, the 
distal end of which is held in a 26 to  27 gauge hypodermic needle. A drop of the 
suspension is spread on a slide nnd the desired cell is pushed with the loop to the 
edge of the drop. When free of other cells the loop js placed over the cell to be 
isolated, lifted out and transferred into a culture tube. 

KNIGHT-JONES (1951) considered the serial dilution of sea-water samples in test 
tubes of culture medium the most useful way of isolating rc,presentamtives of single 
algal species. This method was used by ALLEN and NELSON (1910) ancl has been 
employed with great success by GROSS (1937), PARRE (1949) and BUTCHER. (1951) 
for obtaining uni-algal cultures of many species. Although this dlution t'echnique 
is useful, isolation by micropipette washing, as described by P R ~ N ~ S H E I M  (1946b), 
is considerecl the preferred mefihod. The a,dva~itage of'tllis la.tcer method is that  the 
alga isolated. is not selected for by the medium a,nd the ratio of bacteria to algae is 
greatly red-uced a t  each manipulation although the method has limited applicability 
to species less than about 10pm. A microcapillaly pipette with a bore several times 
the ccll's diameter is usetl to transfer unicellulas algae from a droplet into a watch 
glass containing sea water placed inside a Petri dish; this procedure i s  rcpcated until 
transfer into new watch glasses with sterile sea water results in this isola,tion of one 
species from the others, and followed finally by transfer to a tube with medium. 
Cells should not be drawn up or expelled violently and should be subjected to a 
minimum of handling. A device described by BOLEYN (1967) emp1oy:s a. C clamp 
and rubber bulb for conveniently controlling the capillarity. This washing tech- 
nique for isolation of phytoplanlrters from natural mixed populations has been 
described in detail by PRXNOSHEIM (.1946b, 1951) and by other authors (DROOP, 
1954; LEWIN, 1959). 
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D ~ o o a  (1 954) suggested use of ph~t~otacticresponses (Volume 11 : SEITZ, 1975) for 
purifying micro-flagellates, since many species exhibit rt strong negative taxis 
when transferred from the wild to a culture medium. I n  a drop of material put a t  
the window side of a watch glass the flagellates will congregate on the side away 
from the light after 6 to 10 mins. This procedure cn,n be repeated and, finally, the 
algal aggrega.tion transferred en masse to a culture tube with medium. This method 
was used for isolation of Prymnesium parvum, Mont~chrysis lutheri, H~miselmis sp. 
and several Cklorophyceae, all below 10 pm in size. For purposes of concentrating 
positively phototactic species a flask was designed by MEEUSE (1963) that consists 
of a test tube-like projection attached to the side of a Florence flask. Positively 
phototactic flagellates concentrate in the tube when exposed to illumination. 
Superfluous liquid. can be decanted without disturbing the flagellates, thus isolating 
them from debris and non-motile species. Cultures of Acelabularia species can be 
purified by making use of the phototactic behaviour of the gametes (KECK, 1964). 
JOHNSTONE (1969) reviewed methods of isola.ting single-celled organisms, mostly 
bacteria; some of the ingenious methods described can probably be applied to 
unicellular algae. 

Colourless algae can sometimes be jsol.ated by taking advantage of their mode of 
nutrition. Although isolation of micro-organisms by selecting an enrichment 
medium is an established practice in bacteriology, i t  has seldom been applied to 
unicellular aIgae. This method can be used only if the nutritional requirements of 
the o r g a . ~ s m  to he isolated are known. RAHAT and Don (1 967) utilized the enrich- 
ment method of isolation in Prymnesizm parwum, based on the observation that 
ethionine could serve as the sole source of nitrogen for this flagellate (RAKAT and 
REICE, 1963), but is toxic for other algae (JOHNSON and co-authors, 1.967). I n  
serial subculture with ethionine the number of P. parvum increased and the cul.ture 
was uni-algal by the 6th transfer. 

Some investigators maintain that  work with non-axenic cultures reflects a more 
'realistic' approach to  studies of organisms in relation to their natural environ.ment 
than axenic cultures, and th.at non-axenic cultures provide more characteristic 
information on the water mass in micro-algal assay studies (ALEEM, 1970). This 
point of view is supported by results such as JOHNSTON'S (1963b), who obtained 
little or no growth of pure cultures of Skeletmema co.statum in over 200 water samples 
fiom the North Sea enriched with nitrogen, phosphorus and silicon with or without 
trace metals. Classical taxonomists also have been critical a t  times of the study of 
cultured species because of the so-called 'artificiality' of the cultivation environ- 
ment (FRITSCH, 1935). However, the significance of pure cultures to experimental 
work was recognized by microbioIogists as far back the la.te 19th century when 
the first pure cu1turt.s were isolated. Pure ciiltures of marine unicellular algae are 
necessary for definitive studies on nutritional requirements, specific aspects of 
organism-environment relations, physiology, and biochemistry. I n  non-axenic 
cultures the results obtained are in danger of being obscured or modified by the 
presence of other organisms. When bacteria-free cultures are not available the 
assumption is sometimes made that growth a.nd reproduction would be the sa.me 
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with or without a small ba,cterial population (GOLDRERG and co-a,uthors, 1951 ; 
KAIN and Poaa, 1958b ; CL~AXGIE, 1969) ; the jncorrrctness of this assumption has 
beell demonstrated in numerous publica,tions. MCT~ACHEAN and YEKTSCH (1959) 
showed that growth and reproduction of Dunaliella euchlora were stimulated by an  
organic nitrogen source derived from the hydrolysis of organic matter by bacteria, 
and if bacteria,) growth occurred before inoculation, somcb inhibitor was released 
that affected algal growth. BERLAND and co-authors (1972) reported that  certain 
bacteria could be toxic for marine algae, e.g., Psewlomonas ueruginosa strongly 
inhibited growth of Tekaselmis striulu. In general, the relationship between bacteria 
and phytoplankton is not well understood. Enha.nced growth of certain marine 
algae with ba.cteria has bee11 attributed to the release of organic growth-promoting 
substances ( P ~ o v a s o ~ r ,  1958c; GWILUD and CASSIE, 1963 ; GU~LLARD, 1968). 
Results are further complicated by the antibiotic substances producecl by some 
algae (STEKWN KIELSEN, 1955; DUFF and co-authors, 1966; B a u c ~  and co- 
authors, 1967). At one time a. 'harmonious relationship' between bacteria and algae 
was postulated only because of the frequent correlation between diatom and ba,c- 
terial populations in the pelagic environment (WAKSMAN and co-authors, 1933, 
1037). SOLI (1963) suggested s relationship between the presence of bacteria in 
cultures and the formation of auxospores, based on the observation that bacterized 
cultures of Cheloceros dydimus formed elldospores in 8 days but cultures without 
ba,cteria after a much longer period. Although algal species often depend nutri- 
tionally on bacterial excretions, it is possible that physico-chemical eEects, such as 
buffering of the medium, ilduence on heavy-metal solubility or lowering of the 
oxidation-reduction potentials, are of greater importance in bacteria.1-algal inter- 
relationships. 

Purification of algal species from contaminating organisms can ta.ke place only 
if a culture mehum is available that md.1 satisfy all nutritiona: requirements a.nd 
if the species undergoing purification does not harbour an endosyrnbiotic bacterial 
flora of the kind described for Gymnodinium sylencle?z.s and Cyptolhecodinium 
cohnii (GOLD and POLLINGHER, 1971). Recent dga.1 subculturev or isolates with a, 
minimum amount of orga.nic material and a low bacterial population should be 
used in initial efforts a t  purification. The advantage of a recent isolate is emphasized 
by the experiments of DROOP and ELSON ( 1  966) that suggest healthy pelagic diatoms 
are virtually free from bacteria,. Enriched, sterile, natural sea.-water media rather 
than synthetic media should be used for initial subcultwing in the purification 
process. Since the enrichments that are perhaps needed by the alga may be complex, 
i t  is sometimes necessary to establish a two-mernbered culture, i.e., the isolated 
alga cultured with a known bacterial population. 

A conve~ltional technique for obtaining pure cultures is to strealc mixed cultures 
on an agar plate prepared with an enriched sea-water medium, with or without 
antibiotics. Well-isolated algal colo~ues are cut out of the agar with a flamed needle, 
transferred to sterile liquid media<, and mixed to disperse cells; the entire process is 
repeated several times. Pure cultures are eventually obtained, but the procedure 
i~c deficient for some species since not a.U algae will form ieolated colonies on agar. 
CHU (1946b) and others obtained bacteria-free cultures by laboriously washng 

cells. Purification by repeated micro-pipette washings was reported for Gyrodiniurn 
califm-&icum, Gyrodinium 1.es~1enden.s and Gymnodinium splendems (PROVASOLI 



and MCLAU~HLIN, 1963). All appa,ra,tus and media used in washing are, of' come, 
sterilized before use. A n  individual picked out under a dissecting microscope is 
transferred with a ca.pjllary pipette into a sterile watch glass containing a few m1 of 
medium, with or without antibiotics, and then is similarly transferred to other 
dishes of sterile sea water or sterile media. The washing process should be carried 
out in an isolating chamber or transfer hood previously treated by ultra-violet 
irradiation or washed with a disinfectan.t, being careful to avoid volatile antiseptics 
whose vapours may be a potential source of toxicity. SWEENEY (1951) mashed 
Oymmdinium splendens cells in a Iucite transfer chamber previously sprayed with 
70% alcohol. She found that transferring a single cell through successive drops of 
sterile nutrient solution was not practical since the evaporation from a single drop 
of sea water was rapid enough to change the salinity and cause disintegration of 
the cell. L E ~  (1959) recommended that droplets be supported on an isotonic 
agar surface to prevent evaporation. With such mo&fication this author consi,dered 
washing by the capillary method the preferable technique for purifying lmge 
flagellates. If an epiphytic bacterial flora occurs on the naked flagellates or if there 
is a mucilaginoas coat on the alga where bacteria are embedded, it is not likely that 
these can be removed by persistent washing. In these cases the use of antibiotics 
or other ba,ctericidal agents is indicated. 

Cav (1946b) suggested that bacterial growth could be reduced by inocuIation 
onto silica gel which supports diatoms but not bacterial growth. The gel was pre- 
pared according to PRMQSHEIM'S (1926) method by mixing equal volumes of 
diluted BC1 and aqueous silicon, diluted to the required specific gravity, allowed to 
set in a Petri dish, washed with sea waler, dried and sterilized. Colonies of diatoms 
that developed after inocuIation were isolated and subnulturecl on nutrient agar. 
To obtain pure cultures, AELEN (1 9 14) employed the 'differential poisoning' method. 
A chemical, such as CuSO,, is added to a number of culture flasks in a series of 
diminishing strengths for various exposure times with the hope that at  some point 
the bacteria will be killed without affecting the algae. ZORELL and LONG (1938) 
also used vaxjous bactericida.1 compounds among which acriflavine was found to be 
bacteriostatjc in concentrations that did not affect algae. Along a similar direction, 
S o u  (1963) recommended purification of tough diatoms, e.g., Chaetoceros dydiw~us,  
by e few minutes exposure to 0.1% alcoholic iodine solution and subsequent 
washing and centrifu,~g in sterile medium. Some chlorophytes have been. purified 
by shaking with a mixture of phenol and detergent (MCDANIFL and co-authors, 
1962). 

ALLEN (1914) described a method of electrolysis for obtaining bacteria-free 
cultures. Charcoal-treated and filtered sea water is subjected to an electric current 
of 1.5 to 1.7 amp for 3 mjns causing a considerable formation of hypochlorous 
acid. The culture to be purified is added to the electrolyzed water and then sub- 
cultured after various exposure times. COLER and GUNNER (1969) designed an 
apparatus for the separation of algae and bacteria utilizing the difference in electro- 
phoretic mobility of both groups and the greater susceptibility of bacteria over 
algae to the lehhal effects of an electric field. Another uno~-thodox method of purifi- 
cation described by WURTZ ( l  964) utilizes ultra.-violet light. A dilute suspension of 
algae is placed in a quadz window chamber and irra.diatcd for 20 to 30 mins with 
2760 nm ultra-violet light from a quartz-jacketed mercury vapour lamp. Generally, 
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the algae are more resistant to ultra-violet irradiation than the bacteria. BROWN 
and RTSCIIOFP (1962) reported success in obtaining axenic cultures by subjecting 
cells to repeatnd rinsing in liquid medium interspersed by occasional ultra-sonifica- 
tion combined with detergents. ~ V X E D E M A N  and co-authors (1964) extended the 

Table 4-1 

Antibiotics used for purification of unicellular-alga cultures 
(Compiled from the sources indicated) 

Antibiotics Species Author 

Streptomycin (CaCl,), 500 units ml-' + 
penicillin (NE)', 500 units ml-I 
Penicillin G, 100 mg 1-' (1645 unita mg-l) + 
dihydrostreptomycin sulphate, 50 mg 1-I ; 
in culture for 18-36 hrs 

K penicillin G, 500 units + chloramphenicol, 
5 pg; neomycin, 26 pg + polymixin B, 
15 ~uuh + dihydrostroptomycin, 500 pg + 
tetracycline, 25 pg + candicidin, 16 units; in 
cu l t~ue  for 15 days; concentration per m1 

Penicillin. 200 units + chloramphenicol, 
1 unit + neornycin, 1 unit + polymixin B, 
1 uni t  ml-1 

Polyrnixin B, 60 pg ml-l + neomycin, 
50 pg ml-' 

Penicillin G, 100,000 units + streptomycin, 
100 mg; solution d d o d  as 0.0.5 m1 100 ml-l 
medium ; in cullure for 48 hrs 

Streptomycin SO,, 200 pg ml-I + bonzyl 
penicillin SO,, 1000 pg ml-I + 
chloramphenicol, 26 pg ml-I 

Benzyl penicillin SO,, 1000 pg ml-' + 
streptomycin ~ulphate,  200 pg ml-' + 
chloramphenicol, 10 pg ml-l+ ncomycjn, 
60 pg ml-L 

Carbenicillu~, 1 mg ml-1; penicillin G., 
1 mg ml-1; vancomycin, 1 mg ml-1; 
kanamycin, 100 pg ml-l; each agent added 
to medium for 10  day^ 

By~dinium reaplendem 

Diatoms 

Acctubulat-ia sp .  

Diatoms 

Diatoms 

G ~ L L A R D  and 
RYTHER (1962) 

P ~ o v a s o ~ r  and 
GOW (1962) 

P R o v ~ s o ~ r  and 
MCLAUOHLIN 
(1 903) 

BROWN and BISCHOFF technique by following the treatment wit11 a method of 
plating cells that utilizes compressed air to  spray an inoculum of cells onto sterile 
agar plates. 

Antibiotics alone or combined with detergents are often used to purify contamina- 
ted cdtures, a.s a di-rect treatment or in conjunction with some of the other purifica- 
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tion techniques. $FENCER (1052) experimented with penicillin and streptomycin 
in obtaining axenic cultures of 117itzschia closterium and two chlorophytes. Anti- 
biotic mixtures, effective for purifying diatoms, ha.ve been tested by P ~ o v a s o ~ x  
and co-authors (1951), PROVASOLI and PINTHER (1953), MCLAUQHLIN and ZAHL 
(1 957), GUILIABD and RYTEER (.1862), and PXNTNER and F'ROVASOLI (1963). The 
technique described by DROOP (1967) has been successfully employed for purifica- 
tion of tl variety of organisms, including pelagic flagellates and sublittoral diatoms. 
Based on the work of PROVASOLI and co-authors (1 951) and OPPENHEX~\IIER (1955), 
the general principle is to use a high concentration of a wide spectrum antibiotic 
mix during short exposure. The method calls for a series of cultures with a varying 
ratio of cell numbers to antibiotic concentration, plus a drop of the sterility test 
medium in each tube to induce bacterial division. After 24 hrs each culture is 
transferred to antibiotic-free medium. Sterility tests are carried out on all sub- 
cultures after incubating for several weeks. Usually, some tubes show bacterial 
growth and some viable bacteria-free algae. 

&though standardized antibiotic mixes have been used in many iaboratories to 
purify algal cultures (Table 4- l), sensitivities to antibiotics vary with the different 
bacterial flora contaminating each culture. Evidence of the wide spectrum of 
antibiotic sensitivities displayed by bacterial populations that contaminate a(1gal 
cultures is shown in Table 4-2. In the reviewer's laboratory, one procedure for 
purification is to culture the bacterial population contaminating a particular algal 
species in an organically enriched sea-water medium; an agar pour plate is made 
with this culture and antibiotic discs applied on the plate. After a suitable incuba- 
tion period the antibiotic sensitivity for each contaminatingpopulation is evaluated. 
The particular antibiotic mix is utilized in each of the p~zrification techniques, a.s 
washing, plating or serial dilution. DROOP (1964) points out that many isolations 
vrith antibiotics could also have been done with other methods avoiding the possi- 
bility of producing physiologiccll changes in the purified species. Antibioti CS, 
however, have been widely dmployed to purify strains of unicellular algae, by- 
passing some of the other tedious procedures. 

Sterility-testing media commonly employed are varieties of highly enriched sea- 
water media (Table 4-3). Sorrie investigators recommend incubating stock cultures 
in 1% agar with 0.1 % peptone and 1 % glucose to reveal slow-growing contaminants 
( K m  and LORENZBN, 1964). However, growth on agar of some species (e.g., 
&!onochrysis Izltheri, ~80ch.ryaia galbum) may be inhibited by the presence of this 
added enrichment (UKELRB, unpublished). DROOP and ELSON (1966) suggested a 
liver infusion or soil-extract sea-water medium. GUILLARD and RYTHER (1962) 
used a sterility-test medium of $-strength nutrient broth and nutrient agar made 
up with 20% distilled water and 80% sea water. The STP medium of  OVAS SOLI 
and co-authors (1967) is allowed to incubate at algal growth temperature for 3 
weeks to reveal co~itaminants. In  the reviewer's laboratory both fluid thioglycollate 
medium (prepared with sea water) and an enriched sea-water aga.r medium are used 
routinely for sterility tests; tests are incubated at both 20" and 32" C. DROOP 
(1954) recommends that 4 sterility tests be made routinely on the following media 
to ensure sterility: (i) freshwater liquid ; (ii) freshwater agar; (iii) sa.lt-water liquid ; 
(iv) salt-water agar in a medium containing yeaat, beef, soil extract and glucose. 
It is unlikely that even fastidious forms would not be revealed by these tests. 
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Table 4-3 

Sterility test media for marine bacteria 

TATEWAFCI and PROVASOLI (1904) 

Component 
Sea water 
Water 
Soil extract 
NaNOJ 
K,HPOd 
Na2 glycerophosphate . 5 8 , 0  
Hy-Case (Sheffield Chemical) 
Yeaat extract (Difco) 
Yeest autolysate (Nutritional Biochemicals) 
Liver oxoid L-25 (0x0) 
Vitamin B,, 
Thiamine. HCI 
Nicotinic acid 
Putwscine .2HC1 
Calcium pantothenab 
Ri bo&ivin 
Pyridoxiric.. 2HC1 
Pyridouamina .2HC1 
DL-Alanine 
Trypticase (BBL) 
Glycine 
Glycylglycine 
L-Aaparagine 
Sodium acetate. 3H20 
Glucose 
L-Glutamio acid 
p-Arninobenzoic acid 
Biotin 
Choline H, citrate 
Inositol 

STP 
80 m1 
15 m1 

5 m1 
20.0 rng 
1.0 m g  

- 
1.0 P6 
0.05 pg 
0.05 rng 
0.1 mg 

ST, 
70 m( 
25 m1 
6 m1 
5.0 m g  - 
1.0 mg 
2.0 m g  
1.0 mg 
- 

2.0 rng 
0.015 pg 
0.02 mg 
0.01 m g  
4.0 P!3 
0.01 mg 
0.6 Pg 
4.0 P6 
2.0 pg 
2.0 m g  

2.0 m g  
40.0 mg 
2.0 mg 
4.0 m g  
4.0 mg 
4.0 m g  
1.0 
0.05 pg 
0.05 m g  
0.1 m g  

l?1 edia Preparation, Sterilization, Subculturing 

The common practict- in preparation of culture me&a is to combine appropriate 
amounts of the individual medium components from concentrated stock solutions. 
Glass-distilled water or, a t  least, de-ionized water from an ion-exchange column is 
used for preparing stock solutions; Iight-sensitive solutions are stored in a*mber 
coloured reagent bottles. HUTNER and co-authors (1958) recommended the use of 
'dry mixes' for basal media to avoid the necessity of storing solutions urlder re- 
frigeration and to  make the repetitive compounding of complex formulations more 
efficient. Dry mixes keep well, except for thiamine, tyrosine and phenylalanine; 
hygroscopic ingredients should be avoided. An alternative to either of the two 
methods mentioned is to combine nutrient solutions needed for a pnrticu1a.r volume 
of medium as a sterile solution in a sealed ampule; this is then added aseptically 
to  previously sterilized sea water or distilled water. 

Scepticism must be exercised in regard to the purity of the solutions used for 
culture mecha in nutritiona.1 studies. The purity of commercially available reagents 
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Table 4-34dinuecl  

(Compiled from the sources indicated) 

TATEWAKI and PRovnso~~ (1964) 

Component S T P  sT3 
Thymine 0.08 rng 0.08 rng 
Orotic acid 0.026 rng 0-026 m g  
Folic acid 0.26 pg 0.26 pg 
Folinic acid 0.02 pg 0.02 pg 
Sucrose 100.0 mg 
N d 3  glutamate 60-0 mg 
pH 7.6-7.6 7.9 

Component 
Trypticase 
Soytone 
Y€#t 
Marine mud extract* 
See water 

Enriched soe water 

Component Peptone aecr water 

Bacto-poptone 0.5 % 
Ferric pllosphate (dissolved in 75% sea water) 0.0 1 % 

- 

BPENOER (1962) 

Cornponont Casein sea-water agar 

Bacto-peptone 
Glycerol 
Soluble casein 
Soluble stmh 
K2HPO* 
Agar (dissolved in 75% sea water) 

* Autoclave 1 kg of wet marine mud Logebher with 1 1 sea water and f i l ter;  preserve under toluene and 
etoro in refrigerator. 

a.nd the amount of contaminants that enters solutions during preparation may be 
considerable. ]list-illed water is suspect of carrying trace nutrients. WANGEESHY 
(1965) found carbon compounds in distilled water that survjved triple dxstillatio~~. 
Fingerprinh can transfer eno-ugh nutrients to support life in unlikely places and 
raise blank values in assay procedures. Microbes have been known to  grow in 
almost any solution and u<11 even multiply in distilled water contained in glass 
bothles. Fluids awaiting analyds and stock solutions may be protected against 
microbial action by the addition of a preservative that is removed on autocla.ving 
by a steam-distillation effect. The preservative developed by HUTNER a.nd BJERK- 
NES (1948) consists of a mixture of 1 part 0-Auorotoluene, 1 part 1,2-d~chloroetha.ne 
and 2 parts n-butyl chloride. The fluorotoluene (boiling point 114" C) was replaced 
later by chlorobenzene (boiling point 132" C). The preservative is dispensed from 
a dropping bottle into all orga.nic nutrient solutions, as well as solutions of inorga,nic 
silts. 
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For axenic cultures, complete sterilization of media and culture vessels must 
be carried out. Methods of sterilization for general puqoses are limited to chemical, 
steam under pressure, dry heat, membrane filtration, irradiation and electric 
discharge. The choice of sterilizat ion method depends on the material to besterilized, 
the equipment available and the standards to be met. Sterilization of clry glassware 
and pipettes may be accomplished in a sterilizing oven ; the pipettes are placed into 
wnisters (Pyrex are preferred to metal) and kept for 3 to 4 hrs at sterilizing tem- 
perature (1 90"-194" C). Autoclavhg avoids the accumulation of decomposition 
products of cotton from dry heat, although condensation from the autoclave 
presents a contamination risk. HUTNER and co-authors ( l  958) recommended that 
pipettes for aseptic operations be cotton plugged and autoclaved in individual 
borosilicate tubes, plugged a t  both ends, and the damp pipettes be allowed to dry 
by standing overnight in the autoclave. Large culture vessels, flasks, test tubes 
and other miscellaneous apparatus are usually stea.m sterilized. Ultra-violet 
irradiation has occasionally been applied to the sterilization of media. Irradiation 
was also used for sterilization of a deep open ta,nk although its importance for an 
open non-bacteria-free culture system was questionable. After the tank walls 
were scrubbed, rimed and the accessories wiped with isopropyl alcohol, all fixtures 
were irradiated immediately before sing the tank by slowly raising and lowering 
a 1200-W Hanovia Englehardt mercury arc tube (model 189 A). The efficiency of 
the treatment was confhned by bacterial tests which left no doubt that the all- 
exposed surfaces were sterilized (STRICKLAND and co-authors, 1969). Chemical 
sterilization of open cultures, t a n k s  and sea water has been practised since the early 
days of mass culture. ALTEN and NELSON (1910) sterilized aquarium-tank water 
with ozone. They found that ozonated oxygen-treated sea water gave clistinctly 
better cultures than untreated water. Chlorine sterilization of tanks was carried 
out by RAYMONT and ADAMS (l. 958). NaOCl was added to a tank, left for a t  least 
48 hrs, and the excess neutralized with Na,S,O,. 
All culture media must be regarded as heat labile to some extent. Chemical 

changcs are bound to occur a t  the ternperaturcs and pressures employed in auto- 
claving that are considered damaging to spores, i.e., 115" to 121' C for 16 to 20 
mins; 118" to 121" C for 30 mins kills resistant epore forms and drives off volatiIe 
preservatives. Some investigators use shorter autoclaving times, i.e., 15 Ibs for 
6 mins, but these should not be considered safe for absolute sterility (HUTNEB and 
co-authors, 1958). On the other hand, opinions differ on the  minimum per~nissible 
time and pressure of autocla~6ng. In DROOP'S laboratory all solutions are auto- 
claved as lightly as possible. Contamination did not occur in media autoclaved in 
pressure cookers with the pressure brought up to 16 Ib in-2 and left there for only 
l min (PROVASOLX and co-authors, 1957). ARMSTRONQ and co-authors (1966) 
~uggested that ultra-violet-inadiabd sea water may be usable for cultures withno 
further treatment than brief autoclaving. 

There is some concern and disagreement as to the importance of precipitates that 
appear in autocIaved sterilized media. HAYWARD (1968~) correlated the lack of 
P?uzeodmtylum lriwrnutum growth with media that developed an excessive pre- 
cipitate after autoclaving. A n  excessive precipitate may entrap organisms and 
leaves the medium somewhat undefined in composition; on the other hand, it can 
provide a slowly soluble source of nutrients. I n  the reviewer's laboratory an en- 
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riched sea-water medium that  produces a moderate amount of precipitate on 
autoclaving is used routinely without encountering any difficulty; TARANO (1964) 
reports similar experience. 

Filtration, as a procedure for sterilization of culture media, is widespread and 
necessary when heat-labile components present a sterilization problem. However, 
caution is in order when dealing with the wide array of u l t r a -he  filters that are now 
commercially available. PORTNER and co-authors (1967) tested four types of hydro- 
sol filters, two re-usable (diatomaceous and f r i t t d  glass) and two disposable 
(asbestos and membrane filters). Only one type of membrane filter in its manu- 
facturer's omu holder consistently gave sterile results. If a high degree of certa.inty 
is required for sterile heat-labile filtrates, i t  is suggested that the liquid be passed 
through two or more filters in a previously tested and proven system. Seitz flters 
should not be used for preparing media as several components of this apparatus 
are toxic to marine phytoplankters (BERNHARD and ZATTERA, 1970; Chapter 7). 
Sterile disposable bacteriological filter units made of plastic have toxic impurities 
which inhibit the growth of the protozoan Leishmania larenlolae (S~MPSON, 1966); 
four different lots of the Bters exhibited this phenomenon. Similar observations 
were made on artificial sea-water media filtered through this unit in which the 
media became toxic to unicellular marine algae (URELES, unpublished). 

To avoid contamination a t  the inoculating bench i t  is desirable to mount an 
ultra-violet lamp in a well-ventilated (but not drafty) inoculating area. Good 
housekeeping should be maintained and floors waxed often to trap dust. Com- 
mercially available inoculating hoods are inexpensive and can be va.luable in main- 
taining sterile conditions during inoculations. Glass pipettes are preferred for 
inoculations (1 m1 graduated to 1/100; 2, 5 and 10 m1 graduated to l /10), but 
sterilizsble hypodermic syringes, capillary pipettes or platinum loops may also be 
used. 

DROOP (1961b) showed that the final yield of cells in Skeletonema costaturn varied 
with the time interval between autoclaving and inoculating the medium and was 
influenced by the amount of sodium sulphide added a t  the time of inoculation. The 
re-entry of oxygen or carbon dioxide after autoclaving may be responsible. The 
inoculating schedule is determined, in part, by convenience, by need, by conditions 
of incubation, and by culture requirements. In any event,, a relatively consistent 
schedule should be employed and stocks maintained on a variety of media to ensure 
against loss of strains. Axenic stock cultures on agar slants require the least fre- 
quent subcultwing, enriched natural sea water more frequent, and artificial sea- 
water medium the most frequent transfers. A ~tchedule of about 8, 6 a,nd 4 weeks, 
respectively, is satisfactory; bacterized cultures should be transferred relatively 
often. Subcultures should be checked for contaminants and inspected for mutations 
that Inay a.lter characteristics of the original strain. 

Discussing the illfluence of the size of the inocdum on the future powt8h of the 
culture, W m ~ z  (1 964) stated that  the amount of inoculum does not influence the 
growth of the culture or the final number of cells obtained, but does vary the rateof 
multiplication throughout the growth period. There seems to be a complex reletion- 
ship between cell numbers and physico-chemical conditiom of the medium that  
triggers cell-division cycles. Attempts by YRINQSTIEXM (1942) to prepare clone cul- 
tures by thc isolation of single cells failed to show extensive multiplication al- 
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Fig. 4-8 : Culturesofunicell~ilar~lg~eat N~tionnl  Marine FinheriesSrrvice, Milford (C~rmcct~icut, 
USA) ; partial view of culture room with oxenic stock cultures in screw-copped Erlenrneyer 

1 flasks. (Original.) 

onset of exponential population growth and sometimes a decline in numbers before 
a,ctive growth proceeds (KAIN and FOGQ, l 958b ; BUNT, 1968). So~ne results suggest 
that an apparent growth lsg may have been ctzused by viability loss of a proportion 
of the cells in the inoculum; this ma,y be offset to  some extent by supplementing 
culture mecha with appropriate chemical substa.nces (BUNT, 1968). It is genera,lly 



believed that a lag phase does not occur in algal cultures if cells fro111 a. recent trans- 
fer are used for subculture under the same conditions as previously. 

Agitation of cnltures is a procedure on which there is little general agreement. 
The necessity for agitation depends on factors such as size of culture container, 
population density, medium composition and the strain cultured (see also Volume I, 
Chapter 6). Adhesion of cells on glass surfaces may occlude light and reduce rates 
of growth and reproduction. The mechanism of adhesion appears to be an electro- 
static interaction between cells and glass sul-faces (NORDW and CO-authora, 1967) 
which car1 be minimized by some agitation a.nd regulating mineral composition in 
the medium. A ~ a A w s  (1961) described an apparatus, called 'shaking table', that 
provides agitation and intense illumination at constant temperature for a large 
number of cultures. BIRDSEY and LYNCH (1962) developed a table that holds 16 
culture flasks. Some investigators, however, have found that agitation is detri- 
mental to growth : EPPLEY and co-authors (1 967) reported no growth of the diatom 
DGyZum, brightwellii vith constant agitation. Agitation of 80 strokes min-l preven- 
fad growth of Gyodiniz~m whnii, while 20 to 40 strokes min-' were no better than 
non-agitated tubes (PROVASOLI and GOLD, 1962). 
The most usual agitation procedure is aeration of culture media which gives a 

gas stream, a8 well as gentle water movement. Compreaaed air, enriched with CO,, 
is passed through filters and delivered to  cultures through sintered glass or aerators 
(KATN and FOQ(J, 1968e; D ~ v x s  and UKELES, 1961; H a ~ w m ,  1966; UKELES, 
1966b, 1971). 

The need for supplementary aeration is. questionable if a good surface-to-volume 
ratio is maintained in the culture vessel. In the reviewer's laboratory test-tube 
or flask (125-2800 ml) cultures are not aerated, but aeration systems are employed 
in 20-1 culture carboys. Open tank cultures are also provided with agitation via a 
compressed air stream, in addition to periodic hand mixing with a paddle. Some 
examples of laboratory culture facilities are shown in Figs 4-7 and 4-8. 

XpeciaEkzed Types of Culture 

Mms cullu~es 
Mass cultures represent, in essence, scale-ups of conventional, small-scale cultiva- 

tion. procedures. The term 'maas culture' has been applied to marine species in 
culture volumes of 2.5 1 ( ~ ~ ~ L A U Q H L I N  and co-authors, l. 960), 15 1 (HETCHUM and 
R E D ~ L D ,  1938; DAVIS and UKELES, 1961), 80 1, 280 1 a.nd 1000 1 (UKELES, 1966b, 
1971) and 2400 1 (RAYMONT and ADAMS, 1958). Considering the problem of mass 
cultivation, MYERS and co-authors (1951, p. 539) write: 

'If pushed to a stage of practical development, the mass culture of algae mill 
become an engineering problem. Before any such stage is reached, however, the 
problem is essentially biological.' 

The biological problem is to determine the conditions necessary to obtain maximum 
levels of pop~lation density, rates of growth and reproduction and maximum 
efficiency of utilization uf Ijght and nutrients; these aims are similar to those of 
small-scale laboratory cultures. 
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In a general way, mass cultures ca.n be considered as closed systems or open 
systems (see also Chapter 2). Either one call be maintained in an indoor laboratory 
environment under artificial illumination or outdoors using solar energy. The closed 

Fig. 4-9: Units for mass cultivation of uuicellular algae. (After 
WTSELY and PURDAY, 1961; modified; reproduced by 
permission of CSIRO, Australia.) 

system designed by WISELY and PURDAY (1961) provides u p  to 400 1 per unit for 
micro-algal cultures used in rearing marine invertebrate larvae (Chapter 5). Each 
unit consists of four 44-gal (166.5 1) galvanized, open-head fuel drums coated inter- 
nally with white fibre glass and externally with polyuretha~le paint, filled with 
pasteurized enriched sea water and aerated (Fig. 4-9). After ilioculation a fluorrucent 
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tube, totally enclosed in a pasteurized waterproof tubular jacket, is lowered and 
held in the culture drum by a lid flange and the pressure of the cult,ure medium. 
When a suitable population density is reached, most of the culture is pumped to an 
elevated upper resenroir for subsequent use; the remainder serves as inoculum to 
start a new culture. The drums are cleaned and pasteurized by raising the tern- 
perature with an immersion heater to 70' C for 4 hrs wbile the water is aerated 
vigorously to  ensure mixing. A soil-extract medium was used to support the growth 
of Isochrysis galbana, Dumliella tertiolecte and P?~aeodactylum tricomulum in this 
system. 

Another closed system of mass cultures of marine algae in 5-gal (16.9-1) carboys 
was developed for the same purpose, i.e., cultivation of species to be used a.s food 
for marine invertebrates. The culture apparatus consisted of sixtc.cn 5-gal (18-9-1) 
Pyrex carboys or twenty 9-1 Pyrex serum bottles, immersed 3 to 4 inchvs (7.6 to 
10.1 cm) in a cold-water bath (19" C). Illumination was provided by four 40-W 
cool-white fluorescent tubes mounted about 1 to 2 feet (30-60 cm) behind the growth 
chambers and three 40-W lamps above the cultures. A mixture of CO, and air was 
provided to  each culture in aterile inorganic enriched sea-water media. Cold 
sterilization of media was eccomplished by filtering sea water through cotton orlon 
filters to remove large particles and then passing the sea water with a nutrient en- 
richment through a bacterial ceramic filter attached to each. culture carboy (Fig. 
4-10; DAVSS and UXELES, 1961). The growth chamber, together with the fiIter and 
tubing connectors, is autoclaved assembled. Variations of this system are now used 
where carboys are incubated in a cold room and illumination provided by a bank of 
vertical fluorescent lamps (Pigs 4-1 1 and 4-12). The medium consists of inorganic- 
enrichednatural sea water that  was autoclaved in4- or 8-1 bottles. Part of the culture 
is harvt-sted periodically and the harvested volume replaced with sterile medium 
constituting, in effect, a semi-continuous cuItu.re. The construc;tion and operation 
of this mass culture system. have been described in detail (UKELES, 1973). This 
system was designed and maintained to deliver axenic unicellular algae in large 
quantities. Frequent sterility tests must be carried out t o  ensure against failure of 
mech-anical components. 

Mass-culture in identical carboys, rather than in much larger volumes as is some- 
times advocated, has several advantages : i t  can be inexpensive; i t  allows the culture 
of numerous species simultaneously; axenic cultures can be sustained and cultures 
that  are not functioning or not needed can be removed without, losing the enti1.e 
culture vo1um.e. 

A closed mass culture system similar to that described above was developed for 
culture volumes of 80 to 100 1 in ];exan@ (polycarbonate)* plastic tanks (Fig. 4-13). 
In  this system all parts were steam sterilized but media filtersterilized. Sea water, 
prefiltered through a series of cotton orlon filters of decreasing size ( 1  5 pm, 10,um, 
5 pm), then through a 0.45-pm pleated membrane cartridge filter and finally through 
a 0.22-pm ~ i l l i ~ o r e  filter, was collected in a 20-1 Pyrex carboy (Fig. 4-14). This sterile 
sea water was dispensed via a system of tubes and connectors to 4 sterile ttanks. 
Inocula and nutrient concentrates were added aseptically through a,n orifice in the 
tank cover. 

*Produced from General Elecbric Lexanm resin. 
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An open system of mass culture consisting of 1000 1 in a 2000-1 fibre-glass tank 
was developed as s method of providing a constant supply of unicellular algal food 
of known upecies compositio~i to adult invertebrate herbivores. The fibre-glass 
tanks are located in a temperature-controlled room (20" C) with 4 overhead fluores- 
cent lamps (Vita-Lite) over each tank (Fig. 4- 15) The growth medium consists of an 

Ai r  8 CO2- 

Culture IQVQI 

L'['' Growth chamber J *  !-.re.i sea-water under 

201bs pressure 

Fig. 4-10 : Mtrss culture of ~micellular algm. (a) Culture carboys in cold- 
wat3er batch showingattachmcnt t o  csrnmic filters (left) for son-wator 
~terilization; (h )  diagram of culturc carboy with attached ceramic 
filter. ( O r i p a l . )  

artificial sea salt plus enrichments dissolved in well water (Table 4-12) since it is 
leas expensive and simpler to assemble than a completely synthetic sea-water 
medium and avoids the introduction of other species that  would be present in 
na.tural sea water. High-density cultures from 5-gal (18.9 1) Pyrex carboys are used 
to inoculate tanks a t  about 10 1 100 1 - l  of media. Tank cultures are harvested 
continuously at a rate of 350 m1 rnin-l by a gravity feed. After the entire l000 1 are 
collsumed the tank is wasbed and the culture started again. 
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AIthough bhe possibility of supplementing human food supplies with dgae has 
been thoroughly reviewed ( B ~ L E w ,  1953; T ~ A ,  1957, 1960; OSWALD and 
GOLDERE, 1968a), little attention has beengiven to the selection of a suitable species. 
A great quantity of the experimental work and pilot-plant effort has been devoted 
to epeaiee of C h &  which possess a rapid growth rate end ettain high cell densities. 
EDDY (1956) tested a limited number of unicellulas algae for their suitability ae 
alternatives to Cialorella for mass culture; I h a l i e U 4  b i o c W  was shown to achieve 
favourable yields, as compared with CAIoreZb sp. EPPLEY (1 963) evaluated the use- 
fulness of flagellated Volvocztles for maes culture. Three strains displayed growth 
rates above average (Dunaliella tertioleeta, D. *mob& and Tetra~elmia tetrlhele)  

Fig. 4-1 1 : Meea aultures of unicellular dgae. Culture cerboye containing m n i c  culturos in 
enriched natural eea-water media. (Orignal.) 

and a salinity range allowing selection of a 8train suitable for mesa culture with 
almost any aalt content. In the reviewer's laboratory numerous species have 
responded well in mass culture ; some examples are Monochry&s l&M, I d y s i s  
galbaw, Dkrakicr iw-ncttrz, Pbdactybum trieornulum, ChloreUa autotropJlica, 
Dunalab  tertiokda, Tetraselmis sp., Porphpriddunz cruentzcm, C r y p t m m  sp 
and Clrlorelh s t i g w a .  

Synchronous &urea 
The technique of synchronization refers to the experimentally induced co- 

ordination of individual cyc.lcs in a population of unicellular organisme that has a 
random age distribution. Synchronization ia n w  to obtain large numbers of 
cells, that are at the same life-cycle stage, for investigation of developmental and 
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Flg. 4-13 : Mses eulture of urudular marine algae in sterilized polycarbonete tanks esch 
contaln~ng 80-100 1 of culture fluid. (Original.) 

Fig. 4-14 : Filtration system for oold sterilization of natural sea water. a: 16-pm polypropylenc 
Hter; b : I -pm plypropylene filter; c : 0-45-pm pleated lnembrane cartridge filter; d : 
0-22-W Millipre Blter. (Original.) 
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HOOCENHOUT (1963) divides the methods for obtaining synchrony into two types : 
( i )  meclinnical selection of the starting material, e.g., by differential filtration, 
sedimentation velocity, fractional centrifugation., indi-vidual collection of dividing 
cells, or spore collection; (ii)  induction, e.g., via, an extended period of depletion in 
an environmental entity, followed by a synchronizing regime, such as shifbs from 
starvation to  enrichment, temperature cycling (shifts or shocks), sudden dilution 
of crourded cultures, or alternating light and dark periods. In photosynthetic 
species, nearly all synchronization has been achieved by periodic illumina.tion. It is 
probable that many populations growing in nature are synchronous to some extent 
from natural light-dark periods. In some species, only one change in the illumi~~a.tion 

Fig. 4-15 : Opcn-system fibre-glass tanks containing 1000 I culture fluid. ( O r ~ p n a l . )  

pattern can induce synchrony ; more often, regularly repeated changes are necessa~~y . 
Once synchronization is obtained, it wdl fade away after a few generations unless 
reinforced. If regula.rly re-synchronized, cultures will remain synchronous as long 
as conditions for growth and reproduction do not deteriorate. 

Cell division in cultures of Bitzschia palea could be synchronized after cells were 
kept in the dark for 10 days and then illuminated in continuous light,, but synchrony 
died away. However, with a 6 : 6-hr light-dark rhythm, repetitive synchronous 
cell division began every second light period and was completed in the emuing 
dark period (VON DENFBER, 1960). In order to synchronize cell division in Cylindro- 
them fusiformis, population g r o d h  under constant illumination we5 followed by a 
24-hr dark period, then a more intense illumjnation and the addition of cysteine 
L-methionine, and sodium lactate (LRPPIN and co-authors, 1966). A propamme of 



12 : 12-hr light and dark was used by JOIIQEKSEN (1966) to obtain synchronous 
cultures of S k e ~ e t ~ n e m a  costaturn; cell division sbr ted in the middle of the light 
period similar to that of other diatoms where periodicity of cell division was in- 
duced by light-dark changes. Also, in cultures of the marine plankton diatoms 
Ditylum brightwellii and N. turgduk-synchronized by &Eerent combinations of 
light intensity and photoperiod-cell division generally took place in the light. The 
degree of synchrony was highest under short photoperiods of bright light. D. 
b~ighlwellii was strongly inhibited by continuous light but N. turgidula was not 
(PAASCHE, 1968a). 

One theory for the sensitivity to continuous Ijght of some species is based on 
observations with Cyclotella cryptica. This diatom converts carbohydrates to 
protein in the dark (WERNER, 1966). If this conversion were completely inhibited 
by strong light, a major part of the organic matter would be unavailable unless 
subjected to darkness (PAASCRE, 1968b). 
Porphyridium aeruginswm was synckronizcd by a 24 : 2,4-5r light-dark regime; 

following an  initial 48-hr period of darkness the cells started to  divide about 6 hrs 
before each light period (HOOGE~HOUT, 1963). Cultures of the chrysomonad Cocco- 
Zithw huxleyi were sync.hronized by four different combinations of light intensity 
and day length. In all four cases cell division was restricted to 6 out of 24 hrs. 
Synchronized cell division took place in the dark, but waa not clirectly related to  
the onset or termination of illumination (PAABCHE, 1967). In cultures of dino- 
flagellates, the period of cell division varies with the species (HASTINOS and SWEE- 
NEY, 1964). Synchronization of DunalielEa tertiolecta was reported by WEGIMANN 
and METZNER (1971), using a combined light-dark and high-low temperature 
treatment. 

Cdinuous cultures 

To avoid or reduce the uncontrolIable changes of environment and cell popula- 
tion, inherent to  batch cultures, many investigations are now being carried out in 
continuous cultures. Whenever large quantities of cell material are required a t  
frequent intervals, continuous cultures provide a greater output and a more con- 
sistently uniform cell population than batch cultures. 

Continuous cultures may be operated on the principle of a chemostat or turbido- 
8ta.t (Chapter 2). A chemostat involves continuous dilution with fresh. medium of a 
fixed-volume culture, in which one of the nutrients acts as a limiting factor. After 
equilibrium is established with the rate of dilution, population growth rate a,djusts 
to a maximum level determined by the rate of supply of the limiting nutrient or 
light source. A turbidostat is an apparatus in which the population is sustained at a 
constant turbidity level by automatically adding fresh medium to the growth 
chamber (dilution) when the cell concentra,tion exceeds a predetermined value. Con- 
tinuous culture systems need not be complex and expensive; some inexpensive 
and re-latively simple types of apparatus have been described in the literature. 

A turbidostat was first designed for work with algae by MYERS and CLARK 
(1944), to supply uniform Ch/wella cells as experimental material over a period of 
time. This work was followed by many other systems of continuous algal cultures 
(PIPES and KOUTSOYANNIS, 1962; MADDUX and JONES, 1964; EPPLEY and DYER, 
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1966 ; DROOP, 1966 ; HOWELL and CO-a,uthors, 1967 ; CARPENTER, 1968 ; COOK, 
1968; HARE and SCHMIDT, 1968; TAUB and DOLLAR, 1968 ; Fms, 1969 ; UKELES, 
1973). The growth chamber used by iMAn~rrx and JONES (1964) consists of a 1-1 
flask, magnetically stirred and incubated in a water bath. The medium is supplied 
from a constant hea,d reservoir (8-1 Pyrex bottle). When the population density 
increases above a predetermined setting, the  open solenoid permits additional 

Air- 

-Medium reservoir 

R~cordor  pen dnve 
1 

Culture flask,' - 
' ~ o o l  white' fluorascent tubss 

Fig. 4-16 : Continuous culture apperatun. (After MADDUX and TONES, 1964; modified; 
reproduced by perminsion of American Society of Lirnnology and Oceanography.) 

medium to enter until the turbidity is reduced (Fig. 4-16). Using this apparatus, a 
set of symmetrical relationships was found between light, tempera.ture and nu- 
trient concentration in which the interaction of any two factors was modsed by the 
third (see also Chapter 2). 

CARPENTER (1 968) devised a simple chemostat that  does not use action pumps or 
elaborate gravity flow systems and also can be sterilized as a unit. The culture 
container is a thee-neck distilling flask in which the volume of the medium is 
regulated by the height of the overflow tube. An electric pump generates a gas 
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Fig. 4-17 : Algal chemostat. A: eleotrolyeis pump housed in 250-m1 flask; B : medium m r v o i r  
(4 l )  ; C : culture oontainer ; I) : overflow veseel(500 ml). (After CARPENTER, 1908 ; modified; 
reproduced by  permission of North-Holland Publishing Company.) 

