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Preface 

The application of biological principles to aquaculture in the disciplines of nutri
tion, physiology, reproduction and pathology has allowed for rapid expansion and 
intensification of production from aquacultural systems. A great deal of this research 
has been done in the temperate zone and has been focused on carr:ivorous freshwater 
and marine fish species. Little effort has been devoted to the controlled use of nu
trients from decomposing organic matter, particularly in tropical systems. Some ex
tremely successful culture systems are based in large part on microbial-detrital pro
duction, notably pond fertilization with livestock manure. The potential for utilizing
such detrital systems to reduce or 'liminate the need for costly supplementary feed 
in pond aqivaculture is excellent. Full development of this potential is dependent 
upon more complete knowledge of the systems and assessment of methods for 
their manipulation. 

The term 'detritus', as used here, is defined as nonliving organic matter, usually in 
a particulate form, but also including dissolved organic matter. Inorganic mztter and 
various biota (bacteria, fungi, Protozoa, meiofauna and larger invertebrates) may 
occur ir. association with detritus, but they are not detritus per se. 

Detritus develops when organic material is decomposed, particularly in soils and 
aquatic ecosystems. Microbial ecologists have l](ng recognized its contribution to 
aquatic productivity. Studies of aquatic detrital food chains, however, have been 
largely limited to funh'amental research focused on natural waters; little effort has 
been directed to their importance and manipulation in aquaculture systems. Micro
bial production in detritus affords a rich source of nutrients for fish and a mechanism 
for rapid recyling of nutrients released upon death of plants or breakdown of waste 
products. However, the interrelationships between such heterotrophic food chains 
and autotrophic food chains (fuelled by light and dissolved nutrients and based 
on phytoplankton) are poorly understood. Because detritus is a complex mixture of 
different types of organic matter, its composition is very variable, depending upon 
its derivation. Thus we have to be cautious when discussing the role of detritus in 
food chains, not to generalize from particular situations without adequate knowledge 
of whether the processes occurring in those situations are generally applicable. 

Many of the fish recognized as most suitable in tropical developing countries for 
large-scale culture with a low input of energy feed on detritus (e.g., tilapias, carps 
and mullets) and it is clear that much of the current production of traditional 
wastefed Asian aquaculture derives from detrital food chains. Shrimp are also 
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detritivores. IHowever, detrital food chains in aquaculture have been peorly inves
tigated. The wastefed fishpond, for example, is commonly treated as a black box in 
experimental aquaculture. The constraints to production, such as water quality, 
dissolved oxygen and feed a,'ailability, are partially understood hut the prospects for 
channeling more nutrients through detrital food chains into fish flesh have scarcely 
been considered. 

There have been major advances recently in the methodology available for the 
study of detritus and its associated biota. Ilcermining the composition of detrital 
aggregates and particularly the relative proportions of microorganisms and detritus 
per se is difficult, but methods are now available and are being used to study this in 
natural ecosystem:;. Microbiologists have also been working with processes utilizing 
microorganisms in solid waste conversion and waste water treatment. 

The prospect of applying new techniques to aquaculture systems is exciting be
cause in these systems the environment can be modified, e.g., by supplying detritus 
of known composition at known rates, varying nutrient supply, and altering grazing 
pressures, fish species composition, circulation patterns and flushing rates. Manipulat
ing detrital food chains has far-reaching implications for the utilization of wastes in 
aquaculture. The vast quantities ot agricultural wastes and low value byproducts 
(straws, sugarcane bagasse, coffee residues, banana wastes, rice hulls, other food 
processing wastes, trash vegetation and aquatic weeds generated annually in the 
tropics) may be useable as supplementary detritus, added to culture ponds as com
posts and microbial substrates eit her alone or mixed with fertilizers such as livestock 
manure. This could greatly reduce the need for inputs of high quality feeds for aqua
culture: an important innovation particularly where feedstuffs are expensive or 
scarce. The development of such techniques appears feasible and would constitute a 
major advance in aquaculture, but firstly, additional information must be collected 
and research gaps must be filled. 

ICL aP.M decided to convene this conference to analyze and summarize available 
informr.cion on detrital food chains and the means for their manipulation in aqua
cuiture. By bringing together workers in aquaculture, aquatic microbial ecology and 
organic waste utilization, ICLARM sought to bring new perspectives to bear on the 
future of wastefed aquaculture and to catalyze new research initiatives and coopera
tive programs. 

The conference structure was devised so as to group contributions tinder the Ses
sion headings: Microbial Ecology in Aquaculture; Production and Characteristics of 
Detritus; Productivity and Food Chains; and Manipulation of Detrital Systems for 
Aquaculture. Because these broad topics are all interlinked, there was 'onsiderable 
overlap in the discussions following the papers. All the various discussion themes and 
viewpoints were then drawn together in a final discussion session, from which a con
sensus statement on priorities for further work was formulated. 

That this unique conference became a reality is due to the generous support of 
two agencies. First, the Rockefeller Fou'ndation offered the use of its superb Bellagio 
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Study and Conference Center to hold the conference. Second, the German Agency
for Technical Cooperation (GTZ), GmBII, provided a generous grant to cover 
ICLARM's organizational expenses and the costs of publishing the proceedings.
We are most grateful for this generous support. We also wish to acknowledge the 
excellent work of the indexer, Dr. Roy larden Jones. 