Medium j ,.-.- and 

R e s e m ~ r  Reactor Receiver 
Fig. 4-18: Algal chernoetet (260 ml). Air pump, alr saturtltor, and inoculeting port on 

tho reactor nnt shown. SV : clamping eoleno~ds, operated by e timer ; SF : sterilizing 
air ater.  (After DBooa, 1966 ; modified; reproduced by permission of Cambridge 
University Preaa ) 

mixture that dispIaces the culture medium from the reservoir to the cultu.re vessel 
(Fig. 4-17). This apparatus was used in several nutrient-limited experiments of 
axenic cultures of two plankton dotoms.  CAPEBON (1968) obtained data from 
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continuous cultwe experiments for Isochrysis galbana using nitrate as limiting 
nutrient. He concluded that the concentration of some form of internal rather than 
environrnel~t~l nitrogen controls the population growth rate when nitrogen is 
limiting. An inexpensive 250-m1 chemostat was developed by D ~ o o r  (1966, 1968, 
1969, 1970) for studying the kinetics of vitamin B,, limitation in the chrysophyte 
Monoch~ysis  lutheri (Fig. 4- 18 ; see also p. 214). An exhaustive mathematical inter- 
pretation of results led to the conclusion that  the specific growth rate in the chemo- 
sta,t depends on the nutrient concentration within the cells. 

Fig. 4- 19 : Colztinuous cult~lre system. (After DVNSTAN and MENZEL, 
197 1 ; modified; reproduced by permission of .h~er ican Society 
o f  Limnology and Oceanography.) 

DUNSTAN and MENZEL (1971) investigated the effect of a sewage effluent on 
phytoplankton contained in a large-scale heterogeneous continuous culture. The 
phytoplankton cultures were grown in 15-1 Plexiglas containers with circulating 
water jackets for temperat,ure control. The cultures were agitated by a magnetic 
stirring bar and the containers scraped with a polypropylene spatula. The con- 
tinuous flow system was controlled wit11 micro pumps which provided fresh media 
and a siphon gravity system for outflow (Fig. 4-19). Sea water diluted with secon- 
dary-treated sewage effluent provided an excellent e~lricbrnent for the maintenance 





CHEMICAL ASPECTS 

(b) Chemical Aspects 

Nutritional Requirements 

Nutritional studies on micro-algae have been 1a.rgely directed toward ~larifica~tion 
of the role of various chemical agents in natural productivity or in regulating yields 
of laboratory cul Lures. The success in algal culture methodology hss closely followed 
acquisition of informa.tion on nutritional requirements. Some aspects of algal 
nutrition will be briefly reviewed as information essential to the understanding of 
culture methods. 

Minerals 

Growth and normal biochemistry of micro-alga.e, as in other organisms, require 
the availability of a varying number of mineral elements, probably 15 to 20, with 
the possibility that  others may still be added to the list. Elemental nutrient require- 
ments are often considered in two groups-the macronutrients, used directly or 
indirectly for-cellular building blocks (C, H, 0, N, P, S, K ,  Mg), and the micro- 
nutrients, needed in a lower concentration as catalysts or for unique functions as 
structural material or osmotic regulators (Fe, Mn, Cu, Zn, MO, V, B, Cl, CO, Ca, Si, 
Na). The compounds used to supply the major minerals and the concentration 
ranges in which they are generally required are shown in Table 4-4. In reviewing the 
subject of mineral nutrition i.n algae, O'KELLEY (1968) commented that the in- 
herent heterogeneity of the algae makes it difficult to answer the questions of which 
elements are essential to algae. The following mlneral elements were listed by this 
author as being required by one or more algae : N, P, K, Mg, Ca, S, Fe, Cu, WI, MO, 
Na, CO, V, Si. Of these N, P, Mg, S, Fe, Cu, &h, and MO were considered to be 
required by all algae; but to some extent S, K, and Ca cculd be replaced. 

To demonstrate the essential need of an alga for minerals i t  is necessary to purify 
the medium to such an  extent that  the alga stops growing, and normal growth is 
resumed only when the eIement is supplied. The follouing procedures for investiga- 
ting metal requirements are recommended (HA.LL, 1965): ( i )  establi~h a clone or 
'pure line' that wjll grow on any medium that  supports growth ; (ii) establish an  
axenic clone in medium that urdl support growth after autoclaving which may 
contain sugars, vitamins, salts, fatty acids and protein digests; (iii) replace na,tural 
materials by known chemicals of measured quantity; (iv) determine minerals that  
are indispensable for serial transfer. The absence of essential trace elements may 
limit growth of unicellular algae by limiting growth rate, total population size or 
both (SPENCER, 1967). 

BOWEN and co-authors (1965) depended on demonstrating optimal growth rates 
to establish essentiality of boron; but failure of growth after the omission of a 
metal is often difficult to interpret. Even if all the required metals are present, a 
failure to grow may be the result of the essential metal ion becomlllg unavailable 
by binding to a component of the medium. A non-essential metal may be preventing 
an essential one from forming a needed complex. If stilnulation occurs as the result 
of adding a metal, interpretation is still not clear since the added metal could 
simply be displacing a required metal from a complex. Other complications are the 
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presence of contaminants in so-called pure chemicals, the occurrence of a sparing 
action, and the physico-chemical form in which the element is present. 

The early concept of a defined medium for marine species was that a preparation, 
as close as possible to  the composition of natural sea water, was the ideal culture 
medium. With the development of recent culture methods, popula.tion growth of 

Table 4-4 

Compound~l used to supply major and minor elements required by u.nicellular 
algw (After S. A ~ O N S O N ,  X 970, Experimentut Microbial Ecology ; reproduced by 

permis~lion of Academic Press) 

Element 
Concentration 

range* 

CO,, COa2-, organio molmulee 
02, R20, orga,nic moleculee 
HzO, organic rnoleaulee 
N,, m, NO,-, NO,-, amino acids, purines, pyrirnidines 
Several inorganic salts, i.e., NaCI, NkSO,, Na3P0, 
Several inorganic salts, i.e., KCI, K,SO,, K3POJ 
Soveral inorganic salts, i.e.,, CaC03, Ca (as chloride) 
Several inorganic salts, Na or K phosphates, Na, glycerophos- 
phate . 6H10 
Several inorganic salts, MgS0,. 7H20, amino acids 
Several inorganic salts, Col2-, SO,z- or Cl- salts 
FeC13, Fe(NH,),S04, ferric citrate 
SO,'- or Cl- aalts 

or a- salt8 
Solz- or Cl- salts 
Vitamin R,,, SodZ- or Cl- salts 
H3J30, 
Na or NH, rnolybdab salts 
Na3V0,. 1 6H20 
SOg2- or Cl- salts 
SOo2- or a- atrlte 
Sod2- or Cl- sal- 
Sod2- or cl- salt8 
aeNa+, K+, Ca2+ or M&+ salts 
as Na+, K+, Ca2+ or m+ salts 
aa Na+, K+, Ca2+ or NH4+ salts 
N+SiO,. 9H,O 

unicellular algae has been shown to occur in culture solutions whose total ionic 
content and chemical composition depart from that of natural sea water. Because 
of poor buffering and precipitation of salts afttar autocla.\.ing the trend has been to 
lower the overall composition of salts (PROVASOLX and co-authors, 1967). This 
trend in the decrease of mineral composition in culture medium (DROOP, 1961b) is 
shown in Table 4-5 (see also Chapter 2). The high tolerance to variatiom in 
ratios of concentrations of Na, K, Ca and Mg suggested to HAYWARD (1970) that 
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algae are able to maintain an internal ionic cornpositiol~ despite a wide variation in 
trhe external composition of the medium. Evidence was presented to  show tha,t 
cellular concentrations varied during different phases in batch culture; divalent 
cations increased to a, maximum toward the statjonltry phase, monovalent cations 
increased during the exponential pha,se and then decreased almost immediately. 
A comparison of the results obtained with cells grown in full strength and $-strength 
artificial sea-water medium (ASP,) showed that the cellular compositio~~ changed 
very little with the composition of the medium, but cell numbers increased faster 
in more dilute medium. HAYWARD (1970) suggested that energy available to t.he cell 
may be expended in ionic control to maintain an internal environment against a 
high concentration gradient, but in dilute mechum this energy becomes available 
for growth (see also Volume I, Chapter 4). 

HUTNER and co-authors (1950) introduced the use of chelating compounds into 
the cult,ure medium to avoid the heavy precipitation of metals. The addition of a 
chelating agent as ethylenediaminetetraacetic acid (EDTA) to sea water sets up 

Tsble 4-5 

Major components (g 1-') of some artificial sea waters (After DROOP, 1961b; repro- 
duced by permission of M. R. DROOP) 

Na K Mg C1 so, Author 

10-6 0.379 0.411 1.28 19-0 2.64 D K ~ A R ' s  analysis (1884) 
11.1 0,405 0.432 1.34 20.1 3.24 ALLEN (1914) 
11.8 0.522 0.292 1.83 22.0 2.66 ~ T N O S H E I M  (194613) 
9.40 0.334 0.183 1.14 16.7 2.32 LETRING (1946) 

PROVASOLI and co-authors (1957) 
7.05 0.313 0.100 0.44 10.4 1.93 ASP, 
5.90 0-260 0-117 0.30 10.2 0.28 S 36 

equilibria in which cations compete for a.vailable EDTA bonda, but enough ions 
are released through mass action to satisfy the requirelne~lt~s of the growing cells. 
The generally accepted fact is that  EDTA is not readily metabolized (SPENCER., 
1957). Since many required elements ma,y be toxic in high ~oncent~rations, chclators 
permit the growth of an organism in a medium containing metal concelltrations 
that  may othenvise be harmful. Chelators other than EDTA are shown in Table 4-6. 
Many different types of media have been designed ulth variation in the major 
mineral components; but little general agreement has resulted on the benefits to  be 
derived from each variation, partially due to the inherent complications in the in- 
terpretation of data. One example is the low requirements for trace metals shown 
for the chrysomonads (PINTNER and Pnovaso~r ,  1983) which does not imply that  
these minerals are not needed, but tha,t the requirementsa.re satisfied by impurities 
in other salts and distilled water. Considering the compositjon of growth medium 
for micro-algae, i t  is probably well to recollect a statement made by PR~GSREIM 
and quoted by K E T C H U ~ ~  ( 1954, p. 58) : 

'Most algae are not affected by minute changes in the composition of the 
medium, otherwise they could not live under natural conditions. Changes 



effected by the algae themselves axe often more decisive than the differences 
between various media.' 

Nitrogen. There is no evidence that inorganic nitrogen can be fixed as a nitrogen 
soiuce in micro-algae other than in Myxophyceae (KETCHUM, 1954). The inorganic 
nitrogen sources commonly utilized ere ammonium salts, nitrate and possibly 
nitrite. Inorganic nitrogen sources play an important part in regulating phyto- 
plankton growth; hence a considerable Iiterature exists on their utilization, par- 
ticularly ammonia and nitrate. WATTENBERQ (1 929) was one of the first investiga- 
tors to suggest that  forms of nitrogen other than nitrate, then aasumed to be the 

Table 4-6 

Chelators (After S. AARONSON, 1970, Experimental Micro- 
bial Ecology; reproduced by permission of Academic 

Press) 

Compound pH for 
best use 

Ethylenebinetatraecetic acid (EDTA) 
Nitrilotriacetic acid 
Citric acid 
DL-Malic 
Ethylenediamine(0-hydroxyphenyl) acetic acid 
1,2-Diaminocyolohexane tetraacetic acid 
Diethylenetriamine pentaacetic acid 
Ethylene glycol bis(aminoethy lether) 
tetraacetic acid 
Drhydroxyethylglycine 

6.0-7.5 
Below 6.0 
Below 7.0 
6.0-7.0 
6.0-7.5 
6.0-7.6 
6.0-7.6 

essential one, be investigated as a possible nitrogen source. SCHREXBER (1927) had 
shown that  more Carteria cells can be produced with ammonia than from equivalent 
amounts of nitrate. Species of Chlamydomo.nas and CIdorelEa were also cultured with 
ammonium salts as a nitrogen source (BRAARUD and FBYN, 1931), and COOPER'S 
(1 033) invea tigations in the English Channel indicated thatammoniamay be directly 
utilized from sea water by Biddulphiu m.obilie&. ZOBEKL (1936) reported an im- 
mediate increase in cell populations in ammonia not observed in other nitrogen 
sources; ammonia is preferentially absorbed. It is toxic a t  high concentrations and 
the opti.mum concen.tration of nitrate for Nitzsckia closterium is over l00 times 
higher than for ammonia, Although the centric diatom Biddulphia aurita can 
utilize each of the 3 inorganic nitrogen sources, ammonia nitrogen. is removed twice 
as fast as nitrate or nitrite (LUI and ROELS, 1972). This preference aIso exists for 
Ditylum brightwellii when supplied with both forms of nitrogen; adclition of am- 
monia immediately lowers nitrate or nitrite uptake. If nitrate andnitrite are present 
in equal concentrations, both ions are assimilated simultaneously (EPPLEY and 
ROGERS, 1970). G ~ L M D  (1963) reported that  the diatoms Skeletonem sp., 
Cyclolella mm, C. caspia, Coscinodiseus aste~onz;~haEus and N .  seriata grew in am- 
monia or ammonia + nitrate but not as successfully as nitrate alone. Ammonia 
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induces an initial lag in Cylindrotheca cbsterizhm var. cal i fmiw, ,  but if three forms 
of nitrogrm (nitrate, ammonia and urea) are offered in combination, ammonia is 
used first followed by urea and then nitrate ( G R ~ Y T  and co-authors, 1967). 

Dinofla.gellates thrive on nitrate in low concentra.tions (0.001 mg I-') ( B ~ K E R ,  
1935; PROVASOLI and MCLAUGHLIN, 1963), but the addition of more than 0.01 
mg I-' am moniuln chloride inhibits Prorocentrum rnicans (BARKER, 1935). The five 
species of chrysomonads studied by YINTNER and PROVASOLI (1963) differ in their 
tolerance to ammonium sulphate; Pavlova gyrans and Hymenomom sp. with- 
stand 20 mg%, other species utilize this nitrogen source a,t 10 mg% ; but i t  is toxic 
to Cocwlithw huxleyi a t  1 mg%. I11 contrast to this tolera.nce is the sensitivity of 
Prymnesium parvum to ammonium salts in alkaline medium while being a good 
nitrogen source in the neutral or acid range a t  low concentrations (less than 0.6 
mg% ; McLaua~l tm,  1958). 

Physiological studies with Dunclliella lerliolecta showed that this alga assimilates 
nitrate faster in the light than in the dark and grows better with ammonia than with 
nitrate a t  all light intensities (GRAXT, 1967, 1968; GUT and TURNER, 1969). 
PAASCHE (1971) found that cells utilizing ammonia have a greater concentration of 
ribulosediphosphate carboxylase; ho suggested that increased growth with am- 
monia may be partly a consequence of the general increase in net protein synthesis 
resulting in greater content of photosyllthetic enzymes. In  spite of reports of 
increased growth with ammonia, LEWIN (1 953) recommended avoiding ammonium 
salts for the following reasons: ( i )  in alkaline media even a few parts per million may 
be inhibitory or toxic to sensitive forms ; (ii) ammonia distils off when media of high 
pH are autoclaved, the nitrogen thereby being reduced to an unknown level; (iii) 
uptake of ammonium ions is always more rapid than that of nitrate with the result 
that the pH drops; in a weakly buffered solution i t  may reduce the pH to  a toxic 
level. 

Marine flagellates and other green algae were studied for their ability to utilize 
organic nitrogen (SCEREIBER, 1927; ERAXRUD and FBYN, 1931 ; DROOP, 1955,1957, 
1959 ; GLBOR, 1956; MCLAUGHLXN, 1958). No organic nitrogen source seemed to  be 
suitable for all species, but there were indications that uric acid and urea could 
generaI1y be utilized. I n  one study of 40 uni-algal clones representing 36 species 
about half had a fair capacity to utilize urea (MCCARTHY, 1971). From experiments 
with natural populatjons of diatoms HARVEY (1940) concluded that  amino acids 
are not utilized significantly unless first dearnimkd by bacteria, but that  uric acid 
and urea are generally acceptable. Two species, however, were later found to  
require amino nitrogen: the ciyptomonad Hemiselmis vircscena, which grew best 
on glycine (DROOP, 1957), and the phagotrophic dinoflagellate Ozyrrhis marina, 
which used valine, proline or alanine (DROOP, 1959). HARVEY'S coaclusion that 
simple amino acids do not serve as a, source of nitrogen for diatoms was conjirmed, 
with two exceptions, by GUILLARD ( l  963). In s study of 15 clones of centric and one 
pennate diatom only two species, Melosira sp. and Coscinoditxus astermphulus, 
utilized glutamate and glutamine as readily as nitrate. Cyclotellu w p i a  and Cyclo- 
t e l h  nana isolated from polluted waters can utilize uric acid, b u t  of 9 clones isolated 
from the Sargasso Sea only one, Skeletonem sp., utilizes urea and uric acid. Mebsira 
nummuloides has the capacity to take up amino acids with restricted utilization of 
some as nitrogen sources (HELLEBUBT and GUJLLARD, 1967). One isolate of P k o -  



dactylum t r i m u t u m  was reported to utilize a variety of organic nitrogen sources 
for growth, including amino acids and nicotinamide (HAYWARD, 1965). 

In a study of the hcterotrophic capacities of the chrysomonads PINTNER an.d 
PROVASOLJ (1 963) obsrxrved that  many organic nitrogen sources can be utilized. 
Only Syracosphaera sp. utilizes low levels of urea (0.01-1 mg%), as well as nitrate; 
but Hymenornonas sp. and Pavlova gyrans utilize urea a t  higher concentrations. 
The chrysomonad Prymnesiumpurvum utilizes organic nitrogen sources a.s creatine, 
asparagine, arginine, alanine, histidine, methionine and acetyl-urea, but guanacline 
and acetamine are not incorporated (MCLAUQHLIN, 1958). The amino acids methio- 
nine and ethionine serve as nitrogen sources for P. parvum ( R ~ A T  and REXCR, 
1963) and even a t  ligh concentrations do not exert the growth inhibiting effect 
described for the freshwater chrysomonad Ochromoruzs mdhamensis ( J o s ~ s o ~  
and co-authors, 1967). 

Some amino acids are utilized by dinoflagellates as nitrogen sources: arginine and 
asparagine by Qyrodinium uncatenum, G .  caZBfmicum, 0. resplende?~ and Amphi- 
dini2lm carteri and A.  rhynchocephalus; glycine b y  A.  carteri, A. rhynehocephalw, 
G. califwnicum and G y m d i n i u m  splendens clones; glutarnic acid and alanine by 
A. carteri, A. rhynchocephalus and G. qlendens;  methionine by both species of 
Amphidinium (PROVASOLI and M C L A U Q ~ ,  1963). RYTHER (1 954) observed 
that  in estuaries contaminated with waste from duck farms the dominant phyto- 
plankters Nannochloris and Stichococcus utilize a wide variety of nitrogen sources 
as nitrate, nitrite, ammonia., urea, uric acid, cystine, asparegine a.nd glycine; but 
urea utilization produces only 57% of the growth attained with nitrate. When low 
concentrations of glycine or arginine are supplied to a marine Platywwnu.8 sp. uptake 
rates are sufficient to meet the nitrogen requirements, and nitrate and ammonia 
do not interfere with amino-a.cicl. uptake (NORTH and STEPHEKS, 1971). According 
to  B ~ D S E Y  and LYNCH (1 962), the red alga Porphyridium cruenlum utilizes nitrate 
and ammonium chloride, but none of the organic nitrogen sources tested. JONES 
and co-authors (1963) also observed that P. cruentum grows equally well in nitrate 
and ammonia but that  L-amino acids do not support growth of the alga, with the 
exception of L-asparagine. I n  general, species isolated from estuarine and neritic 
environments use urea or uric acid, but the inability to  utilize these nitrogen 
sources may be widespread in oceanic populations. CARPENTER and co-authors 
(1972) caution against the hasty extrapolation of leboratory studies on urea 
decomposition to fie1.d conditions. These investigators observed that the rate of 
dccompositjon of urea by Stepltampyxis costata (Skelelonema costatz~m), as found in 
the laboratory, is 3.5 to  3.7% of the in situ rate measurements. 

Phosphorus and sulphur. Inorganic phosphorus is a good source of phosphorus 
for all phytopIankton, generally vary-ing little with the form in which it is supplied. 
Pyrophosphate (H,P,O,) is not utilized as effectively as orthophosphate (H,PO,) 
by Skeletonemu coslatzLm, Nitzschia closteriz~m or Phaeocystis poucl~etii, and the 
CaMg salt of phytic acid can support S. coslatum and N .  closterium as well or better 
than orthophosphate (CHU, 1946a). R a v w ~ s n  (1968~) described similar experi- 
ments comparing effects of orthophosphate (NaH,PO,. 2H,O ; Na,HPO, ; KH,- 
PO,; K2HP0,), pyrophosphate (Na,P20,. lOH,O; K,P,O,), potassium glyc.t:ro- 
phosphate and sodium inositol hexaphosphate (sodium phytate) a,t 2 mg I-' 
phosphorus. Severd isoIates of Phaeo&atyZum triwrnutum grow well with the 4 
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forms of orthophosphate, less well with pyrophosphate and utilize the organic 
forms of phosphate, as well a.s the orthophosphate, but sodium hypophosphite 
(NaH,PO, . H,O) is toxic to a11 isolates. 

Organic phosphates-glycerophosphate, n.denylic acid, guanylic acid and cytj- 
dylic acid-are utilized by several clzrysornonads and species of the dinoflagellates 
Cyrodinium and Amphidinium in add-ition to the inorganic source (PINTNER and 
PROVASOLX, 1963 ; PROVASOLI and &ICLAUQHLIN, 1963). Dunaliella tertiolecta and 
Olisfhodiscws sp. are unable to utilize glycerophosphate or do so only to a limited 
extent (MCLACHGAN, 1964). The utilization of organic monophosphafes is di ficul t 
to evaluate because many marine diatoms and chrysophytes have alka.line phospha- 
ta8ses that act a.t the cell surface to hydrolyze glucose-6-phosphate (G-6-P), adeno- 
sine-monophosphate or alpha-glycerophosphate. The ability of 13 marine uni- 
cellular algae to grow on G-6-P could berelated to the amount of surfacephosphatase 
produced (KUENZLEIL, 1965 ; KUENZLER and PERRAS, 1965). 

Concentrations of phosphorus that limit exponential growth rates are dificult 
to determine, partly due to the introduction of unknown factors from the formation 
of calc-ium and iron phosphate precipitates. Nevertheless, KETCHWM (1939) showed 
that wide variations in phosphate concentrations had no effect on the growth 
constant of Nitzschia sp., and for AsterioneEEa jqonica remained the same within 
0.01 to 0.31 phosphorus ( I ~ N  and Foca, 196Sa). Apparently, some cells can 
accumulate large stores of phosphorus that are used when there is a depletion of 
external phosphorus in the medium (KUENZLER. and KETCHUM, 1962). On the other 
hand, oceanic diatoms, such as Chaetoceros grclcilis, become growth limited by low 
concentrations of phosphate in the medium (THOMAS and DODSON, 1968). 

Sulphur in artificial sea water is usually supplied as hIgS0,. 7R,O at  a concen- 
tration approximating that of natural sea water (2 .76 g 1-' at 35%, S;  HARVEY, 
1957). Ranges of 1.0 t o  3.1 g sulphate I-' have been employed in media used by 
HUTNER (194S), PBOVASOLI and co-authors (1957), TAKANO (1964) and TAYLOR 
(1964) .  DROOF'S media S 22 and S 32 contain less, 0.29 g I - ' .  Experiments on levels 
of sulphate in artificial sea water demonstrated that 0.0047 g 1-' is sufficient to give 
a maximum yield for many species but results in a. depressed growth rate, 0.14 g 1 - I  
being needed to maintain the growt,h rate a t  a maximum (DXCLACHLAN, 1960).  
Jowxs (1962) reported that methionine, L-cysteine, L-cystine, glutathionine and 
sulphide are not utilized by Porphyridiu?n cruentum as a source of sulphur, but 
MgSO,, NaSO, or Na,S,O, in the  range of 5.4 to 27 lnhl result in good population 
growth. Such a high sulphate consumption. was also reported by LEWIN and 
BUSBY (1967), which is to be expected since this alga a.ccumulates an extracellular 
acidic polysaccharide-protein complex with 10% bound sulphate. 

Silicon. Hydrated amorphous silicon is a constituent of the diatom cell wall and 
is, therefore, essential in relatively large quantities to most species of diatoms, with 
the exception of Phaeodmtylum tricor?zutum. (LEWIN &nd G U ~ A R D ,  1963), and 
also to chrysophytes with silicious skeletons. The mineral is normally supplied as 
Inetasilicate (Na,SiO, . 9H20) which hydrolizes to give orthosilic-acid forming 
silicic iom in skeletons. The final culture yield of many diatoms is proportional to 
the amount of silicon, althougl~ growth rates can be independent of silicate down 
to very low concentrations since sufficient amounts can be dissolved from culture 
vesseIs in alkaline media. Silicon utiliza.tion is influenced by other factors, such a.s 



the concentration of phosphate, the duration and intensity of illumination, and 
temperature (HUOHES and LUND, 1962). Divalent sulphur and a.mino acids seem to 
p1;iy a role in silicate utilization since the ability t o  utilize silicate that  is lost in 
~vashed diatom cells is partially restored by the addition of sulphate or other reduced 
sulphur compounds (LEWIN, 1954 ; LEWIN and CHEN, 1 968). The rate limiting con- 
centration of silicon appears to vary with the species of diatoms but is probably 
less than 50 to  100 mg 1-' (STRICKLAND, 2965). The physiology and biochemistry of 
silicon deposits in diatoms have been reviewed by  LE^ (1955, 1966b) and LEWM 
and GUILLARD (1 963). 

Na, K,  Mg, Ca. Growbh in the laboratory will take place in salt concentrations 
much lower than in sea water, provided various ionic balances are ma.intnined. 

Table 4-7 

Population growth of uniceIlular algae in ASP-M containing 400 mM and 100 mM 
NaCl nt various co~loentrations of ca.lcium. Results expressed as percentage of 
g ~ o w t h  in ASP-M with 10 mM calcium and either 400 mM or 100 mM NaCl (After 
M c L a c ~ r , ~ ,  1964 ; modified ; reproducc.d Ly permission of the National Research 
Council of Canada from the Canndiun J o w m l  of Mi~robioloqy, 10, 769-782) 

Speciea 

IvIg : Ca+ 

Calci~un concentration 

400 mM NaCl 100 mM NaCl 

Monochry& lutheri 
Symcqhoera wrlerae 
O l i a l h o d ~  sp. 
Tblaaaiasira f luwiatilis 
CycloMLa cryplica: 
Skelelonema costaturn 
A mphidinium carteri 
Pwphyriddunr 5p. 
Cryptornonad (3C) 

MetaboIically inert low-molecular weight cationic, anionic, and zwitterionic electro- 
lytes or osmotically active non-electrolytes, such as pentaerythritol, can spare only 
90% of the requirement for sodium in the brine alga DwnaEiella salina (HUTNER and 
co-authors, 1967b). The concentration of sodium chloride affected certain bio- 
chemical changes in D. terdiolecta, which appears to have an absolute requirement 
for sodium ( M C ~ C H L A N ,  1960) that is not evident in growth studies alone (CRAIOIE 
and MCLACHLAN, 1964). Of 9 phytoplankters studied only growth of Skeletonemu 
cosfaturn was reduced a t  200 mM NaCl, as compared with 400 mM NaCl in an arti- 
ficial sea-water medium. At two lower concentrations, 60 mM and 100 mM, Am- 
phidinium cnrteri and Olisthodiscus sp., in addition to S. costaturn, mere inhibited, 
whereas growth of other species was littIe affected. Sodium could not substitute for 
potassium in any of the 9 species (NcLacma~, 1964). Olidhdiscus sp., A .  carteri 
and S. costaturn were sensitive to  potassium concentrations reduced to 1.0 mM 
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and 0.5 mM, as  compared with 10 mM, but  Momchrgsia lutheri, Syracosplmera 
carte~i i  and Porphy~id ium sp. could tolerate a reduction to 0.5 xnM with no harmful 
effect. Calcium is needed in very high concentrations by coccolith-bearing chryso- 
monads, as  the formation of the coccoliths depends on high calcium concentratio~ls 
(ISENBERG and co-authors, 1964). Growth of numerous species was not affe.cted by 
varying the Mg/Ca ratio from 5.3 : l to  400 : l ,  but  with lower NaCl concentrations 
Cyclolella cryptica and S. costaturn. appeared to  be more sensitive to  reduced calcium 
(Table 4-7; .MCLACRLAN, 1964); growth of Porphyridium sp., A. carleri, Olistho- 
discus sp. and S. coslatum was adversely affected when the magnesium concentra- 
tion was reduced below 40 mM. I n  culture, brackish-water and marine 
appear to tolerate a wide range of Mg/Ca ratios and total amounts of calcium and 
magnesiun~ tha t  are much less than found in natura.1 sea water (PROVASOLI, 1958b ; 
see also Volume I, Chapter 4). 

Trace Metals. Tra,ce metals Inay sometimes appear non-essential in culture 
medium due to  their availability from trace metal. contamination in chemicals and 
glassware (PINTNER and PROVASOLX, 1963). According to ALEEM (1970), a.ddition 
of copper, as well as soil extract,.improves the quality of 'bad' sea water. BERN- 
HARD and ZATTEHA (1 970) cited evidence that  sma.ll adhtions of copper and zinc 
t o  sea water can easily exceed the upper tolerance concentrations for Phaeodaclylunz 
fricornulum and Co~coiithzls huxleyi; the normal concentration of copper in sea water 
is onIy about 16 times lower than the maximum test concentration tolerated and 
the corresponcLng va,lue for zinc is about 30. The upper tolerance concentration for 
chromium was about 150,000 times the concentration inseawater; forcobalt, 20,000 
times. 

Inshore water collected near Plymouth, even after enrichment with nitrate, 
phosphate and iron, did not support continuous growth of a chrysomonad, a 
cryptornonad, s chlarnydomonad and a Chlorella unless manganese was added 
(HARVEY, 1947). Chlorine, in adht ion  to manganese, is another catalytic element 
known to  be specifically concerned with 0 ,  production d ~ r i n g  photosynthesis; 
buL the role of chlorine is not clear and chlorine was not shown to  be required for 
algae studied by MC'LACHLAN and C R A I Q ~ E  (1967). Bromine could replace chlorine 
in the medium, and bromine co~lcentrations a s  high as those found in the Dea.d Sea 
(0-05 M) had no adverse effect on 9 phytoplankters belonging to different taxa. 
Molybdenum is essential for peen  plants; i t  plays a role as  a cofactor in nitrogen 
n~etabolisrn and influences respiration and photosynthesis; information on the 
specific role of molybdenum in these processes is not available (WIE~SNER, 1962). 
A requirement for cobalt exists in algae capable of synthesizing 17ita.min B,,. 

EYSTBR (196s) expressed doubt that  boron is essential for algae; he suggested 
tha t  boron requirement is related to the  amount of calcium utilized and increases 
with it .  Boron did not stimulate 4 Chloteila species; levels -up to  50 ppm were 
tolerated without reduction in growth rate (BOWEN and co-authors, 1965). I n  a 
culture medium for diatoms the silicon-boron ratio was important, suggesting an 
interaction between these elements (LBWN, 1965,1966~). Ana.lyses of boron require- 
ments are colnplicated due to boron conta.mination from a,utoclaved borosilicate 
glassware; such conta,mination can now be a.voided with polycarbona,te culture 
vessels (see also Chapter 7). LEWIN (1 966a) demonstrated tha t  the  marine diatom 



Cylindrotheca fusiformis will multiply in an artificial sea-water medium in poly- 
carbonate vessels only when borste is added. All compounds active in supplying 
boron to this diatom.had a t  least two H groups attached to the boron atom, such 
as boric acid, phenylboronic acid and its derivatives. The conclusions on boron 
requirements in this diatom were confirmed by NEALES (1967). In other studicla, 
boron was shown to be required by 12 species of marine pennate diatoms, 4 centric 
diatoms, Amphidinium carteri, Pyamimnas sp. and Platymonas sp. ; but no 
requirement could be demonstrated for the chlorophyte Dunabiella lertiolecta or 
the coccolithophorids Cricosphaera curterae and Coccolithzu h w l e y i  (LEWIT, 1966~) .  

That inorganic iron could stimulate phytoplankton growth was first demonstra- 
ted by GRAN ( l .  933) with Skeletonemu sp. The function of iron is obviously associated 
with n.umerous iron-containing enzymes (peroxidases, catalases, cytochromes) and 
with pigment production. One of the difficulties in the study of iron nutrition is the 
comparatively high iron content present as contaminants in commercial chem.icals 
(HAYWARD, 1968h; D~vrxs,  1970). Dissolved iron may change to collojdal ferric 
hyclroxid(. with age and antoclaving will produce chelated complexes with EDTA 
or citrattx (XYSTER, 1968). I n  the absence of chelators, the pH of the culture media 
results in almost complete prccipitntion of iron. DROOP (1961a., b) has commented 
on the importance of redox potentials of marine media in relation to the relative 
concentra.tions of ferrous and ferric ions. 

The amount of iron that  can exist in true solution in sea water a t  pR 8 in equi- 
librium with ferric hydroxide is very small: 10-4 M (COOPER, 19375). HARVEY 
(1937a, b) described the three forms of iron present in sea water as (i) iron in true 
solution in equilibrium with  Fe(OH)++, ferric or ferrous ions; (ii) ferric hydroxide 
and phosphate colloidal rnicells or large a.ggreegates ; (iii) iron in organic combination. 
Whereas i t  may be possible that  some unicellular algae can mobilize their cssentia41 
trace elements from very low ionic concentrations, the work of W~R'ITEY (1 937b) and 
GOLDBERO (1952) suggests that  there are species which can utilizc the particulate or 
coIIoida1 form of iron. Astericmella jc~ponica utilizes padicdiitf: andlor colloidaJ 
iron, but iron wmplexed with citrate or humic acid cannot be incorporated (GOLD- 
BERQ, X 962). ~ i t h o u ~ h  the need for iron has been well documented, many asp,-cts of 
its role in culture media are not obvious. Phaeodactylun~ Lricornutum betsame in- 
creasingly efficient in utilizing small amounts of iron by a gradual adaptation to 
iron-limiting conditions (HAYWARD, 1968b). Studies with 15 species of phytopla.nk- 
ters showed that ,  on the whole, trace-metal contents of algae increa,se with in- 
creasing concentrations in the medium; differences could not be related to taxo- 
nomic groups (RII~EY and ROTR, 1971). 

Carbon 
Photosynthetic algae are generally photo-autotrophc, synthesizing organic 

carbon from CO,. Although molecular CO, is considered the primary source of CO, 
for photosynthetic species, there is still uncertainty regarding the form in which the 
carbon is assimilated (Volume I : VIDAVER, 1972). Some studies indicate that CO, 
is not the preferred form of carbon for marine algae. Cultures of Plabymonas sp., 
Nitzschia closterium and Porphyridium c~uentum utilized a carbamino-complex of 
alanine in preference to  inorganic CO2 and some aquatic plants, particularly those 
in a marine environment, utilized bica.rbonate for photosynthesis ( S T R I C K ~ ,  
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1965). This is to be expected in oceans and coastal waters sjnce the kinetics of the 
conversion of carbon dioxide to  bicarbonate in an alka,line medium (Volume I: 
KALLE, 1972) are such that bicarbonate c,znnot limit growth providing that  CO, is 
present. I n  sea water a t  its normal pH of 8.2 the bicarbonate ion concentration is 
about; 100 times greater than molecular CO,. HOOD and PARK (1962) cited evidence 
for utilization of bicarbonate ions by marine species of Chlorella, Platymonas sp. 
and N .  closterium in contrast to ChEoreEla py~enoidosa or species of Skele tonem and 
Cyclolella that  exclusively utilize molecular CO, (DEQENS and co-authors, 1.968). 
According to STEEMANN NIELSEN (1966)) naked clones of the coccolithophorids 
utilize only CO, in photosynthesis but for coccolith formation the bicarbonate ion 
is used, calcium carbonate being precipitated in the coccoliths. One study seems to 
indicate that growth in artificial media without bicarbonate is limited by carbon, 
with the exception of a cryptornonad and nunaliella tertidecba; both grow equa,lly 
well in media with or without added bicarbonate (MCLAC~AN, 1959, 1964). 

Where carbon dioxide needs to  be a.dded to culture media, the gas can be taken 
from high-pressure cylinders containing the appropriate CO,/air mixture or from 
a continuously monitoring gas-mixing device in which the two gases from an air 
compressor and CO, tank are co~nbined under constant pressure. W a s u a a ' s  
(1919) practice of aerating cultures with a 5 : 95 ratio of CO, to  air has often been 
adopted, but many investigators find that  lower coilcentration ranges of l. to 2% 
CO, are more satisfactory. It is helpful to monitor the pH changes in mass cultures 
for maintaining appropriate CO, concentrations. 

Carbon nutrition in algae has often been claimed to be derived kom photo- 
synthetic utilization of CO,. However, there is evidence that  algae with carbon 
heterotrophic capacities (i.e., assimilation of reduced carbon) exist jn the marine 
environment. Healthy phytoplsnkton populatioru have been found below the 
photic zone or under ice-covered arctic regions. A heterotrophic mode of nutrition 
has been postulated to account for these observations (BERNARD, 1963). Hetero- 
trophy may also be of advantage in areas of high organic content, such as littoral 
zones and sewage oxidation ponds, and indeed a high incidence of auxotrophy is 
reported in isolates from these areas (see also Volume 11: PAHDXAX, 1976 ; SCHLEQEL, 
1975). 

I n  the terminology adopted by LIYOFF (1951), DROOP and M C G K ~ L  (1966) and 
DROOP (1974) the major types of carbon nutrition are described as photo-organo- 
trophic, where carbon is photosynthetically assimilated, and chemo-organotzophic 
(chemotrophic) where carbon is oxidatively assimilated bypassing the photosyn- 
thet-ic cycle. One of the puzzling aspects of carbon utilization is stimulation by a 
carbon source in the light, but non-utilization of carbon jn the dark. A stimulation 
of growth over and above the autotrophic growth, dependent on photosynthesis, is 
known as photoheterotrophy or mixotrophy. Detailed information on the subject of 
photoheterotrophy in micro-algae may be found in reviews by LEWIN and LE- 
(1960), DANFORTH (1962), THOMAS (1968), and DROOP (1974). h example of mixo- 
trophy in diatoms is Cocconeis sp. ; this species reveals growth stimulation with 
lactate, pyruvate, acetate, succinate or citrate in the light but not in the dark; 
however, lactate is absorbed in the dark (BUNT, 1968). The light and dark metabo- 
lism involving acetate and lactate, the proteins synthesized, and the metabolic 
inhibitors in this benthic diatom have been investigated by COOKSEY 119721. 
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HAYWARD'S (1968a) experim-ents with tracers showed that labeled glucose, manni- 
tor, acetate and lactate d ~ d  not penetrate Phaeodactylum tricornutum, &.Ithough a 
short-term stimulation of respiration occurred that may have been a result of 
trace-rnet.al contamination in the organic carbon sources. 

Heterotrophic capacities are scatterecl throughout the major taxonomic algae 
groups ; aside from vitamin requirements (anxotrophy) they were considered rare 
among the pigmented species until, in recent years, more examples have been 
reported. Absence of heterotrophy is difficult to demonstrate with any degree of 
certainty. No matter how extensive an investigation is pursued, the possibility 
remeins that  some particular carbon source was not tested or that the most suitable 
combination of other factors (e.g., temperature, salinity, pH, trace-metal mix) had 
not been investigated. An example is glycerol utilization in P~ymnesium parvum. 
Light was considered obligatory for the chrysomonltd P. parvum until RUT and 
JAHN (1965) and RAFLAT and SPIRA (1967) showed that growth in the light was 
enhanced by unusually high concentrations of glycerol and that  this compound 
was specific for dark growth. Population growth of P. parvum and of Chromonm 
salina in glycerol waa also obsemed by h ~ a  and ANTU (1970). According to  
CHENQ and ANT=, glycerol in the light enhanced growth rate and peak population 
density of 16 species : members of the Chrysophy ceae, Ckyptophyceae, one diatom, 
one rhodophyte and one chlorophyte. Some cells revealed cytological abnormalities, 
such as cell edargernent and starch accumulation. 

The colourless dinoflagellate Cyrodinim whnii utilizes glucose and glycerol as 
a carbon source, and minimally some fatty acids (PROVASOLI and GOLD, 1962). 
The pigmented dinoflagellate @ymnodinium breve did not respond to a long list of 
organic compounds, including fatty a,cids, TCA intermediates, dcohole and 
carbohydrates ; therefore, i t  does seem to be restricted to the use of CO, in the light 
(ALDRICH, 1962). More than half of 44 pure cultures of marine littoral diatoms 
(43 pennate, 1 centric) are able to  grow heterotrophically preferring glucose as the 
substitute; 8 can use glucose or lactate, 1 glucose or acetate, 1 glucose, acetate or 
lactate, and 2 species use only lactate (LEWIN and LEWIN, 1960). Apochlorotic 
species, of course, utilize organic carbon sources. Among diatoms isolated from 
marine muds, 3 species preferred lactate or succinate and 2 species, glucose or 
glutamate (LEWIN. and I,EWIN, 1967). ~Vitzschiaputrida, another colourIess diatom, 
was cultivated on protein hydrolysate, but growth codd not be supported by glucoss 
or acetate alone (PR~NQSHEIM, 1951). Cylindrotl~ca fusifomnia can use the following 
organic compounds as a carbon sourcs: lactate, succinate, fumarate, malate, tryp- 
tone, casamino acids or yeast extract but not glucose (LEW and HELLEBUST, 
1970). Why the yeast extract or complex nitrogen sources served as a substrato 
is not clear, but contamination with small amounts of organic acids is possible. Of 
16 marine centric diatoms, only CycloteEla crgptica (clone 0 - 3 A )  was capable of 
heterotrophic growth on glucose but not on lactate. Evid.ence was obtained for a 
glucose transport system induced in the dark inactivated in the light (HELLE- 
BUST, 1971).  

Slight stimulation of population growth in the Iight by small amounts of lecta.te 
and pyruvttte was demonstrated with Coccolithus hmleyi, Hymenomonm sp. and 
Syracospha~ra sp. (PIXTNER and Prtovasou, 1963). Efforts to grow other cocco- 
lithophorids in the dark were generally not successful (P~NTNER and PROVASOLI, 
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1963; DROOP and MCGELL, 1966; SLOAN and STRXCKLAND, 1966); but one strain of 
Hymenornonas sp. seemed capable of verj7 slo\v growth in the dark in the presence 
of lactate and amino acids, and a large number of different carbon sources were 
stimulatory h1 the light (ISENBERQ and co-authors, 1965). Carbon sources stirnula- 
ting population growth in the light are pyruvic and lactic acids in Hymenornonas 
sp. ; acetate and glycerol in Pavlova gyrans; lactate and glycerol in Syracosphaeru 
sp. C. hu ley i  was slightly stimulated by acetate, pyruvate, glutamate, acetyl 
glutamate, sucrose and propylene glycol. Although lactate increased growth rate 
of Hymenomonas sp. 6 to 8 times in the light, i t  did no t  support growth in the dark 
(PXNTNEIZ and PRovasou, 1903). 

Among the chlorophytes all Chlurococcum strains are obligate phototrophs as are 
many Chlm-elk strains ( S r r z m ~  and K ~ a u s s ,  l. 965). Dunaliella viridis is stimulated 
by glucose and P l a l y m o w  sp. by acetate; but dark growth is not supported (G~BoB, 
1956). According to K w o ~  and GRANT (1971), the failwe of D. tertiolecta to  use 
glucose is due to  membrane impermeability and not t o  lack of appropriate enzymes. 
Since glycollic acid ha,s often been noted as a metabolic product in supralittoral 
algae, limiting permeability cannot account for the observation that  glycollate 
does not support growth in the dark or enhance growth in the light of the 39 strains 
tested by DROOP and MCGILL (1966). 

Vitamins 
The use of mineral media in the isolation of marine micro-a,lgae constitutes bias 

in favour of the isolation of autotrophs ; but with the introduction of soil extract and 
its eventual replacement by trace metals and vitamins, numerous examples of 
auxotrophy appeared in isolates. Differences in vitamin requirements of marine 
micro-algae cannot be correlated with the presence or absence of chlorophyll, 
taxonomic position or ecological niche. Autotrophs are found in sewage lagoons and 
auxotrophs in oligotrophic waters ( P ~ o v s s o r ~  and CARLUCCI, 1974). There are 
examples of pigmented, as well as non-pigmented species that are strict autotrophs, 
synthesizing all the vitamins, e.g., the colourless freshwater flagellates P o l y t m  
uvella and P. obtusum, and the pigmented marine specirs Stichochrqsis imwwbilis 
(PINTNEX, and PRO\IASOLI, 1963). No difference in growth rate was detected in 
pigmented Phaeodac;tylum tricornutum, with or without added thiamine, bioti~i and 
vitamin B,  ,, either singly or in combination, for 5 isolates in a synthetic sea-water 
medium (HAYWARD, 1968~).  Vitamin requirements in algae have been reviewed 
by P ~ o v a s o u  (1958b, c, 1963a), DROOP (1962b), Trro~as  (1968) and PROVASOLI 
and Can~uccr (1974). 

In marine unicellular algae, loss of ability to synthesize vitamins appears to be 
restricted to vitamin B,  ,, thiamine and, sometimes, biotin. A higher incidence of 
auxotrophy occurs in chrys~mona~ds snd dinoflagellates than in chlorophytes, with 
other groups falling somewhere in between. A survey of 28 species of chrysomonads 
(fcesh and salt water) revealed a thiamine requirement for all but 3 species (PROVA- 
SOLI and C ~ L U C C I ,  1973). Of the coccolithophorids Coccolithus huzleyi needs only 
thiamine, whereas various strains of Cricosphaera sp. require either thiamine or 
B ,, or both (PLVTNER and FEOVASOLI, 1963). The absence of coilsistency of vitamin 
requirements -in taxonomically related groups is apparent. While there is no 
thianzine requirement in Hymenornonas carterae (PROVASOLI and ~-'IHTNBP, 1953), 
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the related Hymenornonas (Syracosphaera) elongata does have such a requirement 
(DROOP, 1958b). 

Among the din.oflagellates some species, e.g., Gymnodinium breve, need thiamine 
(ALDRICH, 1962), while Q. splendens does not (SWEENEY, 1954). I n  one survey, 
6 out of 28 species of dinoflagellates showed a requirement for thiamine ( P R o v n s o ~ ~  
and CARLUCCI, 1974). The cryptornonads C r y p t m m  ovata and Cyanuphora 
paradoza need no thiamine (PROVASOLX and PINTNER, 1953), while Hemiselmis 
virescens (DROOP, 1958b), Chromnonas sallina (ANTU and co-authors, 1969), Rhodo- 
monas ovalis (IWASAKI anci co-authors, 1969) and R. lens   OVAS SOLI, 1958b) need 
this vitamin. Thiamine is not considered a general requirement among the chloro- 
phytc~s although there is a, requirement in Brachiomonas svbmarina (DROOP, 196 Id), 
P y r a m i m w  incmlstans (PROV ASOLI, 1 96 8b) and Acetubularia rnediberranea. 
(SHEPHLLRD, 1970). Of the marine littoral diatoms isolated by LEWTN and LEWIN 
(1960), 14% required thiamine only, 25% cobalamin only, 7% both, and 54% none. 

Biotin is defmitely required by only a few dinoflsgcllatos and ckrysomonads; 
possibly, the number of isolates is not sufficient to evaluate the extent of this 
requirement. Biotin requirement has been demonstrated in the &noflagellates 
Ocluromonas marina (DROOP, 1959), Prorocentrum micans (KMN and Focc, 1960), 
Amphidinium carteri, A .  rhynchocephalztm (MCLAUGEILZN and PROVASOLI, 1957), 
and Gyrodinium whnii (PROVASOLJ and GOLD, 1962). One cryptornonad, Rhodo- 
monas ovalis (IWASAKI and co-authors, 1969), has a biotin requirement, but such 
a need is not known in the d.iatoms or marine chrysomonads ( h o v ~ s o ~ r  and CAR- 
Luccr, 1973). 

The requirement for vita.min B,, appea.rs to be more widespread than that  for 
biotin or thiamine. The smvey of vit:i,min requirements prepared by THOMAS 
(1968) shows that  vitamin B,, is requirecl by aU the dinoflagellates with the excep- 
tion of Qy~odinium cohnii ( P ~ o v a s o r , ~  and COLD, 1962) and possibly Qymnodinium 
simplex. Thirteen of 16 planktonic diatoms required B,,, the 2 exceptions being 
Melosira nummuZoides and Detonda con fervacea ( G ~ A R D  and C~ssm,  1 963). 
Gromth of the suprelittoral chrysomonad Monochrysis Zutheri varied directly as the 
B,, concentration between 0-1 and 100 ppg ml-l, each ppg supporting 0-65 X 106 
cells (DROOP, 1961 c). I n  the chlorophytes requirements for B,,  appear more 
frequently than for biotin or thiamine. Even closely related species may have 
different vitamin requirements; while Stichococcus cylindricus has no requirement 
for B,, (PROVASOLI 1958b), Stichococcus sp., isolated from a marine environment, 
requires small amounts of the vitamin (R. A. LEWM, 1954). 

Parameters of vitamin B,, uptake in ,Wonochrysis ldheri, as studied in a chemo- 
stat (Chapter 21, revealed certain inconsistencies (DROOP, 1966). These were 
later accounted for by the presence of an  inhibitor that  binds B,, in supernatants 
of M. Euthri, lsochrysis galhnna and Phcleodactylurn tricornutum blocking B,, 
uptake in old cultures (DROOP, 1968). Most of the vitamin B,, taken up in the first 
third of the log phase is a rapid luxury consumption; the sec0n.d phase is slow with 
steadjly declining uptake rates. As a result, the specific growth rate depends on the 
'cell vitamin quota' and the effects of vitamin B,, binders, rather than directly on 
concentration of vitamin in the medium (DROOP, 1970). 

Vitamin requirements of unicellular algae have been used in assays for assessing 
the vita.min content of natural waters; examples are Am.phdinium carteri for 
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biotin assays and Monochrysis lulheri for thiamine assays with the I4C incorporation 
technique (CARLUCCX and SILBERNAOEL, 1966, 1967). Gyrodinium cohnii was also 
used to assay thiamine (PR~VASOLT and GOLD, 1962). Rates of I4C incorporation 
after exposure of Cyclotella nana to B , ,  a8re proportional to the vitamin concentra- 
tion in the medium (GOLD, 1964). C. m n a  has also been used in a, direct B,, assay 
based on differences jn cell density (RYTHER and GUULLAR.D, 1962). Other species 
u7ere used in direct assay by BELSER (1963). A complicatjon in evaluating assays is 
that unicellular algae also respond to vitamin analogs. The specificity of the algae 
towards naturally occurring and synthetic variants of vitamin B,, is determined 
by the nature of tlze nucleotide that is a.ttached to the cobalt containing a, porphyrin- 
like nucleus. The B,,-requiring organisms fall into 3 groups: (i) mammalian-like 
with a benzi~nidozole type of base in the nucleotide, (ii) Lactobaci1lu.s I,:i~:hmauni-i 
(or Euglena sp.)-type with an a.denine-like base, and (iii) Escherichia wli-like with a 
nucleotide-free nucleus. A description of the naturally occurring analogs and the 
response of assay orga.nisms has been provided by SMITH (1 965). A summary tabu- 
lated by P R o v ~ s o ~  and Cm~uccr  (1974) reports 36 of 72 species analysed to have a 
mamrnalia,nspecificity, 15 a Lactobacillw specificity and 23anE. coli- typespecificity. 
G ~ L A E D  (1968) exam-ined the responses of 21 species of marine diatoms to ana- 
logs of vitamin B,, a t  ecologically significant levels; he observed that  the responses 
are not all or none but vary continuously, end, therefore, considered the a.ssipment 
of clones to conventional specificity patterns arbitrary. Much of the information on 
B,, specificity of algae has been summarized by P ~ o v a s o ~ r  (1963a), G.UILLARD 
(1 968) and YRovasou and CARLUCCI (1 974). 

Variability in vitamin requirements of isolates of the same species was first 
noted by LEWIN and LEWIN (1960). Some isolates of Amphora mflaeiformis were 
autotrophic, some needed B,, and some needed thiamine. G ~ L A R D  (1 968) isola.ted 
3 clones of Coccolithus hwleyi  only 2 of wlzich needed thiamine as a growth factor, 
and 1 needed B,,. Complications in determining vitamin requirements also arise 
from unexpected appea,rances of vitamins and questionable stability in solution. 
ROBBMS and CO-authors (1953) demonst,ra.te that  distilled water on storage may 
develop appreciable quantities of vitamin B,,; this explains some reports that  
B,,-requiring organisms have been cultivated without the vitamin supplement. 
Variability in tlGamine response may sometimes be due to non-biological destruc- 
tion of thamine, a.s demonstrated by GOLD and co-authors (1 966). At 37" C and 
allialine pH, total destruction of thiamine takes place in 24 hrs; a t  60" C, in 1 hr; 
hcnce no growth of Gyrodinium whnii,  wl~ich does not utilize the thiamine moities. 
Protective agents for thiamine in sea water a t  37" C are organic compounds that  
chelate trace metals, such as a.mino acids, citric acid or EDTA (GOLD, 1968). 
Thiamine solutions were protected on autoclaving if cysteine was present and some- 
what less so with glutamic acid or thiourea (~WESCU and SAVOPOL, 1966). 
Thiamine heated for 1 hr a t  60" C was protected in the presence of several organic 
substances including amino acids (WADA and Suzw~r,  1965). Thiamine added to  
sea water a t  its natural pH and autoclaved was not destroyed if the pH of the sea 
water was reduced to 3-0 to 4.0 before autoclavjng or if thiamine-enriched sea water 
was added to the nutrient concentrate a t  pH 6.4 to 6.8 (GOLD and co-authors, 
1966). 

Concentrations of B ,, in filter-sterilized sea wa,ter do not change over a &month 



storage period when kept at  -20' C (CARLUCCI and SILBERNAQEL, 1966). In a later 
study, CARLUCCX and co-authors (1969) noted that ecologically significant con- 
centrations of R ,, in filter-sterilized sea water, stored in the dark at 5O, 18", 28" or 
37" C, do not change over a 9-week period although some breakdown of B,, occm 
a t  37' C. However, under similar conhtions, biotin activity generally increased, 
probably due to decomposition to a more active product. Diffused light tends to 
inactivate B,, in sea water stored in glass bottles (KASEIWADA and co-authors, 
1959), and vitamins in sea water arc not stable under solar radiation (CARLUCCI 
and co-authors, 1969). These authors emphasized the significance of the responses of 
unicellular algae to vitamin analogs and breakdown products which may be as 
important as responses to the entire vitamin complex 

The effects of auxins on unicellular algae have not been clearly demonstrated 
although some positive results on multiplication have beer1 reported. Stimulation 
of population growth of axenic cultures of Ex2~viaelZa sp. was observed with kinetin 
or gibberellic acid (IWASAKT, 1971). Grodh promotion of rnarinc phytoplankton 
in mixed culture by 5 specific gibberellins was not significant ;in fact, slightinhibition 
was more common (JOHNSTON, 1963a). Gibberellicacid stimulaXesgrowth of Qy7nw- 
dinium breve and shortens the lag period; but high concentrations are inhibitory 
(PASTER and ABBOTT, 1970). Phaeodactylum tricornulum and C.  splendem respond 
to kinetin with a slight increase in yield, but the chlorophyte Nannochloris oculata 
is not apprecia.bly affected (BENTLEY-MOWAT and REID, 1989). The work of 
THIIMANN and BETH (1959) showed that gibberellic acid and kinetin enhance the 
growth of Acetabula~ia medilerranea and kinetin improves cap formation in this 
species (SPEN~ER, 1968). 

Culture Media 

Biphasic culture 

The biphasic c~dture method was a favourite technique in the early phases of 
microbiology. The nutrients, some of which axe complex and undefined, become 
slowly soluble in another phase. This provides a culture system closely parallel 
to that found in nature, favours the long survival of cultures because of slow 
diffusion of nutrients and makes possible the cudt~we of species whose nutritive 
requirements are undefined. 

An old and simple method of biphasic culture (JUST, 1928) employs mud and gra.ss 
or seaweds placed in a container with an equal amount of sea water added. The 
jars are covered and placed in subdued light; after a period of decay, an abundant 
growth of diatoms occurs. The diatoms are removed by filtering through plankton 
bolting silk and then inoculated i.n prepared media.. Another simple biphasic 
technique ( h ~ a s r r ~ x ~ ,  1946a) aUows the cultivation of many unicellular algae 
that could not be cultured previously. 4 culture vessel containing 3 to 4 cm of dry, 
sifted garden soil, with or without the adcbtion of nutritive substances, and sea 
water with the desired salinity added to within 5 cm from the top of the tube is 
heated for several hours (sterility is not intended). BELCHER (1968) cultured 
Pyramimom reticuhta in biphasic culture and observed tha.t the addition of an 
organic enrichment, e.g., pea, depressed the growth. rate of this flagellate. 
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CHU'S (1946b) biphasic culture method wa,s derived from the earlier works of 
JACOBSEX ( l  9 10) and PRINCSEEZM (1 921 ). Flourisl~ing cultures are obtained by the 
following biphasic procedure: natural mud is dried, pulverized, wrapped in a ta.yer 
of linen or filter paper about 2.6 to 4 cm (1 to 4 in.) in length, put into the bottom of 
the test tube, which is plugged with cotton wool, and sterilized a.t 120' C for 30 
rnins. Sterilized natural or artificial sea water is poured into the tube, about 2.5 t o  
4 cm (1 to 1:J in.) over the mud. An alternative is to sterilize the whole preparation 
a t  once a t  15-lb pressure for 30 mills or by stt1;irning for 3 to 4 hrs; if bacteria-free 
cultures are not required, the latter sometimes  result,^ in better growth. A crushed 
grain of wheat or barley sometimes stimulates growth; addition of calcium carbo- 
nate is suggested with acid mud. 

Another type of biphasic culture (PROVASOLI, 1968) is often used by bacteriolo- 
gists. A 3% agar medium with nutrients added is poured into tubes to form a 5 to 
S cm (2 to 3 in.) layer, autoclaved and solidified. This is overlayed aseptically with 
4 to 5 cm sterile sea water. The slow diffusion of nutrients from the agar layer 
favours long survival of the cultures. 

Media prepared with a liquid and solid phase are traditionally considered bipha- 
sic; but perhaps it is not too far-fetched to include also cultu-res in which the 
successful growth of one species depends upon the presence of another as also 
constituting a type of biphasic culture. DROOP (1 968) gave an  example of such a 
culture i11 which Momch~ys is  Eu.th.eri could be grown on a vitamin B, ,-free medium 
in the presence of Nannochloris oculata. Cmcuccr and Bowas (1970) observed 
other examples involving 2 phytoplankters in culture where a source of nutrient 
is slowly released by one species to the benefit of another. 

Soil-extra& enrichment of sea water 
ALLEN (1914) observed that luxuriant growth of Thalassiosira gravida occurs 

in artificial sea water only if a small amount of natural sea water or of Ulvc~ latissima 
extract is added to the medium. This was the first exa~nple of applying an orga~lic 
enrichment. Such enrichments were subsequently applied in rna.ng ways to media 
with both an artificial sea-water and natural sea-water base. PEACE and DRUM- 
MOND (1924) reported results similar to those obtained by ALLEN for Ditylum 
brigntwellii and Nitxschicz closterium (Phaeodactylum trhrrzutunz). 

The use of soil extract, as an enrichment to stim-ulate growth of unicellular algae 
difficult to  maintain in inorganic media, wa~s h s t  recorded by PRINGSHEUI (1912) 
and subsequently used by many other investigators (e.g., FWYN, 1934a; LWOFF 
and LEDERER, 1935; GROSS, 1937 ; HARVEY, 1939). FDYN'S (1934a) Erdschreiber 
medium-composed of SCI-XREIBER'S (1927) mineral-enriched sea water with the 
addition of PRI~~GSHEIM'S soil extract-has probably bee11 the most extensively 
used marine medium, resultingin the successful culture of many species of flagellates, 
diatoms and dinoflagellates (consult PROVASOLI and co-authors, 1957, for referc,nces 
to  specific species; see a.lso Chapter 6 .1 ) .  Some esamples are given in Ta,ble 4-8. 

BUKER (1935) was probably the first investigator to cult-ivate the autotrophic 
dinoflagellates Prorocentrum micuns, P. g~aci&i.s, Ezuviaella sp., Peridinium sp., 
Gonyaulax sp. and Ceratium sp. for more than a yea.r in an enriched sea-water med- 
ium ; he made tlze observation that soil extra,ct is essential for any repeated sub- 



culture over a long period of time. SWEENEY (1951) isolated and cultivated dino- 
flagellates in a similar medium made up of aged sea water, nitrate, phospha.te, iron 
and soil extract. 

PRINOSHEIM'B (1930) investigations showed the active principle in soil extract 
to  be an acid and alkali stable substance, insoluble in alcohol or ether, absorbed by 
charcoal an.d destroyed by hydrogen peroxide; but the mystery of its action was 
not elucidated. LEVRINQ'B (1946) experiments with the centric diatoms Chaetoceros 
d.eci(piens, Skele tonem costaturn and Melosira borreri, and the pennate Nilzschia 

Table 4-8 
Natural sea-water media with soil-extract enrichmen 

FOYN'S HAXO WLLSON 
Erd- BARKER SWEENEY and and 

uchrei ber (193.5) (1951) SWEENEY COLLIER 
Component (1934a) (1955) (1956) 

NaNO, 10 m g  - - - 
KN03 - 10 mg 20-2 mg 20.2 mg - 
NH4Cl - - - - 0.1 mg 

Na2HP04. 1 2H20 2 m g  - - - - 

K2HJ?0, - 1.0 mg 3.5 rng 3-6 mg - 

m 2 p o 4  - - - - 0-05 r 
Ferric citrate - - - - 
Fe (as Cl-) W 

- - - - 

FeCl, - 13-01 mg 0-1 mg 0.097 m g  - 
Citric acid - - - - - 

MnCl, - - 0.0075 mg 0.0076mg - 

Mn (as Cl-) - - - - 

MgClt .  6H,O - - 0.02 mg 

NaHCOS - - - - 0.1 mg 
Na,Si03. 91T20 - - - - - 
Na2S203 W - - - 
Na,S . 9H20 - - - - 0.1 mg 
EDTA - - 1.0 mg 

BIZ - - - - 
- 

0.1 Pg 
Thiamine. HCI - - 1.0 mg 
Biotin - - - 0.05 pg 
NaH glutamate - - - - - 

Glycine - - - - 
DL Alanine - - - - - 
Vitamin Mix 8 - - - - - 
Liver 1 : 20 - - - - - 
Liver (OX0 L25) - - - - 
Trypticase - - - - - 

Bacto-tryptone - - - - - 

Yeast wtolysate - - - - - 

Sucrose - - - - 

Glucose - - - - - 

Soil extract 5 m1 2 ml 4 m1 2 m1 2 m1 
Sea water 100 m1 - - - 

Aged ses water - 100 m1 100 rnl 75 rnl 95 m1 
Distilled water - - 25 m1 5 m1 
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closterium to find replacements for the g~otvth-promoting effects of soil extract led 
him to concluds th8.t tlie effects are probably due to activities of soil rnicro-organ- 
isms that form growth-promoting substances similar to algal extracts. Following 
the 1949 report of HUTNER and co-authors that B,, is required by Euglem gracilis 
for growth, several other micro-algae were found to require this external source of 
vitamin. 

Observations with the marine dinofla.gellate Gymnodinium splendens suggested 
B,, t,o be the factor in soil required for growth (SWEENEY, 1964). I n  this dino- 
flagellate, amino acids and yeast extract could not replace the soil extract; yeast 
extract is poor in B,, (PEELER and co-authors, 1951), while soil extract is rich in 

~ompiled from the sources indicated) 

KAIN CURL 
PROVASOLI and co-authors (1867) and and JBRCENBEN 

Foco MCLEOD (1966) 
ASW 111 E3 E 1 3  E 6 (1968a) (1961) 

60 rng 
50 mg 
- 

0.1 m1 
1.0 m g  
- 
A 

- 
- 

25 m g  
- 

25 rng 
- 
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B,, (ROBBINS and co-authors, 1950). SWEENEY (1951) reported that soil extract 
was not active when freshly prepared, became active after several weeks of storage 
in the sterile condition and lost activity after 2 to 3 montha of storage although 
preservation by deep-freezing was possible. No consistent change in the vitamin 
B,, activity of any soil extract with a,ge could be detected; therefore, a change in 
some other factor must account for the aging effect in the soil extract. 

I n  some cascs the stimulating effect of soil extract could not be replaced. PRAKASH 
(1967) could not grow several species of Qonyaulax on artificial sea water, incluhng 
a vitamin mix, but growth was supported by soil-extract enriched sea water. The 
humic component of soil extract acting as a chelator may decrease toxicity or 
increase availability of trace metals. PRARASH and RASHID (1968) cited evidence 
that  hum.ic substances in small amounts are stimulatory to marine dinoflagellates. 
Fractions of the humic siibstances derived from soil organic matter are classified 
into the following groups based on molecular configurations and solubility charac- 
teristics : humins, ulmins, humic, fulvic and hymatomelonic acids. Growth respon- 
ses to  enrichment8 of artificial sea water with humic, fulvic and hymatomelonic 
acids, as measured by cell yields and generation times, showed that humic acid 
gives about twice as n.~uch growth as fulvic acid, but with hymatomelonic-acid 
enrichment. dinoflagellates remain viable for only 2 days, with no detectable growth 
response. I n  a study on the marine diatom Skele tonem costclturn DROOP (1962~)  
found that  gro\vth. was enhanced with the hurnic acid fraction far more than with the 
fulvic acid fraction. PRAEASH and RASHW (1968) speculated that  the stimulation of 
marine algal cells in cellular metabolic processes occurs in some as yet unknown ways 
while DROOP (1962%) suggested that  stimulatiorl arises from benefits derived from 
the weak chelating bonds offered by the soil fractions. Although soil extract may 
serve as a source of nutrient trace metals and vitamins, oceanic plankton does not 
tolerate soil humates in concentrations above 10 to 20 mg 1-l (DROOP, 1969). 

The method of soil-extract prepwation varies among investigators. One method 
of preparing weak extracts is to add boiled water to  soil, extract for some time, 
filter and sterilize. Another method is to autocIave 1 kg of sod with 1 l of double- 
distilled water for 5 to 10 mins (may be allowed to settle overnight), filter repeatedly 
until clear, and sterilize. The method preferred by DROOP (1969) is to  autoclave 
1 1 of soil with 1 to 2 1 of water and 3 g of NaOH. Extraction is taken to be almost 
complete when the pH remains above 10 overnight. The supernatant is decanted, 
jiltered clear and freeze-dried. 

The enriched med.ium ASFV I11 (P~ovasow and co-authors, 1957) was devised 

4 'to improve on the previous eruichment meclia (Erdschreiber and Levring's media) 
with the addition of manganese, iron, glutamic acid, glycjne, liver extract and vita- 
min B mix. The vitamin mix and liver extract were added for a source ofknown and 
unknown vitamins and growth factors. The manganese was added to be available 
for such species as Dunaliella lerliolecla with a high requirement for this metal. The 
richness of the medium also makes i t  useful as a sterility test medium. The STP 
enrichment medium (PROVASOLI and co-authors, 1857) can be used for aseptic 
additiom in small amounts (0.5 to 2.0 m1 10 ml-l) to mineral media. to satisfy 
potentially complex growth requirements of some marine species and, also, as a 
sterility test medium (Table 4-3). 
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Media devised by DROOP (1954) in the E serie~ are useful for isolating in bacteria- 
free culture a number of littoral and supralittoral pelagic species. Medium E3 was 
the base formulation that became further enriclzed with various organic extracts 
and peptones in E6 to E13. These media are also useful for sterility testing or for 
aseptic additions to sterile sea water or to a mineral basal medium. 

I w g a n i c  and; organic emrichmenl of natural sea water 
Natural sea water as a basal culture medium has numerous advantages over a 

chemically defined sea-water medium, and with the addition of an identified 
supplement of nutrients i t  is also superior to culture media with complex enrich- 
m e n t ~ ,  as soil extract or orga.nic digests. Where a marine medium is needed in large 
quantities, enriched natural sea water is less expensive and simpler to assemble 
than artificial formulatiom. If natural sea water is enriched with defined compounds, 
i t  offers the benefit of a culture medium with a relatively standardized composition 
for ecological investigations, life-history studies, for providing food cultures and 
for cytological studies. It is the preferred type of marine culture medium for 
culturing recent isolates. 

Sea water itself, however, has a somewhat poor reputation, often yielding incon- 
sistent experimental results in the laboratory from unknown origin (JOHNSTON, 
1963b, 1964) and giving rise to s~lch a,phorisms as 'good' and 'bad' water. Problems 
in achieving consistent results can be partly overcome by using sea water collected 
offshore where there is little phytoplankton activity and then aged in the laboratory 
(SWEENEY, 1951 ; SPENCER, 1954). Evidence obta,ined by AEEEM (1970) agrees with 
observations of SPENCER (1954) that aging of sea water improves its quality, 
possibly due to the absorption of toxic metals on the container, but the procedure 
is not always beneficial. In one case i t  was reported that, the water became infertile 
for growth of Ditylum brightwellii after storage for 9 months, due to the loss of 
available manganese ( H ~ v E Y ,  1939). Mineral de6ciencies were avoided by SIVEE- 
NEY (1951) through a process in which sea. water was aged in darkness for a t  least 
2 months, enriched with mineral nutrient solutions, autoclaved and allowed to 
stand a t  least 2 weeks before use. Aging of sea water removes organic traces through 
bacterial action and prepares a 'standard sea water' for experimental use. The 
possibility remains that unknown organic factors are still present. One of the 
positive effects of aged sea water may be a result of bacterial growth which is 
followed by cell lysis, thus adding growth factors to the water (see also Chapters 
2 and 3) .  

For nutritional studies and vitamin aasays, organics must be removed from tlze 
natural sea water. Charcoal treatment of sea water (Chapter 2) has been used for 
this purpose and as an alternative to aging. GOLD (1964) prepared sea water for 
B,, assay by adding activated charcoal (Merck powdered N.F. grade 2 g 1-l) to sea 
water and agitating for 30 mins. The charcoal was filtered off by passing through 
2 layers of glass fibre filter paper (Reeve Angel, 934, AH or Millipore HA) and 
treated water then enriched with known nutrients. GU~LLARD (1968) reported that 
shaking for 5 to 16 mins with washed, activated charcoal was not adequate, but 

hr was sufficient to remove vitamin B,,. A considerable reduction of organic 



426 4. CULTWATTON OF PLANTS (R. UKELES) 

matter in sea water can be effected by irradiatmg with high energy ultra-violet 
light (ARMSTRONO and co-authors, 1966). HAMILTON and C ~ L U C C I  (1966) investi- 
gated the toxicity of irradiated water on Jfonochrysis lutheri and Skeletonem 
wstatum and concluded that this water could be used in preference to aged or 
charcoal-treated natural sea water. 

Sea water has formed the basis of many media for cultivating marine algae, 
starting with the simple formulations based on Miquel'a solution to the more com- 
plex mixes of more recent times. ALLEN and NELSON (1910) enriched natural sea 
water using as a starting point the ~ V ~ Q U K I ,  (1892) formula that was used for the 
growth of freshwater species but eliminating the salts found in natural sea water. 
In SoIntion A the active ingredient is the nitrate, Solution B lowers the pH a.nd 
results in the formation of a precipitate which seems to be essential for good growth, 
possibly due to the CO-precipitation of toxic materials or a reservoir of slowly 
soluble nutrients. ALLEN and NELSON (1,910) were able to culture many species of 
Rhodophyceae, Mixophyceae and Chlorophyceae on. this combination of Solution 
A and Solution B, as enrichments of natura.1 sea water. Media developed on the 
basis of Solutions A and H axe shown in Table 4-9. The deficiencies of these media 
are that they form precipitates giving incornistent results and are generally re- 
stricted to the growth of bacterized cultures. With the introduction of metal mixes 
and vitamin supplements, other media formulations based on natural sea water 
were developed that minimized precipitates and could be used for growth of many 
species in axenic cultures. Some of these are shown in Table 4-10. 

Media with a high organic enrichment of sea water are only suitable for bacteria- 
free cultures. Inclusion of organics with a poorly defined composition will often 
bring about abundant growth of estuarine species, particularly those from polluted 
areas. Such organic enrichments may also support the growth of species with 
unknown growth-factor requirements, thus possibly avoiding the loss of strains. 
that could not survive on a more well-defined medium if these factors wore omitted. 
Nevertheless, too high a concentration of organics can inhibit some species and 
will encourage the growth of bacterial contaminants. Organics a.re included for 
specific requirements where necessary and can be used to isolate particular species, 
e.g., ethionine for Prymneaium parmm (RAKAT and DOR, 1967). Examples of sea- 
water medium enriched with organic corn.pounds are shown in Table 4-1 l .  

Another type of enrichment ctdt,ure is derived from the concept of utilizing 
treated and untreated sewage as nutrients for algal culture. GOLUEKE and OSWALD 
(1962) studied mass cultures of Pivphyridium, cruenlum in a medium c0nsistin.g of 
sea water, sewage enriched with urea., chelated iron and some salts. The mixture 
of sewage and sea water was concentrated to 4 volume, filtered through a Seitz 
apparatus, madc up to a specificgravity of 1.03 and received additionalsupplements. 
In the sewage were present some growth-promoting factors so that growth was 
stimulated, as compared to the syn.thetic sea-water medium of Crru (1949) enriched 
with ammonium nitrate and B,,  or the natural sea water enriched wjth urea or 
ammonium nitrate. In  other investigations, ANSELL and co-authors (1963a, b) 
experimented with ma.ss cultures of Phaeohtylurn triconzutum employing sewage 
effluent as a nutrient source. Sewage effluent was added to give a standard concen- 
tration of phosphorus. In some cases the salinity was adjusted by addition of a 
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salt mixture. Purified sewage effluent with or without salinity adjustment was as 
good as inorganic fertilizer for the growth of P. tricornutum. 

Sea-water inorganic enrichrne~~ts of the Miquel type (After PROVASOLI a,nd CO- 

authors, 1957; reproduced by permission of L. P~OVASOLI) 

and NELSON ~ E ' ~ ~ ~ ~  

(1910) hZAN and REDFIELD 
'Miquel Ssa ( l91 l )  

(1938) 
(1942) 

Component 

Solution A 

MgSO4 
NaCl 
Na,SO, 
ATH4NO3 
KXO3 
NaNO, 
KBr 
K1 
H20 

Quantity of sol. A 
added to 1 I 
sea water 

Solution B 

N a 2 H P 0 4 .  1 2 H 2 0  
CaC1,. 6H,O 
HC1 conc. 
FOCI, (melted) 
H,O 
Quantity of sol. B 
added to 1 l. 
sea w ~ t e r  

40 drops 
( 2  m11 

20 drops 
(1 m]) 1 rnl 

* Besides Solutions A and R,  MATUDAIRA adds: 1 m1 Solution C (ferric chloride l g I00 m]-'), I ml 
Solution D (3120 n NaHCO,), 0.5 m1 Solution E (SiO,, aa Ne silicate, l g 1-'), and l m1 Solution F 
(&Cl2, 0.4 mg; H,BO,, 0.4 mg; CuSO., 0.02 mg; H,O, 100 ml) to 80 ml sterile sea water to which 
Solutions A and B have been added. Sterilize at 90' C for 30 mina, decant 05 Lhe precipitate before 
adding Solutions C, D, E, snd F. 

t Anhydrous. 

'Dry' Ca(=l,. 

Reconstituted sea-water salts 
Culture media prepared with dried sea salts im3tea.d of natura-l sea water as a baae 

offer some of the advantages of both a chemically defined sea-\vater ~nedium and a 
natural sea-water medium. The expense and diffculty of compounding synthetic 



formulations m avoided; this is especially important if large volumes are needed. 
The sea salt has a relatively stable composition which is given by the manufacturer 
(Rila Marine Mix: RiIa Produols, P.O. Box 114, Teaneck, N.J . ;  Instant 0cea.n: 
Aquarium Systems, Inc., 33205 Lakeland Blvd., Eastlake, Ohio, USA). The dried 
sea salts can be made up to any desircd salinity with distilled. de-ionjzed or tap 
water, and enriched with whatever nutrient supplement is necessary. The prepared 

Table 4-10 

Natural sea-wa,ter media with inorganic enrichmen 

G-OWBER~ KArN 
SCXIREXBER and CO- SPENCER S ~ ~ N E Y  and Component 

(1927) authors (1964) (1964) Fooa 
(1951) (1958a) 

N d O ,  100 mg - varied - A 

m03 - 20.2 mg - 20-2 mg 202.2 mg 
Na2HI?O4. 1 2Hz0 - - varied - - 
NaB21?04 20 mg - - - - 
R2RP04 - varied - 3-5 mg 34.82 mg 
m z p 0 4  - - - - 
FeCI, - - - 0.097 m g  1.4 m@ 
Ferric oitrate - 0.24 mg 0.01 rng - - 
Ferric EDTA - - - - 
FeSOI - - - - 
Fe - - - - - 
&a, - 0.013 mg 0.0045 mg 0.0076 mg - 
 so., . m20 - - - 3.38 mg 
M n  - - A - 
N a 2 H h 0 4  - 0.018 mg - - - 
CoCI2 - 0.013 mg - - - 
CoS04. 7H20 - - - 0.014 mg 
CO - - - - - 
Cu60,. 5H20 - - - - 0.004 mg 
Cu - - - - 
ZnS04. m20 - - - A 0.718 rng 
Zn - - - - - 
Na,Si03. 9Hz0 - 28.4 mg 
Na,Mo04. 2H20 - - - - 
MO - - - - - 

W 3 0 3  
- - - - 33.9 rng 

B - - - - 
Na2EDTA. 2H20 - - - 1-0 rng 127.3 mg 
Tris - - - 1.0 g 

B, 2 
- - 1.0 CL6 - 

Biotin - - - 
Thiamine. HCI - - - - 
Distilled H,O 60 rnl - 26 m1 25 m1 -- 
Sea water to 1000 rnl - l000 m1 
Aged see water - 100 m1 75 m1 75 m1 - 
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sea salt permits large-scale culture work to be carried out in nreav remote from a 
supply of natural sea water. Another benefit is that  it becomes possible to  culture 
species inoculated into open tanlr vcssels without introducing other unwa.nted 
phytoplankters (UX~ELES, 196533). The reviewer .has cultivated marine chlorophytes, 
chrysophytes and diatoms in laboratory axenic cultures, a,s well as indoor and out- 
door open tanks in artificial sea water made with Rila Marine Mix. KECK (1964) 
cultivated several species of Acetabularia. on R8ila salts, and NORTH and STEPHENS 

Sompiled from the sources indicated) 

G ~ L L A R D  LEW m ANTIA Qvrr~rsnr 
and JOHNSTON VON STOYCH and and and UKLLES 

RYTHER (1963a) ( l  964) HEUEBUST CHENO S x a w c r e ~  (1971) 
(1962) (1970) (1970) (1971) 

- 
- - - - - 0.4 m g  

8.89 mg - 0.6 m g  - 6.0 mg - - 
- 1.0 mg - 27 mg - - - 
- - - - 20 m& 

A - - 2.7 rng - - 

10 mg - - - 0-1. rng 5 mg 
- 0,437 mg - - - - - 
- - 5.0 p& 0.5 rog - - - 

0.22 mg 0.52 mg - - - 0.02 mg 0.3 me; 
- - - - 1.13 rng - - 
- - 0.6 P& 0.1 m& - - 

- L - - - 

0.11 mg - - - A - 0.02 zng 
- - - - 0.014 rng - 
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Table 4- 1 1 

Organic enrichment6 of natural sea water (Compiled from the sources indicated) 

L ~ w m  and L ~ w m  (1960) 

Ca(N03)2 .  4H20 0.01 g CO (as CoSO,. 7H20) 0.01 mg 
K , m o 4  0,002 g Cu (as CuSO, anhydrous) 0-01 mg 
Na,Si03. 9H,O 0.005 g Mn (as MnSOJ. H 2 0 )  0.01 mg 
F e  (as Fe(NH,),(SO,), .6H20)  0.05 mg MO (as ( N H 4 ) h M ~ 7 0 2 ~  - 4 R 2 0 )  0.01 mg 
Zn (as ZnS04. 71X20) 0.03 mg Vitamin B,, 0.1 C"g 
13 (as 0-01 mg Tryptone 0.1 g 

Filtered sea wetor to 100 m1 

GOLD and BAREN (1966) 

Salt solution g 1-I Enrichment mg 1-l 
NaCl 23.48 Metal mixture* 3 rnl I-' 
M&12. 6 R 2 0  10.63 FeCI,. 6H20 10 
NR,SO, 3-92 Na2 glycerophosphate. 
CaCl, (anhyd.) 1.11 WtHL' 150 
KC1 0.66 K2RP04 10 
NaHC03 0.19 Glucose 3000 
KBr 0- 1 Qlutamic acid 1500 
H3BO3 0.03 (NH,),SO4 60 
SrC1,. 6H20 0.04 Biotin l 0-' 

Thiamine 1 
Tris (hydroxymethyl) 
arninomcthane 3000 

Distilled H,O to  1 1 p H  before autoclaving 6.4-6.8 

* 1 m1 of matalmixturecontains:Ne2EDTA, 10mg; FeCll. 6H,O, 0-Gmg; HSBO,, 1.0 mg; klnCl2.4H2O, 
1.6 mg; ZnCl,, 0-1 mg; CoCI, .6R,O, 0.06 mg. 

PROVABOLI ( igsa)  

ES enrichment (2 m1 100 ml-I sea, water) 
NaN03 7 mg B 100 tLg 
NaglyceroPO, . 6H20 1 mg Mn 20 Pg 
Tria buffer 10 m g  Zn 2.6 C"g 
Fo 6.0 pg CO 0.6 P8 
No,EDTA 0.6 mg B,, 0.2 tL6 
F e  50 pg Thiamine 10 C"g 
Complexed 0.34 mg Biotin 0.1 Fg 
EDTA H20 100 m1 

S T ~  (in : AARONSON, 1970) 

Sodium acotate. 3H20  0.01 g 
Yeast extract 0.06 g 
Tq-pticltse 0-05 g 
Peptone 0-05 g 
*g= 1.0 g 
Aged sea water to  I00 m1 
p H  after autoclaving 7 . 6 7 - 8  

(1 967,197 1 ) used Instant Ocean sea salts for the culture of Platymms sp. in studies 
of amino-add upta.ke. Some examples of enrichment3 used with comrnerciaIly 
available sea salts are given in Table 4- 12. 
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Arli$cial sea wader 

Therequiremelita for artificial sea-wa,ter medium used in cultivation of unicellular 
algae are that i t  be chemically defined, that it can be autoclaved, and that it support 

Table 4-12 

Sea-water media reconstituted from sea salts (Compiled from 
the sources indicated) 

Rile Marino Mix 39.9 g 
Na2HP04 8-0 rng 
NaNOj 40.0 mg 
H20 1000 rnl 

LEWIN and co-authors (1906) 

Rila Marine Mix 40-0 g 
NaN03 0.16 g 
Na,SiO, .9B,O 0.1 g 
2 Na. EDTA 0.012 g 
A trace element mixture tJo give: 

Fe 0.6 m g  
Zn 0.3 m g  
B, h, CO, Mn, MO 0.1 mg each 

Thiamine 0.5 mg 
Tryptone (Difco) 1.0 g 
H20 1000 rnl 

N o ~ m  and STEPHENS (1971) 

Instmt Ocean 39.4 g 
g-at N (as nitrate, glycine, glutamato, or 
arginllle) 2 x  10-3 or2 X 10-' 
K ,HPO~ 2 X 1 0 4  M 
FeC1, 10-S M 
EDTA 0.00) % 
H20 1000 m1 

Rile Marine Mix 15 g 
mzp04 40 mg 
N&03 232 mg 
Vitamin B,,  4 Pg 
Thiamine .BC1 0.4 mg 
'l? r is 500 mg 
FeC1,. 6H,O 1.5 mg 
Na,EDTA 1 W 
R20 1000 m1 

normal cell growth in subculture indefinitely. Artificial media, satisfying the 
nutritional requirenients of niost marine u~~icellular algae, have been formulated 
for a number of reasons: (i) to permit research on marine species where natural 
sea water is not available; (ii) to eliminate the intrinsic colnplexity and variability 
encountered in natural aea water; (iii) to develop non-precipitating media capable 



of producing consistent results ; (iv) to allow for the capacity to control and evaluate 
the si,gnificance of various chemical components and their interaction. 

AWEN (1914) recognized the complex nature of sea water. He stated that the 
goal in the search for a marjne culture medium was to formdate an artificial sea- 
water medium such that the absence or diminution in quantity of my one of the 
constituents would have a profound effect on growth of the diatoms cultivated. 
The most interesting result of ALLEN'R work was the observation that dissolving 
pure chemicals in distilled water, based on the composition of sea water as published 
by D I T T M ~  (1884), yielded little or no growth of Thalassiosira grauida, unless 
1 % natural sea water or algal extract was added. I n  this early work the suggestion 
was made that  cotton plugs not be used and media not be filtered through paper as 
in both cases injurious substances could be introduced to the medium. Also DITT- 
m ' s  conclusion proved to be correct, that the difficulty in growing dietoms in 
artificial sea water was not due to a delicate balance between the different salts, 
but to the lack of a certain substance that o c c ' i  innatural sea water and is essential 
in very small amounts. 

The early i~lvcstigators used Dittmar's artificial sett water enriched with Miquel's 
nutrients ( A u x ~ ,  1914; PEACH and DRUMMOND, 1924) or BUKER'S (1935) arti- 
ficial sea water with or without soil extract. The artificial sea-water basal medium 
of MCCLENDON and co-authors (1917) was used by R Y ~ R  (1954) for the culture 
of Nannochloris atomw, Stichococcus cylindricus and Phcceodaclylum tricomutum. 
CRU (1942), SVERDRUP and co-author8 (1942) and L ~ m a  (1946). following the 
sea-water analysis of LPW and F r a m a  (1940), made up several artificial sea- 
water media. These early trials on the replacement of sea water with a chemically 
defined medium were often high in phosphate and citrate but low in calcium and 
rnagnesi~zrn and did not support growth of many species. With the discovery of 
the need for vitamins and the wide extent of auxotrophy, soil extract was elimina- 
ted by substitution of a known mixture of vitamins, amino acids and a mineral 
base compatible with high EDTA (PROVASOLI and HOWELL, 1962; PROVASOLX 
and PINTNER, 1953). I n  the next phase of development the major elements of the 
LEVRM~ (1946) formula were enriched with a modified trace metal mix, the EDTA 
level was reduced from 20 to 1 mg% and known mixtures of vitamins were added. 
The resulting medium, ASP, supported growth of Qyrodinium califwnicurn, 
Platymolzas sp., Syracosphaera carterae and a bacterized Gymmdinium splendens. 

Further progress in media development occurred with the introduction of the 
buffer TRIS (tris(hydroxymethy1)-aminomethane) which mirurnized precipitation, 
a chelator (EDTA a t  0 . 5 2  mg%) and lowered Ca and blg concentrations For most 
littoral unicellular algae calcium can be lowered to f and Mg to 4 the concentration 
in sea water. Many littoral species prefer 15%, to 20%, S, while tropical and pelagic 
species prefer sal~nities greater than 30% and an ionic composition similar to sea 
water. Nitrates, phosphates, vitamins and trace metals were included to satisfy 
the nutritional requirements of photosynthetic unicellula-r algae and a source of 
carbon for colourless species. Thesr deveIopr~~ents led to such artificial sea-water 
media as DC, RC and ASP, (PROVASOT,~ and co-authors, 1957). Several of these 
media are satisfactory for the growth of all or a large number of algae and-although 
they do not provide maximum growth in every case-are useful for a t  least main- 
taining stock cultures in a uniform growth medium. RC is recommended for 
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Rhodmonus lens and other forms, like Prorocentrum sp. DC medium may have too 
much organic content for many species, but there is no precipitation a t  high phos- 
phorus concentrations due to the solubilizing action of glycerophosphate/lactate; 
i t  was developed for Amphora perpussila. ASP, provides the most favourable 
conditions for a large number of algae; it is of low salinity, low in N and P, and has 
high levels of chelatorltrace-metal mix and vita,mins. 

The use of a Tris pH buffer in a diluted overchelated trace-metal mix resulted in 
non-precipitating media, such as ASP, ASP,, ASP,, designed and used as all- 
purpose media for diatoms, cryptornonads, chrysomonads, dinoflagellates, chloro- 
phytes and red algae. These media were derived from DC, MGC and AAC-each 
developed from studies on a single organism : Ampho~a perpusilla, Gymnodinkurn 
splendena and Arnphidinium carteri, respectively. In the reviewer's laboratory, 
ASP, is used as a standard medium for all stock cultu-re8 of clllorophytes, clvyso- 
phytes, cryptophytes, rhodophytes and diatoms. Another synthetic medium, 
ASP,, was developed as s, high-salinity medium for osmotically sensitive species. 
The increase in salinity is obtained by proportionate increases of Na, K, Ca and Mg 
over that contained in ASP,. A conventional metal mix is adjusted to the chelator. 
ASP, has been found to be a good medium for Syracosphuera elmyata, Skeletonem 
costaturn, Blwdonzonas lens and Amphiclinium klebsii. 

A common plan recommended for the development of a synthetic sea water is as 
follows: (i) an artificial sea-water mix of low salinity and low calcium ; (ii) a chelated 
trace-metal eolution in the ratio of chelator :trace metal not less than l. : 1, not 
more than 3 : 1 ; (iii) a pH buffering system ; (iv) inorganic macronutrienta, organic 
macro and micronutrients as required (PROVASOLI and co-authors, 1957). Medium 
S 22 developed by DROOP (PROVASOLI and co-authors, 1957) is equivalent to about, 
4 strength sea water, but low in Mg and Ca. The buffering is considered insufficient 
and some precipitates occur. S 22 was developed for chrysomonads but it  is now 
replaced by S 37, which is similar to S 32 but forms no precipitates and has an  
efficient buffer system, and organics are added. S 36 is similar to S 22 but with added 
silicon and thiamine and is considered equivalent to ASP, in composition and 
application. 

If a given organism shows a reasouable amount of consistent growth in a given 
medium, the medium is generally assumed to be adequate. Some investigatore 
consider natural sea water the ideal growt,h rnecliurn for marine plants (KAUE, 
1968). BICLACHLAN'S (1960) work with Dunaliella lertiolecla, for exarnpIe, showed 
that  growth was not affected by a considerable variation in the composition of an 
arti6cial sea-water medium, but in no case did the gro~vth exceed that of natural 
sea water. In a,nother study (MCLAGHLAN, 1959), it was found that growth of 
several organisms in an. artificial sea-water medium was equal to that  obtained in an 
enriched natural sea-water medium, but several other organisms did not grow as 
well. MCLACHLAN (1964) compared the population growth of 10 species of uni- 
cellular marine algae representing 7 different classes in a n  enriched pea-water 
medium with the growth obtained in several artificial marine media. Most species 
grew better in na.t,ural sea water, but addition of 2 mM sodium bicarbonate im- 
proved growth rates in artificial media so that results comparable to those obtained 
in natural enriched sea-water media were recorded. Examples of artificial sea-wa.ter 
media are shown in Table 4-13. 
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Table 4-13 

Artificial sea water media for cultivating marine unicellular algae 

C m  (1946b) for diatoms 
23.477 g Na2Si0,. 9H,O 
4.981 g &2(so4)3 
3.917 g BsCI, . 2H20 
1,102 g RbHCO, 
0-664 g MnC12 
0.192 g LiN03 
0.090 g FeC6RS07. 3HI0 
0.026 g CuSOI. 6 x 2 0  
0.024 g KI 
0.003 g h203 
0-050 g znSo4.  7H20  
0.005 g H20 

RYTHER (1954)* for Nanmchlori-9 sp. and S t i c h o c o ~  sp. 
NaCI 26.726 g N q C I  0.063 g 
KC1 0.731 g Na2HP04. 12H,O 0-020 g 
MgSO, . 7H,O 3,248 g Na2Si03. 9H20  0,020 g 
MgCI, . 6HI0  2,260 g H3BO3 0-068 g 
CaCI, 1-153 g Fe citrate 0.001 g 
KBr 0-068 g Distilled E20 1.0 1 
NeLHC03 0.198 g 

*Modified from M o C ~ z m o ~  and co-authors (1917) 

PROVA~OLI and co-authors (1 967) : ASP for bacteria-free cult~ms (several species) 

NaCl 2.4 g Vitamin Mix 8* 0.06 m1 
MgS04. 7H20 0.6 g Na,EDTA 1.0 mg 
MgCI, . BH20 0.46 g Fe (as Cl-) 0.01 rng 
KC1 0-06 g Zn (m Cl-) 6.0 M 
c a  (as a-) 40 mg Mn (m Cl-) 0.04 mg 
KNO, 10 mg CO (m Cl-) 0.1 M 
K2FiPo4 2 rng Cu (aa Cl-) 0.04 pg 
Wa2Si03. 9H10 2.5 mg B (a H,BO,) 0.2 mg 
B,, 0.02 pg E20 100 m1 

PH 7.6 
* Vitsmin Mix 8, 1 m], contains: thiemine.RCI, 0-2  mg; nicotinic acid. 0.1, mg; putrescine.2HC1, 0.04 
mg; Ca pentothanato, 0.1 mg; rihnflavin, 5.0 p g ;  pyridoxine.ZHC1. 0.04 mg: pyridoxemu1e.2HC1, 
0.02 mg; p-arninobenzoic wid, 0.01 mg; biotin, 0.6 pg; choline.H, citrate, 0.5 mg; inoeitol, 1-0 mg; 
thymine, 0-8 mg; orotic acid, 0.28 mg; B,,, 0.06 pg; folinic acid, 0.2 pg;  folic acid, 2.6 pg. 
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(Compiled from the sources indicated) 

PROVAYOLI and CO-authoru (1957) : ASP, for bacteria-free cultures (many different speoiea) 
NaCl 1.8 g Vitamin Mix S3* 1.0 m1 
MgS04 .IH,O 0-5 g Na,EDTA 3.0 mg 
KC1 0.08 g Fe (as Cl-) 0.08 rng 
Ca (m Cl-) 10 m g  Zn (as Cl-) 15.0 pg 
NaNO, 5 rng Mn (as Cl-) 0.12 mg 
K z ~ O +  0.5 mg CO (m Cl-) 0.3 l.% 
Na,Si03. 9K20  15 mg Cu (as Cl-) 0.12 mg 
Tris 0.1 g B (as H,B03) 0.6 mg 
B12 0.2 pg R20 100 m1 

PB 7-8-7.8 
* Vitamin Mix 53, 1 rnl, contains: thiamine.HC1,0.05 mg; nicotinic acid, 0.01 mg; Ca pentothenate, 

0.01 mg; p-aminoben~oic acid, 1.0 pg; biotin. 0.1 pg; inositol, 0-6 mg; folic acid, 0.2 pg; thymine, 
0-3 mg. 

NaCl 
MgSO,. 7H20 
KG1 
Ca (as Cl-) 
NaN0, 
K2 glycerophosphato 
Na,Si03. 9Hz0 
Tria 
B12 
Vitamin Mix 8' 

PROVASOLI and co-authors (1957) : ASP6 for high-salinity requiring speciw 

2.4 g hTa, Verseno1 3.0 rng 
0.8 g Fe (as Cl-) 0.2 mg 
0.07 g Zn (as Cl-) 0,05 mg 

16 rng Mn(asC1-) 0.1 m g  
30 mg CO (as Cl-) 1.0 M 
10 mg Cu (as Cl-) 2.0 Pg 

7 mg B (asH,BO,) 0.2 mg 
0-1 g Mo-(as N a  ealt) 0.05 rng 
0-06 pg HzO 100 m1 
0.1 m1 pH 7 .G7 .G  

* Vitamin Mix 8 8see ASP. 