The review papers and records ot discussions published here show how well this 
fusion of ideas from different disciplines worked out. It was agreed that a great deal 
more research is needed to define the processes occurring in detrital-based food 
chains and the roles of the various organisms involved. More inform ation is also 
needed on the actual food items of the cultured animals, e.g., the relative propor
tions of algae, bacteria and detritus. Only after gaining such knowledge can we 
suggest mechanisms for manipulating detrital food chains and improving the yield of
the desired animals. The papers in this conference discuss some of these topics and 
point the way towards increasing aquaculture yields, or decreasing costs (feeding
costs especiallV). The conference has posed imany more questions than it has an
swered, but we believe that it will be recognized as itmajor event in progress towards 
energy-efficient waste recycling through aquLultuIre and that the further research 
and technology development which it has st imulated will have a major imlpact on 
aquatic food production, especially in developing countries. 

D.J.W. MOMAIA'V 

R.S.V. PULLIN 

vii 



Microbial Ecology in Aquaculture 

CHAIRMAN'S OVERVIEW 

D.J.W. MORIAR' 

Extensive or semi-intensive aquaculture systems depend on microbial food webs 
of which there are two principal types: those dependent on microalgae (i.e., directly 
utilizing primary production) and those dependent ol detritus (dead organic matter). 
The detritus is converted by bacteria and other microorganisms into nutritionally 
useful organic matter. In this conference we will be discussing chiefly the second 
food web, and the biogeochemical processes affected by it. This topic cannot be 
completely separated from that dealing with the generation of primary production 
and its utilization by animals. Many animals feed on both algae and detritus with its 
associated microorganisms. Furthermore, inorganic nutrients released from decom
posing detritus stimulate primary production and so we will also discuss aspects of 
primary production in ponds. 

One question that we need to consider is whether aquaculture systems that 
depend solely on detritus added to ponds from an external source (allochthonous 
systems) are more productive than those dependent on in situ primary production 
that is eaten either directly or via a detrital food chain (autochthonous systems). To 
answer this question, we will need to consider the biochemical composition of 
detritus; whether some or any of the detritus can be digested by animals or by 
bacteria; whether inorganic nutrients are generated from the detritus or need to be 
added to enhance decomposition; the types, biomass and productivity of microbes 
and the efficiencies of energy transfer through the food web; and the effect of 
detritus decomposition on water quality, especially oxygen concentration. 

Considerable advances have been made in microbial ecology recently, particularly 
in the study of microbial activities in biogeochemical processes. The activities of 
bacteria in aquatic carbon and nitrogen cycles can now be quantified and this has a 
direct application to aquaculture. Until about 10 years ago, the role of bacteria in 
the ocean had been neglected by many marine biologists because bacteria were not 
considered to have an important function in food chains. New techniques for 
determining biomass and production have shown that bacteria are more numerous 
and grow much faster than was thought to be the case and thus do play a very 
important part in aquatic food chains and nutrient cycles. Thus, methodology is 
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important in the analysis of the role of microbes and is the subject of my review in 
this session.
 

The methods that are 
used must be checked critically to ensure that. resultsobtained are indeed accurate. Some of the methods used or developed recently arediscussed in this session. These are tile best that are avilable at present for determining biomas;s and growth rates of'inicroorganisms, but they are not perfect and allresults need to be interpreted with caution. Improvements and new procedures arebeing published frequently in the aquatic and microbial ecology literature. Thus,workers new to this field will need ad(lequate access to Iis literat nre. Some of' lhe new techniques (e.g., lipid analysis) require expensive inst runents and the assistanceof trained chemists. Such methods will not be widely used, bit ift hey were appliedin 	aquaculture, problems could be iackdcf that would 11oherWise lie'(Iifficult tostudy. For example, studies on the coinp isil 1i0' of deritus afre nee(ded to determinewhat proportions of organic mat ter in detrit us of a given origin (e.g.. phy oplankt on or straw) is detritus and what p roportion is tlhe bionlass of ini(roorganisns Further
more, how these proportions change as detritus ages and su ccessioins ()f nli('r()besoccur, leading to different comninit .V st ru! nCs, could AlsO he Studied. The nat n.eand composition of' detritus can be very varied and is often unknown and difficult toanalyze. Inparticular, mnethods are needed to determninc !he :!nlotiunts of nutritionallyvaluable compounds, e.g., protein, that are present as detrit us rat her than inimicro
organisms attached to tie (teril 
s.Accurate analyses of MicrOblial bioinass are 
necessary 	 fo" such studies.
 

The production of bacteria 
can now l)e es treated wilh reasonable accuracy inaquatic systems, including sediment and de ritIns. This is particularl, relevant to thetheme of this conference bccause bacteria have a central role in lhe detrital carboncycle, converting dotritus in aquatic systems into useable energy, protein and vitamins for animnals. A problem to 
be resolved in st udying bacterial functions in tile
carbon cvcle is the growth efficiency of' bacteria. Growt h efficiencies can be very
variable, and are difficult to determine in natural systems such as the open ocean.
Aquaculture ponds, 
 where inputs and outputs are controlled and measurable,
would be useful seni-natural model syst ems to complement laboratory microcosmstudies on this problem. It'the growth efficiency of'bacteria can be measured orpredicted for given conditions (e.g., detritus composition), then accurate estimates 
can be made of' bacterial respiration in the presence of algae. Bet ter estimates of' net
primary production, which 
are critical to productivity studies in aquaculture, can 
then be made. 