PROVASOLI and co-authors (1957): DC for Amphora pe@lla 

NaCl 1.8 g N& glutamata 0.05 g 
MgS04. 7H,O 0.6 g D,L-glycine 0.05 g 
KC1 0.06 g Sucrose 0.05 g 
Ca (W Cl-) 10 mg NazEDTA 3.0 rng 
NaNO, 60 mg Fe (as Cl-) 0.08 rng 
K, glycerophosphate 40 mg Zn (as Cl-) 15.0 pg 
Na,Si03. QH20  20 mg Mn (as Cl-) 0.12 rng 
Ibis  0.5 g CO (as Cl-) 0.3 pg 
J312 0.3 ~g ~u (as cl-) 0.12 pg 
Vitamin Mix 8' 0.1 ml B (as H3BO3) 0-6 mg 
Na lactate 0.06 g H20 100 m1 
N a  acetate. 3H20 0.06 g pH 7.6-8.0 

Vitamin Mix 8 eee ASP. 
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Table 4-134ontinued 

PROVASOLI and co-authors (1967); RC for RAodomonaa sp. 

NaCl 2.1. g N a  taurochol~te 0.3 rng 
J[&1,. 6H20 0.6 g Na acetate. 3H,O 0-02 g 
BC1 0-06 g NaH glutam~t0 0.06 g 
Ca (as Cl-) 7 mg S u c m ~ e  0.07 g 
Na2S04 .  10J3,O 0.3 g Na, EDTA 1.0 mg 

m03 10 mg Fe (as Cl-) 0.01 m g  
K,E[PO, 1 mg Zn (EM Cl-) 6.0 Pi3 
Trie 0.6 g Mn (as Cl-) 0,04 nlg 
Thiamine 0.1 mg CO (as Cl-) 0.1 
Biotin 0-06 pg Cu (as Cl-) 0.04 pg 

B,, 0.1 pg B (as H,BO,) 0.2 mg 
Vitamin Mix 8 t  0.02 m1 IS Metals* 1.0 m1 

H20 100 m1 
PH 7.2-7.4 

* IS metals, i rnl, contains: Sr, 1.3 mg; AI, 0.05 mg; Rb, 0.02mg; Li, 0.01 mg; X, 0.005 mg; Br, 6.6 mg. 
t V i m  Mix 8 see ASP. 

PB~VASOLI and CO-authora (1967): S for chrysomonads: S 36 for SkeEetonema sp.; 6 46 for 
Herniselmie sp. 

NaCl 1.5 g I (es R+) 0.002 mg 
M@, .6R,O 0.26 g Na,EDTA 2.0 mg 
KC1 0.04 g Fe (&g EDTA) 0.01 mg 
Ce (m SO4') 0,012 g Zn (as SO4') 0.23 mg 
Br (m K+) 2.2 mg Mn (as SO4-) 0.065 mg 
Sr (as Cl-) 0.38 mg MO (as NaMoO,) 0.02 mg 
AI (m Cl-) 0-0028 mg CO (as SO,=) 0.00063 mg 
R b  (aa Cl-) 0.0061 mg Cu (as SO,-) 0.0001 3 mg 
Li (a8 Cl-) 0.0006 mg Distilled H,O to 100.0 ,m1 

Enrichments of 6 : S 22 S 32 S 36 S 37 S 46 
Tris 60 mg 50 mg 60 rng GO mg 
m03 10 mg 10 mg 10 mg 10 mg 10 mg 
&m04 1.0 mg 1.0 mg 1.0 mg 1.0 rng 1.0 mg 
Thiamine 0.1 mg 0.1 mg 0.1 mg 0.1 m g  0-1 mg 
B12 10 mpg 10 m p g  10 mpg 10 mpg L0 mpg 
alycine 4.0 mg - - 4.0 mg 30 me; 
Glutamic acid - - - 30 rng 
Aspamgin0 - - - - 30 rng 
Gusnine 4.0 mg v - 1.0 mg - 
Uric acid 0.4 mg - - 0.4 mg - 
Glucose - - - 30 rng 
Na acetate (anhyd.) - - - - 30 mg 
Na,Si03. 9H20 - - 10 mg - - 
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Table 4- 134ontinued 

IWO,  
K2a04 

FeClj 
Na,SiO, 
ZnSO, 
&SO4 
CoSO, 
c u s o c  

NaCl 

KAIN and FOGO (lQ68a) : ARA for Asterionella japonica 

MgCI, . 8H20 
Na,SO, 
CaCl, 
KC1 
NaHC03 
KBr 
SrCl, . 6 H z 0  
NaF 
EDTA 
Tris 

M C L A W C ~ ~ N  and co-authors (1980) : MMK for Ka8odiniuwa dwsaliadwrn 

NaCl 
MgSO4. 7H20 
KC1 
Ca (as Cl-) 
Na2Si03. 9H20 
P-I1 mebl mix* 
Nitrilotriacetic acid 
Biotin 
Thiamine. HCI 

Pyridoxine HCI 
K 2 H P 0 4  
DL-Alanine 
Nu, fumarate 
D-Ri bose 
Sorbitol 
R i s  
HIO 
pH adjusted to 

1.0 Pg 
1.0 mg 

50.0 mg 
6.0 rng 
5.0 rng 
6.0 mg 
0.1 g 

100 m1 
7.4 

* P-II Metal Mix, 1 ml, contains: EDTA, 1.0 mg; Fe, 0.01 mg; B, 0-2 mg; Mn, 0.01 mg; Zn, 0.006 mg; 
CO, 0,001 mg; adjusted to pH 7.6 with NeOH. 

MCLADGHLIN snd CO-authom (1960) : MKD for Qyrodinium sp., Gymnodinium sp., Meloaila sp. 

NaCl 
MgSO,. 7Hz0 
KC1 
Ca (as Cl-) 
NaN03 
Na,SiO,. 9H,O 
P-I1 metal mix* 
NitriIotriacetic acid 
B12 
Biotin 
Thiamine.'HCl 

P-L1 Metal Mix see MMK. 

2.4 g 
0.9 g 
0.07 g 

30.0 rng 
6.0 mg 
1.0 rng 
0.3 ml. 

20.0 m g  
1.0 P8 
1.0 /Ig 
0.01 mg 

Pyridoxine HQ 
Folic acid 
XzHPOo 
Urea 
DL-Alanine 
Na,fumarate 
(NHa),So, 
D-Ribom 
Tris 
E20 

PH 
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*Ir;Da~m and WTUON ( L 9 60) : for ~ m d i n d u m  breve 
NaCl 29.0 g -02 1.0 mg 
MgSO,. 7W20 6.0 g W O  1.0 mg 
M f l , .  6Hz0 4.5 g Thiamine 1-0 rng 
CaCl, 0.7 g Vitamin B,, 1.0 Yg 
KC1 0.6 g Biotin 0.5 P6 
Tris 20.0 mg Sulphide solution* 6.0 m1 
Na2S. 9H,O 3-0 mg Metsl solutiont 20.0 ml. 
K,HPO, 1.0 m g  Triple-distilled H,O 1000.0 m1 
* Sulphide solution. 6 ml, contains: NH,CI, 1.0 m g ;  NaHCO,, 1.0 mg; Na28. 9H,O, 0.8 mg; KH,PO,, 

0.6 m g ;  M&12. %H20, 0.2 mg. 
t Metal solution, 20 ml. cont,a.ins: EDTA, 3-0 mg; Mn (as MnCI2 .4H,O), 0.2 mg; R b  (ss RbCI). 0.2 mg; 

A1 (as AICl,. 6H20), 0.1 mg; CO (as CoCl, .6H20), 0.1 m g ;  C8 (&aCsCI), 0.1 rug; 13 (asH3B0,), 0.1 mg; 
Se (as H,SeOJ). 0.1 mg; Cr (rtsK,CrO,), 0.1 mg; MO (as N+Mo0,.2R20), 0-1 m g ;  Sr (aaS1C1,. BH,O), 
0.1 m g ;  Ti (as TiO,), 0.1 mg; Zn (as ZnCI,), 0-1 m g ;  Zr (as ZrOC1,.8H20), 0.1 mg; Ba (M BaCI,), 
0-02 mg; Cd (as CdC12. 2+H20), 0.02 mg; C u  (ss CuCl,), 0.02 mg; Fe (as FeC12.4H,0). 0.02 m g ;  Ce 
(88 (NHI)1CB(NOS)6)r 0.02 mg; V (as NH,VO,), 0-02 mg; Ni (M NiCl,.%H,O), 0.02 mg; Rh (as 
RhCI,), 0.02 rng; Ru (as RuCI,), 0-02 mg; Sn (aa SnClZ.2H,O), 0.02 mg. 

NaCI 
MgClz. 6Hz0 
CaSO., . 2H20 
KC1 
Glycylglycine 
Glycine 
m o 3  
KZ-0, 

DROOP (19628): S76 for Skeletmma coalaturn 

15 g Mn 
2.5 g Zn 
0.6 g Cu 
0.4 g CO 
0-5 g Br 
0-26 g Sr 
0.1 g A1 
0.01 g R b  
0.1 g I 
0.1 pg Li 
0.06 g MO 
0.5 m g  Distilled H20 

pH adjusted to 

P x o v ~ s o ~ x  and MCLAUOHLW (1963) : MGC for Oymnodinizom aplendens 
NaNO, 100-0 mg Zn (ss Cl) 0.015 m g  
Monoethyl PO, 6-0 m g  Mn (as Cl) 0.12 rng 
MgS0,. 7H20  0-6 g CO (aa Cl) 0.003 mg 
NaCl 2.4 g B 0.6 mg 
Ca (as Cl) 10.0 mg Nitrilntriacetic acid 10.0 mg 
KC1 60.0 mg Tris 100-0 rng 
EDTA 3.0 m g  B12 0.01 pg 
Fe (ss Cl) 0.03 mg pH 7.8-8.0 
Fe  (as SS)* 0.2 mg Distilled H20 100 m1 

Sulphoaalicylic acid used to dissolve FeSO,(h'H,),SO~. 
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Table 4-134ontinued 

NeCl 
M'gSO, . 7H20 
MgCI, . 6H20 
m 0 3  
CaC12. 2H,O 
B12 
Thiamine 
KC1 
NaNO, 
&HJ?04. 3R20 
Na glycerophosphate 

L ~ w m  (1966~): SW for diatom 
SW-1 SW-z 
20.0 g 14.6 g Na2SiO,.9H,O 

1.0 g 6.16 g 'Itis 
3.0 g N a  Tartarate 
1.0 g Fe 
1.0 g 0.76 g Mn 
1.0pg 1.0 tcg CO 
0-8rng 0-6 mg Cu 

0.37 g MO 
0.25 g Zn 
0.027 g Distilled H,O 

0.1 g pR adj ustod to pH 

SW-1 
0.1 g 
1.0 g 
0.9 m g  
0-25 rng 
0-25 mg 
0.005 rng 
0.00.G mg 
0,006 mg 
0.005 mg 
I 1  
8.0 

GOLD and BAREN ( 1966) : for Uy~odiniu~n cohnii 
NaCI 23.48 g Na, glycerophosphate H,O 160 mg 
MgC1,. 6H10 10-63 g X2HP04 10 mg 
Na2S01 3.92 g Glucose 3000 rag 
CaCl, (anhyd.) 1.11 g Glutamic acid 1500 mg 
KC1 0.66 g ( m a ) 2 ~ ~ +  60 m g  
NeHC03 0.19 g Biotin 10-3 m g  
ICBr 0.1 g Thiamine 1 m g  

0.03 g Trie 3000 m g  
SrC1,. 6H20 0.04 g Distilled E120 1 1  
Metal Mix* 3 m1 p H  adjusted 64-6 .6  
FeCl, . 6H20 10 mg 

Metal Mix, 1 ml, contains: N+EDTA, 10 mg; FsCI, .BIX,O, 0.5 mg; H,BO,, 10 rug; MnC1, .4H20, 
1.5 mg; ZnCl,, 0.1 mg ; CoCI, .6H,O. 0-06 mg. 

NaCl 
MgSO, .7E120 
RC1 
CaCI2. 2H20 

Na2HFOI 
%cl. 4H20 
N&03 
FeCl, . 6R,O 

RAEAT ~ n d  DOR (1987) : for Prymnesium pavuum 

1.0 g N&loO4. 2R20 
0.3 g ZnS04. 7H20 
80 rng CoCl,.6H20 
10 mg Tris 
1 nlg Thiamine.HC1 
6 mg VihrninB,, 
0.5 mg Distilled H20 
20 m g  p H  
0-1 m g  

0.1 m g  
15 CCb' 
0.3 PE7 

100 rng 
1 M 
10 Pg 
100 m1 
8.2-8.4 

YANABE and IUI (1968):  for filonochrysis l&&, Plutymonaa ep., Ndmchia dmlet.iurn, 
ClmLocercrs cdeitmna 

NaCl 18mg MetalMix* 30 rnl 
KC1 600 mg Fe (as Cl-) 100 Pg 
NaN03 G00 mg Tris 1 l3 
MgSO,. 7R20 6 g  Vit. B,,  3 /*.g 
Ca (as Q-) 100 mg Na,Si03 80 mg 
K2HP0, 30 mg Vitamin Mix t l. ml 

R20 1 1  
* Metal Mix, 100 ml, contains: Ns,EDTA, 100 mg; Fe, 1 mg; Zn, 0.6 mg; >In, 4 mg; CO, 0.01 mg; Cu, 

0.004 mg; B, 20 mg. 
t Vitamin Mix. 50 ml, conhim: B,,, l 0  pg; biotin, 60 pg; B, ,  6mg. 
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Table 4- 13--Conti~~ued 

SHEPHARD (1969) : for Acetabularia sp. 
NaCl 24 B Na,Mo04. 2H20 1 *g 
MgS0,. TH,O l2 g FoCl, . 6Hs0 0-6 mg 
CaCI2. 2H,O 1 g MnC1,. 4H20 0-2 mg 
Tris 1 g CoCl.BH,O 2 
KC1 0.76 g CuSO+. 6Hz0 .2 Pg 
N a N 0 3  40 mg Distilled H20 1 1  
K2HPOl 1 mg Thiamine.HCL* 300 Pg 
NaHCO, 100 mg p-aminobenzoate* 20 Pg 
Na,%DTA 12 m g  Ca-pantotheneta* 10 trg 
ZnSO*. 7HL20 2 mg Vitamin B,,* 4 Pg 

Tome solutions are made up separately and added t-o the salt solution through a sterilizing membrene 
filter after autoolaving. 

RLLEY and ROTR (1971) : for wide range of species 
NaC1 18 g NaNO, 0.06 g 
MgSO*. 7H20 6 g Trace metals* 0.06 ml 
CaCl, .6H,O 0.8 g Growth factors* 0.5 ml 
KC1 6-0 g Distilled H,O 1 1  
N a  glycemphosphate 0.01 g 

Added asoptically following U.V. atarilization. 
Trace metals: EDTA (disodium mlt), 10 g;  nitrilotriacetic acid (NTA), 4 g;  ferric-iron (aschloride), 

1 g; zinc (88 chloride), 80 mg; manganese (as chloride), 800 mg; cobalt (aschloride), 600 pg; copper (m 
chloride). 240 pg; boron (M boric acid). 1.2 E; redistillad water to 200 ml. 

Growth factors: tris-(hydroxymethyl)-mcthylamine A.R., 100 g;  di-pote&um hydrogen phosphate 
A.R., 400 mg; thiamine, 160 mg; nicotinic acid, 20 rng; calcium pmtotheneto, 20 mg; biotin, 0.2 mg; 
inositol, I g ;  folic acid, 0.4 mg; bhymine, 300 m&; vitamin B,, 8 rng; vitamin B,,, 0.8 mg; redistilled 
water to 400 ml. 

(c) Physical Aspects 

Photosynthetic species have often been incubated in a north window using 
sunlight as energy source; but artificial illumination systems a,re now available that  
offer special advantages. These devices range from simple bench lighting with 
artificial light of 300 to  600 W tungsten lamps, sometimes cooled by running water 
(Wl l r t~oa~,  1919; W ~ T M A K N ,  1921 ; PIE~CNQSHRW, 1926), culture rooms, cabinets 
or refrigerators electrically wired to accommodate tungsten or fluorescent bulbs, 
to sophisticated designs for programmed illumination that  are commercially 
available or individually designed. One model (K~naas ,  1968) allows for consider- 
able control over the spectral light characteristics, as well as the irradiance levels of 
light incident upon the cultures (see also Volume I, Chapter 2). JITTS and co- 
authors (1964) described an apparatus for exposing phytoplankton cultures to 64 
different combinations of light and temperature of known spectral energy re- 
sembling smdight. Other desigm for lighting systems and reference to published 
material are to be found in D o m s  and B ~ E Y  (1967). 

The problem with tungsten illumination, to maintain an even distribution of 



illuminance at low temperature, was overcome with the introd~~ction of the 
fluorescent lamp which emits little heat. Artificial light soilrces have emission 
spectra not necessarily similar to natural sunlight; each type of lamp ha,s its own 
particular emission spectru.m (Fig. 4-21). Cool-white fluorescent lamps are the most 

oronpo 
Ultmv~olet ,Violot ,  Blua ,Grwn ,pl, + , Rod - 
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Wovelength ( n m )  Wovelengih t nm) 

Fig. 4-21 : Approximate spectral energy distribution o f  hneral Electric lamps. (a) White 
fluorescent; (b) warm-white fluorescent ; (c) soft-white fluorescent ; (d) cool-white fluor- 
escent; (e) daylight fluorescent; (f)  plant IighL fluorescent. (Data from General Electric.) 

popular, but warm-white and daylight lamps are also ueed for cultivating uni- 
cellular algae. The relative merite of special llsmps (Sylvania Gro-Lux, We~ting- 
house Plant Gro and Duro-Test Corp. Vita-Lite) designed especially for the require- 
ments of photosynthetic plants have nof yet been assessed. Quartz-lined iodine 
vapour filament type lampa are becoming popular for photosynthetic studies; 
they produce a continuous spectrum with no ultra-violet and an intensity of 
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photosynthetically active light, about three times as high as that obtained from 
fluorescent lights (JXTTS and co-authors, l 964). 

I n  most cases illumination is provided so that light falls on the outside of the 
culture container; however, bulbs are available to fit into the inside of a culture 
carboy or fermentation vessel. This submerged high-intensi ty illumination (manu- 
factured by the New Brunswick Scientific Co., New Brunswick, New Jersey, USA) 
is water jacketed to cool the lamp surface. The light output call be varied by an 
intensity controller to provide 100 to 6000 W. 

Tanks 111 which the culture depth is limited to l. or 2 m can be adequately illumina- 
ted by sunlight or several overhead fluorescent lamps; however, illuminating a, 

10-m deep tank presents special problems. STRICKLAND and co-authors (2969) 
used a 152-cm diameter searchlight with a spectral distribution close to sunlight; 

Cooling H 

/ 
/ 

Carbon l ------ -/A;/- /--- , / 
/ 

- 
/- 

I 

Fig. 4-22: Lighting arrangement for cultivating plankters in a deep tank. (After S T R I C K L ~  
and CO-authom, 1969; modified; reproduced by permission of American Society of 
Limnology and Oceanography.) 

they directed t h s  searchlight a t  a plane mirror above the tank; the mirror was 
a,ssembled on a steel frame tower that could be tipped a t  a 47.7" angle with the 
horizontal. In  this way, searchlight and mirror produced a collimated light beam 
that covered the tank top, and near parallel light passed down the length of Ghe 
tank (Fig. 4-22). 

Light quality may affect growth, reproduction and morphology of the ~mi- 
cellular algae cultivated. BAATZ (1941) reported considerable differences in cell- 
division rates and morphology when marine diatoms were cultivated under lights 
of equal energy but different colours (Volume I, p. 141); population growth was 
significantly higher in green than in blue or red light. 111 contrast, WALLEN and 
GEEN (1971a, b) found sigxificant higher growth rates of Cyclotella nana and h n -  
aliella terliolecta under blue light and lower growth rates under green light than in 
white light of the same irradiance. SAXS and LEE (1971) reported that growth of 
algae from salt marsh communities varied widely with different spectra. One group 
of three chlorophytes required broad-band white light to rnaiutain growth, but  
g-rowth of two diatoms (Cylindrotheca closteriz~m and Nitachiu sp. ) was repressed 



by white light and increased in individual spectra of blue, green, yellow and red 
light. Other diatoms, N. acicularis and Amphora sp., preferred yellow and red light 
to blue or green and N. brevirostris grew better in blue than in yellow or red light. 
Skeletonemu costaturn cultivirted under 4 different light sources (incandescent, 
incandescent with reflector lamps--contains 10% more emission in the blue light 
than in the incandescent lamps-and 2 types of Phlllips fluorescent lamps) ex- 
hibited no differences in photosynthetic rate (JWR~ENSEV, 1970). ~ O V H O U  ((in: 
HALLDAL, 1966) observed no differences in the population density of various 
flagellates when incubated under cool white, deluxe white, daylight or natural 
white lamps. On the other hrtnd, there are reports that daylight fluorescent lamps 
are detrimental for algae over a long period ( h B u s ,  195 1). Prorocenlrum micans 
flourished under mcmdescent illumination but ceased to develop under white 
fluorescent light after 2 divisions ( K m  and Focta, 1 960). Amius  (1 951) attributed 
irihibition to an incorrect ratio of red-to-blue irradiance, inhibition could be re- 
versed by increasing the red component Proper irradiance is necessary for maxi- 
mum toxin production jn Prymnesium parvum (DAFNX and co-authors, 1972) and 
for nitrate and nitrite assimilation in several other species of unicellular marine 
algae (GRANT and TURNER, 1969). 

In e comparisori of the population growth rates of 6 species af marine unicell~dar 
algae at various irradiances (incandescent filamentous or daylight fluorescent), 
maximum species-spec6c growth was the same under each artificial light source 
a t  saturating irradiances Under suboptimal irradiances, however, Dumlie1Z.a 
primoteeta and Brachiomonas 6ubr~~rin.a required higher irradiance~ fiorn n fluores- 
cent source than from an  incandescent source to maintain the growth rate. This 
was not the case with Phaeodactylum tricornutum, Mmchrys is  lutheri and Chlorella 
ovalis ( Q U R ~ S B I  and SPENCER, 197 1). Growth characteristics in relation to illurnin- 
ances (20 W daylight fluorescent) were similar in any of the four algae studied by 
YANASE and TMAT (1 968) ; growth rate increased rapidly up to 2500 lux and stayed 
a t  this value until about 8000 lux in M. lutheri, PkLtymunus sp., Nilzschia closterium 
and Chndoceros cnkcilrans. 

There is little agreement on the best method of making meaningful measurements 
of r d i a n t  energy (Volume I, Chapter 2). White Iight is often measured as illumin- 
ance in foot-candles; but foot-candle meters are corrected to match the sensitivity 
of the human eye with a peak sensitivity at 555 nm which has no relationship to the 
absorption characteristics of plants. Units based on the standard candle should be 
avoided now that instruments for measuring radiant energy are available (STRICK- 
LAND, 1965). Information should be given by stating irradiance in terms of the 
energy unit langlies per minute (ly min-I = g cal. cm2-' min-') or FLW cm2-l, 
together with a statement of the wavelength of the radiation used and band width 
if a polychromatic light source is used. Factors have been given for the convemion 
of candle units t o  energy units by STRICKLAND (196s) which can vary according to 
the type of lamp used. 

Sometimes, closely related species show vttnations in response to illuminance. 
hna l i e t la  primlecta declines fkom a peak of 1000 ft-c to 2000 ft-c (about 3600 ,uW 
cm2-'), while B. terliolecta is much less sensitive to high illuminance (EPPLEY, 
1963). IVIaximum growth rates of Phaeoclactylum tricornutum popdations occur at  
12,000 lux and are reduced only by 12  to 14% at half this illuminance (HAYWARD, 
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1968~). DROOP (1961~)  incubated iMonochrysis lutheri under warm-white fluorescent 
lamps at 2000 lux which is close to saturation; populatioagrowth increases 10% at 
double this illuminance. Population growth of tlze planktonic diatoms DityZum 
brightwellii a,nd Nitzschia lu~gddula is Limited at low illuminance in a 16-hr light, 
8-1u dark regime and D. brightwellii is strongly inhibited in continuous light 
(PAASCHE, 1968b). The importance of the night-day cycle has been reviewed by 
RAB~OWXTCH (1961), SWEENEY and HASTMQS (1962) and others. Optimum 
illumination for population growth of Porphyridium aerugineum is 400 ft-c; 
P. cruenlum, 800 ft-c; Amphidinium sp., 600 ft-c ; Cryplormmas wata, 1000 ft-c ; 
and AT. closlerium, 400 to l l00 ft-c as reported in one study (BROWN and RICUD- 
SON, 1968). 

Jr~rs  and co-authors (1964) observed a 'stress' response in phytoplankton. 
Population growth rate was more susceptible to extremes of illumir~ation when cells 
were near the extremes of temperature, and cells were most susoeptible to extreme6 
of both temperature and light if the chemical nature of the medium was not satis- 
factory. JONES (in: HALLDAL, 1966) showed an interrelationship of response to 
illuminance and nutrient levels Nidz~chia cZosterium and Carteriu sp. ; increase in 
the nutrient level results in an increased growth response at higher illuminance. 
N. closterium and TetraseEmis sp. exhibit alower optimum illuminants for maximum 
growth with low concentrations of nitrate and phosphate than in higher concen- 
trations, where an increased illuminance is required (MADD~X and JONES, X 964). 

Adaptation to illumination occurs through two mechanisms : In one type, known 
as the 'Chlorella type', the pigment content changes so that individuals adapted to 
a higher illuminance have a lower chlorophyll a content per cell than those adapted 
to lower illuminance; in another, the 'Cydolella type', the pigment component is 
the same at high and low illuminance, but the actual photosynthetic rate is higher 
in cells grown at high illuminance (STEEMANN NIELSEN and JORQENSEN, 1968; 
JBROENSIN, 1969). The volume of both cells and chloroplast ch~nges with variation 
in illuminance during growth of severa.1 species (BROWN and RICHARDSON, 1.968). 

l'emperatu~e 

Incubation temperatures for cultivation of marine unicellular algae often range 
between 16;' and 22" C; this range is acceptable for a variety of specie8 (Volume I :  
GESSNER, 1970). Incubation a t  room temperature in lieu of a temperature-con- 
trolled incubator is economical and still in use; however, this practice is not reliable 
and in direct sunlight may be harmful because of high temperature and abundance 
of short ultra-violet wavelengths (BUTCHER, 1951). Incubators in a wide variety of 
sizes with various degrees of sophistication in programming for light, temperature 
and humidity are now commercially available. Such culture rooms, incubators or 
modified refi-igerators generally provide a temperature-controlled environment, 
with illumination of 100 to 500 ft-c, that is generally suitable for algae. Further 
control of temperature and humidity can be provided by plachig each small culture 
di~lh in a larger Petri dish containing distilled water (SWEENEY, 1951). An emergency 
cutoff should always be included in the light current so that failure of the tern- 
perature thermostat does not result in a lethal heat output of the illuniinating 
lamps. 



Detailed descriptions are available for the construction of growth chambers and 
cabinets provided with artificial light, temperature and humidity control (Dams 
and HOBOLAND, 1928; HUDSON, 1967 ; Evms, 1969; HIESY and MENER, 1962; 
DROOP, 1969). Objectives in such constnlctions should be (i) economy, (ii) flexi- 
bility in range of control factors and (iii) independence of individual units. Where 
several temperature settings are required simultaneously, a multiple series of 
thermoregulated water baths can be employed (UKELES, 1961) or, as an alternative, 
an apparatus consisting of an aluminurn block, heated a t  one end and cooled a t  the 
other ( T ~ o ~ e s  and co-authors, 1963; JITTS ~tnd co-authors, 1964). Foco and W- 

ailt,hors (1959) described an apparatus in which a large number of algae could be 
maintained simultaneously a t  4 different temperatures with uniform illumination. 

Response to temperature ma.y vary even within one and. the same species due to 
genetic &£€erences, acclimation, concomitant illumination and nutritiona1 circum- 
stances (Volume I, Chapter 4). Planktonic unicellular algae adapt to temperatrues 
primmily by varying the concentra+,ion of their pigments, as well as their photo- 
synthetic and other enzymes (JORQENSEN, 1968). Uni-algal cultures indicate that 
there are southern and northem strains of the same species with varying tempera- 
ture tolerances. While strains of diatoms from South American waters were unable 
to grow a t  low temperatures, clones of the same strain from waters around Cape 
Cod grew well at  3" to 4' C ( R U L B ~ T  and GUILLARD, 1968). Species isolated from 
tropical waters are unable to grow a t  low temperatures, e.g., a small Oymnodiniurn 
sp. failed a t  16" C and Chnetoceros sp. m d  Nannochloris sp. failed at 10" C but not 
a t  15' C to 37" C (THo~as, 1966). A clone of Cyclotella nana from the Sargasso Sea 
grows a t  15' to 25" C but not a t  0' to 4" C although clones of the same species taken 
fkom more northern waters grow a t  4" to 10' C (GUIUARD and RYTHER, 1962). 

Since it was observed tha,t the upper temperature limit of the freshwater flagellate 
Ochromolzas ma.lharnensG can be extended from 36" to 38' C by inclusion of extra 
trace metals, arnino acids and vitamins in the medium (HUTNER and co-authors, 
1957a), nutritional composition of the culture medium must be considered in re- 
lation to all reports of temperature tolerances in laboratory cultures. Nutrient- 
dependent temperature reeponses have also been observed in marine s t r a b .  The 
optimum temperature for 72-hr assays with Gyrodinium cohnii was 30" C and growth 
was inhibited a t  38" C. However, if the basal medium was supplemented with 
growth factors supplied by natural products (yeast extract, lettuce fusion), which 
were eventually replaced by amino acid and vitamin B ,,, this heterotrophic dino- 
flagellate could be cultured at 35' C with yeast extract or tryptophme and proline 
(GOLD and BAREN, 1966). While K m  and FOQQ (1968b) reported that exposure 
of Isochrysis galbana to 30" C for 1. week was not lethal (cells divided normally when 
returned to  a normal temperature of 20" C), UKELES (1 961) found t h s  species to be 
not viable after exposure to 30' C for 8 days. Thia difference may be attributable to 
the inclusion of complex nutritional factors (soil-extract enriched medium), the use 
of a slightly bacterized culture and a strain adapted to 26' C in the former study; in 
the latter paper a mineral-enriched sea-water axenic culture and a strain adapted 
to 20' C was used. In 9keletone7na costaturn, cultivated under nutrient-deficient 
conditions, the optimum temperature range for rapid cell division becomes narrower 
(CURL and MCLEOD, 1961). 

In  a continuous culture appara,tns, hlmnux and JONES (1964) found that the 
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In Coccolithus huxkyi, coccoLith formation depends on temperatwe (WATABE 
and W ~ U I L ,  1966). The percentage of coccolith-forming cells is 2 to 3 times greater 
between 18" and 24" C (optimum temperature for population growth) than a t  
7", 12', or 27" C; there is a possibility, however, that near the upper or lower tem- 
perature limits naked cells might simply outgrow the coccolithus-forming cell 
types. In a clone in which all cells formed coccoliths (PMSCHE, 1968a), coccolith 
calcium production per unit cell proved to be less dependent on temperature (1 2- 6"- 
26-6" C) than the former report would indicate. 

Table 4- 14 

Upper temperature ("C) tolerances of axenic unicellular algal 
cultures (Or igh l )  

Species Growth* No growth 

Nitmckia sp. 0 - 1 7 
Nitzechio sp. 0 - 1  
C ~ c w o s  sp. 
C y c l o ~  ap- 
~ e l ~ n e d r r  sp. 
Pheocbdylurn t r b m a u l m  
Sgraoo8pha-a mwtmae 
Isoch yais galbama 
Monochrysia Zuthwi 
Cryp- sp. 
P l u c y m m  sp. 
Chlamy- ap. 
cwuria sp. 
TetraseLmG sp. 
Dudiel la  tevtwleota 

* Population growth in enriched natursl am water. 

The salinity of a marine environment is obviously the most unique requirement 
to be considered in clllture of marine unicelldar algae. In general, oceanic salinities 
range from 33%, to 37%,; but salinity varies widely in estuaries, tidal pools, areas 
of high rainfall and extensive runoff8 (Volume I : KE, 197 1). Tolerance to salinity 
change is generally wide; most neritic marine flagellates can grow in 12%, to 40%, S, 
with an optimum a t  20%, to 24x0 S ;  but Caribbean and Gulf of Mexico species 
prefer 33% S (PROVASOLI, 1963a; Volume I: GESSNER arid SCHRAMM, 1971). The 
response to culture salinity is not merely a reault of osmolelity but also a response to 
dissolved salts in solutions and their particular wtion on the cell. DROOP (1958a) 
suggested that the response of Cyclotella mm to salinity was due to its Na require- 
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ment. Many marine planktonic algae do not grow well or cbe when the sea water is 
diluted more than 50% (BRAARUD, 1961 ; LEWIN and GUUARD, 1963; PI-NTNEB 
and PROVASOLI, 1963). However, certain unicellular algae will grow in culture 
solutions whose total ionic content a,nd chernica,l composition ( D ~ o o a ,  1958a) are 
dfferent from natural sea water and may grow more rapidly in *-strength sea-water 
media than a t  315%~ S. 

The centric diatom Cyclotella w n a  was found to grow in sea water at salinities 
ranging from about 15%, to 50%,, but could also survive a t  dilutions of + full- 
strength sea water when the osmotic pressure was adjusted with sucrose. These 
findings suggest the maintenance of an internal ionic composition, despite variation 
in composition of the external environment. HAYWARD (1970) showed that the 
cellular concentration of cations did not vary if Phaeodactylum lricornutum was 
cultivated in full-strength or &-strength artificial sea water (ASP,), although the 
growth rate during the exponential phase improved in a more dilute medium. 
According to MCLACHLAN (1960), the flagellate Dunaliellh tertiolecla has clearly 
distinguishable osmotic and ionicrequirements. I n  a medium having the proportions 
of sea water, growth of D. kertiolecta became f i s t  limited by sodium as the total 
salinity was decreased by dilution. This flagellate could tolerate an osmotic pressure 
as low as that equivalent to 1/10 of sea water, but a sodium requirement not lower 
than 1/50 of sea water (Volume I, Chapter 4). 

Among the chrysomonads, Co~wEilhus kuxleyi and Ocrosphaera neapolituna are 
oceanic stenohahe, but Syrawqhueru sp., H y m e n o m z a  sp. and Pavlova gyrans 
are euryhaline. P. gyrans, the most euryhaline representative, lives in brackish 
water while C. 7~u:cleyi is found in the sea and in polluted waters a t  salinities above 
18%, (RPTN'ER and PROVASOLI, 1963). Since the experimental sali~litics were 
obtained by varying Na, K, Ca and Mg concentrat.ions (keeping the proportions 
constant), the metal ions may play a part in theae results. Isochrysis galbarn also 
showed a wide tolerance in culture, with no variation in population growth between 
15%, and 40%, S but a reduction in growth a t  10%, S; this is in keeping with the 
occurrence of this species in oceanic water and in littoral and estuarine areas. Work 
on the chrysomonad Monochrysis lulheri has also shown that  a distinct salinity 
optimum does not exist, but there may be preferences for lower salinities (DROOP, 
1968a, MCLACHLAN, 1961); salinity extremes are more likely to result in decreased 
growth rates upon increasing light jntensities (CRAIGIE, 1969). It has been demon- 
strated experimelltally that this tide-pool organism can rapidly adjust to a new 
osmotic milieu by adjusting the concentration of free cyclitol (C~.arc~a, 1969). 

Grimsphaera species that grow in the laboratory in the motile phase tolerate 
salhities as low as 4%, to R%, (BRAARUD, 1951 ; MCLACHLAN, 1961 ; PINTNER and 
P a o v ~ s o ~ ~ ,  1963) and as high as 45% to 50%, (BRAARUD, 1951 ; VINTNER and 
PROVASOLI, 1963). The non-motile stage can even withstand evaporation to crystal- 
lization of sea water, and continuous growth of coccolithophorids has bden observed 
a t  salinities ranging from 6%, to 90%, (BONEY and BURROWS, 1966). CoccoEit7m.s 
huxleyi, however, cannot be cultivated at salinities below 16%, or above 45%,; the 
minirnu~n value for optimum culture is 20%, to  35%, S (MJAALAND, 1956 ; GUZUARD, 
1963; PI~TNPR and P ~ o v a s o ~ x ,  1963). 

BBAARUD (1951) studied the effect of salinity on the reproductive rate of a cultiva- 
ted chrysomonad, a cryptom0na.d and 3 dinoflagellates. He observed four types of 
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responses that were essentially the same in different sea waters and under different 
light and temperature con&tions: (i) the Syrawsplmera response is characterized 
by a high rate of reproduction in h g h  salinities (26yw45%, S) with an optimum at 
30%, S; (ii) the cryptornonad response reveals a well-defined optimum at low salini- 
ties (15%,-20%, S) with a steep decrease in salinities exceeding 35% ; (iii) the Anlphi- 
dinium response shows growth within a broader range of salinities than the crypto- 
monad, but also an optimum at low salinities (15yw-20%, S); Peridinium trochoid- 
eu'm responds similarly; (iv) the dnoflagellate Exuwiuella baltica exhibits a low 
optimum at 10% S, but a broad range of salinities ( 10%40%, S) in which population 
growth is good. PROVASOLI and MCLAUQHLM (1963) also reported that this organ- 
ism is e~ryhaline; growth rates increase in +-strength artificial sea water (ASP, 
and ASP,). Gonynulaz catenella growth was supported in salinities of 
21.3%, to 35%, when a.djusted by NaCl additions ( C u ~ m s  and co-authors, 1966). 
Dinoflagellate salinity tolerances indicate a euryhaline tendency. However, some 
species have a well-defined optimum : Gymmdinium breve a t  27%, to 37%, S (ALD- 
RICH and WILSON, 1960) ; Amphidinium sp. and P. trwhoideum at 15%, to 20% S 
(BRAARUD, 1961) ; P,  balticum and P. challoni divide only in dilute media (8%-20%, 
S), but retain motility in sea water. Low-salinity preference has been reported for 
Eutreptdella sp. with optimum salinities between 8% and 17%, and for Exuviaella 
(11%0 8. 

Two genera, of chlorophy-tes, Stichocaccus and C h ~ e l l a ,  are known for the wide 
range of their habitats. GEORQE (1 967) observed that the marine forms of8tichowccus 
grcw equally well in fresh or sea water; the three marine strains of Chlorella also 
had no strong preference for sea water compared to fresh water. GIBOR'S (1956) 
isolates from a solar evaporation pond used in salt manufacture showed that the 
S ~ ~ ~ C O C C Z G S  strain was a brackish-water organism. A strain of Plalynzonas was 
more resistant to salt but did not grow in highly concentrated solutions. DunaEieila 
viridis and D. salina tolerated salinities 6 to 7 times that of sea water ; Stephamptera 
gracilis tolerated a sa.linity 10 times higher than that of sea water but not below 
twice sea water. Other studies with Dunalielh also demonstrated tolerances to wide 
ranges of salkities. According to M C L A C H L ~  (1960), D. tertiokta can grow in 
salinities ranging from 3.5%, to 1 20yw; but a narrower salinity range is necessaly 
for maximum pigment sjnthesis. Fresh water cannot be tolerated, but similar species 
have been cultivated in a range of fresh water to full-strength sea water (&EX, 
1956; GEORQE, 1957). Tn artificial sea water Platyntonm sp. and Porpl~yridium 
cruentum exhbit wide salinity-tolerance ranges; relative growth constants do not 
vary over a range from. 45%, to 35%, S, but the chlorophyll content per cell is affected 
by changes in salinity (MCLACHLAN, 1961). 

Cultivated Delolzuln cunfervma exhibits optimal population growth at salinities 
from 15%, to 30%,, irrespective of the light and temperature levels tested. In nature, 
D. confervacea has been found at salinities ranging from about 10% to 34%, indi- 
cating general agreement in the salinity response between culture and natural 
populations (GUILLARD and RYTHER, 1962; SMAYDA, 1969). The physiological 
differences between clones of Cyclotella nanlr compared roughly t o  the condition in 
nature where each clone was obtained (C;UILI..LI,~D and RYTEER, 1962). Estuarine 
clones remained virtually unchanged ovcr a range from 0 ~ 6 % ~  to 35% S. Clones isola- 
ted from the Continental Shelf water grew more rapidly at  salinities over 80/,, 
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while Sargasso Sea clones did not survive below 17.5% S and grew well only a t  
24%, S. This clone resembles marine species such as Asterio?zelln japonica (KAIN 
and Fooc, 1958a), Tha2assiosira decipiem (MCLACIIEAN, 1961) and Sitzschia sp. 
(RYTHER, 1 954). HAYWARD ( 1968c) studied salinity responses in several isolates of 
Phaeodmlylum triwrnutum from tidal pools. Cultivation experiments with three 
isolates showed that a decrease jn salinity (a.rtificia1 sea water) from 52.5%, t o  
17.50/, S had little effect; but an increase from 5250/,, to  78-$Xo S resulted in a steady 
decline of pop~la~tion growth, except for one isolate that was significantly different 
in its response a t  8.75%, and 35%, S. DROOP (1 958a) suggested that basic physio- 
logical differenws between neritic and supralittoral, or estuarine species may rest 
in the tolerance to Na. 

pH ancl Eli 

The methods employed to control the pH in an algal culture include aeration with 
CO,-enriched air a t  hfferent partial pressures, use of chemicals that tend to counter- 
act the normal pH variations, and pH b-uffers added to the culture medium. In an 
unbuffered medium, utilization of a particular nitrogen source will affect the pH 
and the availability of certa,in metals. Nitrate uptake tends to increase the pH 
which influences the availability of certain ions (Ca, Mg, Fe) ; utilization of ammonia 
has the opposite res-ult (TRELEASE and TRELEASI, 1935); urea effects no alteration 
iT1 pH. Wherever possible, a judicious use of nitrogen sources will assist jn keeping 
the pH steady. SOLTERO a.nd LEE ( 1  967) described the construction and operation 
of an a,pparatus tha.t provides precise pH control in carboys of algal cultures in which 
output of a laboratory pH meter, with a combination pH electrode inwrted in the 
culture vessel, was used to control the addition of CO,/air mixtures. The CO, 
additions act as effective buffers when aerating cultures with known CO, concen- 
tions, thus controlling the carbonate-bicarbonate buffer system. A similar system 
in which the pH and %h were controlled by adjustments in the CO, tension and oxy- 
gen delivered to the system was described by DOBSON and RULLEN (1964). The 
'dummy'-tube method was devised by KAIN and Poco (1958a) to control p H  of the 
medium during growth of the diatom Asterimlla japonica. Two series of culture 
tubes (an experimental and a 'dummy') were prepared a t  6 different pH's, each 
treated in the sa,me way. No attempt was made to keep the 'dummy' tubes sterile, 
so that the  'dummy' was opened a t  intervals and the pH of the medium adj-uetecl to 
its initially set values. The quantity of acid or alkali needed for this adjustment 
was then added aseptically to the experimental series. 

An ideal buffer system should be (i) effective a t  a moderately low concentration, 
(ii) non-utilizable and (iii) non-toxic. Phosphate buffers are unsatisfactory for 
culture media because they are utilized for growth, are needed in concentrations 
high enough to be toxic (PROVASOLI and co-authors, 1957) and precipitate with 
bivalent ca,tions in alkaline medium. The carbonate-bicarbonate buffer system of 
sea water is useless for autoclaved media because of the loss of large volumes of 
CO, in sterilization. These buffers also develop precipitates on autoclaving al- 
though they can probably be used with filter-sterilized media or the pH adjusted 
by adding the required amount of bicarbonate as a filter-stcrilizsd solution after 
autoclaving (SWIFT and TAYLOR, 1.906). Precipitates may or may not be harmful i.n 
the medium ; in any event i t  is just about impossible to reproduce the same kind of 
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precipitate (PROVASOLI and co-authors, 1957). The addition of natural materials, 
as soil extra.ct, to media is helpful as it wdl hinder formation of precipitates in 
autoclaved media by formation of chelate complexes. 

Since the pH rises during autoclaving, a buffer capacity is needed that will be 
effective a t  a slightly higher pH than the initial pH a t  which the medium was ad- 
justed. Thus, for media buffered with glycoglycine (pK, 8.1) a t  pH 8-0, addition of 
other compounds as valine (pK, W6), kistidine (pK 9.7) or glycine (pK, 9.7) wotald 
be beneficial (DROOP, 1961b). However, there are objections to the inclusion of 
organic buffers since they can act as chelators and the regulation of pH becomes 
complicated if the compound is metabolized. Introduction of the amine buffer, 
tris(hydroxymethy1)-aminomethane (Tris or THAM), has been.partiallysatisfactory 
and its use in marine media is widespread. It is an effective agent in westing the 
alkaline shift to some extent even when adjusted to pH 7.0 at the lower limit of the 
buffer range. Tris is an amino alcohol, stable at room temperature; it  absorbs 
minimal amounts of CO, from air and may be dried by heating a t  100' C ;  in one 
report it is regarded as unstable a t  1 loo C (NAHAS, 1963). Tris is considered non- 
utilizable for chlorophytes (WIEDEBUN, 1964), although membrane penetration 
has been demonstrated (OMACHI and co-authors, 1961), and MAHLER (1961) found 
that it could not be considered unreactive in a wide variety of enzymaticreactions. 
DUGGAN and co-authors (1964) recommended that the assumptionnot be made that 
Txis is an ideal inert buffer but recognition be made of the possible interactions of 
Tris with enzymes and substrates, particularly where there is a carbonyl group. 
Some organisms are able to tolerate relatively high Tris concentrations (100 mg% ; 
PROVASOLI and MCLAUQHLIN, 1963) and none of the 39 isolates (chlorophytes) 
studied by SMITB a,nd WIEDEMAR (1964) showed harmful effects of Tris buffer; 
however, UN and Poaa (1958b), PACKER and co-authors (1961), MCLACHLAN and 
GORHAM (1962) and BICLACIDAN (1963) have reported toxic effects of Tris, as well 
as of other amino alcohols on bacteria, algae and protozoans. The inhibition associa- 
ted with Tris appeared to be rate limiting and may be due a t  least in part to the 
reduc$ion in available carbon, as Tris can form complexes with CO,. Tris may 
antagonize the uptake of potassium (MACLEOD and ONOFREY, 1954), thus exag- 
gerating its requirements (P~ovnso~z:  and co-authors, 1957), and also compIexes 
with silver, al.uminium, copper and zinc (Nmas, 1963). 

Glycylglycine has been used as a buffer in marine culture media and considered 
much less toxic than Tris although the expense preclucles its use in mass cultures 
(DROOP, 1961a; MCLACEUAN, 1964). The response of l 0  species of unicellular 
marine algae to three buffers-Tris, glycylglycine, and Tricine (tris(hydroxy- 
methy1)methylglycine) were compared (MCLACHLAN, 1964). All organisms pew 
better in glycylglycine than in Tris, with the exception of Dunaliella tertiolecta; 
Tricine gave no special advantage while being more toxic to some species. Tris has a 
deficiency as a buffer when a wide range of pH values is to be studied because of ita 
limited buffering range. Therefore, different buffer systems must be used to cover 
an extended pH range, each buffer having its own individual effect. The advantage 
of the CO,-bicarbonate buffer is tha,t a wide range of pH values can be studied with 
the same buffer system, eliminating the confision between buffer and pH response. 

The observed pH response may be a reflection of the availability of essential 
components in the media that are altered at certaid pH values, or of the chemical 
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response of cellular constituents to certain pH ranges, or t o  the buffer constituent 
itself. Alterations in the medium that occur in certain pFI ranges depend upon mass 
action equations controlling behaviour of heavy metads with chelating a>gents and 
the degree of ionization of weak acids and bases, hence utilization and toxicity. 
The stability of any given chclate depends largely upon pH, and the pH at  which 
the metallic ion is no longer chelated varies from metal to metal. At lower pH values, 
more cheIator can be added or metals reduced; a t  higher pH's chelators can be 
reduced since there is a relative reduction in free metal ions with increasing pre- 
cipitation. A synthetic medium needs to be designed for utilization a t  a particular 
pH setting, an approach used by McLauclm (1958) for growing P r y m m i u m  
pawurn in the acid range. Although marine flagellates are maintained in the labora- 
tory in alkaline media, Dunaliella tertiolecta could be adapted to grow in a histidine- 
buffered medium a t  pH 6.5 with a rate exceeding the standard artificial sea water 
medium (EPYLEY, 1963). Evidence for effects of the buffer system that  are indepen- 
dent of pH is found in observations made by (:RANT (1 968) on nitrate and nitrite 
assimilation by D. terliolecla. While the buffer system had a significant effect on the 
rate of nitrogen assimilation, the pH did not. Phosphate buffer, in particular, 
depressed assimilation rates in light. Similar, although much smaller, effects were 
observed in Tris and bicarbonate buffers. 

Most marine species have a wide tolera~lce to  pH in the alkaline range. It has 
sometimes been observed that the pH in tidal pools may increase as high as pH 10.0. 
KYLIN (1917) studied a wide variety of marine algae in sea water a t  pH's adjusted 
to  3-6 to 10.0 and obsexved that  the majority survive for a t  least few days in pH 
6.8 to 9.6. BACHRACH and LUCCIARDI (1932) reported a narrow pH range for the 
diatoms Navicuh sp. and Nilzachia sp. cultivated in natural sea water with urea as a 
nitrogen source. There was no population growth a t  pH 6.4; growth was poor a t  
pH 7-0 and optimum at pH 8.9, no growth occurred a t  pH 9.6. HAYWAFLD (1968~) 
experimented with Phaeodaclylum trimnuturn controlliig the pH by Tris (2 g I-') 
between pH 6.0 and 10.0, back titrating t,o the required pH for the lower valuea. 
Growth increased from a minimum a t  pH 6.0 to a maximum a t  pH 8.0, and in a few 
instances over pH 9.0. In  studies by GIBOR (1956) with 0.4 M Tris, only Stichococcus 
sp and Phtynumas sp. showed a preference for high pH, while Dunaliella viridis, 
D. salina and Stephnqpte~a qraciEis were indifferent from pH 7.5 through 9.2. 

With the technique of daily adjustments made to the enriched medium by the 
'dummy3-tube method, best growth of lsochrysis galbana was obtained at pH 8.0 
and inhibition occurred over 8.25 (-N and Foaa, 1968b). The marked inhibition 
of I. gulbana in Tris a t  8.25 mM led the authors to conclude that a different straih 
of I. yalbana was used by PBOVASOLI and co-authors (1967) who found this species 
to be tolerant to 0.1% (8-26 mM) of the bu£fer. The red alga Porphgridium cruentum 
grew well in artificial sea water in a wide range of pH values (pH 5.2-8.3), growth 
rates and maximum population sizes being simiIar; Tris was used as a buffer above 
pH 7.0; a t  lower vdues, potassium pthalate-NaOH buffer was employed. At all 
pH values no significant pH changes occurred before and after the experiments 
(Joms and CO-rtuthors, 1963). 

S m  and TAYLOR (1966) employed the CO,-bicarbonate buffer system to study 
growth responses of the unicellular motile coccolithophorid Ci-icosphaera elmgala 
over a wide pH range. Cell-division rate was not re1at)ed to changes in partial 



pressure of CO,, bicarbonate or carbonate concentra.tion. Optimum pH for cell 
division occurred a t  pH 7.8, a value commonly found in the brackish-water supra- 
littoral pools from which C. elongnta was isolated. ;\lost marine and estuarine forms 
studied in the laboratory have a similar pH tolerance, an  optimum a t  about pH 
8.0 and a decrease in growth rate a t  more acid and alkaline pH values (BACHRACH 
and LUCCIARDI, 1932; BARKER, 1935; DROOP, 1955; RAIN and Foac, 1958b; 
PAASCHE, 1964). DROOP (1955) reported no growth of G. elongata and two other 
chrysophytes if the initia.1 pH wa,s less than 7.0, but in S W I ~  and TAYLOR'S (1 966) 
experiments there was growth of C. elonyata a t  pH 6-4. Accorcling to MCLAUGHLTN 
(! P58), Prymnesiumpamm can grow equally well a t  pH 6.0 and pH 8.0 only if very 
high concentrations of trace metals are added to the medium. Lowering the pH 
of the medium to  less than 5.7 removes external coccoliths from the coccolitbo- 
phorids (ISENBERQ and co-authors, 1964; PAASCHE, 1964; BONEY and BURROWS, 
1966 ; Smm and TAYLOR, 1966). 

With the exception of Daoor (1961a, b, 1962a), little attention has been paid 
to  the redox phenomenon in a,lgal culture-perhaps due to the fact that with phota- 
synthesizing algae, media are oxygen saturated. The redox potential i11 natural 
sea water is controlled solely by the oxygen system ; a t  pH 8.0 the redox potential is 
+400 mv (COOPER, 1937b) a,nd iglikely to  be similar in culture media. The Eh of the 
medium is depressed 200 to 300 rnv by adding 1.0 mg 1-' of sodium sulphide im- 
mediately before inoculation. There is evidence that diatoms benefit from Ghe 
addition of small amounts of compounds with divalent sulphur or other reducing 
agents (HARVEY, X 939 ; MATUDAIEA, 1942; LEWIN, 1954). The time interval between 
autoclaving and inoculation of culture media irduences the growth response of 
Skeletonemu costalum ( D ~ o o a ,  1962a) and CycEoteEla nuna (GUILLA-RD and CASSIE, 
1963). This phenomenon is correlated with the re-entry of oxygen to the medium 
following autoclaving; the growth response shows a sharp optimum if inoculation 
occurs about 2 to  3 days after autoclaving ; thereafter, growth rate declines. This 
decline can be reversed by aseptic a,dclition of a small amount of sidphide. Such 
aging of culture media and the involvement of sulphide clearly indicate a role of 
oxygen in these responses. There is no reason to consider reducing conditions per se 
important to the growth response as the diatomsjnhabit oxygenated environments. 
DROOP (1962s) concluded that th.e action of sulphide must lie in the reduction of 
some component that can only be slowly re-oxidized, such as the ferxic/ferrous 
equilibrium and, con.equently, in the uptake of iron. Another possibility is that 
there are sulphydryl groups on the cell surface, signjfrcant in active transport, that 
are sensitive to the redox potential. 

(8) Outdoor Cultures 

(a) Pool and Tank Cultures 

The practice of outdoor mass cultivation must be regarded as a type of agricul- 
tural undertaking; like crops, these cultures are subjected to  changes in natural 
condjtions, although some control can be managed. For some experimental investi- 
gations in situ cultures are considered the only means of evaluating the behaviour 
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of unicellular algae in nature. For other purposes the goal is to profit from sunlight 
as an inexpensive energy source in culturing large quantities of algae, or to enrich 
some natural body of water (produce abundant phytoplarikton) and thus increase 
fish productivity. I n  recent times it is the general conviction that production of 
unicellular n(1ga.e in outdoor cultures is no more difficult than that of other vegetable 
crops (OSWALD and GOLUEKE, 1968a); this is in contrast to the complex production 
systems envisioned several years ago (FISHER, 1955). 

The major considerations in the design of outdoor culture systems are: cost of 
construction, method of temperature control, provision of nutrients, control of 
predators and design of units that can withstand meteorological changes. TAMIYA 
(1956) described and compared the performa,nce of 2 types of outdoor cultures: (i) 
a c1osc.d circulation system in which the culture is circulated either in a liquid plastic 
tube or in a shallow concrete tank covered with plastic; (ii) an open bubbling system 
in which the culture, contained in an open shallow trench, is aerated with CO,- 
enriched air from plastic pipes. The open system was. quite durable and required 
almost no attention, but the closed system was difficult to opera,te; vinyl sheeting 
became brittle and developed holes, the plastic tubing was not stable in steady 
winds breaking a.t fixed points, the cells dried f?om the spray on the upper surface 
of the tube, and precipitation of cells could not be eliminated even when the flow 
rate was increased. In t;he open system precipitation could be avoided by increasing 
the number of aeration tubes and rate of bubbling. I n  a 2000-1 round pool, with a 
small island a t  its centre, the culture fluid was circulated by a pump through an 
underground pipe connected to the two arms extending from the centrc: to the 
periphery of'the pool. Due to water flow from holes in the arms that rotated slowly 
(180' min-l), the solution circulated evenly in the pond, stirring and sweeping the 
algal cells. Complica,tions arose from foreign organisms (bacteria, fungi ,  protozoans, 
and rotifers) that appeared in such outdoor cultures. Agents, such as 2,4-dinitro- 
6-cyclohexyl-phenyl acetate and pentachlorphenyl acetate, were used to inhibit 
the predators. 

CUMMINS and co-authors ( l  966) investigated the feasibility of culturing Go?zyau- 
lax catemlla in outdoor pools. Their outdoor culture system consists of 2 plastic 
swirnlnjng pools (pool liners, clips and outlets all of plastic or rubber), 8 f t  (2.4 m) 
dia.meter, 2 f t  (0.6 m )  deep, installed on a level sand base (Fig. 4-34). Convex poly- 
ethylene covers provide protection in case of excessive rainfaell. Temperature in the 
two pools is controlled by two mercury thermoregulators placed in 1. master pool. 
Although conditions in the pools did not support growth of G. calenella, the pools 
supported growth of several other species, primarily diatoms, that occurred na.tur- 
ally in the sea water of the ba.sa1 medium. There may have been some inherent 
toxicity in the plastic construction that was inllibitory to the growth of t,he more 
sensitive species (Chapter 7 ) .  

I n  an earlier study, a 3000-gal (1 1,355 1) cedarwood shallow oval tank was used 
to cultivate unicellular algae outdoors in glass enclosures (Fig. 4-25 ; LOOSANOBF, 
1951). To maintain the tempera.tuxe a,bove freezing during the winter, an automatic 
oil stove is put into the el~closure, and to supplement light during dark winter days 
fluorescent lights are in~ta~lled over the tanks. Sea water js pumped into the tanks 
and enrichad wit11 a type of complete fertilizer. The best fertilizer is a mixture of 
5-3-6 and 6-3-6 (ratios of nitrogen, phosphate, potash) in about 1 to 2 g 1000 1-' sea 
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water or less (LOOSANOFF and ENOLE, 1942). A natural phytoplankton bloom 
appeared of such speciea as Chlorella sp., P.rorodrum 1riav.guEatum and ~Vitzschia 
closterium. Copepod predators were brought under control with organic phosphates 
and c.hIorinated hydrocarbons (LOOSANOFF and co-authors, 1957). The sdvantages 
of this type of culture are its simplicity, low cost and ease of maintenance. The dis- 
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Fig. 4-24: (a) Outdoor culture pools for culturing huge populatiom of uni- 
cellular elgae; (b) diagram of temperature control ayatem. (After C m 8  
and co-authors, 1900; modified; reproduced by permission of J.  M. 
CUMM~NS.) 

advantages are the sporadic occurrence of predators tha.t rapidly graze the entire 
alga.1 populetion, the lack of control of population density or species composition, 
and the inability of some algae to survive under thesc conditions. 

RAYMONT and A D ~ S  (1968) reported on cultures of Phawdactylum trimntdum 
in outdoor painted cement tanks (2400 1 volume) partially sterilized by soaking 
48 hrs in Na.OC1 and covered with a sloping roof of 'windowlite' or plastic suspenc1ed 
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on wooden frames. No attempt was made to regulate temperature, which was about 
25" C over the year, and only natural sunl~ght or sunlight supplemented -4th night- 
time illumination was used. The culture medium was prepa.red from coarsely 
filtered sea water, inorganic phosphorus and nitrogen salts. ANSEI~L and co-authors 
(1963b) later cultivated P. tricwnutum in 1000-1 concrete tanks, in which sea water 
was a tered through a plankton net with no attempt a t  sterilization, and nitrogen 
and phosphate added as enrichments. The decline of cultures was associated with an 
increase in the heterotrophic flagellate M o m  sp. Concrete tanks with 15,000 1 sea 
water were used by EDMONDSON and EDMONDSON (1947) to study the dynamics of a. 
natural plankton bloom. Sea water, filtered to remove large a.nimals, was pumped 
from the adjacent harbour into the tank and enriched with KH,P04 and NaNO,. 

Fig. 4-26: Outdoor culture of Chlorella sp, and other species in u wooden vat. (Orignal.) 

At the beginning of the experiment the dominant alga was Leptocylindricus sp., 
later, Prorocenhrum micans and then Amphiprora sp. 

While these outdoor mass cultures, employing natural sea water enriched with 
fertilizer or inorganic nutrients, produced good crops of phytoplankton, there was 
little control of the species composition (important for some purposes, e.g. ,  feeding 
of young invertebrate larvae; Cha,pter 5) and they were all plagued by a hea.vy 
predator invadon. To deal W-ith these problems an outdoor culture system was 
devised that is suitab1.e for northern climates during summer months and for warmer 
climates all year round (UKEI~ES, 1965b). I n  these experiments the growth rnediunz 
was a commercially prepared sea salt diluted with tap water and enriched with 
nutritive supplernc.nts. This artificial sea-water medium permits some control of the 
nutritional composition of the medium and minimizes the introduction of grazing 
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predators and unwanted algae (Figs 4-26 and 4-27). Each tank was inoculated vith 
a dense suspension of the spc.cies to be cultivated taken from laboratory cuItures 
brought outdoors or from the previous tank culture. Temperature control was effec- 
ted by circulating cold water pumped from the nearby bay into an outer tank which 
served as a water bath for the culture tank. Under these simple and inexpemive 
conditicns the following species were cultivated, harvested as a batch culture, and 
used for invertebrate feeding: Monochlrysis Zutheri, Isochysis galbarn, Dudiella 
ewhlora, P M y l u m  tkorautum, Clrlotella aWrophim and C. ~tigmatqrphora. 

For studies to evaluate growth and reproduction under natural conditions, tanka 
have several deficiencies in regard to lugh light penetration, a large surface-to- 
volume ratio and undesirable temperature changes. Many of these difficulties were 

Fig. 4-26 : Outdoor oultures of unicellular algae in fire-glass tanks. Left sides: vslvea 
rebmleting the supply of cooling water. (Original.) 

overcome by the construction of a deep tank a t  the Hydraulics Laboratory of 
Scripps Institution of Oceanography (La Jolla, USA). The tank (3 m in diameter 
X 10 m high) is constructed of welded steel coated on the inside with a matte-finish 
black plastic and on the outside with a polyurethane insulating material (Fig. 4-22). 
Details of the scaffolding stairway, Plexiglas windows, mmpling tubes and photo 
cells have been described by STRICKLAND nnd co-authors (1969). The sea water 
(33.4%, S) used in the tank is filtered throiigh coarse sand and then through a large 
swimming-pool. filter covered with diatomaceous earth; it removes zooplankton and 
phytoplankton and reduces bacterial counts. The water in the tank can be cooled 
or heated by submerged heating elements and stirred by a stream of air bubbles 
introduced a t  the tank bottom. The sea water is enriched with vitamins, chelated 
iron, acidified meta-silicate, KH,PO, and KNO,, and inoculated with 130 1 of 
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culture (Ditylum brightwellii, Cachonina niei, or a mixed culture of Pha~ocystis sp. 
and Gon,yaulax polyedra). 

For practical purposes, large-scale mass cultures require a considerable supply of 
basic nutrients; hence the combination of mass cultures with waste reclamation 
has engendered col~siderabIs interest. ANSELL and co-authors (1963a) enriched the 
harbour water used wi th  sewage effluent. Their resul ts, in gcneral, confirm the earlier 
work of R A Y J I ~ N T  and ADAMS (1 968) performed in outdoor battery-jar cultures. 

Fig. 4-27 : One of the culture tcrnlrs illustr~Led in Fig. 4-20 
with cover removed t o  show culture venucl inside 
cooling bath and aeration. (Original.) 

Wit,h or without salinity adjustments (sea salts), purified sewage e8Ruent is as good 
a source of nutrients as inorganic fertilizer. In both studies species other than 
Phaeodaclylum tricornutum were colnmon although in small number; but colourless 
species, like MW sp. a,nd Amoeba sp., appeared in la.rge numbers and eventually 
caused a decline of the culture. According to GOLUEKE a.nd OYWM,D (1962), a medium 
cons-isting of a mixture of sea water and sewage, enriched with urea and several 
salts, promotes good rates of growth and reproductio~~ in s lnass culture of POT- 
phy~idium cruentum. 



Another form of inexpensive enrichment is the use of cold nutrient-rich water 
from the deep ocean. ROELS and co-authors (1971) demonstrated the feasibility of 
pumping offshore nutri-ent-rich deep waters through n glass-lined centrifugal pump 
into concrete-lined tanks onshore, which are then inoculated with Cyclotella nana. 
The phytoplankton bloom is then pumped a t  controlled rates through production 
tanks of Crassostrea virginim and Mercenaria mercenaria. Excellbnt population 
growth of Skelekmema costaturn, P k d a c t y l u m  t r imutum,  Dunaliella tertiolecta 
and C .  mm was obtained in water from 500 m or deeper. 

(b) In Situ Cultures 

Some investigators take the position that in &U rather than laboratory cultiva- 
tion of phytoplankton provides conditions closer to those encountered in nature. 
IMAI (in : WALNE, 1969) placed a raft of 20-1 polyethylene cans inoculated with phy- 
toplanliton in the sea and recorded satisfactory temperature and sunlight penetra- 
tion to the cultures. STRICKLAND and TERHUNE ( X  961) studied growth reprocluction 
and decay processes in mixed plankton populations under in situ conditions ; they 
enclosed coastal sea water in a free-floating thin plastic sphere 20 f t  (6 m) in diameter, 
suspended 5-5 m below the sea surface and connected to thc  atmosphere by anarrom 
neck (Fig. 4-28). The sea water was taken from near the sea floor, pumped to land, 
filtered and tilled into the plastic bag. I t  was then inoculated with surrounding sea 
water (taken from a depth of about 4 m )  which was pumped through an all-plastic 
assembly a,nd strained through 320 pm mcsh nylon netting to remove the larger 
zooplankhrs. M C ~ I S T I R  and co-authors (1 961) and ANTU and CO-auth.ors (1 963) 
described studies on primary production in coastal waters in such piastic spheres. 

In another effort to study the culture of unicellular algae under conclitions as 
close as possible to those found in the natural environment, LLOYD and MORRIS 
(1971) developed an apparatus consisting of a glass tube closed a.t the top, with a 
sintered glass filter a t  the lower end. This is moored beneath the sea surface after 
inoculatiorl with the micro-algae under examination. Water enters and leaves the 
tube due to hydrostatic pressure differences created by tides and winds, providing 
water exchange while not allowing undesirable organisms to enter. After a period of 
submersion the amount of population growth is estimated. 

( c )  Pond and Embayment Cultures 

Attempts h.ave been made to increase the productivity of coastal areas by fertili- 
zation. The ensuing increase in phytoplankton production may be considered an 
enrichment culture, although the natural, rather than an inoculated, population is 
expected to increase. The value of fertilizing enclosed or semi-enclosed water bodies 
t o  increase the yield of food for fishes is not well understood, and inorganic fertilizers 
do'not always produce a bloom of the expected phytoplsnkton species. Heavy 
fertilization poses a danger because of the rapid growth of filamentous algae and 
heavy blooms that may destroy the entire area (IVERSEN, 1968). 

The early attempts to raise the productivity of enclosed or semi-enclosed bodies 
of sea water by fertilization were directed towards ificreasing the yield of oysters and 
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fishes (GMDER, 1932; GROSS and co-authors, 1946; GROSS, 1947; MARSHALL, 
1947). Experiments on fertilization of Scottish sea lochs have shown that the added 
nitrates and phosphates Asappear from the water paralleled by a~n  increase in phyto- 
plankton. EDMONDSON and EDMONDSON (1947) described the results of their 
experiments in salt-water fertilization as a, tool in the study of food-chain dynamics 

Fig. 4-28 :Plastic bag used for insitu ~ultivat~ion of phyto. 
plankters. Cross-soction plan. (After STRICUANI, and 
TERETJNE, 1961 ; modified; roproduced by permission 
ofAmerican Society of Limnology and Oceanography.) 

(Volume W). Some experiments Itrere carried out in concrete tanks and others in 
salt-water embayments. Commercial nitxate and phosphate fertilizers added 
indicate a close correlation between the rate of phosphate utilization and oxygen 
production. In a salt-water pond selected for fertilization studies by PUTT (1949), 
commercial fertilizer was applied during periods of small. tidal exchange. The 
artificially increased (:oncentrations of phosphate ar,d nitrate increased the standing 
crop of phytoplankton to several times the prefertilization maximum after an initial 
lag of a few days to two weeks. The predominant genera that occurred in the pond 



were as follows in decreasing order of frequency : LVavicula, Peridinium, Nitzachin, 
Pleurosigma, Emuiaelh, Amphiprora, EutreptM, Prwocentrum, Skeletonema and 
Chuetoceros. 

Experiments in a $mall salt-water loch, about 18 acres in area, showed that 
addition of nutrients sometimes causes immediate increase in phytoplankton 
density ( ~ ~ R S H A L L ,  1947; ORR, 1947). Utilization of a.dded fertilizer is extremely 
rapid and, although nutrients can be temporarily lost to circul.~tion, they are rapidly 
regenerated. In  almost every case and at every depth, addition of fertilizer was 
followed by increases in number of nemoplankton within 1 to 3 days, but the effect 
of fertilization on &atoms and dinoflagellates was not as clear. In later experiments, 
MARSHALL and ORR (1948) replaced the sodium nitrate and super-phosphate by 
commercial ammonium sulphate, ammonium nitrate and monoammoniurn phos- 
phate. The rnonoammonium phosphate is more readily soluble than the super- 
phosphate, which probably went to the bottom as a solid. BULJAN (1957) first 
sol~~bilized cheap sources of phosphate (bone meal, crushed phosphate) in sulphuric 
a.cid. Super-phosphate and soil sea-water extracts were dissolved in acid and allowed 
to drain slowly from a moving boat. Blooms of surfrtce algae and increases in the 
phytobenthos resulted from this fertilization of a shxllow inlet of th.e Adriatic Sea. 

(4) Harvesting 

(a) Methods 

Th.e economics of a large-scale production of unicellulsr algae often depend on the 
efficiency of the harvesting process rather than on the culture itself. Several methods 
are available. Selection of the most suitable depends on. th.e ultimate use of the algal 
cells and on the cost and efficiency of the process. 

For complete utilizabion of the nutritive value of th.e algae cultivated, the most 
direct ha,rvesting approach is to feed the aIgae to a herbi.vorous animnl (e.g., crus- 
taceans or fishes) raised for aquacultural purposes (Chapter 5). Moreoften, harvest- 
ing of algal populatiom involves concentrating the cell suspension, perhaps de- 
watering the slurry and drying the concentra.ted cells. Methods used for removal of 
nuisance algae from water systems, such as chemical flocculation, centrifugation, 
filtration, flotation, ion exchange and sedimentation, can also be applied to har- 
vesting procedures. For industrial algae production flocculation is considered a 
promising method because it is one of the least expensive and reasonably dependable 
processes. Although unicellular algae are larger than colloids, they possess many 
similar surface properties. Discrete algal cells from a stable suspension have a 
chemically reactive cell surface and a negative surface charge ( I v ~ s ,  1959). Chemi- 
calIy induced algal floccuIation occurs with the addition of cationic polyelectrolytes 
but not with anionic or non-ionic polymers (COHEN and co-authors, 1958; GOLUEKE 
and OSWALD, 1965; TENNEY and co-authors, 1969). The degree of flocculation 
depends upon the extent of coverage of active sites on th.e cell surface and parameters 
affecting flocculation (pH, cell concentration, cationic concentration and algal 
growth phase). A natural process of auto-flocculation, which manifests itself as the 
clumping and settling of algae, may prove useful. This occurs most often in shallow 
ponds when, due to algal consumption of CO,, the pH increases above 9.5. 
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GOLUKKE and OSWALD (1962) used the technique of removing both cells and dis- 
solved metabolites simultaneously by adding an equal volume of 80 to 90% ethyl 
alcol~ol to a culture of Porphyridium cruenlum.. 'l'he mixture was stirred vigorously 
until a stringy coagulum was formed that could be wra,pped a.round a straight wire 
andremovedfiom the liquid. The water is removedfrom the algil rnms by squeezing 
i t  through the fingem or in an appropriate device. In this procedure the i.nitial cost 
of the alcohol and the cost of recovering it constitute the major expenses of har- 
vesting. 

An efficient froth flotation procedure urae develdped for harvesting algae from 
dilute suspensions. The cell concentratiol~ of the harvest is a, function of pH, aeration 
rate, aerator porosity and height of foam in the aerating column. The economic 
aspects of the process seem favourable for harvesting mass cultures (LEW and CO- 

a3uthors, 1962). 
For analytical purposes a.lgal cells may be separated by centrifuging and then 

dried in a vacuum to constant weight (KETCHUM and CO-:tilthors, 1949). Continuous 
centrifugation in a small Sharples centrifuge, with the stainless-stt:cl collecting 
cylinder lined with plastic, was found very satisfactory for harvesting cells from 
small-scale (15-30 1) mass cultures (UKELBS, unpublished). OSWALD and GOLUEKE 
(1968b) described the use of an  industrial centrifuge with a 30-in. (75 cm) bowl, 
which removes 60% of the algae from pond cultures a t  a rate of 100 gal (378.5 1) 
m-in-l. The major problem with industrial centrifugation is the cost of power. 

Molecular filters are often used for the collection and staining of fixed algae 
samples. CLARK a.nd SIOI,ER ( l  963) suggest the application of molecular filters for 
collecting plailkton from natural samples or for harvesting from small cultures. 
Some of the more delicate marine flagellates, however, may be damaged by filtration, 
as well as by centrifugation techniques. Tn contrast, the concentrator developed 
by DODSON and THOMAS (Z964) is gentle init.s action. It consists of a stiff tube of clear 
lucite to which the filter (nylon phytoplankton netting) is attached with ethylene 
clichloride. The tube is dipped slowly into the beaker containing the sample and the 
water. that flows into the tube is removed with a large pipette or by gentle suction. 
This method is particularly uscful for separating largc naked dinoflagellates (e.g., 
species of Gyrodinium and Noctilucu) or diatoms with spines (e.g., species of Chaeto- 
ceros) . 

Preservation and storage of algal suspensions may be required for short or long 
per-iods of time. Concentrated algal suspensions (chrj~sophytes, chlorophytes, dia- 
toms) can be stored for several days a t  ordxnary refrigerator temperatures (*5° C) 
without destroying the usefulness of the algac as food for molluscan species (UKELES, 
unpublished). Cells of CylincEroth~m fusiformis, inoculated u ~ t o  sea water enriched 
with succinate or lactate and incubated under a mixture of paraffin and 'Vaseline' 
to exclude air, did not multiply during 2 months; however, upon re-illumination, 
aerated cells began to mdt,iply immediately a,nd population growth was apparent 
in 4 days (LEWIN and HELLEBUST, 1970). According to BELCHER (1968), palmella 
stages of Pymmimonas reticdata containing many cysts are unaffected by drying at  
room temperature for 4 days. Some species can withstand long-term storage and be 
kept in the form of standby stock cultures for many years: Acetabdaria mediter- 
r a m  and A. crenulala, about 1 mm in length, kept in sterile sea water in the dark 
with illtermittent illumination (3 days13 months) remained alive for 5 years (KECK, 
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1964). In a study on pure cultures of mcelludar marine algae, ANTIA and CHENG 
( 1  970) showed that 6 species resumed gro\vt,h in the light after 24 weeks (maximum 
period tested) storage in the dark. Survival of other species exposed to darkness 
varied from 3 to 18 weeks. 

The silica-gel technique for long-term preservation of rVeurospora (PERKINS, 
1962) may be applicable to algae. Of 20 algal cultures placed on silica gel, 13 were 
alive after 2 days and 1 l after 33 years. Efforts towards long-term preservation of 
unicrllular aIgae by 1.yopbilization have been made by DBILY and JICC*UIRE (1954), 
WATANAEE (1959) and HOLM-RANSEN (1964). Lyophilized marine species have 
~hown some promise as foods for invertebrates (HIDU and UKELES, 1962; BROWN, 
197 2) but have otherwise remained unexplored. Hwma (1 968) preserved strains 
under liquid nitrogen. 

For commercial application, the algal slurry obtained from centrifugation or coag- 
ulation must be dewatcred before further clrymg. The three kechnically and eco- 
nomically feasible methods are: (i) filtration on an industrial gravity filter; (ii) 
percolation a.nd evaporation from a. sand bed (drying and dewatering combined in 
one process); (iii) centrifugation in a solid bowl centrifuge. Drum drying is a satis- 
factory but expensive method. Surface drying in sunlight is very economical. 
Algae dry quickly when spread about &-in. (0.62 cm) thick ono lightly oiled surface. 
The algal chips are raked from the bed and the sand removed by screening. The 
sand-bed method combines two operatiom; it is simple and economical. The eco- 
nomics of growing, harvesting and processing of algae have been discussed in detail 
by OSWALD and GOLUEKE (1968b). 

(b) Yield Determination 

Culture yieId can be measured in different ways and often more than one method 
is used simultaneously. Among the most important rncthods are determination 
of cell numbers, dry weight, optical density, ATP, chlorophyll or other pigments, 
I4C uptake, and oxygen production. For details on analytical techniques consult 
STRICKLAND and P a ~ s o ~ s  ( 1968). 

The method most frequently used to evaluate yield is counting of cell numbers ; it 
can be accomplished in varjous ways. Several types of counting chambers are 
available for microscopic enumeration of cel! numbers. A sample to be counted is 
withdr;~wn from the culture container and fixed with 0.1% formalin, Lugol's 
solution or solid ~odine crystals (the latter offers special benefits as it does not 
introduce a dilution factor, increases the specific gravity and stains the organism, 
thus indicating the extent of storage products and cell morphology). The following 
counting chambers have been used : Petroff-Hausser bacteriological chamber, 
Sedgwick-Rafter cell, Palmer plankton counting slide, Neuman-Kollowitz cell, 
Levy haemocytometer blood counting chamber, chambers (16 and 25 mm) for 
c0untin.g in the inverted microscope. 

Errors in pipette sampling arise from the fact that unicelIular algae vary in specific 
gravity, may attach themselves to the pipette wall, and motile forms respond to 
light gradients. A 2-stage sampling method was developed by McAr,rc~  (1971) ,  
who also analyzed the assumption that individual microscope counts from a single 
aliquot conform to Poisson distribution. WHIPPLE (1927) used the Sedgwick-Rafter 



YIELD DETERMINATION 465 

counting chamber, together with an ocular grid; 1 m1 pipetted into the counting 
chamber is enumerated by strip counting with an accuracyof5 to 10%. Difficultyin 
the use of the haemocytometer and Sedgwick-Rafter countingchambers ariscbs if very 
small cells are counted; the chambers aretoo deep for high magnification, making i t  
&ffic:ult to distinguish small forms from debris or bacteria. Special thin haemo- 
cytometer cells are now available for use with phase illumination to  overcome this 
problem but haemocytometers remain deficient because of the small counting 
chamber. The Palnler counting slide consists of a disc-shaped chamber that holds 
0.1 m1 of sample, and permits use of a higher magnification than the Sedgwick- 
Rafter cell. However, the latter is still to be recommended where large organisms 
are to be counted and a greater volume of sample is desirable (PALMER and UONEY, 
1954). Some investigators prefer to suspend culture samples in a Petroff-Hausser 
bacterial counting chamber because it has a thin slide and allows better illumination 
(WOOD, 1962). CARPENTER and co-authors (1972) ernpiojred the UTERMOHL (1936) 
technique for cell enumeration, W recommended by LUND and CO-a.ut1iors (1958), 
in which the preserved phytoplankton is allowed to settle on the glass bottom of a 
cylindrical vessel and examined from below through an inverted microscope. 

Electronic devices, originally designed for automation in counting rcd blood cclls, 
are now frequently applied to the enumeration of algal cells. The suitability of the 
counter in determining the number and size of algal cells has been demonstrated 
in numerous publications (e.g., HASTINGS and co-authors, 1962; MAEONPY and co- 
authors, 1962; EL-SAYED and LEE, 1963). Two difficulties are apparent with this 
apparatus: the medium must be prepared carefully so that i t  is free of particles 
other than algal ccills and the cells counted cannot be seen. Millipore Filter Co. has 
recentIy marketed a counter that visualizes the counted particle, but the  cost of the 
instrument makes i t  inaccessible to many laboratories. On the plus side is the 
speed and capability of counting many more cells than would be possiblc in rnicro- 
acopic counts; in certain models, the automatic cell-size distribution plotters offer 
additional information. 

The dry-weight technique is probably the most reliable in cultures with heavy 
growth. However, i~isoluble precipitates and salts that cannot be washed out 
without damaging the cells present problems for accurate determination. GRANT 
(1968) recommends the following method: centrifuge cells, resuspend the pellet in 
&sti.lled water, transfer to rt Lai~ed vessel, dry overnight a t  45' C in a vacuum oven 
and, finally, weigh after storage (24 hrs) over P,O, in a desiccator. 

For dilute suspensions, optical density (turbidometric) methods offer both speed 
and accuracy. Beer's law is not obeyed when the algal suspension has an absorbence 
greater than 1.0 ; in such cases the cell suspensioiiis dilutedor othercounting methods 
are used. Optical density (OD) is used as an approxin~ate measure of 'population 
growth'; however, tht! OD is also influenced by cell size, pigment content and cell 
particulntes. Repeated OD measurements can easily be carried out on the same 
culture over a period of time if test tubes are selectt?d that fit the cuvette compart- 
ment (or special adapter). 0 D  of the experimental tube is read against a blank tube 
consisting of the same growth medium as the inoculated tube. 

As ATP is found in all living organisms, it h3.s been suggested that quantitative 
determinations of ATP might yield useful biomass and harvesting estimates. It is 
necessary to know the cellular concentration of ATP relative to such a biomass 
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criterion as dry weight or organic carbon for a variety of organisms. The cellul~x 
content of ATP,  relative to the cell size and cellular orgamc carbon, was investigated 
by HOLM-HANSEN (1970) jn 24 species of marine unicellular algae. During expo- 
nentid growth the cellular ATP content remained fairly constant, averaging 
0.35% of the cellular organic carbon. 

Acceptable estimates of biomass can be found from a determination of chloro- 
phyll or other pigments for which very sensitive fluorometric methods (YENTSCH 
and MENZEL, 1963; HOLM-Hawssw and co-authors, 1966), as well ss other analyses 
( S T R I C H L A ~  and PARSONS, l968), are available. One problem is to find suitable 
factors for converting estimates of plant chlorophyll to plant carbon; ratios of plant 
carbon to chlorophyll have been assigned specific values (STRICKUND, 1966). 

Culture yield can also be in terms of photosynthesis, 14C uptake or oxygen 
production, but caution should be exercised since cell-division rates do not neces- 
sarily respond to changes in growth conditions in the same way as photosynthesis. 

The general advantage of visual counting methods over biochemical and automa- 
ted procedures for measuring the harvest is that visual observation decreases the 
possibility of measuring artifacts. 



PLANTS 

4.2 Multicellular Plants 

(1) Introduction 

On land, plants are the most conspicuous and most numerous organisms. They 
derive their nourishment from ca,rbon dioxide present in the air and from water and 
dissolved minerals of the soil. In the sea, no plants reveal themselves to the casual 
observer, except seaweeds on the coasts of continents and islands. Only in rare 
cases have large plants been seen in the open ocean, e.g. floating Sargassum species 
in the Sargasso Sea. Ma~lne grasses and mangroves are restricted to specific habi- 
tats. These multicellular plants obtain their nutrients mostly fiom substan.ces 
dissolved in sea water. They are of ecological importance in littoral zones, but in the 
overall ecological dynamics of oceans and coastal waters (Volume IV), their role is 
rather limited. The enormous productivity of the sea (e.g., MC~ONNAUQHEY, 1970) 
is based on gigantic numbers of unicellular plants, known collectively as phyto- 
plankton (e.g. ORR and MARSHALL, 1969; Chapter 4.1). 

Rlulticellu~a~r marine plants are of significance both for research and for com- 
mercial cultivation. They serve as food, directly or indirectly, for a n~ultitude of 
invertebrates, fishes, birds, and marine mernmals. Coastal seaweed forests (e.g. 
in USA, J-apan, Peru) play an important role for spawning and shelter of inverte- 
brates and fishes. Coralline Rhodophyceae species, play also an important role in 
the formation of atolls and coral reefs (e.g. TANAKA, 1964: ; ~ ~ A K W S ,  1966 ; HACKETT, 
1969 ; L E V R ~ G  and co-authors, 1969). 

(a) Importance of Multicelldar Algae for Scientific Purposes 

Multicellular marine algae are used for studying biological phenomena, especially 
in  the fields of photobiology, active tra.iuport, cellu1a.r and molecular biology, 
biochemistry and biophysics. They are important ecological indicators of local 
water-movement patterns (Volume I :  SCHWE~TE, 1971) and of water quality 
(Volume V). Hence an increasing number of marine ecologists use multicellular 
algae as assay organisms for assessing water pollution. Life-cycle studies on multi- 
cellular algae have revealed import'ant insights into ontogenetic development and 
evolutionary geneti CS. 

(b) Importance of Multicellular Algae for Economic Purposes 

Food for &a?a 

Most edible seaweeds (species of Laminaria,  Porphyra, Unduriu,  etc.) contain 
amino acids, carbohydrates, fats, proteins, vitamins, trace elements and a n  ap- 



preciable amount of iodine. Their nutritive value to man, however, is not very high: 
some of the carbohydrates cannot be assimilated, due to lack of suitable enzymatic 
systems. Nevertheless, since ancient times, a number of marine algae have served 
man as direct or indirect source of food. Species of Laminaria and G'racilaria were 
used as food by the Chinese several thousand years ago (DAWSON, 1966). Species of 
the red seaweed Porphyra have been eaten for more than 2000 yeam in Japan 
(OKAZAEI, 1971), as well as in China, America (by the Indians) and by the inhabi- 
tant s of Hawaii, Philippines, Malaysia and Indonesia (Dawsow, 1960). In European 
countries, seaweeds are of much less importance for food. Nevertheless, a fcw 
species (e.g. C h d r u s  cri.s.pus, Rhodymenia palm&, Ulva hctuca) have been, and 
still are, eaten-mainly in Iceland, Ireland and Scotland (HALLSSON, 1 964 ; Daw- 
SON, 1966). 

Several green, brown a.nd red seaweeds are particularly appreciated as human 
food (see the recipes compiled by PENNELLY, 1971 ), for example, species of the red 
alga Po.rphyra, the brown algae Laminaria and Undaria, and the green algae 
Enteromorphu and iklonoats.omn. (KUROGI, l963a; CHENQ, 1969; LEVR~NG and CO- 

authors, 1969; HASECAWA and SANBONS~~GA, 1971. ; OKAZAKT, 1071). Inrecent years, 
farming of seaweeds has reached considerable proportions involving millions of 
peopIe (Dawso~, 1966). While the nutritional value of seaweeds lies at present 
primarily in their vitamin (KANAZAWA, 1963) and mineral contents, future tech- 
nical innovations might permit a better utilization of the world's seaweed re- 
sources for human. nutrition (~WICEIANEK, 1971 ; Volume V). Emyrnatic hydrolysis 
of algal polysaccharides (alginate, carrageenan, fucoidan, lamhmrin, etc.) could 
provide simple carbohydrates assimilable by man (BONEY, 1966). Sodium alginate 
and the propylene glycol ester of alginic acid are widely used in the alimentary 
industry (OKAZAKI, 1971.). Several marine algae have been shown to contain 
mannitol (Caags, 1969; UMAMAIIESW~A RAO, 1969) and amino acids (FOWDEN, 
1962; LEWIS, 1962; HuvS and PEUEQRINI, 1069; SC~ICHTINQ and PURDOM, 
1969 ; T s n c m ~ ~ ,  1969). Aqueous extracts of seaweeds might thus prove useful for 
growing cultures of micro-organisms with rt high nutritional value to man. Extracts 
of Ecklonia species have been used, for example, to grow yeast cultures (TOMIYASW 
and ZEMTANI, 1952). Further research along this line might open promising 
prospects for human nutrition. 

Food for A nimds 

Marine algae are used as animal fodder in many coastal areas of th.e world, 
especially in European countries. During World War I, scarcity of grain in Europe 
led to the use of seaweeds as food for cows and horses (VERHAS, 1925; DAWSON 
1966). Folloffjng the success in Europe, several seaweeds were commercially 
processed for animal fodder; at present, seaweed meals are used for cattle, sheep, 
hogs and poultry in several countries (BONEY, 1965; DAWSON, 1966; NEBB and 
JWSEN, 1966). In some coastal regions of Ireland and ScotIand, cattle and sheep 
are fed almost exclusively on species of Alariu and Rhodymenia; the milk has not 
acquired the taste of algae (DAWSON, 1966). Flesh-tainting may follow seaweed 
feeding, but disappears after a period of grass feeding (BONEY, 1965). Marine algae, 
although mainly used for stock feed, can be used-for a variety of smaller anima.1~. 
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Benthic algae may serve as food for invertebrates such as Gam.mar?ls oceanicus and 
Idotea baltica (e.g. RAVANKO, 1969). Improvement of seaweed production by 
means of modern cultivation techniques wjll certainly increase. their utilization as 
anima.1 fodder. 

Medicine 

Marine algae and some of their derivatives are used for a number of m e d i d  
purposes. From ancient times the Chinese utilized species of Sargcrssum and Lamin- 
ariales for treatment of goitre ancl other glandular diseases (DAWSON, 1966). 
Gelidium spet!ies were used for stomach disorders and for heat-induced illness, 
whert:~s Laminaria stipes were employed in surgery (opening of WO-unds) and in 
obstetrics (expansion of cervix). Stomach disorders were treated also with 'agar- 
agar', a name of Malay origin which means 'jelly'. Agar was employed further as a 
laxative and slenderizing dietetic (DAWSON, 1966). It was produced from species of 
Gelidium, Cracila~ia and Pterocladia, mai~lly in China; but later (about 1662), the 
Japanese took over the production and maintained the monopoly until the second 
World War. Since 1881, when ROBERT Koca discovered that bacteria may be 
cultivated on agar, it has become very important throughout the world for medical, 
pharmacological and industrial research laboratories and for hospitals. 

Other seaweeds have been employed against huinan diseases: Chondrus crispus 
(the Irish moss) for treatment of urinary disorders, dia.x~hoea,, chronic pectoral 
infections, pulmonary distress and as a remedy for consumption; Corallina ofjcin- 
aliu, and later Alsidium helminthochorton, for their vermifuge properties (CHAPMAN, 
1950; DAWSON, 1966; LE'I 'R~TG and co-authors, 1969); more recently, an algal 
phytocolloid (Alga,sol T 331) was found beneficial in oncologic therapy (CLAURXO 
and STENDARDO, 1965, 1966). 
A seaweed hetary seems pa~-ticularly useful jn preventing Basedow's disease. 

According to OKAZAXI (1971), in Japa,n-~vhere marine a.lgae are often used a.8 
human food-very few people suffer from this illness. Algal iodine is most probably 
responsible for this beneficial effect. In  M@c~ocystis pyrifera trace elements a,re 
probably implicated in counterar:ting anaemia (STEFERT and WOOD, 1956). St.;%- 
weeds are believed in Japan to exert beneficiad effects against atherosclcrosis. 
TSUCHNA ( I  969) excellently reviewed his own ivork and the research performed 
(mainly in Japan) by other authors on the hypocholesterolemic activities of sea,- 
weeds. Unfractionahed extract of Laminaria species given orally to hypertensive 
patients effected a lowering i11 blood pressure. In rabbits, feeding with Laminaria 
species caused hypocholesterolemic and hypotensive effects and prevented the 
formation of etheromatous plaques of the a,ol-ta. Further work on Lamim'ria 
angwtata led to the discovery of a new basic amino acid, laminine [trimethyl- 
(6-amino-5-carboxypenthy1)-ammonium]; laminine depresses the blood pressure 
in rabbits. Expcrirnents with extracts from Fucus gardneri, Heterocho7duria 
abielina and Sargassu?n muticum suggest that their hypocholesterolemic power is 
probably due to highly unsaturated fatty acids. TSUCBIYA reported also that some 
seaweed chlorophyll derivatives, such as phaeophytin and pha.eophorbide, have 
the a,bility t o  lower the blood cholesterol level in rats. Moreover, several algae 
derivatives (alginic acid, carrageena,n, iodine-containing protein) were found to be 
effective in preventing the development of hypercholesterolemia in animals. 
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The carrageenans, which are naturally occurring sulphated polysaccharides 
(ANDERSON, 1959), were the object of many studies. Immunochemical experiments 
performed on rabbits led to the conclusion that lambda and kappa carrageenans 
represent two distinct molecular fractions (JOHNSTON and MCCANDLESS, 1969). 
Carrageenans showed anti-ulcer and. antisecretory effects in animals (ANDERSON 
and SOMAN, 1963) and were administered in a degraded form to peptic ulcer patients 
(ANDERSON, 1969). Carrageenans from Chondrua crispus and Eucheuma spinosum 
possess also anticoagulant and ant i l ip~mic activities (MURATA, 1961 ; ASDERSON, 
1969). Degraded Eucheum carrageenan (known aa 'Ebimar'; average molecular 
weight about 25,000) was absorbed from the intestine1 tract of the guinea-pip, but 
no gastro-intestinal absorption was found in the case of high molecular-weight 
(about 800,000) lambda carrageenan (ANDERSON, 1969). 

Some seaweed poIysaccharides find many other pharmacological and medical 
applications. Alginic acid might be used as a tablet disintegrating agent (GIBALDI 
and Kawxct,  11366) and different alginaies were found effective in reducing the 
intestinal absorption of IJ3Ba and 226Ra (SKORYNA and (:c)-authors, 1966; 
SKORYNA and  TAN^, 1969; VAN DER BOROHT and co-authors, 1971, 1972a; 
H U ~ ~ P I ~ R E Y S  and co-authors, 1972). 

Alginate treatment is now considered a potentially useful thera.peutic against 
strontium and radium poisoning (SUTTON, 1967; CARR and co-authors, 1.968; 
VAN DER BORQHT and co-authors, 1972b). Pucoidan, an acidic polysaccharide 
prepared from several Fucaceae species, was found to precipitate i n  vitro more 
ferrous than ferric iron (SKORYNA and TANAKA, 1969). If this property persists in 
vivo, fucoidan could be useful for clinics,] treatment of siderosis. 

Manure 

In coa,sta,l areas large marine algae have been used as manure for a long time 
( V D R ~ S ,  1925); this practice has increased in the last decade (BONEY, 1965). 
The seaweeds most often used as manure belong to the brown algae (e.g. species 
of AscophyEEum, Lumina?.ia, Mncrocyst.is). They may be utilized directly (dug into 
the soil), composted, or reduced to dried meals. Althoilgh dried. meals a.re still 
marketed by a number of firms, liquid seaweed extracts are more ancl more pre- 
ferred (MLTON, 1984 ; CHALLEN and HEMINOWAY, 1966). 

Liquid products are marketed as 'Maxicrop', 'Baby Bio', 'Biohumus', 'Marinure', 
'Seaborn', 'Seahorse', 'SM-3'' 'Trident' or 'Algifert' (STEPHELSON, 1966 ; BOOTH, 
1969; POVOLNY, 1969) ; they can be used as direct soil dressing or applied as 
foliar sprays (SKELTON and SENN, 1969). Seaweed fertilizers supply trace elements 
(BOOTH, 1964) and are particularly convenient for poor or alkaline soils where 
deficiency diseases are observed (MYKLESTAD, 1964 ; BOOTH, 1969). Direct soil 
dressing improves plant-root growth and increases both crumbling and wa.ter- 
retaining properties of the soil (MCDOWELL, 1966; BLUNDEN and WOODS, 1969). 
The success in the application of seaweeds depends on their maniirial value, whlch 
is not the sa.me for all species used, and on the properties of the soil treated (RONIY, 
1965). 