Processes such as the turnover of' carbon and nitrogen can be studied on a broadscale with data on tihe biomass and growvth rates of' the bacterial community as awhole. Dr. Anderson will be discussing utilization of detritus from this viewpoint. If more detailed analyses of' tile role of bacteria in different processes are to be made,then information on the principal types orspecies of bacteria and their ecophysiology
is needed. Dr. Fry will discuss tile role of particular bacteria in the main elemental
cycles. From knowledge of environmental factors affecting bacterial species distribution and activity, it should be feasible to determine the best conditions for establish



3 ing detrital food chains in aquaculture ponds. In the terrestrial sphere, fungi are tqprincipal decomposers of detritus and it has been shown that i succession "speciesis involved as tile decomposition proceeds. Bacteria are more important ats., tol
posers than fungi in aquatic systems and 
as Dr. Fry points out, successional changes
also occur, but, these have not been studied at the species level. Seasonal changes in
activity, and presuniablv species composition, of bacteria do occur. Bacterial activity
varies during diel periods in some environments. Whether these changes in activity
reflect changes ini species conpoisition also is not known, but it is possible if proto
zoan grazuiw act ivity is intense and bacterial doubling times are last.


Anaerobit pr 
 'esses, discussed by Dr. Blackburn, occur in pond sediments and are
significant in tIie deconipo)sit ion of dritlus. The initial decomposit ion of particulate
material in sediment is carried out by fermentative bacteria, hut little det ailed

inforniat io is availalle oi 
 this part of t lie process or the bacteria involved. As it is

likely that much added detritus will se 
 tle to ilie pond bot tori and he decomposed

in an ataurolic environment, more research in 
 this area would he valuable.


The seCntlld sta(, oif";iltlaerobic decomposition wherein small molecules are fer
liiented. and various electron acceplors are used 
as electron sinks, is well studied.The flux oI ntl iets, oxygen arid toxic protdtcts of atiaerobic proccsses between
 
sediment anti watri" 
 neeth; to be si titied. As )r. Blackburn points out, this is not i

Simple 1irc(eto me. bt tl(tt ires eletiletl sl udie.; oi 
 Ile rates o ' the mnaly interacting
 
processes.


The aclivity ot bacteria on par iCultV uIet rI's Ill ie 
 Willer column is the subject
of' Dr. Kir'chian's review. Ii lltco trast too su(di en Is, iost, it'not all, processes areaerobic. The activity of bacteria oii par icles is not easy t0 stutdy and distinguish
from that o1' bacteria free in the water coluni. In fact, some tn attached bacteria 
may be ltosely associated wil 11p;,rt idles, hot separated by t lie til ration techniques
that are used to st 0(1dy thiei. Dr. Kirchnian argues that in the sea free bacteria have a 
more important role in lie carbon cycle than attached bacteria. In ponds with
much detritus that is kept ill suspension by mixing or aerating equipment, bacterial
activity on particles can be very intense. Dr. Schroeder, inl a later session, will discuss 
the importance of bacteria in pond processes.

Decomposer pathways are important in aquatic food vebs, as Dr. Andersonpoints out. Decomposition rates and production of organic matter that is useful or 
necessary for aquaculture depend on the nature of the detritus, microbes and
environment. Throiugh a detailed understanding of the various factors, we can
formulate hypotheses concerning pond dynamics and suggest practical approaches
for maximizing pond production. 



Methodology for Determining Biomass and Productivity of
 
Microorganisms in Detrital Food Webs
 

D.J.W. MO itimt 'lY 

CSIlO Marino Laboratories
 
1P.0. Box 120 Clueland
 

Q. 4t163, Australia
 

MORIARTY, D.J.W. 1987. Methodology for determining biomass and productivity 
of microorganisms in detrital food web,;, p. 4-31. In D.J.W. Moriarty and R.S.V. 
Pullin (eds.) Detritus and microhial ecology in aquaculture. ICLARM Conference 
Proceedings 1-1, 4120 p. International Center for Living Aquatic Resources Manage
ment, Manila, Philippines. 

Abstract 

Bacteria and algae in water, detritus and sediments can ho counted most easily with 
an epifluorescent microscope after they are stained with acridine orange. Cell volume 
can be determined by microscopy, but may be subject to considerable error. Biomass 
can then be calculated using conversion factors for carbon content. Alternatively, the 
biomass can be determined by chemical methods, such as muramic acid and lipid 
analyses. Bacterial productivity can be determined from the rate at which tritiated 
thymidine is incorporated into DNA. Procluciivity values for bacteria are essential in 
studies ,on their role in food chains, because they can double their biomass in a few 
hours; values for biomass alone are not sufficient. More research is needed to deter
mine the efficiencies with which various bacteria convert organic matter into biomass; 
values of 25% to 50% are commonly reported. If growth efficiencies are known, the 
rate at which oxygen is removed from the water by bacteria can be estimated. Bacterial 
respiration can be substantial in detrital systems. The transfer efficiencies of organic 
matter via bacteria to higher trophic levels are discussed. 