The manurial va.lue of a seaweed is basedonits content not 0d.y in mineral elements 
but also in organic matter (FRANCKI, 1958; BLUNDEN and WOODS, 1969): liquid 
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seaweed extracts supply to the soil minerals as well as organic substances. They 
increase growth a.nd metabolic activity in severa,l plants, enhance frost resistance 
and induce resistance to fungal and insect pests (Bomrr, 1966, 1969 ; CHALLEN and 
HEMINOWAY, 1966 ; STEPHELSON, 1966 ; BLUNDEN and WOODS, 1969 ; POVOLNY, 
1969; SENN and SDLTON, 1969; SKELTON and SENN, 1969). Recent morlc by SENN 
and SRELTON ( l  969) and by BRAIN and co-authors ( 1  973) suggests that  many of the 
metabolic stirnulations observed in plants treated with seaweed extracts may be 
due to growth regulators which occur in several species of marjne a,lgae (MOWAT, 
1963,1904:; Moss, 1966; BUGGELN and CRA-~G~E, 1971). BRATN and co-authors (1973) 
demonstrated a cytokinin activity in a commercial aqueous seaweed extract (SM- 
3, Chase Organics) prepared from species of Larninarisceae and Fucsceae. 

Inhibitory effects on pIa,nts by some carbohydrate derivatives commonly found 
in seaweed extracts (i.e., alginate, carrageenan, laminaran) were reported by BLUN- 
DEN and Woous (1969). But mannitol, which is present in appreciable amounts in 
brown algae ( C A R A ~ S ,  1969), had a beneficial effect onplants (BLUNDEN and WOODS, 
1969). Fu.rther research on the effects of seaweed extracts on plants is requixcd 
before safe collclusions on their mechanism of actionmay be reached. 

Industrial Uses 

Seaweed utilization for many different purposes led to  jndustrialization of their 
production. Although large amounts of algae are still collected manually by fisher- 
men, mechanical harvesting methods have undergone ra.pid development. In  
California, rlfacrocystispyrifera is Iiarvested by a motor-driven barge equipped with 
a. machine whch cuts the kelp about 1 m below the water surface and collects the cut 
material ( D a w s o ~ ,  196G). I n  Canada, large amounts of C h d r u s  crispus are storm- 
tossed on the beaches; a mechanical system has been developed for separating 
unwanted material (sand, stones, debris, dust, etc.) from the seaweed (JOHNSTON, 
1 969). 

Seaweeds collected on beaches or cut in the sea are now used in many different 
countries for industrial purposes ( L E V R ~ G  and co-authors, 1969). In Europe, 
seaweeds were used for the industrial production of 'kelp', ash rich in soda and 
potash obtained from burning different plants (e.g. species of Ascophyllum, Chorda, 
Pwwr, Himanlhlia, Laminaria,, Baccorhiuz). In non-European countries, the term 
'kelp' has been applied to the large brown algae. Soda and potash, initially obtained 
mainly in Britain from seaweeds, were later substituted by a higher quality soda 
obtained from Salicornia species. Similarly, the production of seaweed iodine in 
Europe wa,s discontinued when iodine from Chilean nitrate sources became avail- 
able. Only in Japan and China is sea-weed iodine still produced for commercial uses 
( D a w s o ~ ,  1966 ; Cams, 1969). 

The seawccd zlldustrj~ has known ups a,nd downs during the last 100 years (LEv- 
nxNc and co-authors, 1969). It becanic particularly important during World Wars X 
and 11, when seaweeds were utilized for a number of purposes. At present, seaweed 
utilization continues in an economically satisfactory way and it is expected to 
increase in the future as numerous kelp beds in different parts of the world are 
still unexploited. Most seaweeds of industrial interest are listed below. Particularly 
important are numerous polysaccharides, extracted from brown and red sea- 



weeds : agar, a.gaxoid, alginate, carrageenan, fucoidan, funorin, iridophycinate, etc. 
The practical applications of these algal derivatives in many fields of modern 
industry have received detailed attention from CHAP~UN (1950), ANDERSEN (1 964), 
MACFARLANE (1964), BONEY (1965), DAWSON (1966), GORDON and co-authors 
(19661, KRISHNAMURTEY (19671, IVERSEN (l968), LEVRINO and co-authors (1969), 
VESKATARAN (1969) and OEAZAE~ (1971). 

(c) Importance of Spcrmatopbyta (Sea Grasses, Mangroves and Salt-marsh 
Plants) 

Some angiosperrns have successfully occupied marine habitats. As they usually 
occur in area8 seldom visited by 'terrestrial botanists', only a few specialists have 
thus far paid attention to  them. According to  DAWSON (1966), a more thorough 
exploration of marine habitats will probably reveal additional species; in muddy 
bays of Pacific Central America he found two new species in 1953. Most of these 
plants are of ecological importance in coastal areas. 

(2) Cultivation of Multicellular Algae in Nature and Under Laboratory Conditions 

(a) Cultivation in Nature 

Seaweed cultivation in nature began some 300 years ago (KUROGI, 1963a; 
OWAKI, 1971) and has been improved considera,bly in the last 60 years by new 
techniqucs. Technological progress bras due mainly to  the discovery of new material 
and to investigations in the field and in the laboratory. Field studies have shown 
that  the growth of several seaweeds (AecophylEum nodosum, Pucpts vesiculosus, 
Himanthalia elongata, Laminaria c;loustmii, L. digit&, L. sacchrina and Pelvetia 
canaliculata) varies in an 11-year cycle, which seems related to the well-known 
11-year cycle in s ~ m p o t  activlty (WALKER, 1956; ARDRI~, 1969,1970). Although of 
ecological interest, such potential correlation has, a t  present, no practical value for 
commercial seaweed cultivation. 

A variety of methods have been empIoyed to cultivate green, red and brown 
seaweeds (see beIow). Man has succeeded in farming suitable a.reas of the sea. 
Efforts have been ma.de also to improve cropping in poor grounds by fertilization 
(CHENO, 1969; YAMADA, 1972) The utilization of manure is a t  present widely in 
practice in China for the cultivation of Laminaria japonica (CEIENG, 1969) and in 
Japan for the cultivation. of species of Gelidium, Laminaria, Porphyra and Undaria 
(YAMADA, 1972). Floating or fixed rafts are used to extend culture grounds into the 
open sea (OKAZAHX, 1971 ; JAMISON and BESWICK, 1972). Prevention or control of 
diseases (Chapter 8) wlll further increase annual harvests. Additional studies are 
required to improve our basic knowledge on nutritional requirements, growth 
promotion and diseases of multicellular aIgae. 

(b) Cultivation under Laboratory Conditions 

Cultivation of ma.1-ine algae under laboratory conditions is a basic prerequisite 
in all fields of modern phycology (KORNMANN, 1970). Important new insights into 
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the ecology, taxonomy and physiology of multicellular algae have been gained by 
means of laboratory cultures. Examples are the discovery of a heteromorphic life 
cycle in Sa;c.corhizu OuEbosa (SAUVAGEAU, 1915); of a diplohaplopl~asic cycle of 
isomorphic generations in species of Enteromorpha, Chuetomorpha, Cladaphoicc and 
Ulva (FIZIYN, 1929, 1934a, b ; HARTMANN, 1929) ; of genotypic sex determination in 
Laminaria saccbrina (SCHREIBER, 1930), of heteromorphic alternation in Derbesiu 
nzarina and Halicystia ovalis (KORNMSNN, 1938), D. tenuissima and R. parmta 
(FELDMANN, 1950), R. neglecta and Bryopsis hlymeniae (HUS~EDE, 1964) ; of the 
complica,ted life cycle of Urospora wormskioldii (KORNMANN, 1961a.); and of the 
Conchocelis phase in the life cycle of Pwrphyra unzbilicalis (DREW, 1949, X 954) and 
of P. tenera (Ku~oar ,  1953,1961). This latter finding has greatly contributed to the 
development of new methods for commercial cultivation of Porphyra (see below). 
I n  recent years, the life histories of numerous other marine algae have been analyzed 
in laboratory cultures ( D a w s o ~ ,  1960; DUBE, X907 ; SANBONSUUA a.nd HASEGAWA, 
1967, 1969; HILTON and MCLEAN, 1971 ; HOSHAW and WEST, 1971 ; CHEN and 
MCLACRLAN, 1972). 

While the ecological validity of information on life histories obtained under 
laboratory conditions must be evaluated with care (Snrr~a and JONES, 1970; 
HILTON and MCLEAN, 197 l ) , culturc expcrin~ents under controlled laboratory con- 
ditions constitute a basic tool for analyzilzg life cycles and phenomerla rela.ted to 
morphology, taxonomy, ultrastructure, genetics, photosynthesis, biochemistry, 
biophysics and radiobiology (BONOTTO and co-authors, 1972). The success obtained 
during the last few decades in cultivating marine alga'e under laboratory conditions 
has been rendered possible by: (i) advances in the preparation of natural and 
artificial sea-water media (see also Chapter 2) ; (ii) availability of antibiotics, 
bacteriocides and other chemicals permitting the control of infections in the culture ; 
(iii) improved methods for isolation of algae ; (iv) better control of culture conditions 
(light, temperature, pH) ; (v)  development of more sophisticated apparatus. 

(c) Culture Media 

The most frequently used medium for cultivating rnulticelluIar marine algae 
remains Erdschreiber: sea water enriched with N, P and soiI extract. Erdschreiber 
was initially utilized by HAMMERLING (1931) for cultures of the giant ullicellular 
a.lga Acetabuhria medite~ranea, and by FQYK (1934a, b) for cultures of Cladophora 
suk iana and Ulva lactuca. Erdschreiber is a chernimlly undefined medium; its 
constituents (organic and inorganic compounds) vary in different sea waters (PROVA- 
SOLI, 1963, 1971 ; HOYT, 1970) and with the type of earth extract used. The \.aria- 
bility can be reduced when the same type of sea water (collected and stored.in large 
amounts) and the sa,me type of earth extract are used for Iong periods of time. 
Earth extracts contain practically all of the most common amino acids (Fig. 4-29). 
The amino-acid composition of extracts obtained from two different types of earth 
(from Brussels and from Naples) are listed in Table 4- 15. Important differences in 
amino-acid composition exist even between two extract preparations from the same 
earth. Moreover, the extract obtained from earth collected in Naples contains a 
much higher level of phenylalanine, than tha,t of Brussels; in cultivation experi- 
ments i t  gives better results, assuring rapid growth of Acetabularia mediterranea 
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(LATEUR and BONOTTO, 1973). It is not yet known, however, if phenylilanine alone 
stimulates growth or in combination with other substa,nces present. 

Table 4-15 

Amino-acid composition (% @l) of extracts obtained from two different types of 
earth; important differences exist even between two extract preparations (Exp. 1, 
Exp. 2) from the same earth (After LATEUR and BONOTTO, 1973; reproduced by 

permission of Sociktk Royale de Botanique de Belgique) 

Earth from Brussels Earth from Naples 
Amino acid 

Exp. l Exp. 2 Exp. 1 Exp. 2 

Aepartic acid 
Threonine 
Serine 
Glutamic mid 
Proline 
G1 ycine 
Alanine 
Vdine 
Methionhe and derivatives 
Isoleucine 
Leucine 
Ty roaine 
Phonylalanine 

Presumably, the amino acids present in the earth extract are utilized by the algae. 
A variety of amino acids occur in sea water ( H O B B ~  and co-authors, 1968; BOH- 
LINO, 1970, 1972) and affect the growth of marine algae (Purs~vx-DAO, 1962; 
IMADA and SAITO, 1971; IMADA and co-authors, 1971). I n  the case of AcetabzcEa.ria 
mediterranea., radio-active amino acids added to the culture medium are rapidly 
ta,ken up and incorpora.ted (BONOTTO and co-authors, 1988, 1969; ~ U D H U R I  and 
SPsivcs~, 1968). Amino acids are also taken up by the marine flagellate PZutyrrwnm 
subcordiformis (NORTH and STEPHENS, 1967) and by several macroscopic forms 
(NoRTEI and STEPHENS, 1969; see also Volume 11 : GILLES, 1976). NORTH and STE- 
PHENS suggest that clissolved free amino acids in nearshore waters may have con- 
siderable significance in the nitrogen nutrition of marine dgae. 

Some of the above-mentioned drawbacks are avoided when artificial sea water 
(Volume I, p. 687 ; this volume p. 29) is used for preparing culture med.ia. For 
unicelIular marine algae, artificial sea-water media have been developed by Iko- 
VASOU and co-authors (1957) and others (Chapter 4.1). Several unicellular algae, 
includmg Acetabdariu mediterranea (SHEPHARD, 1970), have been cultivated 
axenically in a synthetic medium. Axenic cultures of seaweeds are more difficult 
to obtain (PEDE'RSEN, 1968). The artificia1 sea-water media developed by P-Rovaso~x 
(1 963) are very convenielzt for a number of R,hodophyceae. Some algae, however, 
grow better-r grow only-in media with natura.1 sea water. Thus, Ectoca~lus 
confervoides or Porphyra onoi prefer enriched natural sea water (P~ovaso~x ,  1963). 
Exposed to artificial media, the sea lettuce Ulva Eactuca exhibits only slow, callus- 
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like growth ; uear-norm~l morphology of this green alga was nhtaincd by PROVASOLT 
(195H) only when the enriched riaturnl sca water was complemented by trace metals, 
v i t n r n i ~ ~ ,  adetune and kinctin. Ectocczrp~? fusciculatz~v shows n  slow callus-like 
growth in bacteria-freo cul t~~res ,  But develops a normal habitus in the presence of 
kinetin. T,ikcwise, PylaielEn litoralis, which is incapable of growing in artificial 
media wlthout the addition of natural sea water, shows rlormaI growth and appear- 
ance i f  kitzctirl is used (PEDERSEN, 196s). Howevcr, the zoospores of P. litoralis, 
when cultivated ill an artifici~l medium (FRIES, 1963) wlth kinetin added, had an 

Fig. 4-30 : Thelasaiotron, an apparatus for simulating tidsl movements. A : Axed container, 
where the algae are placed; B : movable and graduated container, containing refrigerated 
( 10" C) sea water-the see water flow from B to A and vice versa through flex1 ble tuba ; C : 
refrigerant oontainer--A and B are each 37 cm high, 28 am wde and 68 cm long at thew 
inner sides. l : refrigeretion unit ; 2 : screw for adjusting tide cycle ; 3 : motor (1 726 rpm) ; 
4 : firet edjustable reduction; 6 : second double reduction (800-1); 8: third reduction (4-1); 
7 : fourth reduction (70-1) ; 8 : lever rotating twice in 24 hrs and 66 mina ; 9: cable moving 
container B ; 10 : pump for sea water circulation ; 11 : tubes for refrigerant circulation 
in B. (After T ~ E ~ ~ B L ~ Y  and &EIIUN, 1964, ~nod~fied; reproduced by permisslon of Revue 
mdienne de Biologic.) 

absolute requirement for vitamin B,, (PEDERGEW, 1969a). The C m W i s  of 
Porphgra tenera, if culbivated in axenic culture, needa vitamin B,, for growth 
(IWASAKI, 1965). Several other multicellular algae were found t o  require vitamins 
(PROVMOLI, 1063 ; ~ D E R S E N ,  19698). 

It is now well established that  a number of seaweeds not only accumulate a, 
variety of metals but need some particular elements (BLACK and MITCHELL, 1 9 5 2 ;  
KLE~~IPERER,  1957 ; PROVASOLI, 1963 ; VON STOSCH, 1963 ; FRIES, 1966 ; PEDERSEN, 
1969b). Even though some elements are very dilute in sea water they may be 
physiologically important for the algae, which show a concentration factor for 
heavy metals ranging from 100 to 30,000 (BLACK and M r ~ c a ~ r , ~ ,  1952). Ion uptake 
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by rnwine algae may bt: enhanced by water nioverncnt (waves, currents, tides; 
PROVI\SOLI, 1963). Hence, an npparat,us such as the t,hnlnssiotron (Fig. 4-30) which 
imitates tidal mvveme~lt~s in the laboratory, constitutes a, usefill tool for stuclics on 
uptake of i~~organic clcments as u~ell ;LS of organic molecules by seaweeds (see 
also Chapter 2, p. 246). All t.hcse findings t~nderline the dificulty of imibating 
natural sea water adequately. They suggest that the inadequacy of the present 
artificial media for growing crrta,in seaweeds probably reflects the lack of some 
organic (hormones, vitamins, amino acids or other unknown organic molecules) or 
inorganic (elcmcnts) factors, which occur in natural sea water. 

A number of organic molecules have been detected in sea water : auxins (BENTLEY, 
1958), vitamins ( H ~ v E Y ,  1957; DAISENY and FISHER, 1958), amino acids (BoH- 
LINO, 1970, 1972) and more complex substances (HOYT, 1970). The major ions are 
sodium, magnesium, calcium, potassium, chloride, sulphate, bromide and carbon- 
ate, which together account for more than 99.9% of the sa.1ts (ORR and MARSI-IALL, 
1909). The concentrations of the major constituents of sea water and tlxose of 45 
minor elements have been listed in Volume I (pp. 66-7 1, 634). 

The major constituents of sea water, a,nd anincreasing number of the minor ones, 
play a role in growth processes of unicellular algae (ORR and MARSHALL, 1969). 
Presutna,bly, these elements are also of importance in the growth of mu1 ticellu1a.r 
algae. The development of more adequate artificial media for multicellular adgne 
requires better knowledge of their mineral metabolism and general physiology. 

(d) Apparatus for Cultivation and Experimentati~n 

IYhile it is possible to cultivate some multicellular a1gu.e successfully in the labora- 
tory in small vessels conta.ilung enriched natural sea water or artificial media, 
satisfactory growth of the larger algae is seldom obtained under these conditions. 
Many autl~ors have attempted to overcome these difficulties by employing open 
systems with a continuous supply of fresh natural sen water, or re-circulation 
systems containing natural sea water. Several large brown algae (species of Alaria, 
Larninaria, Macrocystis, Undaria) have been cultivated in this way (NEUSHUL, 

1963; NEUSEUL and HAXO, 1963; ANDERSON, 1965; N o w a  and co-authors, 1969; 
SOUTH, 1970). 

The apparat'us devised by SOUTH (1 970) for cultivating A la.ria esculents (Fig. 
4-31) can be built easily and may be used also for other seaweeds. In this apparatus, 
fresh sea water is filtered before i t  reaches the culture tanks, and light from fluores- 
cent tubes may be experimentally manipulated. The closed re-circulating sea- 
water system used by JONES a.nd DENT (1970) for growing red and brown algae, is 
illustrated in Fig. 4-32. Sea water is pumped from the storage tanks (where sedimen- 
ta.tion occurs) to a header tanlr, from which it flows by gravity to the experimental 
benches. Filters may be inserted between the taps and the cultpure dishes jn order to 
remove suspended matter. 

Although both open systems and closed systems with re-circulating natural sea 
water have been si~ccessfully employed for algae cultivation, there are disadvan- 
tages: (i) even filtered sea water may contain bacteria, diatoms, small flagellates 
and algal spores, which contaminate the cultures ; ( i i  ) re-circulating wat,er may 
accumulate metabolic waste products released by the cultured seaweeds, thus 
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changing the composition of the culture medium (JONES a.nd DENT, 1970). To mini- 
mize these potential dra,urbacks, more effective filtration and frequent changes of 
the sea water are necesmry. 

The thalassiotron (Fig. 4-30), initially devised by TREMBLAY ~ ~ ~ M E H R A N  (1964), 
was later improved by the same authors (MEHRAN and TREMBLAY, 1965a, b, 

Time (days) 

Pig. 4-33: Pucecs spiralis. Absorption of 59Fe in two compartments 
(I and 11) of the new thalassiotron, with different radionuclide 
concentrations (I = 1708 x 106 dprn I-'; I1 = 3915 X 106 
dprn I-'). (After MEHRAN and TREMBLAY, 1906b; modified ; 
reproduced by penni~aion of le Nizturaliste cad ien . )  

1966a, b). With the latest model i t  is possible to conduct 4 experiments simul- 
taneously (MEHRAN and TREMBUY, 1966b). The thalassiotron is a useful tool for 
investigatuig the uptake of radionuclides (59Fe, 6 5 Z ~ ~ )  by seaweeds (Fig. 4-33) and 
can be used for a va,riety of studies on physiology and mineral. metabolism of a.lgae 
exposed to defined tidal regimes. 

Light a,nd temperature conditions call be controlled in a cultivation apparatus 
described by EDWARDS and VAN BAALEN (1970). The apparatus (Fig. 4-34), origin- 
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ally deaigned for cultures of unicdlular green and coccoid, and filamentous hlue- 
green algae (-S, 1958; H u n a  and FRENCH, 1958), has been modified for 
use with uni-algal cultures of benthic marine algae. It permits to obta.in a tern- 
perature gradient at a right angle to an ~rrrrdiance gradient and was used for 
etudying effects of temperature and irradianoe on growth and reproduction of 
eeveral brown and red algae. 

Fig. 4-34: Cultivation spparatus for benthic marine dgae. Irradiance and 
temperature gradients can be progmmmed. The algae are cultivated in Petri 
dishes on the  aluminium plate (1). 2: warm water beth; 3: cold water bath; 
4: movable Auoresclent lamp. (After EDW~RDS and v* BAALEN, 1970; 
reproduced by permission of  Walter de Gruyter and Co.) 

(3) Green Algae 

(a) Commercial Importance 

The green algae or Chlorophyceae are of clear green appearance; the chlorophyll 
of their plastids is not ma.aked by other pigments. The most familiar marine peen 
algae belong to the so-called confervoid algae. The classification of the green algae 
has been summarized by LEVRINQ and co-authors (1969). 

Green algae of commercial importance are listed alphabetically in Table 4-16. 
Most of the Ch1orophycea.e listed in Table 4-16 are widespread and grow abun- 

dantly in protected areasin the intertide land upper subtidal ~ ~ ~ ~ ~ ( ~ ~ C C O N N A U O R E Y ,  
1970) ; they attach to various substrata. Along the Belgian coast we have frequently 
found species of E n t e r m r p h  and UZva attached to shells of living mussels. 
Attachment to morlusc shells has been observed also in larger brown algae such 
as F w w  sp. (Fig. 4-35). 
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Fig. 4-35: Puczcs species, attached to shells of mussel. 
(Ol-igin~l.) 

Table 4- 16 

Green algae of co~nrnercial importance. fiedominant use (after BONEY, 1965) is 
indicated by : hf: human food, af: animal food, mp : medical purposes, rna: manure, 
iu : industrial use. The Iist is based on papers by VERHAS (1925), KUROGI (1 963a), 

BONEY (1965), LEVRIKQ and co-authors (1969) and OKAZAKI (1971) 

Codium sp. hf, mp Monostroma eraasisaimurn h f, af 
C. dichohum b f M. grevi1le.i M, af 
C. divarimturn h f M .  latGsimm hf, af 
C .  f i q i l e  h f M. ~ziticlum hf, af 
C. antricatum kf M .  tubulifmme l ~ f ,  af 
C .  linclenbergii kf iD7uawla japoniccr R f 
C .  mzlelleri h f UEva fascia& h f 
C. knue h f U.  1o.ctuca hf, af, mp, ma 
C.  tomeaaum hf, iu U.  lati-98atno hf, af 
Enterommpha comprema M, af U .  m u  h f 
E.  flesuosa h f U ,  pennifmia mP 
E.  inte-stinalw hf, af U .  pertwa hf, af, Jnp 
K. linzo h€, af U. ieticulata mp 
E.  prolifera hf 

(b) Cultivation 

Although several green algae are of economic significance (mainly as food for 
man and animals), only few species are at  present cultivated commercially. 
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Genus Monostroma 

Species of 1Monoskoma are collected for food mainly in Japan and China (BONEY, 
1966; LEVRINCJ and co-authors, 1969). They are cultivated on artificial substrata, 
the so-called 'Hibi' (YAMADA, 1969). This consists mainly of bamboo brush and 
of nets made from naturaI or synthetic materials. Frequently, species of M m -  
8trom.a grow as contaminants on the substrata offered for Porphyra (IWANOTO, 
1960; KWROGI, 1963a). The zoospores and the zygotes (KORMANN, 1962) produced 
ere distributed accordng to the direction of the main surface currents during the 
Rood (e.g. BONEY, 1965). Hence certain areas of the culture grounds (the so-called 
'Taneba') become crowded. The location of these favoured areas appears to shift 
with the years, a, fact which c o ~ ~ l d  be avoided by artificial spreading of spores ob- 
tained in laboratory cultures. 

Genus Ulva. 

Ulva lactuca and U. pertusa ere common inhabitants of intertidal areas. They 
exhibit isomorphic alternation of diploid and haploid plants. Mobile zoospores, 
released by diploid plants, produce gametophytes, which generate gametes. U. 
lhurelii inhabits the shores of the Mediterranean Sea and the Atlantic Ocean and 
is known from Spain, Portugal and France (FBYN, 1.965). Axenic cultures of U. 
lactzlea and U. taeniata have been obtained by Pxtovnso~r (1.968,1963 ; Chapter 5.1 l ) ,  
who observed that, in the absence of bacteria, plant hormones me required for 
normal development of a foliaceous thallus. These important finchgs suggest that 
the growth of seaweeds cultivated in coastal waters may be influenced by hormones 
which are found there in appreciable amounts. 

Genus Enteromorpha, 

Release of zoospores and gametes from Entermorph  plants occurs periodically 
(CHRISTIE and EVANS, 1962); it is light dependent (LERSTEN and VOTH. 1960). 
Although Enteromorph plants are a t  present obtained as by-product in P q h y r n  
cultures (KDROCI, 1.963a), sufficient data on their life histories a,nd environmental 
requirements exist to permit intensive cultivation. 

(4) Brown Algae 

(a) Commercial Importance 

The brown algae or Phaeophyceae constitute the most familiar large seaweeds. 
Their brown or olive-brown colour is due to chlorophyll masking by several other 
pigments. The Phwophyceae comprise a large group : about 1600 species have been 
described (Lovxs, 1967). A recent classification has been provided by LEVRIN~ and 
co-authors (1969). 

The commercially most important brown algae belong to the orders Laminariales 
and Fucales. The main species used by man are listed alpha.betically in Table 4-1 7. 
In  some cases species synonyms have been added in parentheses. 
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Table 4- 17 
Brown algae of commercial importance. Predominant use (after BONEY, 1965) is - 

indicated by : hf :  human food, af: animal food, m p  : medical purposes, ma : manure, 
i u :  industrial use. The list is based on papers by VERRAS (1925), BONEY (1965), 

LETTRINO and co-authors (1969),  HASEGAWA (197l&, b) and ~ ~ A K I  ( l  971) 

A g a n ~ m  rribrom~m iu (Syn : L. c l c u s h i i )  
A. jimbriatum iu L. ja.ponica h€, rnp, iu 
Alaricr eaculenta hf, af, ma L, hgipeda.lia h€ 
A. filuloaa h£ L. longiaaimcs hf, iu 
A. maryiwlu rna L. religwsa h f 
A. ochotensis h f L. saccharina af, ma, iu 
A. yezoensis hf L w 8 0 n k  sp.  iu 
Artll.rolamnus b i ~ w  h f L. va-b ma 
A. kurilensis h f Mmocys tG integnyolia a f ,  me, iu 
Ascophyllum nodomm a f ,  ma, iu M .  pyrifera a f ,  ma, iu 
C ~ V W O S J J ~ ~ U  p m i f ~ : ~  h£ M ~ X O ~ E O ? ~  CMlS8U h f 
Chordcz fiturn h f M. decipkns h f 
Clwrdaria flcngellifmia hf, mp Nemacystis decipiens h f 
Costaria cosiUt.a h f Nereocystis luelkeana hf, a f ,  ma, iu 
Cystophma ap.  
Cyatophyllum sp. 
Dict.yo;ok%a polypodioida 
( S y  n : R. membmnacea) 
D. plqwyramma 
Dictyota acutiloba 
D. a p k d a b  
Duwillea anturctica 
Ecklonia bicyclis 
X. cava 
X. kurome 
E. lalij01i.u 
E. maxima 
Eckloniopsis up .  
Egr+ menziwii 
Kiqenia @clis 
Endarachne sp. 
F m ~ s  sewatus 
P. veaiculom 
Hcterochordariu abietinu 
Himanthalk elolagaia 
(Syn: H .  lorea) 
HiziL%afzlsifme 
Hormosira ban,kmi 
H ydroclathm clathratw 
( S  y n  : H .  concellatw) 
KjeUmanielLa gyruia 
(Syn  : Laminaria gyrata) 
Laminaria angustata 
1;. & h d e a  
4 ,  diabolica 
L. digilata 
L;. f~agi l is  
L. h,v~erbwea 

h f 
hf 
hf 
hf, af, mp, ma, 
iu 
iu 
hf 
hf 
af, m a ,  iu 
hf, iu 
ma, iu 
hf, me, iu 
h f 
af, ma, iu 
sf, mp, mo, iu 
h f 
m&, iu 

hf 
af 
hf, mu 

hf, iu 
hf 
hf, iu 
af, ma, iu 
iu 
af. ma, iu 

~ a c l i 4 .  australk 
Pelagophyczce p m a  
Pelv Jio cannliculala 
Pelalonia fascia. 
(Syn :  Phyllitis jasc ia  
Ilea jasciu) 
Sargaaaum qui jo l ium 

iu S .  ech,inocarpum 
S. enerve 
S .  j u m j m e  
S. gmndijerum 
S. l~emipll yllum 
S. h.orneri 
S .  lin(f01iolium 
S. m i c r a m n t h m  
S .  nutuna 
( S y n  : S.  baccijerum) 
S.  nigrifolium 
S .  polycy~turn 
S. serralifololium 
S. ailiquosum 
S .  sp. 
5'. tennemtnmum 
S. thurnbe~gii 
S. vulgare 
S. turigl&ia 
S c y t o a y t o a p h  sp  . 
Splachnidium rugosum 
Tinocladia sp. 
Tzcrbinaria sp. 
T. or- 
Undaria pcterscniana 
U .  pinnati$da 
U .  undari0i.d~ 

af, ma 
ma, iu 
af, rna 
h f 

hf 
h f 
M, iu 
hf, hf mp, ma, i 

iu 
hf 
hf, iu 
hf 
hi, af, m a  
rna 
af, mp. ma, 
h f 
rna 
hf 
hi' 
hf 
m a 
hf 
h f 
hf 
hf 
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Brown algae occur on the coasts of all oceans but are most abundant in the 
temperate-to-cold waters (Volume I: GXSSNER, 1970). Most of these large algae are 
found near shores in water not more than 20 m deep (MCCONXAUGHEY, 1970). 
Several species, however, are able to grow in deeper waters when light is sufficient. 
Lamina.ria rod~iguezii, for example, was f o ~ ~ n d  on the Apollo Bank (Tyrrhenian 
Sea) a t  75 m,  and L. ochroleumin thellessinaStraite at  95 m (GIACCONE, 1971). 

(b) Cultivation 

Most of the more than 70 species used by men are harvcstedfiom natural habitats, 
but a few important brown algae are cultivated, especially in Japan and China, 
where the technology of cultivation is advanced (C~ENG, 1969; HASEGAWA, 
1971a, b ;  OKAZAKI, 1971). The two genera Laminaria and U d a r i a  comprise, 
a t  present, the commercially most important representatives; several species are 
farmed on a large-scale basis. Other genera, however, would lend themselves to 
commercial cultivation, providing an adequate technology is developed. Recent 
research by NORTB and co-authors (1 969) has established that dispersion of Macro- 
cystis embryos in suitable sea areas may help to increase natural kelp stands. The 
three genera Laminaria, Undaria and Macrocy8tis will be considered here in detail. 

Genus Laminaria 

Laminaria seaweeds are commercially important not only for their food value 
but also for specific constituents such as alginic acid (HELLEBUST and Haua, 1969, 
1972a, b). In Japan and China, they are primarily used as foodstuffs. The yearly 
production of Laminaria in Japan amounts to about 30,000 tons in hied weight 
(HASECJAWA and SANBONSUQA, 197 l). 

Laminaria is harvested between May and November, with n maximum a t  the 
end of July and during August (CWMAN, 1950 ; OMW, 1971). Since the plants 
grow abundantly in rocky areas with cold water, even in summer, harvesting by 
diving, which is used for Qelidium species, is impracticable. As Laminaria seaweeds 
attain considerable sizes, they may be easily collected by fishermen by means of 
long-handled rakes. These rakes are no longer needed for harvesting raft-cultured 
plants, which c m  be removed by hand.. 

The main methods used to facilitate cultivation of Lamimria are: (i) planting of 
stones; (ii) blasting of reefs ; (iii) removing of competing plants (Sarguasum, Phyllo- 
spadix and Zostera); (iv) raft cultures (CHENO, 1969; HASE~AWA, 1971a). 

The large plants harvested by fishermen are the m.acroscopic sporophytes, which 
alternate during the life cycle with small filamentous gamc:tophytes. On the blade 
of the macroscopic sporophyk develop numerous sporangia which release mobile 
zoospores ( K m ,  1963). The zoospores settle on solid natural or artificial substrata 
and produce a germ-tube wh.ich gives rise to the gametophyte. After fertilization 
of the oosphere within the oogonium, new sporophytes develop from the microscopic 
gametophyte (SMITH, 1955). 

Several studies are concerned with the effects of abiotic environmental factors 
(especially light and temperature; Volume I :  CESSNER, 1970; HELLEBUST, 1970) 
and nutritional factors on growbh rates of garnetophytes and sporophytes (HARRIES, 
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1932;  KAIN, 1963 ; CHENC, l 9 6 9  ; LUNINQ, 1970; H A S E ~ A W A ,  1971b ; HASGQAWA 
and SIWBONSUGA, 1971). Esperimenta.tion on the microscopic gametophytes and 
on the early sporophytes (up to a length of a few c m )  is relatively easy. Technical 
difficulties arise wit11 the large sporophytes. 

Diving techques  (NORTH, 1961 ; NEUSHUL and HAXO, 1963) have assisted in 
overcoming these difficulties by permitting field experiments with large sporo- 
phytes. A useful method for transplanta.tion experiments with Lamin,uria hype+ 
borea, growing in the sublittoral zone of Helgolend (southern North Sea) has been 
developed by L ~ K I N G  (1969). The plants are carefully removed from the rocks by a 

Fig. 4-36: Laminavia hyparbwea. Lower part of stipe and holdfast mounted on a PVC 
plate with plastic network end rubber bands. (After Ltimtw, 1969 ; reproduced by 
permission of Springer-Verlag, Berlin.) 

diver ; they are then mounted on PVC plates with plastic network and rubber bands 
(Fig. 4-36). According to L ~ ~ N I N ~ ,  PVC plates are preferable to wooden plates, ajnce 
the latter are destroyed by woodboring organisms. The PVC plates are then moun- 
ted on iron frames (Fig. 4-37)  and submerged to the desired water depth. Such 
'underwater growth stations', which may be easily hoisted on board, allowed 
LUNINQ (1970) to make regular recordings on the growth of transplanted L. hype?- 
bwea at different depths (Fig. 4-38) and to perform interestb~g observations on  
several factors which control development. 

Transplantation experiments with species of Laminaria. and other Laminariales 
( A  laria, Macrocystis, Undaria) were also performed by other authors (NORTH, 
1964 ; SUKDENE, 1964 ; SANBONSUCA and HASEQA~VA, 1967 ; CHENG, 1969 ; HASE- 
ahwA, 197 la ,  b) .  HASEGAU~A (1 971b) reared Laminaria sporophytes in laboratory 
cultures by the so-called 'forcing cultivation technique' and then transferred them 
to  fishing grounds. 
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hg. 4-37 : Underwater p w t h  etation (iron fiame, 2 X 1 m) with r n o u n ~  PVC platee bervlng 
two-yeer-old speoimane of Lumhmia -. The efetion hae been hoisted on board e 
boat- for phot&mPhio reoording. (6 LWINC, 1970 ; reproduced by perrniseion of 
Biologhhe Ansfelt Helgold.) 

Fig. 4-38 : Laminaria h y p w h e a .  Records of the growth of two specimens during third year of 
life. (a) Plant growing at 2 m water depth ; (b) plant growing at 6 m depth. (After Liirrma, 
1970 ; modified; reproduced by permi~ion of Biologische Anstalt Helgoland.) 



Collectors for settling zoospores arc often employed to obtain young Laminaria. 
Frequently, spatial competition is observed on the collectors between young 
Laminaria sporophytes and fast-growing smaller algae (e.g. Ectocarpus sp.). Ruch 
unwanted competition may he avoided if very young sporophybes are kept a t  10°C 
u ~ ~ d e r  controlled laboratory conditions and transferred to the sea when the water 
tempera,ture falls below 20" C. Growth of young sporophytcs may also be improved 
by using chemical fertilizers (BONEY, 1965; CHENG, 1969; YAMABA, 1972). De- 
velopment of L. h.yperhore-a gametophytes Inay be hastened by enrichillg na,tural 
sea water with nitrate, phosphate and bicarbonate (WALKER and SMITH, 1948). 

Fertilization of sporophytes growing on floating ra.fts, with sodium nitra.te or 
ammoniun nitrate, has become current practice in China (CHENG, 1969). Since the 
dernand for fertilizers increases, the Chinese are considering the possibility of large- 
scale introduction of nitrogen-fixing algae and bacteria in waters, such as those of 
the Yellow Sea, which are poor in nitrate. A new strain of Lu,minariu japonica ('Hai- 
Ching l'), which is better adapted to high tempera.tures, has permitted the ex- 
tension of kelp culture to South China; this may be considered one of the major 
achievements in modern mericulture. These findings suggest that fertilization and 
breeding teclini ques, which have been employed successfully on land, could increase 
the crop of commercially farmed algae. 

Genus Undaria 

Undaria is a well-known genus, endemic to Japanese waters. The species har- 
vested for commercial uses are: Gndariu peterseniam, U. pirt?uttifida and U. 
undarioidrs (OKAZAKI, 1971). They are produced on all Ja,panese coasts except in 
the South-east and North-east of Hokkaido (Fig. 4-39). Annual Undaria harvests 
for the period 1955-1960, are listed in Table 4-18. The main harvesting season 
differs according to the region. May and June are the best months for harvesting 
Undaria blades North of the Miyagi Prefecture, including Hokkaido (Table 4-1 9) ; 
South of the Chiba Prefecture, harvesting activities reach a maximum 1 to 2 
months later (OKAZAKI, 1971). The methods of harvesting Unda~ia plants from 
natural or artificial cultures are simi1a.r to those employed for Laminaria species 
(see above). 

Three major methods are employed by Japanese fishermen for increasing the 
annual production of Unda,ria species : ( i )  providing additional amreas with natural 
solid-substra.ta. for attachment; (ii) removal of competing seaweeds; (iii) raft cul- 
tures. 

Additional natural a.ttachment areas are provided by throwing stones into the 
sea or by dynamiting sea-bottom rocks. These measures make more solid substrata 
available for zoospore settlement. Fishermen hope that removal of commercially 
non-valued competing marine plants (PhytEospadiz, Surgassum, Zostera) will be 
mechanized (HASEQAWA, 1 97 1a). 

Raft cultures have, in recent yeam, gained in importance. Freshly harvested 
Undaria plants are soaked in shallow wa.ter where rope collectors are placed to 
attract settling zoospores (Fig. 4-40). After shedding and settling of zoospores, the 
ropes are tied to the culturing rafts. Zoospore emission by Unduria sporophylls 



Fig. 4-39: Unola7ia petersenicma, U. 
pinnatijWa, U. undwioides. Googrephi- 
col distribution of commerci~lly used 
Undaria species in Japan. (After 
OWT, 1971 ; reproduced by per- 
mission of the author.) 

Tahle 4- 18 

Unda.riu peterseniana., U .  pinnatiifidcc, U .  unda.rioides . 
Total commercial production in Japan (After OKA- 

ZAICI, 1971 ; modified) 
P P P P - 

Year Amount hawasted (tons) Dry matter (tons) 

1955 45,053 8,743 
1968 42.8 18 8,664 
1957 61,980 9,361 
l968 46,642 8,982 
1959 50,711 9,067 
1 Q60 62,664 11,111 

Table 4- 19 

Undaria petersenicma, U .  pin,nal,i@a, U .  unda~ioides. Harvested amounts 
(tons of wet plants) as a function of season in Hokkajdo (After OKAZAKI, 

197 1 ; modified) 

J m .  Feb. Mar. Apr. May June July Aug. Sept. Oct*. Nov. Dec. 
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has been studied by SUTO (1962). When the sea temperature reaches 14' C, zoo- 
spores are released a t  2-hr intervals between 9 a.m. and fl p .m.  ; they settle o n ~ ~ a t u r a l  
or artificial, solid substrata. Detailed knowledge of these processes has provided 
the basis for improving the methods of cultivation. Further increase of sea tem- 
perature to about 20" C during spring creates optimal conditions for the develop- 
ment of the culture (ORAZAKT, 1971 ). 

Genus Macrocystis 

Species of the giant kelp Macrocystis constitute a direct or indirect food source 
for a large number of nearshore animals. They are of corniderable economic value, 
mainly for the production of alginic acid and alginates (NORTH, 1061 ; BONEY, 1966 ; 
DAWSON, 1966). Biological studies have concentrated on Macrocystis pyrijera and, 

L ~ o o s p o r e  c o l l e c t e d  
o n  t h e  r o p e  

Fig. 4-40: Undariacultivation raft. Enlarged datail show- 
ing rope collectors and newly settled zoospore. (After 
OWAKT, X 97 1 ; modified ; reproduced by permission 
of the author.) 

to a lesser extent, on M. angustifolia and on M. inlegrifolia (CRIBB, 1954; NORTH, 
1961, 1964; CEENDENJKINQ, 1964; ANDERSON and NORTH, 1969; CIITRIFE and 
GARDNER, 1969 ; GUZMAN DEL PROO, 1969 ; NORTH andco-authors, 1969 ; TEPLITZKY 
1969). M. pyrifera, which reaches an age of 8 to 10 years, attains average lengths of 
50 to 70 m. Young plants of this species show remarkable growth rates of about 
30 cm per day (L~vamcr a.nd co-authors, 1969). 

In Californian as well as in Tasmanian water$, the plants are harvested by cut- 
ting their branches (see above : Inclustrial Uses) about 1 m below the water surface, 
a t  4-month intervals. This method of harvesting assures greater penetration of 
sunlight to the plants below, enha,ncing photosynthesis and growth. New branches 
soon reach the surface, and the 4-month harvesting cycle is repeated. Under 
favourable conditions, the fast growth of the pla.nts permits a good harvest 3 to 4 
times a year. 

The large Macrocystis kelp0 represent the diploid (2n = 32) sporophytic genera- 
tion. The sporangia, loca,ted on the sporophylls in the basal region of the pla.nt, 
release zoospores; these germi11a.t~ and develop into the filamentous gametophyte 
(WALKER, 1952 ; NEUSRUL, 1963). Growth of the gametophyte, fertilization, and 
development of young sporophytes under controlled laboratory conditions were 
obtained by several a.uthors (NEUSHUL, 1963 ; ANDERSON, 1965 ; ANDERSON and 
NORTH, I966 ; NORTH and CO-authora, 1969). 



Transplantation experiments have shown that growth of Macrocystis on sub- 
merged rafts is rather fa.st during autumn and winter (NEUSHUL and Haxo, 1963). 
Transplantation techniques were largely used to obtain keIp restoration in Cali- 
fornian waters (NORTH, 1968a, b, c ;  NORTH and MITCHELL, 1968). An underwater 
nursery, constructed of used tuna netting, was utilized to protect kelp transplants 
from grazing by herbivorous fishes (NORTH, 1968~).  Grazing by sea-urchins (mainly 
8t1.ongylocentrotua )ranciscanus) wn.8 prevented by buoying the plants about 1 m 
from the bottom (NORTH, l966b). Large-scale lime treatments were also used to free 
the bottom from sea-urchins ( N o ~ r a ,  1966a). A massive development of Macro- 
cystispyrifera was obse.rved within areas inhabited by sea otters, which are effective 
sea-urchin predators (e.g. NORTH, 1965~).  More recent investigations by NORTH 
and his group, have shown that release of mass-cultured Macrocystis py~ifera into 
suitable sea areas constitutes a practical means of increasing natural kelp stands 
(NORTH and MITCHELL, 1968; NORTH and co-authors, 1969). 
NORTH and his group (e.g. N o m ~ ,  1972) obtained in the laboratory mass cal- 

tures of Macrocy.stis pyrifera sporophytes from zoospores. The zoospores were 
allowed to settle on solid substrata (microscope slides, Plexiglas strips, glass 
cloth, or nylon ropes) and then placed under continuous illumination in running 
sea water. The gametophyks attained sexual maturity within 10 to 20 days; 
another 5 to  20 days mere necessary for sporophyte development. At this stage 
(yourig aporophytic embryos), the algae were carefully detached from their sub- 
strate and dispersed into the sea. NORTH. observed that swirling the embryos in a, 

suspension of lead dust before dispersing provokes adherence of the hea.vy particles 
and increased sporophyte settling. But also without lead-particle treatment, the 
yo~-v sporophytes may attach, as their basal parts are sticky. A preliminary 
estimate by NORTH inclicates that  about i05 embryos must be dispersed to obtain 
one attached plant-a very low yield. However, in view of the large numbers of 
embryos obtained (up to 105 to  106 embryos per cm2 of culture substrate) the low 
yield does not constitute a serious obstacle for i~icreasing kelp stands in the sea. 

(5) Red Algae 

(a) Commercial Importance 

The red algae or R.hodophyceae derive their typical colour from the fact that 
they contain, in addition to chlorophyll, the red pigment phycoerythrin and sorne- 
times the blue pigment phycocyanin. A total of 3744 red-algae species has been 
described (Lowrs, 1967), and a classification presented by LEVRINO and co-authors 
(l 969). 

The red algae most important for commercial purposes belong to the genus 
Porphyra ('purple laver') and to a member-rich group known as Agarophites. 
Table 4-20 lists, in alphabetical order, the main red-algae species of eco~lomic 
value. In some cases, synonyms have been. added in paxentheses. 

The Rhodophyceae are almost exclusively marine; Iess than 100 ~lpecies are 
found in fresh water. They occur in all, including polar, seas; but they find optimum 
habitat conditions in the tropics. Most red algae grow in shallow waters or inter- 
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Table 4-20 

Red algae of commercial importance. Predorni~lant use (after BONEY, 1965) is 
indicated by: hf: human food, af : animal food, mp: medical purposes, ma: manure, 
i u :  industrial use. The list is based on papers by CHAPMAN (1960), OHMI (1958), 
BONEY (1965), DAWSON (1966), LEVRINO and co-authors (1969), SIMONETT~ and 

co-authors (1970) and OUZAKI (1971)  

Ahnfeltia mzcinna 
A. plicat& 
A M i u m  hlminthochorton 
Asparagopsis sanufo7diuna 
Beckerella sp .  
Bosdrychia radicana 
Calogloaaa adnala 
C. le+eurii 
Campylaephora craasa 
C. hypnu.e&es 
(Syn : Ceramium 
hypnaeoides) 
Carpopellia afinia 
C. fhbellala 
Catenella impudica 
C.  nkpae 
Ceramium adunmm 
C. boydenii 
C. cimbricatum 
C. cliatum 
C.  codii 
C. crassurn 
C. jdstigiatum 
C.  firnbmhtum 

hf, iu 
h f 
iu 
iu 
hf, iu 
i U 

mP 
hf 
iu 
hf 
hf 
hf 
iu 
hf 

Dilsea d u l i s  
Dumontia incraaaatu 
E u c h e u m  amakwaen& 
E. cruscmjwme 
E. mpressoideum 
E. eclule 
E .  gelatin& 
(Syn : E. gelalanosa) 
E. hwtidum 
(Syn : CJigufiina h o d )  
E. i a i f m e  
E. muricatum 
(Syn : E. apinomm, 
E .  dentiolLlatztm, 

hf 
hf, iu 
i u  
iu 
hf, iu 
hf 
h€, iu 

hf. iu 

iu 
hf, iu 

iu 
iu 
iu 
iu 
iu 
iu 
iu 

=-"P 
hf, af, mp, iu 
hf 
1u 

E. okamurai 
E. sewa 
E .  a t d l u ? n  
Purcelhria jaatigiab 
Uelidielh acerosa 
(Syn : Uelidium +idurn) 
Uelidiqsis rigEdd 
Belidium amansii 
17. arborescens 
a. ~ ~ b z ~ s ~ u l a .  

C. pinnukstw iu G. lingulatum 
C. p b t i n w  h f U. l indes  
C. yendoi iu a. microptcrum 
Corallina o&malis B. nwl i f~ons  
Ctyptoraemiadeeumbena hf B. p m f i c u ~ n  
Cy8t~clonium armutum h f Q. p h i v e c u l u m  
Digenea simplm hf, mp Q. polycladum 

hf, iu 
hf, iu 
hf, iu 
iu 
hf, iu 

iu 
iu 
iu 
hf, iu 
h£, iu 



B. uagwrn 
Qigartina c h m i s a v i  
a. clavijem 
a. decipi- 
U .  intemndia 
G. ooho&& 
U .  (paciyfm 
G. @tillatcr 
G. 8teElato 
(Syn : U. mamilbea) 
Q,  leedii 
U .  lmella 
Ul+ellia m p l a n a l o  
a. furcaLa 
U. l e m  
UrrociEM.ia a.tcudu 
Q. blodgettii 
0. burua-pm&& 
B. cazrdah . 
U. c w u  
U .  COmpTeem 

0. c m f ~ e s  
U .  com.ea 
U. coronipzy01olia 
Q. crassa 
U .  dentim.da&z 
U.  dura 
U .  edulia 
Q. eucheumoides 
a. gigas 
Q. inouruatcc 
Q. mdtipartitcr 
(Syn : U. lacindata, 
Q. foliifera) 
U. pumma 

Table 4-20--Contiwued 
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iu 
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iu 
iu 
iu 
iu 
iu 
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hf, mp, iu 
hf 
iu 
iu 
iu 
iu 

iu 
iu 
hf, iu 
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iu 
iu 
iu 
iu 
iu 
iu 
iu 
iu 
iu 
iu 
h€, iu 
hf, ma, 
h f 
hf, iu 
iu 
iu 
iu 
hf, i, 
hf 
iu 
i U 
iu 

H .  cenricornis 
H. churoidea 
R. Cho~ddGea 
H .  c m &  
H.  diZna&ta 
E. q e r i  
H .  f ~ e E l ~ o r m i a  
H .  h m d o s a  
R. japonica 
B. rnwczlorrnia 
ET. nidi$ca 
H.  nidulam 
H .  pannosa 
H .  aaiclana 
H, q k i f e r a  
R. vdenliae 
H .  variabilia 
1 , d e U  corn- 
1. eddie 

iu 1, ftoecido 
(Syn : I .  laminaroidea) 
Laurencia botryozder, 
L. o b t w  
L. papilloaa 
L. perforcUcr 
L. pinnutijda 
Li&gwa fa~inoaa 
L. d e m 8 a t a  
fithothmnion micareurn 
L. cmasum 
Mastocarpua klenzknua 
Merisbtheca papulosa 

iu Nemalion multifirlum 
iu Neodilaea yendwnn 
iu Odonthalio corymbifera 
iu Pachymenia himuntqpho~a 
h f ,  iu .Pachymeniu sp. 
iu Pachymeniopais ellipticcr 
iu Phyllophora brodiaei 

iu 
iu 
iu 
hf, iu 
hf, iu 
hf, iu 
M, iu 

$is hf, iu 
iu 
hf 
hf, iu 
hf 
hf 
iu 
hf, iu 
hf, iu 
i U 
iu 
iu 
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iu 
iu 
iu 
iu 
iu 
bf, sf ,  MP 
iu 
iu 
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iu 
iu 
hf 
iu 

h f 
hf 
hf 
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P .  nervosa 
P .  rubena 
Plumaria plumosa 
Porphyra angwh 
P .  alropurpurea 
P .  colambina 
P .  denkata 
P .  lcuniedai 
P .  kunt?viana 
P .  laciniaka 
P .  leucoslicta 
P .  o c h o ~  
P .  okanau.~ai 
P .  onoi 
P .  perfora  
P .  pewlo-linearis 
P .  pv-pureu 
(Syn : P. w.mMicalis 
f. lmit~iato) 

CULTIVATION 

Table 4-20Aont inued  

P .  8Uborbiculdcr 
P .  lenera 
P .  umbilicalb 
P.  vulgarie 
P .  yezoensia 
Pterocladiu cia;oillacea 
(Syn : P, pin&) 
P. denm 
P.  l& 
P .  n a w  
P .  henuis 
Rhodoglosmm hemk-phaekm 
R. japonicum 
Rhodymsnk i n d k  
R. palmats 
Sarcodia montagneana 
Soliera chordalw 
S p h o e r m s  calilayzngus 
Suhria vitlata 
Turnerella m e ~ m  

iu 
iu 
iu 
='P 
h£, af, rnp 
hf 
rna 
"1P 
hf, iu 
iu 

tidal zones and rarely go down to depths in excess of 30 to  40 m. Howevcr, in the 
tropics, red algae have been dredged as deep as 170 1n (MCCONNAUQEEY, 1970). 
The Rhodophycese possess an uncalcified thallus, except the red coralline algae, 
which accumulate large amounts of lime. 

(b) Cultivation 

Moat of the more than 200 species used commercially are harvested from natural 
habitats. This pertains, for example, to the numerous algae which are used as 
sources of aga,r. Several edible Porphyra species, however, are a t  present cultivated 
extensively in Japan a.nd China. The genus Porphyra is one of the most studied 
algal groups (DANGEARD, 1927 ; DREW, 1949, 1964; KOBNMANN, 1960 ; KUROOI, 
1961, 1963a, b ;  OOATA, 1962; IWASAKX and MATSUDAIRA, 1963; I w ~ s a ~ r ,  1966; 
AUSTIN and PRINQLE, 1969 ; IMADA and co-authors, 1969, 1970a, b; XCRXSHNA- 
MURTHY, 1969a; YABU, 1969a, b, 1970, 1971 ; IMADA and SAXTO, 1971). Methods of 
cultivation have been developed for Porphyra species by several authors (ARASAXI 
and co-authors, 1966; YAMADA, 1959; Kvrzoar, 1963a, b ;  Krrrroa~ and A~YAM.A,  
1966; KUROQI and YOSHIDA, 1966; SUTO, 1966; KUROGX and SATO, 1967 ; KUROOI 
and co-authors, 1967; IVER.SEN, 1968; OKAZAKI, 1971); for details consult the next 
section. 

Other red algae genera, such as Gelidium, Gigavtina, Gracihria and Pterocladia, 
which are important for industria,l uses (mainly agar industry), have been inten- 
sively studied (WOOD and PEDDIE, 1941 ; STOKKE, 1966,1967; OXXMI, 1958; MTTRA- 
KOS, 1964; YAMAMOTO, 1969; MATEIESON and BURNS, 197 1 ; BURNS and MATHIE- 
SON, 1972a, b ;  OGATA and co-authors, 1972); however, only a few species are a t  
present cultivated on a commercial scale. 
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Qenus Porphyra 

The genus Porphyracomprises three subgenera, viz. E?~porph,ym, L)iplaatidu. and 
Diploderrma (KRISHNAMURTHY, 1972). According to IMADA and co-authors (1971, 
p.  81), Porphym species are now the basis for 'the most important coastal marine 
i n d ~ s t ~ r y '  in Japan. In China and Japan, the most frequently cultivated species are 
Porphyra tenera, P. angusla, P. kuniedai and P. yezoennsis (KUROQI, 1961, 1963a, b). 
I n  the USA, the principal species utilized as food on the Pacific coast is Porphgra 
perforala (TSENG, 1947). In the British Isles, three species are harvested for food 
('1averbrea.d') : Porphym leucostictn, P. purpurea and P. umbilicalis (HANPSON, 
1957 ; COXWAY, 1964a, b, c). Porphyra species are also cultivated along the southern 
coast of Korea (Ku~toar,  1963a). The plants are generally harvested between Octo- 
ber and February. The development of new culture techniques, using refrigerated 
collectors (see below), has enabled harvesting of good quality Porphy~a to be ex- 
tended even to  March and April (OEAZAKI, 1971). 

Porphyra species have been cultivated in Japan since 1870 (OKAZAKI, 1971). 
Studies on their life history have been published by DREW (1949, 1954), KUROGI 
(1953, 1963a, b), GRAVES (1955), TSENO and Crrao (1956), HOLLENBERG (1958), 
KORNMANN (1 960, 1961 b, 1970), IWASAKI (1961), CONWAY ( I  9648, b, c), KRXSRNA- 
~IURTHY (1969b) and CHEN and co-authors (1970). The first investigations in this 
field were made by DREW (1949, 1954) and by Kuxtoo-I (1.963, 1963a, b). 

Drew found that  the leafy thallus of Porphyra umbiliculis produces carposporcs 
sexually, which develop into a filamentoua shell-boring ConchoceEis-phase. The 
growing Conchocelis filaments form pink patches on mollusc shells. This pink colour 
on shells was attributed a.s early as 1892 to Cmhocelis roaea (BATTERS quoted by 
Dnew, 1954 and J..OUIS, 1967). The Conchocelis produces conchospores asexually, 
which develop into the leafy thallus, thus completing the cycle. 

The growth of C o n c k l i s  of Porphpru linearis within a piece of mussel shell is 
illustrated in Fig. 4-41. The Conchocelis is able to grow also free in culture dishes 
(Pig. 4-428) .  Fig. 4-42 showa Conc~wcelis, conchospores a.nd sporelings of Po~phyra 
Eeucoslicta obtained in culture (KORNMANN, 196 1 b). I n  culture, the c0nChQC~li8 
can be maintained, appzrently indefinitely, through vegetative propagation and 
monospores (IWASAKI, 1961; IWASART and MATSUDAIRA, 1963; CONWAY,  1967; 
KRISHNAMURTHY, 1969b) and this is probably the ca,se in nature (CHEN ancl co- 
authors, 1970). 

Formation of neutral spores by the leafy thallus was found in Porphyro umbili- 
calis (CONWAY, 1964c), P. tenera (TSENG and CHANQ, 1955) a,nd P. leucostictu 
(KORNMANN, 1961 b), but not in P. linearis and P. miniala (CBEN and co-authors, 
1970). According to CHEN and co-authors (1970) perennation of leafy thalli through 
neutral spores proba.bly occurs. Small leafy thalli develop directly from vegetative 
cells of Conchocelis in the species Porphyra cuneijorm.is (KRISHNAMURTHY, 1969b). 

The physical and nutritional fa,ctors which control the life cycle of Pwphyra 
species have been investigated by many authors (OGATA, 1969a, b, c ,  1960a, b, 
1962 ; IWASAKI, 1961, 1966; IWBSAKI and MATSUDAIRA, 1963; K u a o a ~  and SATO, 
1967 ; KUROOI and co-authors, 1967 ; CHEN and co-authors, 1970 ; FURUKAWA, 
1970). The conditions under which the various stages of the life history of Porphyra 
mini& occur are reported in Table 4-21. R,elease of conchospores in this species 
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takes place only a t  low temperatures (beturcen 3" and 7" C). According to present 
knowledge on life histories of Bungia and Porphyra species, the formation of rcpro- 
ductive structures in the Concbcelis js induced by a plzotoperiodic, phytochrome- 
mediated system (HOSHAW and WEST, 1 D7 1). 

OQATA (1962) tested the capacity of Conchocelis for growthin different media and 
found that  phosphorus is indispensable for its development. IWASAKI (1965) 
studied the influence of different vitamin B ,, analogues, purines and pyrimidines 
and of plant hormones on the development of Concbcelis of Porphyra tenera. 
Maximum growth of Conchocelis was obtained with 0.2 pg ml-l of kinetin, 0.02 

5 days 

7 days 

Fig. 4-41 : P+ym limeark. Conchmelis phase growing within a piece of musael shell. (After 
K o R ~ ,  1870 ; reproduced by permission of Biologische Anstalt Helgoland.) 

pg ml-' of indole-acetic acid and 0.4 pg ml-' of gibberellic acid. Maturation of 
C o n c M i S  is a.cclelerated by a treatment with 50 to l00 pg ml-l of p-indol-potas- 
s iu~n acetate (F~RUKAWA, 1970). Additional studies of hormone effects ere needed 
to elucidate the agente control.lir~g reproduction and morphogenesis in Porphyra 
species. 

The discoveries made by DREW (1949, 1964) a.nd by Ku~ocx  (1963, 1963a) are of 
great interest to  both scientists and farmers. The modern farming methods de- 
veloped for Pov-phya. species are bssed on laboratory cultures of the Conchocelia 
phase (FURURAWA, 1970). Traditional methods of cultivating Porphyra species 
employed vertical collectors, the so-called 'Hibi' (YAMADA, 1 969). A hibi consists 
rnaudy of bundles of tree branches (2-6 m long), set up  diagonally to the bottom of 
a sandy sea area, and of blinds of split bamboo bound together. They were used for 



attracting settling spores. Since 1930, horizontal collectors have been introduced 
(SUTO, 1966). They consist of nets (mesh size about 15 X 15 cm) made from coconut 
palm, hemp palm, or from synthetic- plastic, fibres. The nets (40 m long, 1.2 m wide) 
are fixed by bamboo supports (YAMADA, 1959). Floating of the nets is regulated by 

Fig. 4-42: Porphp leucostida. ConehoceCie phase and spowhga of the mono- 
stmmatic thalius. a: Fertile filament of the C d b  phase grown free 
in e culture dish; b : releaee of its conohosporea 4 hrs later; c : maea of 
fmhly released oonchoeporee; d :  young Porphgmz-hnde developed 
from conchoeporea. (After KOBWNN, 1961; reproduced by permission 
of Biologiache Anstalt Helplend.) 

adjusting the length of the fixing ropes. Since 1953, the collection of spores is per- 
formed under artificial conditions (OKAZA.EI, 1971). Conchoeelis are cultivated in 
tanks, where disinfected oyster shells are used as spore wllectors. The oyster shells 
are then hung on the nets when favourable culture conditions prevail. 

The recent discovery that the Pwphyra thalli may survive more than a year at 
-20" C and grow again if returned to sea water (SUTO, 1966; OKA~AKI, 1971) has 
permitted a further improvement of culture methods. When the Pwphyra thalli 
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reach lengths of 2 to 3 cm on the collectors, they are refrigerated at -20" C in 
polyethylene bags, after their moisture content has been reduced to 20 to 30%. 
Cultures of Po.rphyra are then started simply by returning the collectors to sea 
water of normal temperature. This technique has spread rapidly; in 1970, about 
50% of the Porphym produced were harvested from previoudy refrigerated nets 
(OKAZAKI, 197 1). The refrigerated-net method is very profitable : it assures a good 
crop a,nd permits the harvesting season to be prolonged. 

Qenus Gracilaria 

Gracilaria species are important as a source of extractives. They are used for 
agar production in Australia, Japan, New Zealand, South Africa and USA, and are 
exploited also in other countries (Woon and PEDDIE, 1941 ; HUBIM, 1944; BOHEY, 
1966;; LEVRINQ a d  co-authors, 1969). According to SIMONETTT and co-authors 
(1970), Gracilaria confervoidm, which grows abundantly in t!?c Nort11t.r.n Adriatic 
Sea (PIGNATTI, 1962) is exploited for agar i.n Italy. Several reports exist on the 
ecology of some Qraciluria species and on their growth in nature (MINIO, 1949; 
Pmsswnu,  1950; SEQAWA and co-authors, 1955a, b;  STOKKE, 1966, l. 957 ; O m ,  
1958; SAWADA, 1958; J o n ~ s ,  1959rt, b; PIGNATTI, 1962; MITRAKOS, 1964; YABU- 
MOTO, 1969; Knr, 1970). 

Although many investigators have studied different aspects of thr biology of 
Cracilaria, details on its life cycle have become known only recen.tly (OQATA and 
co-authors, l. 972). These authors have obtained the complete life cycle of Cracilaria 
verrucosa in culture. Uni-algal cultures have bcctn achieved by adding to the medium 
5 ppm of germanium dioxide, which suppresses diatom growth (LEWIN, 1966b). 

OQATA and co-authors (1972) found that Graci2a;ria verrwosa has typical 
'Polysiphoniu-type' of life-cycle a,nd, by seprtrating individual gametophytes, were 
able to demonstrate the necessity of fertilization. These findings may have signifi- 
cant practical conseq,uences for improving the culture techniques employed in 
commercial Oracilaria production. I n  Japan., Gracilaria species is mainly culti- 
vated by suspending its branches in twisted ropes in zones where the sea water is 
rich in nutrients. 

(6) Multicellular Algae : Conclusions 

Research cultivation has elucidated the life history of Saccorhizu bulbosa 
(SAUVA~EAU, 191 5), 'an epoch-making discovery' (KORNWNN, 1970, p. 40) ; of 
species of the red edible alga genus Porphyra (DREW, 1949, 1 964 ; KUROQI, 1953, 
1963a); and of several other seaweeds of commercial importance (HIETON and 
MCLEAN, 197 l ; Hosrraw and WEST, 197 1 ; CHEN and McL~cman ,  1 97 2 ; OGATA and 
co-authors, 1972). Many results obtained in basic research havr helped to build the 
fundament for large-scale commercial cultivation of marine algae. 

Marine algae are useful for man in many ways : they are used as human and ani- 
mal food, in medicine, in terrestrial farming projects (manure), and provide raw 
rnateriaIs for several industries (for details consult LEVRING and co-authors, 1969). 
Seaweeds have been uscd as food sincc i~nvient times, especially in Japan and 
China. Their import,ance as food is expected to increase in the future. Terrestrial 
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ecosystems alone cannot meet the increasjng nutr-itional demands of the growing 
hurna.n population: 

'If we consider that at the present the photosynthetic activity in oceans js 
pro-vicling about 120 X 109 tons of organic carbon per year and terrestrial eco- 
systems only 20 X log, it is obvious that the great hope for food is from the 
oceans, although the present technologies make only 0.1% of that available 
as food for man' (STIRN, 197 1, p. 14). 

Additional efforts must be made in the future to increase the harvest from the 
sea. Increased production of multicelluIa.r algae for economic ends requires: (i) 
improvements of cultivation teclmiques; (ii) extension of seaweed cultures to a 
larger portion of the suitable sea areas; (i i i)  reduction of plant loss due to cliseases 
(Chapter g), predation and other factors. Marine pollution (KECXES and BERNHARD, 
1970; ZATTERA and BERNHARD, 1970; STIRN, 1971. ; Volume V) will progressively 
interfere with life in oceans and coastal waters, and seriously impede aquaculture 
on our shores, unless regulations are issued and effectively controlled. 

(7) Sea Grasses 

The marine flowering angiosperms are commonljr known as sea grasses or eel 
grasses (PHXLIPS, I960 ; DEN HARTOG, 1964). They have the r~markable capability 
t o  flower a8nd pollinate underwater. All belong to the order Naiads-les (He1obiea.e) 
which contains 5 families (MCCONNAUOHEY, 1970): Hydrocharitaceae ( E n h l w ,  
Halophila, Thalassia), Yosidoniaceae (Posidonia), Ruppiaceae (Ruppia), Zamich- 
eUiaceae (Altkenia, Amphibolis, Cymodocea, Halodule, Syringodium, Zannichellia), 
and Zosteraceae (Phpllospadix, Zostera). 

Most sea grasses inhabit tropical areas; but the genera Phllyospadix and Zostera. 
are typical of temperate zones. Ecologically, Zostera,, Phyllospadis, Cynodocea and 
'I'halassiu are perhaps the best known and the most important genera. Marine 
grasses support animal Ilfe, stabilize the bottom, favour sediment deposition and 
contribute to local organic production. Some sea grasses (e.g. TJullassia testudinum) 
may also be used as animal fodder (BAUERSFEI~D and co-authors, 1969). The po- 
tential harvest of the turtle grass T. testudinum, is very large: the area off the 
coast of Florida., between Tarpon Springs and Apalitchee Bay, a.lone can produce 
11,200,000 tons of dry lea.ves (BAUERSFELD a.nd co-authors, 1969). 

The eel grass Zostera a,nd the surf grass Phy1lospQd;ix have been studied by 
SETCEIEEL (1929), DEN RARTOG (1964), MACFARLANE (1964), BONEY (1965), CERMA 
and CAPPELLO (1965), OOATA and MATSUI (1965a, b), DAWSON (1966), GESSNER 
(1968), OQATA (1968). Zoslera marina and Z .  nana usually grow in shallow lagoons 
and bays ; but Z. marina may occur a.lso a t  depths down to 50 m. The importance of 
the genus Zoslera in nature was dramatically demonstrated in 1931-1932, when a 
severe disease, caused by the parasitic slime mould Labyrinlhuh mucrocpstis 
(YOUNG, 1943), destroyed the eel-grass beds on the Atlantic coasts of America a~zd 
Europe (Chapter 8). This ecoIogica1 disaster considerably reduced the number of 
animals (invertebrates, fishes, birds) depending directly or indirectIy on the eel 
grass. 111 some areas the effects of the eel-grass disaster were still apparent 20 to 30 
years later (MCCONNAUQHEY, 1970). 
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Harvesting of Zostera on a comrnercjal ba,sis occurred fi-om 1929 to 1932, until 
the eel grass became unavailable because of the disease; later on, from 1945 to 
1960, the annual crop in the Maritime Provinces (Canada) reached 750 tons per 
year (MACFARLANE, 1964). In spite of its great ecological importance and of the 
Zostera demand for industrial uses, commercial cultivstion is not a t  present per- 
formed. However, laboratory culture of Zostera for ecological research was success- 
fully obtained by NORTH and his group (Kelp Habitat Improvement Project, 
1970, p. 48). 

(8) Mangroves 

In addition to wholly submerged marine mqjosperme, there is a large group of 
marine plants which are only pwtially covered at high tide. They arc collectively 
known as mangroves, but do not represent a taxonomically defined group : There 
are about 30 species of mangroves which belong to several different plant families. 
A classification of mangroves has been presented by MCCONNAU~HEY (1970). 

Mangroves are found in quiet lagoons and estuaries. They are provided with prop 
roots which hold the plant body above the water. Mangrove plants often form 
impenetrable thickets in humid tropical areas. They play an important role in 
stabilizing the bottom, in holding sediments and in adding detritus to their sub- 
strate, thus facilitating the extension of coastal land areas. From an ecological 
point of view, mangroves are particularly interesting, because they support the life 
of numerous other plants and animal8 (e.g. GEELACE, 1958; DAWSON, 1966; 
MCCONNAUOHEY, 1970). The algae associated with mangroves belong mainly to the 
Rhodophyceae (genera Bostrychia, Caloglo.s.sn, Catenelh and Mz~rrayella). On mud, 
species of Caulerpa, CWphoropsis  or Vauchevia may occur (DAWSON, 1966). 

In view of their ecological importance, more attention should be paid to man- 
groves and their habitats-including the associated m~llticellular algae and plank- 
tonic organi~ms (TUNDISI and T ~ r x ~ m n ,  1968; TUNDI~I and Tux~xsr,  1968). 
The habitat-forming role of mangroves qualifies them for controllrtl protection. 
Although mangrove plants have been used in the past for tannin production, they 
are not cultivated commercially. 

(9)  The Salt-marsh Plants 

Sdt-marsh plants do not represent a particular taxon. They comprise mainly 
terrestrial plants rooted within tida.1 reach. The main species of this flora belong 
to the genera Limcmiurn, PuccineElia, Salicornia, Spa~tincc and Spergularicl (e.g. 
Dawsow, 1966). These halophytes are often subjected to partial inundation and 
are only rarely submerged for brief periods. Salt marshes usually contain numerous 
charnels, where several marine algae (Entermorpha, Percursaria, RhiwcZonium, 
UEot~ix, Ulva) may be found. In North Atlantic and Baltic areas, modified forms of 
Ascophyllzm, Fucw and Pelvetia have been found which live free on the marsh or 
embedded in the mud (Dawsox, 1966). 

Members of the low marsh flora, such as Salicornia have, in the past, attracted 
attention for economic reasons. Salicwnia species have been used to  produce soda 
(p. 471). Some salt-marsh plants have attained importance because they protect 
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the coasts and facilitate ga,in of new land from the sea; large numbers of young 
pla.nts are cultivated in the 1a.boratory and later plarited in suitable areas. Puccin- 
ellia species have been cultivated for ecological studies on salt and submergence 
tolerances, conducted under artificial conditions (VON W E ~ E  and D R E Y L ~ N ~ ,  
1970). 

(10) Spermatophy ta: Conclusions 

In spite of the ecological importance of these plants (sediment stabilization, 
coast protection, gain of new land, habitat-forming qualities for other plants and 
for a large variety of animals), only few attempts have been made to make repre- 
sentatives available for research cultivation. The present economic va.lue of most 
of these plantsis low. No cases of large-sca,le commercial cultivation have come to the 
reviewer's attention. 
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C .  tenuiaaimum, 491 
Ceraium sp., 421 
Ceraosporopaia, 344 
Chaelocero8, 462, 463 
C .  calcitrana, 440, 444 
C .  decipiem, 422 
C .  dydimue, 370, 381, 382 
C. gracilw, 4 1 1 
C. v., 385, 446, 448 
Cha&omqvha, 473, 5 l0 
chironoinids, 262 
chlamydomonads, 413 
Chlamydomonas, 276. 408 
C. palls, 132, 133 
C. sp., 385, 447, 448 
Chlorella, 132, 367-369, 372, 396, 400, 408, 
413, 416, 417, 446, 450, 503, 505, 506, 509. 
515, 517, 519, 522, 623, 62.5, 526 

C. autotrophlca, 379, 396 ,  446, 458 
C. ovalis, 370, 444 
G. pyrenoiclosa, 41 5 
C. sp., 370, 447, 456, 457 
C. sligmatophwcn, 390, 448, 458 
Chlorobium, 331 
C. limicola, 330 
C. thio~ulfabph~ilunz, 330 
Chlorowccum, 132, 4 17 
C. sp., 447 
Chlorophycom, 380, 426, 480, 508, 51 1 
Chlorophyta (chlorophytes), 133. 382, 384. 
385, 404, 414, 416-418, 420, 420, 433, 450, 
452, 463, 509 

Chnoospora pac?fi, 483 
Chondria armata, 491 
Chondrus crispus, 15, 468-47 1, 491, 604, 605, 
515, 518 

C .  elatw,  491 
C .  ocel&w, 491 
C .  pinnulutw,  491 
C.  platinus, 491 
C .  yendoi, 491 
C h d a ,  47 l 
C .  plum,  483 
Chordaria f lagelliJormw, 483 
Chromobaclerium, 278 
Chroomonao aalina, 133, 416, 41 8, 602 

Chrysn.ora quinquecirrha, 23 1 
chryeomonuds, 95. 214, 378, 400, 407, 409- 
411,413,416-418,433,436.449, 518, 522 

C ' / ~ n ~ 8 0 p h n j ~  major, 172, 173. 176 
Cl~rysophycoae, 41 6, 504 
Chrysophyta (chryeophytos), 133, 403, 404, 
411, 429, 433, 454, 403 

chytridio~nycotes, 12, 337, 338 
Chytridium. 337 
Chytrids. 357 
Ciliata (ciliates), 215, 217, 220. 233, 297 
cirripedes (barnacles), 162, 246, 250, 296, 
378,623 

Cladocora, 618 
Cladophosa, 473, 509 
C. sukriana, 473, 608 
CEccclophozopk, 500 
clams, 10, 17, 46, 47, 57, 156, 244, 511 
Clostridium, 327 
C. botulinum, 158 
C. perfringens, 155 
Clunw marinus, 252 
C l y ~ i u  johmloni, 279 
Cnidarin (cnidarians), 13, 76, 199 
cocci, 307 
Coccolithinem, 528 
coccolitl~ophorids, 414-417, 449, 453, 454, 
513, 519, 621, 526 

Coccolithhua huxleyi, 290, 369, 400, 409, 413, 
414, 416, 417, 419, 448, 449, 619, 521, 526, 
528 

C .  pelagicua, 521 
Cocconeia, sp., 4 1 5 
Codwlum, 51 5 
Coclium dicltolomum, 48 1 
C .  divaricdum, 48 l 
C. fragile, 481 
C .  intricatum. 481 
C .  lindenbergii, 48 L 
C.  muelleri, 481 
C .  sp., 481 
C .  tcnue, 481 
C .  tomentosum, 481 
coelacanths, 291 
Coelenterata (coelenterates), 293, 297 
copepods, 78, 82, 84, 95, 104, 142, 144, 199, 
206, 231, 233-235, 237-239, 300, 456 

CoraUina o&inalis, 469, 491 
corals, 176, 268, 326, 467, 502, 518 
Cordylophora m*, 199 
Cwegonus lavaretw, 276 
Corollospwa, 344 
Coscinodiacus asteromphalhua, 408, 409 
Costaria wslala, 483, 524 
crab, fiddler, 297 
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crab, hermit, 97 
crabs, 33, 46, 47, 239, 278, 293, 206 
Crassoslren virginim, 33,83, 157, 162,280, 460 
crayfish, 527 
Cricospimera, 449 
C.  carterue, 41.4 
C .  elongata, 439,453,454,526 
C.  sp., 417 
Crustacea, (crustaceans), 9, 13, 14, 16, 60, 77, 

83, 92, 132, 208, 236, 237, 269, 290, 291, 
293, 295, 328, 368, 462, 527 

Cryptococczls albidue, 352 
C .  lau~entii,  353 
C ,  luleolus, 353 
C .  w c e ? a m ,  351 
C. neoformam, 351 
cryptornonads, 269, 409, 412, 413, 415, 418, 

433, 449,4GO, 602 
Cryplomonas ovatcc, 418,445 
C.  sp., 385, 396, 448 
Cryptonemia decumbens, 49 1 
Cryptophyceue, 416 
C r y p t o p h y t ~ ,  (cryptophytes),  133, 433 
Cryatallolithus hyulinus, 521. 
Ctenophora (ctenophorea), 13, 231, 232, 279, 

298 
Cyanea cacpillata, 231 
Cyanophora paradoza, 4 1 S 
Cyenophyta, 133 
Cyclotella, 416, 445 
C .  caspia, 408, 409 
C.  c?yplica, 132, 133, 400, 412, 413, 416, 511, 

528 
C. mm, 95, 96, 370, 383, 408, 409, 419, 443, 

446,448-450,454,460,608,610,524 
C. sp.,  191, 448 
Cylidrotheca closterium, 133, 443 
C .  closteriu?n vnr. califo~nica, 409, 609 
C .  fuai+formis, 399, 415, 416, 463, 516, 519 
Cymodocea, 499 
Cyprinodon macularius, 132 
Cyp inus  mrpio, 90, 122, 283 
Cyatoc1onl:um armatum, 49 1 
Cyshphora sp., 453 
Cysbphyllwrn sp. ,  483 
Cytophga, 327, 328, 334 
C. marinojlava, 334 
cytopl?ages, 309 

Daphnia magna, 364 
Debaryomyces, 348, 351 
D. hansenii, 351-353 
D.  kloeckeri, 352 
D .  ~ g l o b o s u s ,  335 
decapods, 80, 104, 237, 241, 286, 291, 293 

Derbesia, 51 5 
D .  marina, 473 
.D. negleclu, 473, 512 
D .  tenuissima, 473, 505 
Dermocystidium, 12, 341, 337 
D .  sp., 340, 358 
Dmulfovibrio aestzcarii, 308 
D. desulfuricana, 308 
D. sp., 325 
Detonula confervacea, 383, 418, 450, 510, 525 
D.  sp., 448 
Douteromycetes, 12, 337,338, 343-345,359 
diatoms, 27, 84, 95, 96, 120, 133, 223, 225, 

226, 231, 238, 239, 278, 285, 290, 291, 316, 
324, 327, 337, 342, 370, 371, 379, 381-385, 
392, 400, 402,408, 409, 411-416, 418, 420- 
422, 424, 429, 432434 ,  439, 440, 443-446, 
449, 451. 453-455, 462, 463, 477, 498, 500, 
502, 504-512, 515-519, 521, 524-528 

Dicentrarchus labrm, 270 
Dicrateria inwnata, 396 
D.  BP., 385 
Dictyobacter sp., 324 
Dictyopleris plagwgramma, 48 3 
D. polypodioid~ (Syn : D. menz,bralzacea), 483 
Diclyoh acutiloba, 483 
D. apiculata, 483 
Digenea Gmplex, 40 1 
Dilaeu edul~iY, 49 1 
dinoflagelletes, 79, 95, 133, 400, 409, 411, 

416, 418, 421-424, 433, 447, 449, 450, 462, 
602, 509, 511.. 513, 518, 522, 523, 526, 629 

Diplastidu, 494 
Diploderma, 494 
Distigma, 6 22 
DisyZum brzghtwellii, 238, 291, 392, 400, 408, 

421, 426,445, 608, 521 
dogfish, spiny, 278 
dolphins, 175 
duckweed, 276 
Dunaonticc incrassala, 4 9 1 
Dunaliella, 450, 516, 528 
D, bioculala, 396, 507 
D .  euchlora, 379, 381, 447, 468, 518 
D. pri,molecla, 398, 444, 448 
D. sulina, 369, 412, 450, 453, 523 
D. lertiolecla, 132, 133, 369, 370, 394, 396,400, 

409, 411, 412, 414, 415, 417, 424, 433, 444, 
448-450, 452, 463, 460, 506, 509, 51.6, 518, 
521 

13. vir&is, 417, 450, 453 
Durvillea an&-cticn, 483 

earthworms, 268, 270, 283 
Eberthella typhosa. 162 
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Echinodermata (echinocierins), 13, 33 
Ecklonia, 468 
E. bicyclis, 483 
E. cava, 483 
E. kurome, 483 
E .  krtifoliu, 483 
E .  maxima, 483 
EckhiQp6-b Sp., 483 
Ec&mrpua conferuoides, 475 
E. fasckuhiwr, 470, 621 
E.  sp., 487 
EcC~ogella, 3 3 7 
E. perjoraw, 3 37 
eels, 64-70, 109, 171, 177, 187, 297 
Egregia menziseii, 483 
Eieenia bicrjclia. 483 
Erniliania h d e y i ,  13 3 
Endardne sp., 483 
EnhUlw,499 
Ente~ommpfta, 287, 488, 473, 480, 482, 500, 

510, 516 
E .  c o m p e ~ ~ a ,  481 
E .  j lexuosa, 481 
B. intestinalia, 481. 505 
E. lima, 481 
E. prolijwa, 48 1 
E .  sp., 132 
Escherichiu coli, 25-27, 132, 155, 162, 273, 

297, 335, 361 
Emx luciue, 90 
Ewheuma, 470 
E. a r n a k w n & ,  491 
E .  cruabefme, 48 1 
E.  cup~moideum, 4 9  1 
E .  cdule, 49 1 
E.  gelatinas (Sy n : E.  gclatinosa), 49 1 
E,  horridurn ( S y  n : Qiyartino W a ) ,  49 1 
E .  isojorme, 491 
E. muricatum (Syn: E .  dedieuldum, E .  

spinoaurn, P w  muricdum), 470,491 
E. okamurai, 491 
E. serra, 491 
E .  abtiabum, 491 
Euglem, 51 2, 623 
E. gracili9, 423 
E .  sp., 419 
Euglenophyta, 372 
eunicide, 283 
E u p p r ~ ~  betnhardw, 23 l 
E u p h a h  82, 283 
euphaueiida, 82  
Euplolce vannus, 233 
Euporphyra, 494 
&u~c?uzamidium fumefaciens, 3 37 
Eutreptia, 462 

Eutreplielka sp., 450 
Exu&ella, 450, 402 
E .  baltzca, 450 
E. sp., 420, 421 

fishw, 9, 10, 13, 14. 18, 17, 25, 41, 46, 57. 58, 
60-62, 64, 68, 69, 72-75. 77, 80, 85, 66, 88. 
90-92, 95, 97, 99, LOO, IU8, 114. 132, 124, 
126, 127, 129, 132, 141, 147, 157-160, J67- 
169, 172-177, 179, 180, 182, 189, 197, 200, 
208, 238, 253-259, 261-270, 272-275, 
277-284, 286, 287, 291, 292, 294, 295, 297- 
299, 302, 319, 328, 338, 360, 355, 380, 460- 
482,467,490,499,802,610,518,520 

Pipdularicz vdlosn, 238 
flagellates, 96,  217, 220, 233, 237, 341, 342, 

370-372, 380, 382, 384, 300, 417, 420, 444, 
446,448, 449, 453,457, 463, 475, 477, 500- 
508, 516, 517, 521 

P l a u o ~ w m ,  334 
Foraminifera (foraminifer), 208, 277, G16 
Praga&ria pdnnda., 13 3 
Fucaceae, 470, 471.518 
Fucalee, 482 
Fzccue, 471,481, 600 
F. ceranoides, 515 
P. edcnlalwr, 618 
P. gardneri, 469 
P. 8e??Y&U8, 483 
P. ap., 480 
P. Bpirdb, 479, 51 9 
P. vesiculorrus, 472,483, G18 
PuncEullzu heleroclilzu, 132, 167 
Pungia a c t i n i j m i s  var. palawensis, 268 
fungi, 10-12, 15, 10, 132, 270, 286, 291, 300, 

328, 337-345, 347, 356, 358-365, 455, 471, 
G25 

Fungi, Higher, 344 
Fungi imperfecti, 337, 343 
Fungi, Lower, 337, 338, 340, 347 
Furceuarin fwLigiaigiaIcrIcr, 49 1 
P t ~ ~ r i u m ,  338 

Qalalheu squmifera,  23 L 
Qallionelk, 333 
G .  fernqinm, 333, 361 
G. sp., 324, 333 
pmrnar ids ,  203 
Gammam dtubma, 17 
Q. t?ocu&a, 132 
Q. ocanieue. 469 
gastropods, 44, 83, 279 
QelidieUa QCerosa (Sy n : Qelddi2~m+igiduna), 49 1 
Gelidiop& rigida, 491 
Geliddum, 469, 472,484,493, 529 
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Q. amunsii, 491 Ct. grandia, 283 
G. arboreacens, 491 Qobio gobio, 88-90 
G. arbzmcula, 491 Gobius flavescens, 132 
G. aUentLaCum, 491 goldfish, 167, 169 
G. capillaceurn, 49 l Gonyadax, 424 
Q. cartilqineurn, 49 1 G. ca.tenelLa, 450, 455, 506 
G. m u m ,  491 U.  polyedra, 459, 51.1 
Q. crinale, 491 Q. sp., 421 
B. decumbensum, 401 B. spinifera, 2 19 
G. divarimturn, 491 Q. tarnarensia, 219, 622 
0. elegana, 491 gourami, bluo, 80, 299 
Q. imcu+uatum, 491 Gracilario. 468,469,493,498,515, 515,520,52Ll 
Q. japonicum, 49 1 Q. areuata, 492 
G. joh~wtonii, 481 G. blodgettii, 492 
Q. kintaroi, 491 Q. buraa-pcrptmiY, 492 
G. latijolium, 491 B. caudata, 492 
G. liatulum, 491 G. chotda, 492 
Q. lingulatum, 491 G. conapressa, 492 
0. linoidea, 491 Q. confewodes, 492, 498, 519, 621, 526, 626, 
G. mimpterum,  491 529 
Q. nudifrons, 491 G. cornea, 492 
Q. pacijcum, 491 G, monipi fol ia ,  492 
U .  planiuaczdurn, 491 G. wasso, 492 
G. polycldum, 49 1 0. denticdata, 492 
0. polyxticuwa, 492 Q. dura, 492 
Q. Wtoidecr,  492 U.  eduliq, 492 
Q. p~lchellum, 492 Q. eucheuwaoid~, 492 
G. pthhrurn, 492 G. gigas, 492 
G. pdvinatum, 492 C. ineurvata, 492 
0. purpurarcens, 492  Q. mdtipartila: (SF: G. lacin?rln!n, G. folii- 
0. p ~ ~ i l l u r n ,  492 fera), 492 
G. pyramidale, 492 Q. punclata., 492 
Q. rigem, 492 Q. purpurcrpcens, 492 
Q. sp., 492 G. aalicorn&z, 492 
Q. 8ubcoatutw~na, 492 G. sublittmaQlh, 492 
Q. mbfaatiqialum, 492 G. taen,ioidea, 492 
G'. tenue, 492 0. textorii, 492 
G. vagum, 492 G. v e r m w w ,  492, 498, 5 14, 520, 624, 526 
Gigartin&, 493 Qracilariop.h, 620 
G. chnmLqsoi, 492 G. chorda, 492 
Q. cluvifera, 492 G. rhodelrich, 492 
G. decipiena, 492 G. vermiculophylla, 492 
G. horrida-see Eucheuma hwrridum Grarnineue, 298, 528 
G. in.termedia, 492 grasses, eel, 499, 500, 529 
Q. ochotenwia, 492 grasses, ~ n ~ r i n e ,  13, 407, 472, 499, 510, 521 
U. pzci.;/ir~~, 492 g r ~ s s e s ,  surf, 499 
0. pzktillala, 492 grasses, t r~ r t l e ,  499, 502 
C. atellafa ( S y n :  0. mamilloxa), 492, 504, 518 GrateZo?hpia divaricata, 492 
G. teedii, 492 G. filicina, 492 
G. bn,elh,  492 C. imbricnia, 492 
Gigartinales, 520 0, okamurai, 492 
Gloiopeltia cornplanala, 492 gudgeons, 88 
G. fur&, 492 gulls, 69 
G. tenaz, 492 Cyrnnodiniztm breve. 157, 271,  116, 418. 420, 
Gloaaoacolex giganteus, 283 438, 450,501,521, 529 
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G. nimplez, 41 8 
0. HP., 437, 446 
Q. splendena, 381, 382, 410, 418, 420, 423, 432, 

433, 438 
G. r*eneficiwra, 79 
C y m n o g o n ~ ~ ~ ~ J l a b e l l i f o r m i a ,  492 
G. yrifltlt-~iae, 492 
Q. jovanicuu, 492 
0. pinnzclata, 492 
Uyrodinium, 41 1, 463, 52.7, 626 
G. calijornicuna, 381, 410, 432, 439 
G. coh.nii, 383, 392, 416, 418, 419, 440, 446, 

509, 523 
Q.  reapkndens, 381, 383, 4LO 
C. RP., 437 
G. splendena, 526 
Q. zcncalenum. 4 10 

Hacmatococcw pluwialis, 607, 5 18 
Holicystia, 5 1 5 
H. ovalia, 473 
H .  p r v u l a ,  473, 508 
HaliphZhoro8, 337, 341 
Halodrcle, 499, 510 
Halophila, 499 
Halosawion glandiforme, 492 
halophytns. 500 
Halosphaera viridzs, 50 1 
FTalosphrteriaceae, 337 
Halymenia durvilliae, 492 
Haptophycem, 503 
Helobieae, 499 
he lm~nths ,  16 
HemLqelmw sp.,  380, 436 
H. v2re,?cena, 132, 133,  269, 409, 418 
Hepaticarum, 502 
I~erring, 207, 299 
Heterochordaria abietir~a, 469, 483 
Heterothrix sp., 133 
Reterotricha, 297 
Himanthalm, 47 1 
H .  elongatu (Syn: H .  lorea), 472, 433 
Hizikia fr~viforme, 483 
Homaru.9 americanw~, 175 
H .  gammarwv, 231 
Hormoaira banksii, 483 
hydras, 276 
Hydrocharitctcecte, 499 
Hydroclathrus clathratus (Syn : H .  cancelhtus), 

483 
hydroids, 33, 202, 207, 236, 272, 279 
Hymenornonas carterue, 4 1 7 
H. (Syracoaphaera) elongata, 41 8 
H .  sp., 409,410, 416, 417,449 
Hypnea boergensii, 492 

H .  cenomyce, 492 
H .  cenlicornia, 492 
H .  charozdw, 492 
H .  chordac~a, 492 
H .  cornutu, 492 
H .  diz~aricatu, 492 
H .  P-yen', 492 
H .  jlab~llijwmia. 492 
H .  hamzclosa, 492 
H. japonica, 492 
H .  m,uacijoot.mrs, 492 
H. n z d z f ~ a ,  492 
H. nidulans, 492 
H. pannom, 492 
H. saidana, 492 
N.  spicijera, 492 
H. valentine, 492 
H .  variabilia, 492 

l c l ( l l u r t ~ ~  punclalus, 177 
Idotea baltica, 132, 469 
insects, 166,47 1 
Irirlea cwnzmpiue,  492 
I .  edulia, 492 
I. flaecida (Syn : I .  laminarnidm). 492 
i sochnj~& gaalbano.. 133, 215, 378, 384, 394, 

396. 403, 418, 446-449, 483, 488, 504, 514, 
618 

I. sp., 96 
~sopods,  83, 155, 275, 280 

jellyfish, 82, 84, 298 

Katdiniurn dosaalisulcum, 437 
kelp, 15, 71, 273, 289, 484, 487, 489, 490, 

600, 501, 505, 51 9, 520 
killifish, 167 
Kjellmaniella gyrala (Syn : Eamin.aria gyrab) ,  

48 3 

Labyrinthr~kz, 12, 324, 529 
L, roenocystis, 337, 342, 300, 362 
L. macrocystis, 499 
Luctobacill~m, 41 9 
L. lcichmaunii. 4 L 9 
Lagenidium, 337, 341 
L, callinectea, 337, 338 
L. coacinodzscus, 338 
lamollibranchs, 83 
T,uminari&, 467-472, 477, 484,485,487, 511 
L. angwlata, 469, 483 
L ,  cichorwiclerr. 453 
L. clow~tonii, 472, 510 
L. diabolica, 483 
L. digituta, 472, 483, 510, 61 1 ,  526 
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L, fragilw, 483 mangroves, 13,467, 472, 600, 609, 527 
L.  hyperborea (Syn: L. d w t o n i i ) ,  483, 48& Marioninapreditellochuetu n. sp., 282 

487, 511, 514, 517 M a a ~ r p u a  klenzirmus, 492 
L. j a p n k a ,  472, 483, 487 medusae, 231, 232, 272 
L. l o n g i p d w ,  483 M e g a n y c t i p h a m  norvegica, 83-86 
L. longissirno, 483 M&&a borreri, 422 
L. ochroleuca, 484 M .  nummuhdes ,  400, 41 8 ,  51 1 
L. religha, 483 M. sp., 409, 437, 447 
L. r o d w z i i ,  484 menhadens, 40, 281 
L. saccharha, 472, 473, 483, 610 Memidiurn, 522 
Laminariaceee, 47 1, 525 Mercenuria mercenaria, 244,460, 611 
Leminariales, 409, 482, 486, 624 Merisbtheca paptdoea, 492 
h n i c e  condrilega, 300 Mesogloia craeaa, 483 
Laniatea bdtemirr, 84 M. de&pha,  483 
L&&az j a p n d ,  362 MetafoUiculina andrewsi, 297 
Latimeria chalumm, 29 1 Metazoa (metazoans), 16, 606 
. L a d e h  8p., 96 Mehanumanas cnrbonatgphila, 392 
Laurencia, 5 12 Meiaehnikauiella k+sii, 347, 364 
L. botryoidea, 492 M .  wbelli, 347, 364 
L. obtuea, 492 M ~ ~ a ,  334 
L. papilloao, 492 M~~ prolifeva, 175 
.L. perfwata, 492 M k m ,  334 
L. Ipinnati@a, 492 Microcyatia aewgimnr, 518 
laver, 502, 513, 515 Micrornetazoa, 16  
laver, pul-ple, 490 midges, 262 
L e i a h w ~ n k  t a r e n l o k ,  38 9 m m n h ,  285 
Lemncr pe rpw i l l a ,  167 minnows, 279 
Le-& mamochirus, 85, 297 Mixophyceae, 420 
L e p t o c y l i n d r k m  sp., 467 M,n.emi.pa&, 231 
LeptokpiO,  337 &I. sp., 231 
Lesson& sp., 48 3 .%Iodwlwr demiaazlll, 83 
L. variegata, 483 molluscs, 9,13,14, 16,46,60,83,170,178,208, 
W o r a  jcwinoan, 492 236, 273, 286, 291, 338, 368, 378, 463, 480, 
L. deolraaah, 492 494, 617, 519, 523, 529 
L i m i u m ,  500 ~Uonal lantwr  s d i n a ,  I33 
LithothcGmnion calcareurn, 492 M o w  sp,, 457,459 
L. crasaum, 482 M m c h l y y i s  Itdheri, 96, 90, 1.32, 133, 214, 
Lit&rina obtwatu, 51 8 378, 380, 384, 396, 403, 412, 413, 418, 419, 
lobater, American, 1.75 421, 426, 440, 444, 446, 4 4 7 4 4 9 ,  458, 500, 
lobsters, 57 607, 618 
lobster, spiny, 276 Monostroma, 468, 482 
M d b i a ,  344 M .  crm8iesimurn. 481 
Lymncrea stagnalie, 83 M.juacum, 507 
L. atagnali.8 jzqular ia,  271 M .  greuiUei, 481, 51.5 