Introduction 

Bacteria decompose organic compounds that cannot be digested by animals and 
thereby increase the nutritive value of the organic matter. This has led many people 
to suggest that bacteria must play an important role in aquatic detrital food webs 
(for reviews see Mann 1972; Fenchel and J6rgensen 1977), but quantitative studies 
have been hampered until recently by lack of adequate methods to measure the 
biomass, growth rates and production of bacteria; such methods are now available 
(van Es and Meyer-Reil 1983). This paper reviews the appropriate methods for 
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5 
analysis of detrital food chain dynamics in aquaculture pon,ds. The methods dis
cussed are mainly applicable to heterotrophic bacteria, which mlay be considered as a 
single trophic group utilizing the primary production that has entered the detritus 
pool. In fact, because there are many different functional groups of bacteria, there 
are many trophic pathways within the bacterial component of the food web. For 
simplicity, all heterotrophic bacteria shall be considered as one group linking detritus 
with higher trophic levels. 

Fungi are also decomposers ot plant material, and certainly play :, part in aquatic 
systems, especially where C:N ratlios are high and complex structural compounds in 
higher plant leaves are degradod (Barlocher and Kendrick 1974; Suberkropp and 
KIlug 1976). However, the neth>ods for stLudyvig their biomass and growth in natural 
systems are less well developed than are those for bacteria. Fortunately, bacterial 
decomposition seems in general to be more important than fungal decomposition in 
aquatic systems (in contrast to terrestrial systems), and thus the poorer methodology 
is not a real drawback tc studying detrital food chains. 

Methods for determining primary pcoduction will be discussed brietly. Although
this conference is concerned primarily with food chains based on detritus, such food 
webs cannot be separated entirely trom those dependent on algal production in 
aquaculture ponds. Decomposition of detritus having a moderate to low C:N ratio 
will lead to mineralization of nitrogen and phosphorus and thus promote algal pro
duction in ponds. In fact, concomitant algal production may be necessary in exten
sive or semi-intensive aquaculture systems that make use of detrital food chains. 
Algae may not only improve productivity and fecological efficiency via herbivores 
in ponds, but also raise oxygen concentrations and perhaps supply essential dietary 
components that are not available from bacteria or detritus (e.g., linoleic acid). 

The productivity of the cultured animals in ponds largely depends on the effi
ciency with which detritus and primary production are converted into biomass by 
the various organisms in the food chain or food web. For detrital systems that 
depend on bacterial decompesition, the efficiency with which heterotrophic bacteria 
convert their organic nutrient supply into bacterial biomass (i.e., their growth effi
ciency) is an important factor that may control productivity. Growth efficiencies of 
bacteria seem to vary widely in aquatic systems, but are difficult to measure. Growth 
efficiencies may be studied more easily in aquaculture ponds, where input and out
puts of organic matter can be measured. This will be discussed here as it is relevant 
to measurements of production in ponds and to estimates of bacterial respiration, 
which can be so intense in ponds with large amounts of detritus that the resulting 
low oxygen concentrations may limit productivity. 

Biomass of Microorganisms and Composition of Detritus 

BACTEIA 

Two different strategies are available for determining bacterial biomass: 1. bacteria 
can be counted and their average volume estimated by microscopy; 2. a biochemical 
constituent that is correlated with biomass may be analyzed. 
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Direct counting of bacteria stained with a fluorescent dye is a quick and accuratemethod for enumerating bacteria in the water column or sediments (Francisco et al.1973; Zimmerman and Meyer-Reil 1974; Hobbie et al. 1977). The dyed bacteria areclearly visible against the black background of the filter surface (Plate 1). The bacteria are also easily distinguished when they are enveloped in detritus particles (Plate2). In my experience, acridine orange gives particularly good contrast between bacteria and detritus. Contrast is best and the iniage fades only slightly if the microscope is equipped for epifluorescence with a narrow-band blue excitationassembly (e.g., filteras for fluorescein isothiocyanate; Moriarty 1980). If much detritus ispresent, fading may be rapid and contrast poor. The concentration of acridineorange should be increased if this happer s (2-5 pg/mil is usually adequate; the stainedfilter should not be washed). Other dyes that are supposedly more specific for DNAhave been recommended for use with detritus (Colman 1980; Porter and Feig 1980;Paul 1982). All of these dyes do fluoresce with some plant compounds and I havefound that bacteria in detritus are more difficult to count with them than with

acridine orange. 

Plate 1. Bacteria the water columnfrom stained with acridine orang2 and viewedrescence microscopy, with epifluoa: Bacteria 
with large 

from water containing algal detritus. b: Bacteriaamounts of algal and from waterseagrass detritus; note the largeof the cells, c: Bacteria from an 
size and different morphologiesaquaculture pond, with particles containing attached bacteria.Scale: 1 cm = 8.6 Jm. 
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Although electron microscopy gives more precise values for dimensions, Fuhrman 
(1981) recommends epirluorescence microscopy as being more accurate, because the 
shrinkage of bacterial cells during fixation is less variable. Some shrinkage may 
occur, however, if bacteria are fixed with formaldehyde for epifluorescence micros
copy and thus volumes may be underestimated. Volumes may also be underesti
mated with epifluorescence microscopy because acridine orange stains nucleic acids 
with much greater intensity than other cell constituents. Thus, the cell wall may not 
be easily distinguished from detritus. In the sea, many bacteria are small, which 
makes it difficult to measure their size accurately. In aquaculture ponds, however, 
they are generally larger (Plate 1). Other factors fthat may cause bacterial cell volumes 
to be underestimated have been discussed by Bratbak (1985). Bakken (1985) found 
that the volumes of soil bacteria were underestimated by 25% with epifluorescence 
microscopy compared to phase contrast microscopy. 