M .  I d k s i m u m ,  48 I 
rWacwno balthico, 5 1 9 M .  ndidum, 481 
Maerolwachiuna, 300 M .  t u b u l i j m e ,  481 
M. roaenbergii, 237 moulds, 102, 341, 348, 349 
Moc+ocy8tb, 289,470, 477, 484, 485,489, 490, moss, Irieh, 468 

514, 520 Mullidae, 238 
M. anguatifolia, 489 ~ I U W U ~ ~ U O ,  500 
M. inlegrijolia, 224, 220, 483, 489, 528 Muacorumque, 602 
LW. pyrifera, 469,471, 483, 489,490, 505, 606, Mua rnuacdwr, 157 

519, 525, 527 mussels, 10, 17, 34, 480, 481, 494 
mammals, marine, 16, 77, 419, 467 MyEw macrophalua, 176 
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Nninclnlcs, 499 
iVatznochloris, 410 
h.'. a t n m ? ~ ,  432 
AT. oculntn, 133, 224, 420, 421 
N. sp., 370, 434,446, 448 
hTnvic?da, 46 2 
N. bkkanter i ,  1.13 
N .  pelliculoya, 504, 616 
N .  sp. ,  453 
N .  transitans var. c2kraqa f, delicatula, 219 
Nenaacyatis decipienn, 483 
Nemal ion r n ~ c l t i j d i ~ m ,  403 
Nernntoda (nernatotlcs), 13, 245, 246 
Areorlilaea yendoana, 492 
NcornysG ray i i ,  282 
N. zjulgaris, 132 
Ncrei~.,  273 
N. RP., 356 
Nereoc?/nti,r L7~etkeann, 483, 529 
Nez~ro.upora, 464. 62 1 
ncwts, 289 
Aritrobacter agilin, 123 
AT. winogradskyi, 123 
A'ilrococczm rnohilirP. 123 
Ni t ro~ocyst is  jat.unrnxG, I 23 
N .  o c e a r r ~ ~ ,  95, 06. 1 2 3 ,  298, 312, 332, 357, 

358, 364 
fi i lrosolobus nt~cUiformis, l 23  
Nitro~~omotaas europoeo , 123 
X i t r o ~ o s p i r a  hriensin, 123 
A'itrospina gracilin, I S3 
iyitzachia, 462, 51 7 
h'. acZ'~~ilurW, 133, 444 
3. alba. 616 
N .  brevirostris, 444 
N .  closterium, 383, 384, 408, 410, 414, 416, 

421, 422, 423, 440, 444, 445, 447, 456, 618. 
G29 

N .  closteriztm f .  m.i?ttrti.sa.ima, 52 1 
X .  lnevis, 447 
h'. palea, 399 
N. pzrtrida, 416 
h'. seriata, 408 
N .  RP., 41 1, 443, 448, 451, 453 
h'. turqid?ila, 400, 445, 621 
Nocardia, 334 
Nocti luca, 463 
'Nori'-see Porph,yra 

Ochrobium up., 324 

Och,mmonas nznlhume~rsis. 41 0 ,  446, 512 
0.  ~ n a r i ~ t u ,  418 
Orroxphaera r~eapo1,itnna. 440 
octopus, 27G 
Octopus birnaculntrts, 175 
0 .  dojleini, 83, 291 
0. ?~rrlqnris, 175, 28 1 
Orlotithr~lin corynahiff?ra. 492 
oclotitocetes, 104 
Oikople?lra, 229 
0. dioica. 233 
0ligochnet.a (oligochnctrs), 270, 282, 283 
O l i ~ t l ~ , o d i s c ~ ~  sp.. 4 l 1-4 13 
Olpidium, 337 
Oncorh,ynchw, 254 
0. nerka, 272 
0. bhauybchu, 91, 98 
Oniscuv asellets, 280 
Oornycetes, 12, 337 
orconechs rusticus, 294 
O~ci l la tor ia ,  X 3 2 
Oatracohlabe impleza, 12, 337,  356 
Oslreu erlulis, 356 
O~yrr/iZ'x marina, 275, 409, 507 
oystcr, tlrnoricnn, 33, 1137, 280 
oyster, Japanese pearl. 285 
oyst.ew, 10, 17, 46, 47, 57, 60, 72, 73. 83, 126, 

1.72, 162, 243, 277, 283, 289, 292, 294, 299, 
300, 328, 356, 460, 496 

Pach?/menia h i m n t o p h o r a  , 49 2 
P. up., 492 
Pacltymeniopsia ell iptica, 49 2 
P ~ E i n a  a ? ~ s t r a l i ~ ,  453 
Panopepts herbstii, 239 
1'anuliru.y interrzcptua, 276 
Pavloca gyrans, 409, 410, 417, 449 
Pelnqophyczis porra, 48 3 
Pelrlet?n, 500 
P. cdnalic?da&, 472, 48.3, S02 
Penmm aztrcus, GO, 604 
P. setiferus, 60 
Pr rca  fluviatzlis, 88, 89 
pcrcll, 88 
Percuraaria, 500 
P e r i c l ~ n i u m  462 
P. bolticum, 4.50 
P. chattonz, 450 
P. up., 421 
P. trochoideun, 219, 370, 450 
Pctalonza f a ~ c i a  ( S y n  : P h y l l i t b  fascia, Ilelz 

faaeia), 483 
Piraeoc(jstin, 294 
P. poz~chetii, 410 
P. sp.. 459 
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PAaeodmtyktm, 502, 523 P.  on&. 475,493 
P. tncor?zutu.m, 133, 219, 224, 369, 370, 379, P.  perforala, 493, 494, 511 

388, 394, 396, 409-411, 413, 414, 410-418, P. pseudoornn.sa, 516 
420, 421, 426, 427, 432, 444, 447-449, 451, P. pseudo-l.ineari8, 493 
463,456-460, 511, 515 P. pztrpurea (Syn : I-'. untbilicalis f .  Iacin.iala), 

Phaoophyceae, 482, 525 493, 494 
Pheretima hau9ayana, 283 P, sp., 327 
Pl~ialidium sp. ,  82 P. suborbic~~lata, 493 
P l ~ l  yctocl~yt~ium, 33 7 P.  tenera, 473, 476, 493-495, 602, 513, 615, 
.Photobacteriurn, 334 527, 529 
Phronima sedentaria, 83-85 P. ~mmbilicali.~, 473, 493, 494, 505, 607, 516 
Phycomycea, 523 P. vulgaris, 493 
Phycomycetes, 337-341, 344, 345, 350-358, P. yezoensis, 493, 494 

361-364 Porphyridiuna aerzigine7mm. 400, 445, 5 12 
Phyllophma brodiaei , 492 P. cruentuna, 132, 369,396,410,411, 419,426, 
P, membran~olia,  493 445,450, 453, 459, 463, 509, 514, SICi 
P .  nervosa, 493 P. sp., 133, 412, 413 
P. rubem. 493 Posidonia, 499 
Phyllospadzx, 484, 487, 499 Posidoniaceae, 499 
Phytophthora, 341 Potamogotonaceae, 5 10 
Pich.i& memhranaejLaciens, 35 2 Pmasinocladwr marin.ux, 133 
P. pastori.~, 362 Pra~inophyceae,  502 
pinnipeds, 104 Prasiola japonica, 48 1 
plaice, 253, 264, 294, 299 prawns, 237 
Platymo?.~cia, 450, 50 1 ,  519 Proboscidactyla sp., 82 
P. sp. ,  224, 379, 410, 414, 415, 417, 430, 432, Prmocentrz~m, 462 

440, 444, 447, 448, 450, 453 P. gracilia, 421 
P .  subcordiforrnis, 475 P .  micnna, 219, 385, 409, 418, 421, 444, 457, 
P .  tetrathele, 215 614 
Pleurobraci~ia pileus, 229, 23 1 P. sp., 433 
P. sp.,  82 P. triangulatum, 456 
Pleu~onectes platessa, 132, 253, 264 prosobranchs, 275 
Pletirom:grna, 46 2 . Proleus sp., 162 
Plt~mar-ia plumosa, 493 protista, 507, 51 2 
Polychaeta (polychaetes), 76, 75, 204, 283, Pl-otococczcs sp., 447 

295, 300, 355 Prntozon, (protozotlns), 13, 14, 16, 24-26, 78, 
Polyhma obtusum, 417 140, 203, 208, 215, 219, 221, 222, 223, 278, 
P. uvella, 417 287, 291, 339, 341, 344, 371, 389, 452, 455, 
Porifera, 13 501, 505, 510, 512, 513, 517, 521, 522 
Porphyra, 467, 463, 472, 473, 482, 490, 493- Prymn.e.q.lum par?>?~m, 379, 380, 409, 410, 416, 

496, 498, 505-607, 513, 515, 516, 526, 529 426,440,444,453,454, 506,518,521,523 
P .  an,gu.sta, 493. 494, 515 Pse~~docalanw elon~atus,  231 
P .  atropurpurea, 493 pseutlornonadu, 303, 309, 326, 328, 367, 262, 
P .  capensia, 5 10 363 
P. columbinu, 493 Paeudontonas, 278, 326, 329, 334 
P .  cuneiformk, 494 P,  awuginosa, 381 
P. denhta, 493 P .  piscidda, 272 
P. Rzmiedai, 493, 494 P. perfecto?narinzc.s, 362 
P. kunthiana, 493 P. sp., 335 
P. lae%niala, 493 Pterocladin, 469, 493 
.P. leucosticta, 403, 4114, 496, 515 P. cnpillacea ( S ~ I I :  P. pinnata), 493 
P. linearis, 494, 495 P. dansa, 493 
P. miniata, 494, 497, 505 P. l?rcida, 493 
P. ochotansiv, 493 P.  nana, 493 
P. okamuroi. 493 P. tewcis. 493 
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Sedentaria, 500 
Serranidae, 238 
Serratiu marinort&a, 27, 28 
Shigrlla sp., 162 
shr~mp,  brine, 58, 298 
shrimp, brown, 60 
shrimps, 60, 61, 64, 178,  272, 287, 298-300 
shrimp, white, 60 
S i p ~ n c J u a  n u d w ,  276 
Skeletonem, 462, 514 
S .  coatutum, 95, 9 6 ,  2 1 9 ,  294, 369, 380, 385, 

389, 400, 410, 412, 413, 422, 424, 426, 433, 
438, 444, 446,454, 460, 506, 507, 514 

S .  sp., 191,408, 409, 414. 430 
S .  tropicurn, 6 12 
snails, 79, 83, 84, 100, 271, 276 
Soliera churdalia, 493 
S p ~ r i d ~ ~ ,  238 
Spartina, 500 
Spergularia, 600 
Spennatophyta, 472, 501 
Sphmriales, 337 
Sphaerococcw, cartilaginetw, 493 
SpJmronaa hookeri, 132 
Sphuerotilw, 1 32 
S .  naw~za, 292 
Spbchnidiurn rugoaum, 483 
sponges, 175 
Sporomtophaga, 327 
Squnlus acanthiua, 278 
S .  cephalua, 90 
squid, 44 
Stcrphylococeu~ uureus, 27, 181, 162, 514 
S .  fecalis, 162 
St!-spknoptera grmiltk, 450,453 
Stephunopyxis coslQtcr (Syn : Skeletonem 

co.stutum), 4 10 
slichoch~y8i8 i m m b i l i ~ ,  4 l 7 
Stichococcu~, 372, 385, 410, 450 
S .  bacillaris, 509, 529 
S. cylindricus, 4 18, 432 
S .~p. ,418,484,448,453,  Ei17 
Stolephorw zollingeri, 238 
Streptococcua, 162 
Streptomym, 334 
Strongylocentrolua frcancincanus, 490 
,S. prpuratua,  l75 
Sztltria vimto. 493 
Symbiodinium gen. nov., 608 
S .  microadriaticuna sp , 508 
Spechococcua, 1 33 
Syracoaphaera, 450 
S. carterii (carlerae), 412, 413, 432. 448 
S.  longa am, 433 
S .  sp., 410, 416, 417, 449 

Tapes dm~9satus ,  1 Ci6 
teleosts, 85, 277, 278, 297, 299 
Temwa longicornis, 231, 233 
Tetrahymena, 28 1 
T .  pyriformk, 203 
Tetraselmk maculota, 133 
T .  sp., 396, 445,448, 518 
T .  e l k & ,  133, 381 
T .  letrathele, 396 
Thalaa&a, 499 
T. h t u d i n u m ,  499, 502 
Thdaaaionerna nitzschioidea, 2 19 
Xhalas.Piosira decipiena, 451 
T.j[u&iEG. 412, 608 
T .  gravida, 421, 432, 601 
T.  pseudonann, 219 
T. rotula, 370, 447, 524 
T. sp., l91 
Thwbacillw ferrooxidana, 333 
2'. IJiwoxdana, 331 
T .  A i o p a r . ~ ,  331 
Thiorhodweae, 330 
T h w d u m  majw, 33 1, 361. 
Thrawtochytrium, 337, 340, 341, 346, 358 
X. aureum, 340 
T. roaeum, 340 
T .  ap., 340, 363 
Thysanoesm longipes, 82 
Tilapia mouuanabica, 9 2 ,  2 86 
Tinca tinca, 90 
Tinocladia sp., 483 
Tintinnida (tintinnids), 214, 278 
Tintinnop,& beroidea, 21 5 
Totpedoupwcl, 344 
Torulqpsis candzda, 35 3 
T .  fnmata, 342 
T .  m a r k ,  347, 364 
T .  pukherrima, 353 
T .  tomeaii, 347, 304 
Trichogmler trichopterus, 80, 299 
Trichowpwon cutaneum, 350, 351, 355 
T.  pul ldam,  350, 351 
trout, 90, 126, 269, 272, 280, 283, 294,29Fi, 299 
trout, brook, 167, 291 
trout, rainbow, 85, 86, 88. 107 ,  199, 265, 271, 

275, 277, 279, 285, 286 
Tubifex sp., 155 
tl~nicetes, 235 
T~~rhellaris ,  13 
Turhinariu conodea, 527 
T .  ommta, 483 
T .  RP., 483 
turbot, 269 
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Accnmrllation, 218-223 
Acidific~tion of culture water, 172, 173, 176 
Activnteti carbon(charcoal), adsorption, 134- 

140,425 
filter, 134 
pilot pla.nt, 136-139 

Activated sludge, 127-1 29 
procem, 127-1 29 
systems, 128 

Aeration, 146153, 316, 302 
advantages of, 147 
artificial, 146 
definition, 145 
disadvantages of, 147 
dynamics of, 148-153 
gas e~cha~nge,  152 
gas requirements, 145, 1526 
gas-tranflfer rate, 148 
natural, 146 
pretroatment of air, 147, 148 
solubility of gases, 148 
thoory of, 148-158 

Aerators, 183-1 90 
mpirators, 184, 187, 188 
b~tbble, 189 
cmcedors, 145, 184, 186 
dripplors, 145, 184 
ejectors, 189 
norrnal pressure, 183, 184 
pressurized. 183 
splashem, 68, 145, 164, 187 
spmyew, 145, 184, 190 
sprinklers, 148, 184 
submorsod, 183 
surfaco, 183, 184, 1813, 189 
wave rnakem, 145, 184, 209, 225, 229 

Aerobic cultivation, bacteria, 31 6 
Agar, 378, 379, 384, 469 

marine, 309 
Agar-digesting bacteria, 328 
Agar plates, 312, 313, 378, 384 
Agar shake tubes, 313 
Agar slants, 313, 349, 378 
Agnotobiotic cultures, definition, 6 
Agnotospecific cultures, definition, 5 
Air, contamination, 105 

disinfection, 147 
filtration, 105, 106, 147, 148 
reduction of CO2 contant, 147, 148 
sterilization, 106, 106, 147 

water-vapour saturation, 147, 148 
Air bubbles, ascent height, 152 

contact time, 150, 152 
diameter, 149, 150, 152, 153 
motion, 149 
shape, 149 
size, 149 
surface, 149, 150 
velocity, 149, 150, 162, 153 
volume, 149 

Air dispersion, horizontal flow, 151, 153 
Air distributors, 186 
Airlifts, 60, 61, 115, 141, 142, 183, 190, 191, 

208, 209, 222, 224-228, 236-238, 
242-244, 3 19 

cnpncities of, 192 
circulator, 191, 193 
operational principle, 190, 191 
typical examples, 190, 191 
water-transport efficiency, 191. 

Air-shear units, 145, 188 
Air sterilizers, 105 
Air stones, 185, 186 
Air stripping-ee Foam sopara.tion 
Air supers~turat ion,  14% 
Ar-water interphase, 150, 15 1 
A l g ~ e e  Plants 
Algal water treatment (Algal filters), 129-1 34, 

169 
rotnting disc, 132 

Algal water-treatment units, 130, 131 
'Algifert', 470 
Alginntes, 470, 489 
Alka.linity, 173, 176 
Amino acids, 80, 477 

utilization by plants, 410 
Ammonia, 80, 81 

rrccurnulation, 88, 09 
biological consequences, 86, 99 
permissible levels, Q9 

biological effects, 90 
clubbing of gill filaments, 91 
c~ncentra~tion in blood, 86, 86 
c o u n t e r ~ c t i o ~ ~  of poisoning, 92 
damage to blood components, 91 
damage to liver parenchyma, 91 
decrease in blood-cell number, 90 
decrease in blood oxygen, 90 
decre~bse in physical performance, 90 
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decrwwe in disoase resistance, 90, 92 
determination, 92, 93 
oschan~o,  88 
excretion rates, 82-86, 90 
exophthalmos (popcye), 92 
gill-surface diminution, 90 
hyperexcitability, 90 
hyperplasia, 91 
importance of pH, 92 
inflammation, 91 
in situ concentration, 81 
lethal limics, 89, 90 
microbial decomposition, 124-126 
NH3, 81, 98 

perrneab~lity, 92 
NHI+, 81 
oxidation, 124, l. 68-1 71  

by batxeria, 167 
pollution, 88 
proportion, NH, to NH,, 86, 57 
reduction in erythrocyte number, 91 
reduction in gas exchange, 90 
standard concentration, 179 
streas, precursor of bacterial disease, 91. 
structural modifications, 91 
sublethal limits, 90 
terminology, 81 
toxicity, 87-90 
uptake by phytoplenkters. 132, 133 
utilization by plants, 408-4 10 

Ammonification,-94 
Arnmonotelism, 92 
Anaerobic cultivation, bacteria, 316 
Animal load. 166 
Antibiotic mixes, 384 
Antibiotics, 78, 79, 339-341, 344, 349, 350, 

383, 385 
Apparatus, for intertidal organisms, 246-253 

for measuring copepod feeding rates, 238 
for phnkters, 226-244 
for senweeds, 226,477,478, 480 
for s a d e  plnnkton feeders, 244 
for substrate dwellers, 245 

Aquaculture, 9, 46, 47, 67 
definition, 2 
goals, 6, 7 
pilot farm, water-qua1it.y monitoring, I78 
sewage-treatment system, 9, I0 

'Aqua Marine', 29 
Aquaria, bmic types, 50 
Artificial microcosme, 47 
Artificial sea water, 29-37, 307, 360, 431-441, 

475,476 
mixer eystema, 38 

recipes, 29-37 
Asceptic sampling, bactoria, 315 
Ascosporc discharge, 343, 344 
Aspirators, 184, 187, 188 
Autoclaving, 314, 388, 389 
Automatic feedern, 68, 259-264, 207, 208 
Autotrophic bactoria, 331 
ALLY~M, 420, 477 
Ausotrophy, 416 
Axenic cultures, 5, 380, 384, 388, 389, 404 

definition, 4 
fungi, 341 

Axenicity, 6 
Axenobiont, definition, 5 
Axeny, 5 

'Baby Bio', 470 
Backwashing, 39, 40. 119, X 30 
Bacteria, agar-digesting, 328 

autotrophs, 331 
carbon-nitrogen sources, 303 
carbon sources, 303 
cellulo~e decomposers, 327 
chemo-autotrophs, 305, R.31-334 
chitin-digesting, 328 
cult iv~tion of, 301-335 
filter-bed, 19, 20 
green. 330, 331 
growth requirements, 303-31 2 
heterotrophs, 326-329 
holidic medium, 304 
hydrogen, 334 
hydrocarbon decomposers, 328, 329 
hydrostatic-pressure requirements, 3 12 
importance for culturo systems, 19, 20 
in sea water, 26 
iron, 333 
'Knallgw', 334 
light requirements, 31 1 
lipid decomposc~.~, 328, 329 
manganese, 333 
rnineral requircments, 304-306 
nitrifiers, 332, 333 
nitrogen-fixing, 30.5 
non-srilphur, 330 
organic nutrients, 303 
photosynthetic, 305, 329-331 
pH roquirements, 308 
physiological types, 326-335 
proteolytic forms, 327 
purple, 330 
role in cultivation, 80 
sea-wntcr requiromentu, 306-308 

particultrte-matter requiremants, 307, 
308 
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Control-ontinued 
temperature, 198-200, 479, 480 
water movement, 201-205 

Copper, utilization by plants, 413 
Crystallizing vessel, 58 
Cultivation, animals, 13 

basic prerequisite, 19 
chemical contamination, 16 
commercial, 6, 7, 9 

goals, 6, 7 
definition, 2 
diseases of animals, 16 
diseases of plants, 15 
ecological implicatons, 0, 7 
fung,  337-366 
history, 1, 2 
in situ, 41 
microcosms, l 4  
micro-organisms, 11, 301-356 
multispecies cult~wes, 14 
plants, 12, 367-501 
research, B, 7, 9 

goals, 6, 7 
team interaction, 46 
technology, 1 1,  19 
terminology, 2-6 
water-quality management, 11, l 9  

Culture Centre of Algae and Protozoa, Cam- 
bridge, 371 

Culture Collection of Algae, Bloomington, 37 1 
Culture Collection of Mgw, Tokyo, 371 
Culture devices, continuous, 210-217 
Culture enclosures, 87-77, 372-377 

in Bihc, 69-77 
large, 58-69 
medium-sized, 68-68 
small, 57, 68 

Culture flask with conical bottom, 374 
Culture media, bacteria, 309, 309, 313 

basic, 6 
chemically -definined, 6 
diagnostic, 314 
disinfection, 102-105 
fungi, 340, 348-351 
holidic, 6, 304, 310 
meridic, 6, 308, 310 
multicellular algae, 473-477 
oligic, 6 ,  308, 310 
oligomeridic, 6 
p-lants, 420-441 
polymeridic, 6 
preparation, 387-392 
sterilization, 102-105, 387-392 
subculturing, 387-392 
terminology, 6 

unicellular algae, 387-392 
Cultures, bacteria-free, definition, 6 

bottom frames, 7 1 
cages, 69, 72, 74 
continuous, 4, 400-404 

definition, 3 
floating frames, 71 
floats, 69, 72 
gn.otobiotic, definition, 5 
gnotospecific, definition, 6 
I~anging frames, 72 
line, 71 
monospecific, 5 

definition, 4 
non-axenic, definition, 5 
oyster frames, 72 
pens, 69 
plastic baga, 69, 70, 73, 76, 77 
pure, definition, 6 
pounds, 69 
racks, 69, 71. 
rafts, 69, 71 
serial, definition, 4 
eynspecific, 6 

definition, 6 
dispecific, 5 
polyspecific, 5 
tetraspecific, 5 
trispecific, 5 

synxenic, 6 
definition, 5 
dixenic, 6 
monoxenic, 5 
polyxenic, 6 
trixenic, 6 

Culture systems, animel load, 1 B0 
carrying capacity, 166-182 
classification, 3, 37-39 
closed, 37, 38, 42-46, 101 
dimensioning of components, 166, 181, 

182 
flow-through, 39 
hetorogerleous, 3, 4 
homogeneous, 3, 4 
ladder, 38, 39 
mixed, 3 
multi.containe,r, 39 
multipurpose environmental (MES), 38, 

47-57 
open, 37 41, 101 
recirculation, 4 2 4 6  
running water, 37 
semi-open, 37, 38, 42, 101 
standards for design, 167, 175, 179, 181 
still water, 37 
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SUB JBCT INDEX 

Enrichment technique. bacteria, 320 
Environmental oontrol tanks, 280 
Environmental factom. control of, 196-207 
Environmental gradients, control of, 205-207 
Equipment, sterilization, 107 
Equipment for cultivation, 182-288 

accumulation, 218-223 
80~8t0IS. 183-1 90 
airlifts, 60, 61, 115, 141, 142, 183, 190, 191, 

208, 209, 222, 224-228, 236-238, 
242-244, 310 

apparatus for intertidal organism, 246-263 
apparatus for planktern, 227-244 
apparatus for d e  plankton feeders, 244 
apparatus for eubstmte dwellere, 246 
collection of organi~me. 183, 186 
conetent-level siphon, 191. 193-186 
contiiuous culture devioes, 210-217 
culture tank claener, 196, 196 
didysia cultures, 218 
experimental tanlu3.263-269 
flO>&t valve, 191, 193, 194 
flow-direction reverser, l. 96 
for controlling environmental factors, 196- 

207 
holding tanks, 253-269 
ifi spomphyte aystern, 224-226 
isolation. 218-223 
overflow eievee, 183, 186 
phyfaplankton harvester, 222-224 
recirculetion devicea, 207-209 
VFSy appaI'8tUE for d w ,  226 

Erdachreiber, 473 
Erlonmeyer flasks, 58, 373 
Eutrophication, 9 
Excretion, a.mmonotelic, 80 

guanotelic, 80 
ureotelic, 80 
nricotelic, SO 

Experimental W, 263-268, 261 
External free amino acids (FAA), 77, 78 
External mefabolitea--8ee Ectocrines 

Farming of marine organisme, delbition, 2 
Feeders, 68 

automatic, 269-284, 267, 268 
demand (self-), 261, 262, 264-266 
mobile, 260 
stationary. 260, 261 

Feeding points, in ponds, 68 
Feeding mte of copepods, determination, 238 
Fermenter, 213 
Fernbach flash, 373 
Fertilizers, 459-462, 470, 487 
Fibre-glass tanks, 375, 399, 458, 469 

Filterable substance (F$), 1 OS 
Filter-bed bmcteria, 19, 20 

oxygen consumption. 174, 175 
Filter drums, 122 
Filterite &ridge filters, 40 
'Filterpreeeen-Schichtedter', 122 
Filters, asbestos, 389 

bacteriologicel, 339 
cartridge, 239 
cleaning, 118, 1.19 
depth of layers, 118 
chatomeceous-earth, 120-122 
diatomaceoua-glass, 389 
disposable, 389 

&ridge, 121. 
filtermssaea, 114 
fritted-glase, 389 
glass-wool, 236 
hydroaol, 389 
mecheniwl, 113 
membrane, 389 
mixed plant-animal, 132-134 
other, 122 
rapid send, 1 19, 120 
sand-gravel, 1 14-1 19 
size of filter sul-face area, 1 I 8  
surface area of filter bed, 17 2 
trickling, 125, 126 
turnover rate,  11 8 

Filter-eettler, 235, 236 
Filtration, capaoity, 171, 174, 175 

eflciency, 114, 116, 171 
filter material, 1 14, l. l6 
filter preseura, 115, 116 
filter reeietance, 1 1 5 
p i n  ahape, 1 17 
grain size, 1 17 
maintenance, 1 I8 
packing of filter layere, 1 18 
rate, 116,116 
eea water, 318 
secondary reduction of interstices, l 17 
speed. 116 
velocity, 172 

Fish pound, 69,70, 75 
Float valve, 191, 193, 194, 245 
Florence flaek, 380 
Flow-direction reveraer, 196 
Fluorescent lamp, 442-445 

'Cool White', 198, 442 
'DayIight', 198, 442 
emieaion spectra, 197, 198, 442 
plant light, 442 
'Warm White', 198, 442, 445 

'Fluvarium', 207 
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572 SUBJECT INDEX 

Iron bacteria, 333 Marine Culture J>aboratnry, Granite Canyon 
Irradiation, ultra.-violet, 316 (USA), sea-water system, 39, 40 
Isolation, 218-223 Marine Labora.tory Aberdeen (Scotland), sea- 

of fungi, 338-344, 348-355 water system, 43-45 
of plants, 377-380 'Marinure', 470 

Mass culture of plants, 392-398, 457, 459, 
Je t  aerator, 188 490 

'Maxicrop', 470 
Kinetins, 420 Mechanical filter, capacity of, 116 
'Knellgas' bacteria, 334 Mechanical filtration, 11 3 
Kreisel, for seston.feeding plankters, 228, 229 Mechanical water treatment, 112-122 
in &U, 231, 232 Medium 2216, 3 0 k e e  also Culture media 
plankton, 226-228 Membrane filters, 31.5, 333, 375, 389 

ME$-see Multipurpose environmental 
1,abotatory streams, 203-205 systems 
Ladder system, 38, 39 Metabolic byproducts, 180-182 
Lamps, emission spectra, 442 Metabolite concentration, in culture systems, 

special, 442 170-181 
Levy haemocytometer, 464 Metabolites, 79, 98 
LexanQ, 394 Metal mix, 437, 439, 440 
Lifwendangering substances, 79-100 'Meteor'-plankton-cuvette, 229, 230 

ammonia, 80, 81 Methaemoglobin, 100 
nitrate, 8 1  Methaemoglobinemia, X00 
nitrite, 8 1  Micro-aquarium, 245, 246 
organic substanccs, 97 Microbial filtration, 123-1 20 
other inorganic substances, 97 in activated sludge, 127-1 29 

Li£e.supporting substances, 76-79, 98 mechanical filters, 124-1 27 
Light-see also Illumination iV1icrobial water treatment, 123-129 

control of, 197-199, 479, 480 Microcosms, controlled models, 319-322 
requirements by bacteria, 3 11 Micronutrients, plants, 406 
requirements by plants, 441-445 Micro-organisms, cultivation of, 301-365 

Light quality, 443, 444 Migration-tube system, 220, 221 
Light sources, 441-445 Millipore filters, 378 
Eight-temperature gradient plates, 206, 207 Mineral requirements, bacteria, 304-306 
Light thermostat, 21 7 Minerals, requirements of plants, 405-414 
Limniculture, definition, 2 Miquel's solution, 426, 427, 432 
Lipid-decomposing bacteria, 328, 329 Mixed culture systems, 3 
Lipids, 328 Mixer for preparing artificial sea water, 36 
Liquid media, 313, 314 Mixotrophy, 415 
Lyophilization, 317 Molybdenum, utilization by plants, 413 

Monitoring, of culture-water quality, 178 
Macronutrients, plants, 406 Monobiont, definition, 4 
Magnesium, requirelnent by bacteria, 306 Monospecific culture, 5 

utilization by plants, 41 2, 413 definition, 4 
Magnetic stirrer, 403 Multicellular plants, cultivation of, 467-501 
Maintenance, definition, 2 food, for animals, 468, 469 

of bacteria cultures, 3 16, 3 17 for man, 487,468 
Manganese, utilization by plants, 41.3 importance, for economy, 4.67-472 
Manganese bacteria, 333 for science, 467 
Mangroves, 500 industrial uses, 47 1 
Mericulture, 46 medicine, 469, 479 

de(inition, 2 phsrmacological applications, 47 0 
Marine agar, 309 use for manure, 470, 471 
Marine Biological Laboratory Plymouth lMuItipurpose environmental systems (MES), 

(England), sett-water system, 42 38, 47-57 



SUBJECT INDEX 

Nannirno, fish pound, 69 
Natinnal Collection of Marino Bacteria 

(NCMB), 317 
Natural sea water, 21-29, 36, 37, 306, 353, 

421-423, 425, 426, 428, 430, 432, 
433 

Neuman-Kollowitz cell, 464 
NH, poisoning, biological consequences, 

86-92 
counteraction, 92, 99 
importance of pH, 92 
susceptibility to, 92 

Nitrate, 93-97, 99, 100 
accumulation, 97 
determination, 97 
psnniaaible levels, 99 
standard concentration, 179 
uptsko by phytoplankters, 132, 133 
utilization by plants, 408-410 

Nitrate production, 94-90 
Nitrate-reducing potentia.1, bacteria., 322 
Nitrification, 81, 94, 127, 168, 172, 332 
Nitrifying bacteria, 322, 332, 333 
Nitrite, 93-97, 99, 100 

accumulation, 97 
determination, 97 
permissible levels, 99 
standard concentration, 179 
uptako by phytoplankters, 132, 133 
utilization by plants, 408-410 

Nitrite production, 94-96 
Nitrogen, excretion, 80 

fixation, bactcria, 305 
metabolism, end products, 80-100 
recycling, 8D, 81 
requirement by bacteria, 304, 305 
sources, utilization by plants, 408-410 

Nitrogenous substances, 80 
oxidation of, 94-96 
non-axenic cultures, dek-ition, 6 

Non-nutrient media, 6 
Non-sulphur bacteria. 330 
Nutrient media,, 6 
Nutritional requirements. of unicellular algae, 

40.5-420 

OCF--4ee Oxygen consu~nption of lilter-bed 
micro -organisms 

OD--9ee Optical density 
Oil degradation, 329 
Oligic culture media, 308 

definition, 6 
Oligomeridic culture media, definition, 6 
OM+e Oxidizable matter 
Open aee-water systems, 37-41 

Optical tleusity, algal yields, 465 
Orificu clisporsorw, 188 
0-ring seal, 257 
Ostnotic requirements, bacteria, 307 
Ovorflow sieves, 183, 1 86 
Oxidizable m a t b r  (OM), 108 
Oxygen, diffusion, 161 

efficiency of transfer. 151, 152 
electron acceptor, 3 10 
rate of diffusion, 151 

Oxygenation, 153, 154 
Oxygenation tablets, 154 
Oxygen consumption, of filter-bed bacteria, 

174, 175 
of flter.bed mioro-organisms (OCF), 108, 

112 
Oxygen production, algal yields, 466 
Oxygen saturation, 145, l48 
Oxygen solubility, 145, 140 
Ozonation, as water pret~.eal;mont, 157 

biological effecte, 154-167 
dosage, 154, 1.58 
efficiency, 155 
uae in sea-water systems, 104, 158, l59 
use in waste-water treatment, 158 

Ozonator, 158 
Ozone, absorber, 159 

characteristics, 154, l65 
chemical reactions, 155 
decomposition, 154 
disinfection capacity, 157 
effectiveness for virus inactivation, 156 
functional groups oxidized, 155 
generator, 158, 169 
injection, 158 
methods for determination, 160, 161. 
production, 168 
radiomimetic effects, 167 
solubility, 154 
toxicity, 156 

Ozonides, 155 

Paddle splasher, 66, 69, 70, 187 
Palmer counting slide, 404, 466 
Particulatematter, requirements by bacteria, 

307, 308 
Pasteur pipette, 31 3 
Peloscope, 323 
Percentage of saturation, 177 
Percolation, 170, 173 
Percolator, 167, l68 
Perfusion chamber, 376, 376 
Petri dish, 68 
Petroff-Hauseer bactoriologcal chamber, 

464, 465 



SUBJECT INDEX 

pH, adjustment of, 314 
buffem. 314,451-453 
plants, 461-464 
requirements by bacteria, 308 
requirements, fungi, 352, 363 
valuea, controI, 108 
importance in culturea, 108 

Pheromones, 79 
Phosphate, aocumulation, 97 
Phosphorus, requirement by bacteria, 304, 

306 
utilization by plants, 410, 411 

Photoheterotrophy, 415 
Photo-organotrophy, 416 
Photosynthetic bacteria, 305, 329-331 
Phototaxis, iaoletion of algae, 380 
Phyaico-chemical water treatment, 134- 10 6 

activated carbon adsorption, 134- I40 
aeration, 14U-I53 
coagulation, l64 
electrolytic sewsge-purification, 165 
flcmulstion, 164 
foam aepacation, 140-144 
ion exohange, 164 
oxygenation, 163, 164 
ownation, 154-1 61 
ultra-violet irradiation, 161-1 64 

Phyaiologid potential, 8, 0 
Phytoplankton haweater, 222226 
Pigment deterrn~rletion, algal yields, 466 
Pilot plants, 47 
Pipette containers, 373 
Piston-pump system, 201, 202 
Planktonkreiael, 226-228 
Planktonrotor, 231, 233 
Plsnta, essay organisms, 369, 370 

availability for cultivation, 370-372 
cultivation of, 367-601 
culture colledione, 37 1 
pharmacauticala, 369 
potential ee food organisms, 368, 369, 

396 
requirements, for elements, 406 

for minerale, 405-4 14 
for nitrogen sources, 404, 409 

Plastic bags, 461 
Plating, fungi, 339-342, 344, 348 
Plunger jars, 200, 202 
Polycarbonate glass, 374 
Polycarbonate tanks, 398 
Polyethylene liner, 63 
Polymeridic culture media, definition, 6 
Pond culturea, planta, 48-62 
Ponds, 68, 60-70, 78 

aeration, 64 

best sites, 62 
cement-lined, 61, 62 
construction, 62, 66 
directional water movement, 64 
drainage, 64-66 
fann deaign, 68, 70 
feeding pointe, 68, 69 
levee enforcement, 65 
liners. 63, 64 
preatration, 64 
resting corner, 68, 70 
sealants, 63 
sluices, 64, 68 
soil compaction, 63, 64 
soil sealing, 03 
stability of bottom, 63 
stability of levees, 63 
water-quality manrrgement, 66, 67 
water retention, 63 
water eupply, 64 
vehicle aooeea, 68 

Pool cult-, plante, 454-460 
Potassium, requirements by bacteria, 305, 

308 
Potessium, utilization by plants, 412 
Pound, octagonal, 69, 76 
Pour-platee, 313 
Pmoat ,  diatomeceoue-earth filters, 120, 

121 
Pressure, baateria cultures, 3 19 

requirements by bacteria, 3 12 
Propellers, 187 
Protamine, 222 
Protein foeming--see Foam separation 
Proteolytic bacteria, 327 
Protoplasmic oxidation, 155 
Pumps, antifosm, 213 

bubble, 243 
defective, 147 
induction-driven, 234 
in ponds, 67 
metering, 211, 214, 216, 217 
micro, 403,404 
peristaltic. 214-210, 3 18 
pressure, 319 
sea-water inert, 205 
Steinzeug, 51 
submersible. 183 
timer-controlled, 246 
vertical, 68, 70 

Pure cultures, 380, 381 
definition, 6 

Purification, 3$0-387 
Purple bacteria, 330 
Putrefaction method, 390 
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Pyrex, 574 
carboys, B75 

Rnceways, 58, GO, 61 
Radiant energy, measurounent of, 444 

wavelength, 444 
see also T.iglit 

R.aft cultums, 467, 489, 490 
Raising, defir~itiorl, 2 
Hapid sand filters, 119, 120 
Rearing, definition, 2 
Recipes for artificial sea water, 29-37 
Recirculation devices, 207-209 
Recirculation system. 42-46 

for copepods, 234, 235 
for crustacean larvae, 236, 237, 239-241 
for sessile arlimals, 242-244 

Hecirculetion tubes, 207 
Recirculator, double, 208-210 

single, 208 
Redox dyes, 1 10 
Reclox potential, 109-1 1 l ,  454 

electrometric methods, 109 
equipment for control, 109 
indicator dyes, 109, 110 

Reduction-oxygenation potential-aee 
Redox potential 

Requirements of plants, amino acids, 410 
ammonia, 408-410 
boron, 413, 414 
bromine, 413 
calcium, 41 2, 413 
carbon, 414-417 
chlorine, 413 
chromium, 413 
cobalt, 413 
coppor, 41 3 
iron, 414 
macronutrients, 405 
magnesium, 412, 413 
manganese, 113 
micronutrients, 405 
minerals, 405-414 
moly bdcnum, 41 3 
nitrate, 408-4 10 
nitrite, 408-410 
nitrogen sources, 408-410 
phosphorus, 410, 41 1 
potassium, 412 
silicon, 411, 412 
sodium, 412, 413 
sulphur, 410, 41.1 
traco metals, 413, 414 
urea, 409, 410 
uric acid, 409, 410 

vitnrnirls, 417-420 
zinc, 413 

Rcscarch cultivation, 9 
goals, 6-7 

Resting corner in ponds, 68, 70 
'Rila 3larino Mis', 29, 428, 429 
Rinsing procedures, 373 
Roll tubas, 313 
Rotators, 202, 203 
Roto-compressor chamber, 223 
Rotors, 187 

for plankton, 231, 233 
:R,oux flasks, 373 
Running-water systems, 37 
Salinity, control of, 200, 201 

plants, 448-451 
requirements, by fungi, 351, 352, 354 

by bacleria, 307 
Salt-mnrsh plants, 500, 501 
Sammlung von Algenkulturen, Gijttingen, 

371 
Sampling of bacteria, nsceplic, 315 
Sand-gravel filters, inside filters, 114, 115 

outside filtem, 114, 115 
typical design, 114, 115, 117 

Saran Box Barrier, 64, 65 
Saran Screen, 64 
Saran Sock Barrier, 64, 66 
Saturation of culture system, 177 
Sbirka Kultur AutoLrofnich, Praha, 371 
Schaukol, 201, 202 
'Seaborn', 470 
'Seahorse', 470 
Sea salts, reconstituted, 427-431 
Sea water, antibactei.ia1 activity, 27 

antibiotic activity, 27 
artificial, 29-37, 307, 350, 431-441, 475, 

476 
as  cultwe medium, 20-37 
bactericidal capacity, 27 
captive, 19, 22, 24, 25, 77 
chemical modol, 21-23 
constituents, 22 
growth-promoting substances, 27 
major changes in cultures, 22, 23 
natural, 21-29, 36, 37,  306, 353, 421-423, 

425, 426, 428, 430, 432, 433 
'normal', 307 
requirement by bacteria, 306-308 
standard, 426 
storaga, 24-29, 36, 37, 306 

Sea-water intake, 39-41 
Sea-water media, with inorganic enrichments, 

428,429 
Sea-water system, closed, 477, 478, 480 
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Soaweeds-aee Multicellular plants 
Sedpick-Rafter cell, 464, 465 
Sedimentation, 112, 113 

tanks, 1 13 
Sediment dwellers, 246 
Solf-feeders--see Demand feeders 
Semi-open sea-water systems, 37, 38, 42 
Sorial cultures, definition, 4 
Serially renewed batch cultures, definition, 4 
Sewage- treatment system, 9 
Sox attractants, 79 
Shakers, 201, 202, 373 
Shaking tablo, 392 
Silica gel, 31.3 
Silicon, utilization by plants, 4 1 1, 4 12 
Single-cylinder recirculator, 208 
Siphons, capillary-priming, 246 

constant-level, 191, 193-195, 245 
'SM-3', 470 
Sodium, requirement by bacteria 30.5, 306 

utilization by plants, 412, 413 
Soil extract, 421-425, 473-475 
Solid media, bacteria, 3 12, 31 3 
Sperjer, 188 
Splashem, 68, 145, 184, 187 
Spray apparatus, for algae, 224, 226 
Sprayem, 145, 184, 190 
Sprinklers, 145, 184 
Standard sea water, 425 
Standards for culture-system design, 167, 1.75, 

179 
Steinzeug Pumpen, 51 
Sterility test, 384, 380 
Sterilization, 101-107, 314, 318, 388, 389, 

398 
antibiotics, 104, 106 
application 

of chemicals, 104 
of heat, 103 

chlorination, 104 
definition, 102 
equipment, 1 07 
glassware, 107 
irradiation, 103 
microfiltration, 102 
ofair, 106, 106, 147 
o f  othor culture media, 102-105 
of sea watcr, X02 
ozonation, 104 

Still-water systems, 37 
Stock improvement, definition, 2 
Storage of sea water, 24-29, 36, 37 
Submerged-slide technique, 323 
Suction collector, 183-1 86 
'Sulphate-reducing' bacteria, 334 

Sulphur, requirement by bacteria, 304, 305 
utilization by plants, 410, 411 

Sulphur bacteria, 330 
Surface aerators, 183, 184. 156, 189 
Sustenance, fungi, 344, 345 
Synchronization, of cultures, 212, 390, 397, 

399,400 
Synchronous cultures, unicellulm algae, 396- 

400 
Synspocific cultures, 6 

definition, 6 

Tank cultures, plants, 4.54-460 
Tanks, deep, 373, 375, 443 

environmental control, 260 
experimental, 253-2159, 261 
fibre-glass, 488, 459 
holding. 253-259 

'Taneba', 482 
Taurneltisch, 229, 230 
Temperature, control of, 198-200,479, 480 

plants, 446-448 
requirements by bacteria, 31.2 

Terminology of cultivetion, 2-6 
Test tubes, 373 
'Tetra Marine', 60 
Texel, multipurpose environmental system, 

54-56 
Thalaasiotron t idd  system, 476, 477, 479 
Thermal gradient plates. 205-207 
Thermal requirements, fungi, 351 
Thioglycollate medium, 384 
Tidal systems, 246-263 
Total organic carbon (TOC), 108, 11 2 
Trace elements, requirement by bacteria, 306 
Trace metals, utilization by plants, 413, 414 
Trapping, fungi, 343 
Trickling fltilters, 125, 126 
'Trident', 470 
Tris, 432, 433, 437-440, 462, 483 
'Triton Marine Salts', 29, 233 
Tubes, use in bacterial cultures, 31.3 
Tube settler, 113 
Tungsten lamps, 441 

emission spectra, 197 
illumination characteristics, 197 
irradiance, 197 

Turbidometric methods, algal yields, 465 
Turbidostat, 211, 215-217, 400 
Tyndellization, definition, 102 

Ultra-violet irradiation, 161-164, 315, 382, 
383 

absorption, 161 
biological offects, 161 
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Ultra-violet irradiation-cordinzced 
disinfective capacity, 182 
disinfective efficiency, 162, 163 
disinfective potential, 161 
effectivenoss for virus inactivation, 161,  162 
e f f ~ t ~ i v e  wavelengths, 161 
gern~icidal lamp, 162 
oxidizing capacity, 161 
transmittance, l61 
ultra-violet discharge units, 162-164 
ultra-violet disinfeclion boxes, 162, 163  
ultra-violet lamps, 162, 163 

Underwater growth atation, 486 
Uni-algal cultures, 378, 379 
Unioellular algae, as food organiame, 464 

aultivation of, 367-466 
Urea., 80, 98 

uptake by phytoplankters, 132, 133 
utilization by plants, 409, 410 

Uric acid, SO 
utilization by plonte, 409, 410 

Utermijhl tmhnique, 466 
'Utility Seven Seas Marine Mix', 29, 33 

Venturi disperser, 189 
Virusea, ozone inactivation, 156 

ultra-violet inactivation, 161, 102 
VISHNIAC's medium, 340 
Vitamin ass&ys, 418, 419, 425 

Vitamin Mix, 434436 ,  440 
Vitarnin requiremeuts, fiingi, 1340, R51 
Vitamins, 370, 432 

bacteria, 303. 330 
plants, 417-420, 476,477 

Vycor glass, 374 
Wosh~ng technique, 382 

isolation of algae, 379 
Waste production, hi aqiiaculture fsrms, 177 

microbial oxidation, 110 
Water-air interphw, 161, 162 
Water movement, control of, 201-205 

piston-pump system, 201, 202 
rotators, 202,203 
schaukel, 201, 202 
ehaker, 201, 202 

Water-quality aaeaiunent, 107-1 1 2 
Wator-quality management, l9  
Wave makers, 146, 184, 209, 228,229 
Woods Hole, multipurpose e~lvironmental 

system, 48-50,67 

Yeasta, cultivation of, 348-350-8~ also 
Fungi 

Yield determination, of algae, 4 6 4 4 6 6  

'Zentriklones', 62, 113 
Zinc, utilization by plants, 413 
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