To convert volumes to biomass, the carbon content of bacterial cells must be 
known. Revised values for carbon content, which are about double those previously 
used, have recently been published (Bratbak and Dundas 1984). The revised values 
support the finding of Robinson et al. (1982) that the carbon content of a popula
tion of bacteria growing on detritus was actually three times higher than values 
calculated previously. 

Errors in estimating biomass from microscopical observations arise from the 
difficulty in measuring cell size and carbon content accurately. Thus accurate esti
mates of bacterial biomass are difficult to achieve, which affects not only conclu
sions about the nutritive value of detritus, but also values for bacterial production 
and thus ecosystem dynamics. For trophic studies, a further problem is estimating 
the importance of capsular and slime material excreted by bacteria (Paerl 1974; 
1978). The products of bacterial cells are not included in biomass estimates, but 
may be significant as food for animals (Paerl 1974; Moriarty and Hayward 1982). 
Many bacteria in sediments or detritus produce large amounts of slime (Plate 3). 

Chemical methods for determining bacterial biomass have been sought, because 
microscopical medhods are tedious and subject to many errors. Of the various 
biochemical constituents of bacterial cells that have been proposed or used in the 
estimation of biomass, muram:c acid is the most useful. An approximate value for 
the proportions of Gram-negative and Gram-p-,sitive bacteria is needed for calculating 
biomass from muramic acid concentration (Moriarty 1980; Moriarty and Hayward 
1982). Good correlations were observed between numbers of bacteria, counted with 
acridine orange, and muramic acid content of surface marine sediments (Moriarty 
1980). A close correlation between mur'imic acid concentration and direct counts 
was found for bacteria in the water column of an aquaculture !rond (Moriarty 
1986b). Murarnic acid is not us-"ul if cyanobacteii:i (blue-green algae) are abundant 
because they also contain rnuramic acid 

Earlier colorimetric or biochemical methods for determining muramic acid have 
been replaced by simple procedures using high performance liquid chromatography 
(HPLC) (Mimtra and Delmas 1983; Moriarty 1983). Although the equipment need
ed for HPLC is expensive, it is now so widely used in biochemical and analytical 
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chemistry laboratories, that it is probably accessible to many researchers in the 
aquaculture field. 

Lipopolysaccharides, components of Gram-negative bacterial cell walls, have been 
used to estimate biomass of bacteria in seawater (Watson et al. 1977). There are 
problems in calibrating the technique and these would be compounded where 
lipopolysaccharides are bound to detritus. Lipopolysaccharides do not persist for 
long in sediments once bacteria die (Saddler and Wardlaw 1980). The analytical 
procedures and interpretation of results in terms of biomass for bacteria bound in 
sediment and detritus are more complicated than for muramic acid (Saddler and 
Wardlaw 1980; Parker et al. 1982). Because only Gram-negative bacteria contain 
lipopolysaccharides, and Gram-positive bacteria are common in sediments and 
probably detritus also, this method is not useful for studying detrital systems. 

Adenosine triphosphate (ATP) has been widely used to estimate microbial bio
mass since 1966 when the method was proposed by Holm-Hansen and Booth. But 
because all organisms contain ATP, the method cannot be used to distinguish the 
various groups of microbes in detritus Furthermore, it may not be useful even as a 
measure of total microbial biomass, because firstly ATP concentrations per cell vary 
considerably with environmental conditions and secondly large organisms have so 
much more ATP than bacteria, that most measurable ATP would be due to them. 
Aquaculture systems contain a complex array of organisms and we need to study 
the different types of organisms and the processes in which they participate. Thus 
ATP is not useful as a measure of "microbial" biomass, when "microbial" could 
mean bacteria, Protozoa, algae, fungi, meiofauna, macrofauna, zooplankton, etc. 
We need to be able to determine the composition of microbial communities with 
more precision and accuracy than is possible with ATP. Thus it is not a useful 
method for studying detrital food chains. 

Many lipid compounds can be used as markers for various groups of microorgan
isms (Perry et al. 1979; Volkman et al. 1980; White 1983; Gillan and Hogg 1984). 
They could be used in aquaculture studies to provide estimates of biomass for 
bacteria, microalgae and other microbes from fatty acid composition (Gillan and 
Hogg 1984). The analytical procedures are complex, time-consuming and require 
expensive equipment. If such facilities are available, however, some of these analyses 
may prove to be very useful, particularly if simpler procedures are developed. For 
example, the growth rates of bacteria and microalgae in sediments have been mea
sured separately with a simplified measure of phospholipid and sulfolipid synthesis 
(Moriarty et al. 1985b). Similarly, the proportion of anaerobic fermenting bacteria 
on se ,'rass detritus in sediments has been measured (Moriarty et al. 1985a). 

Techniques for counting numbers of bacteria that depend on culturing them (agar 
plates, most probable number dilution series) cannot be used for obtaining the 
numbers of the whole bacterial community. One of many sources of eror with such 
techniques arises when the detritus contains an aggregation of bacteria, which 
produces results that are likely to be several orders of magnitude too low (van Es 
and Meyer-Reil 1.983). Culture techniques may be useful if information is needed 
about a particular population of bacteria. 



The direct microscopical and biochemical techniques discussed above do not 
distinguish dormant or dead bacteria from living or metabolically active bacteria. 
For trophic studies this is not important, but for studies on pond ecosystem dynam
ics it may be necessary to know how many bacteria are respiring or gvowing. There is 
no simple or accurate technique for doing this, even for free-living bacteria in the 
water column, which are the easiest to study. Respiring bacteria can be detected 
microscopically with a tetrazolium dye that is reduced to an insoluble fornmazan and 
deposited in the cell (Zimmennan et al. 1978). This technique does not work well 
with sediments, where nonbiological reduction occurs, nor does it work well with 
bacteria in detrital aggregates if tlhe bacteria cannot be dispersed and separated from 
the aggregates (pers. obs.). 

Many workers have combined autoradiography with microscopy, particularly 
fluorescence microscopy, to study bacteria that actively take up radioactive organic 
compounds (van Es and Meyer-Reil 1983). Because not all active bacteria may take 
up a particular organic compound at equal rates, there may be problems in interpret
ing the results. The techniques work reasonably well for water column bacteria al
though there are problems (e.g., see Fuhrman and Azam 1982). In sediments or 
detritus, however, the bacteria have to be well dispersed and separated from aggre
gates. Microaucoradiography with tritiated thymidine and transmission electron 
microscopy could be an informative method for determining the proportion of 
growing bacteria in detritus. 

Actively-growing bacteria in water were detected by incubating water samples 
with yeast extract and naladixic acid which inhibits cell division (Kogure et al. 
1979). The elongated forms of bacteria were easily recognizable under the micro
scope. 

FUNGI 

The fungal biomass in detritus cannot be accurately determined with currently 
available techniques. Direct microscopy techniques, which are probably the simplest, 
are discussed by Newell and Hicks (1982). Two biochemical compounds have been 
used: ergosterol (Seitz et al. 1979; Lee et al. 1.980) and glucosamine (Ride and 
Drysdale 1.972). As glucosamine is present in many organisms, including bacteria, it 
is not useful unless fungi are present in high proportions. Glucosamine can be 
determined by HPLC, together with muramic acid (Moriarty 1983). 

PROTOZOA 

No useful chemical methods for determining protozoan biomass in a mixed 
assemblage of microorganisms are available. Fluorescent dyes have been used to 
count flagellates in the water column (Fenchel 1982; Sherr and Sherr 1983), but 
fragile organisms may break apart during fixation. In sediments and detritus, it is 
best to extract and count flagellates and ciliates alive as many of them lyse easily 
during fixation. Also, I have observed that ciliates lyse when exposed to blue light 
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after being stained with acridine orange. Techniques for extracting Protozoa are 
similar to those used for meiofauna (Uhlig 1964; Schwinghamer 1981). Protozoan 
biomass will be underestimated if methods for examining fixed specimens, such 
as those used by rumen microbiologists, are used. Amoebae have not been studied 
extensively in natural aquatic systems, so it is difficult to recommend a method for 
determining their numbers or biomass, though the method of Singh (1946) might be 
applicable. Sieburth (1979) has discussed the distribution and types of Protozoa in 
marine systems and the methods of studying them. 

ALGAE 

Microscopy techniques for counting algae and determining biomass give the most 
accurate results. Tile techniques that preceded the introduction of epifluorescent 
microscopy are described in an IBP Handbook (Vollenweider 1969). Epifluorescent 
microscopy is a better technique for examining algae if they are embedded in 
detritus or sediment (references in section 1 above). Acridine orange is probably the 
most useful stain, because cell walls, as well as nuclear material, lightly fluoresce 
with it and cell sizes can be determined. Algae are easily recognized by the auto
fluorescence of their photosynthetic pigments. The color is generally a deep red 
where chlorophyll a predominates, but it may van, where other pigments predomi
nate. For example, some cyanobacteria (blue-green algae) and coralline red algae 
fluoresce orange. 

Filamentous algae can be counted using the procedures of Olson (1950) as de
scribed by Brock (1978). Brock recommended the dye primuline yellow, but this 
does not work well in detritus because the detritus fluoresces with the same color as 
the algae. 

As with bacteria, measurements of biomass from numbers and size of cells are 
time consuming and liable to subjective errors in volume determinati-ms, so chemical 
methods have been sought. Pigment analysis, and in particular the determination of 
chlorophyll a is the preferred technique for algae. Details of methods for extracting
pigment and determining chlorophyll a by spectrophotometry are given by Vollen
weider (1969) and Parsons et al. (1984). 

If large amounts of chlorophyll degradation products (e.g., phaeophytins and 
chlorophyllides) are present, as may be the case in detritus, spectrophotometric 
techniques do not give accurate results. It, is better to separate the pigments by
chromatography. A number of techniques have been described for doing this with 
HPLC (e.g., Mantoura and Llewellyn .1983; Wright and Sheare- 1984). An advantage 
of this procedure is that some indication of algal community structure nay be 
obtained from the pigment analysis. The factors for convw'ing pigment data to bio
mass are variable, and may give inaccurate values for biomass (Banse 1977). For 
benthic diatoms, conversion factors ranging from 10 to 154 have been reported (de
Jonge 1980). An overall mean value that could be used is 50 (from data of de Jonge 
1980). 

Fatty acid composition may also be used to obtain estimates of algal biomass 
(Perry et al. 1979; Volkman et al. 1980; Gillan and Hogg 1984). 
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MICROBIAL COMPOSITION o, DETRITAL SYSTEMS 

For each type of detrital system or even each pond or set of ponds the following
questions are important: (i) what is the proportion of biomass to detritus (nonliving
organic matter)? (ii) what organisms are present and how do their biomasses change
with time? (iii) what is the composition of tlhe detritus and how does it affect the 
community structure and succession of microorganisms associated with it? (iv) what 
is the nutritive value of the detritus in terms of protein, digestible carbohydrate,
essential amino acids, fatty acids, vitamins, etc. These topics are discussed by Bowen 
(this vol.), but attention should be drawn to some points of methodology here. 

The methods described above cannot give a complete description of the composi
tion of detritus, but only an estimate of the biomass of some of the principal organ
isms. The size of organisms ranges so widely in detritus, from very small bacteria 
(0.2 pm diameter) to reiofatina, that general techniques such as ATP content are 
not likely to yield useful information on composition. Yet biochemical studies of 
biomass and community composition may be necessary to complement more direct 
microscopical studies. Many organisms (e.g., some Protozoa and microalgae) are very
fragile and cannot be easily separated from detritus or fixed for microscopical study.
Thus direct microscopical methods may underestimate the biomass of some groups.
The newer techniques involving lipid composition (fatty acids, phospholipids,
sterols, etc.), although requiring complex e(uipment and facilities, will be useful 
tools in microbial ecology once the bio'hemical composition of the various microbes 
is better known. When this work is undertaken, our knowledge of the detrital food 
chains will be enhanced. Microbial ecologists will be able to use aquaculture ponds as 
semi-natural model systems, where successional studies on microbial community 
structure may be carried out with detritus of known composition. 

The question of whether detritus per se or the microerganisms associated with it 
are utilized as food by deposit or detrital feeders has been discussed in the literature;
the nature of detritus is so variable that no generalization can he made. For example, 
neither detritus derived trom vascular plants with a high C:N ratio, nor much of the 
organic matter present in indigestible carblohydrates will be useful directly, whereas 
detritus from algae may be much more digestible without microbial decomposition 
(Findlay and Tenore 1982: Tenore 1983). 

Productivity and Growth Rates of Microorganisms 

Growth Rates and Production 

Techniques for measuring the activity and growth of heterotrophic bacteria have 
been reviewed by van Es and Meyer-Reil (1983), hut, only recently has it become 



14 

possible to measure the growth rates of heterotrophic bacteria in aquatic environ
ments satisfactorily. Methods requiring counts of bacteria at intervals of time do not 
work in natural systems, due to the effects of predation as well as the difficulties 
associated with counting bacteria. Such methods may be used in the laboratory or in 
microcosms of natural systems where predators have been excluded in order t~o 
check or calibrate the technique described below (Fuhrman and Azam 1982; Kirch
man et al. 1982). 

A widely accepted method for measuring bacterial growth rates and production in 
natural environments is based the measurementon of rates with which tritiated 
thymidine is incorporated into DNA (Fuhrman and Azam 1980, 1982; Moriarty and 
Pollard 1981, 1982). It is reviewed in detail elsewhere (Moriarty 1986a). Such 
measurements are particularly important in studies on detrital aquaculture systems, 
because bacteria provide the main mechanism for transforming detritus with a low 
food quality into useful food material. As the method is new, and is promising for 
aquaculture, some details will be given here. 

In principle, the thymidine method for measuring bacterial growth is simple, as 
there is a direct correlation between rates of DNA synthesis and cel; division. Bacteria 
contain one chromosome, so when a cell grows and divides, every new chromosome 
that is synthesized represents a new bacterial cell. The rate of synthesis is calculated 
from the rate of incorporation of thymidine into DNA. Thymidine is one of the four 
nucleosides of which DNA is composed. By labelling thymidine with a radioactive 
isotope (tritium), this process can le simply and conveniently measured. Thymidine 
has the advantage that it is used in cells almost entirely for DNA synthesis; excess 
thymidine is not incorporated into any other macromolecules. 

Methods based on adenine and adenosine triphosphate (ATP) have been devel
oped by Karl and his coileagues for determining microbial biomass and growth rates, 
e.g., Karl (1982). All methods for such studies have deficiencies. The deficiencies of 
the adenine methods, however, are so severe, that I do not consider these methods 
to be useful for aquaculture studies and thus have not, discussed them in detail. For a 
critical appraisal of these methods, see Fuhrman and Azam (1980), Fuhrman et al. 
(1986a, 1986b), Moriarty (1986a). 

The chief disadvantages of the methods are: 
1. Adenine is not taken up by all organisms, but its use in methods for measuring 

growth rates depends on measurements of ATP concentrations. Large errors 
result because ATP is in all organisms. 

2. Adenine is taken up by some algae as well as bacteria and is incorporated into 
nucleic acids, but at probably quite different rates. The complexities of adenine 
metabolism make it vcrv difficult, if not impossible, to determine meaningful 
growth rates in natural ecosystems from rates of labelled adenine incorpora
tion (Moriarty 1986a). 

In practice, there are some problems in the use of tritiated thymidine that need to 
be considered if accurate and ecologically meaningful results are to be obtained. In 
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detritus and sediment, thymidine should be added at very much higher concentra
tions than would be added to the water column, otherwisc insufficient thymidine 
will penetrate to the growing bacteria. Problems may arise from the effects of 
isotope dilution if the concentration of thymidine supplied is too low because it 
adsorbs to detritus (Pollard and Moriarty 1984). Thymidine may be degraded within 
the cell and the tritium distributed into other macromolecules if bacteria are incu
bated for too long with the labelled thymidine. Short-term assays (generally 10 to 
30 min.) are necessary to avoid the effects of predation and containment of natural 
samples in bottles. 

Conversion factors are needed to calculate rates of cell division from rates of 
thymidine incorporation, and of production from rates of cell division. Rates of cell 
division (an he calculated with reasonable accuracy (Moriarty 1986a). Estimates of 
production, however, may be inaccurate if the size of the growing bacterial cells is 
not known. The errors that apply to biomass determinations also affect productivity 
when cell sizes and carbon content are not known. More research is needed in this 
area. Aquaculture ponds are .;uitable experimental systems for this type of work, 
because it is easier here than in uncontrolled natural environments to check estimates 
of production from data on known rates of input and from successional studies. 

The growth of most types of aerobic and anaerobic heterotrophic bacteria is 
specifically measured by the I hymidine method. Cyanobacteria, eukarvotic algae 
and fungi lack thymidine kinase, the enzyme that is needed to incorporate thymidine 
into the biosynthetic pathway leading to DNA. Some bacteria, particularly those 
with strict. nutritional requirements such as chemoautotrophs, are unable to use 
thymidine, which may be due to their iack of uptake mechanisms, rather than of 
thymidine kinase. Thus the method may underestimate bacterial production, but 
apparently not severely. Protozoa, which have thymidine kinase, lack uptake mech
anisms equivalent to those of bacteria, and thus their DNA is not labelled in short
term experiments with nanomolar concent'-fi;ns ot. thymidine. The specificity of 
the thymidine method for bacterial growth rates is discussed in more detail else
where (Moriarty 1986a). 

Other proposed methods of estimating bacterial production in aquatic systems 
include those that are based on measurements of the dark fixation of ''CO,,, the 
frequency of dividing cells and the uptake of small compounds such as amino acids 
or sulfate. These are more difficult than the thymidine me'hod to calibrate or 
interpret, and aze not suitable for use with detritai systems. For methods that mea
sure the synthesis of cellular constituents other than DNA, the bacteria must be in a 
state of balanced :rowth or conversion factors will be invalid. Balanced growth 
occurs when all components of the cell (e.g., DNA, RNA, protein, lipid) increase at 
the same rate, which is unlikely to be the case in natural systems. 

The fixation of 1 CO, in the dark was proposed by Romanenko (1964) as a 
method for measuring heterotrophic bacterial growth. Its use has been reviewed 
by van Es and Meyer-Reil (1983). Results obtained with the method were generally 
up to an order of magnitude too high. It is unlikely that accurate values can be 
obtained in natural systems because the method requires long incubation times, all 
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organisms fix small amounts of CO, in the dark and the conversion factors are 
variable. 

The frequency of dividing cells was suggested as a measure of bacterial growth 
rates in the water column (Hagstr~im et al. 1979). Seasonal changes in the frequency
of dividing cells were covariant with the uptake by bacteria of phytoplankton 
exudates. The method is, however, difficult to calibrate (1lagst rdm 1984), requiring 
culture studies that match laboratory values with field estimates (Riemann et al. 
1984). Problems with interpretation of the method have been discussed by Newell 
and Christian (1981). The nmtblod would not work with detritus or sediments, 
where filamentous bacteria abound and cannot be (istinguished from div;'ling cells. 
Fallon et al. (1983) f , nd that the freq('i Vof dividing cells inethod gave values 
for bacterial production in sed iments that were-, over ain order or magnitude too high. 

ProteinSynthesis 

The microorganisms associated wit h detrit us are usually Ihe Main source of 
protein for detritivores, as "et rit us itsel 'generally has a low protein content if it is 
aged or is dcrived from vascular plan; s (Fenchel and Moroensen 1977). In snlies of 
d etilil decomposition, the produ( ti n of n icrobial biom ass;, measured using tech
n iq ues described above, can be used to es;t iiat e protein product ion. If growth is 110 
balanced, the rates (f protein synthesis will nt be equivalent to the rates of cell 
division, Under starvat ion co(nditions, bacteria may still synthesize DNA and divide, 
but they become smaller and their protein content declines (Kjelleberg et al. 1982). 
Alternatively, where nutrients are plentiful, the bacteria increase in size and synt he
size protein faster than DNA. 

For studies of trophic dynanics in dei rital systems, direct measurement of the 
rates with which bacteria syni hesize protein would be preferable. Protein synthesis is 
often determined in the laboratory from rates of :31Hi-leucine or 1C-leucine incor
poration. This technique is also useful as an index of rates of protein synthesis of 
bacteria in natural aquatic systems (Kirchman et al. 1985). There are problems in 
determining the specific radioactivity of I C-leucine within the bacteria, and thus 
obtaining an accurate rate of svntlhesis; however, further work should resolve these 
problems. 

Kirchman and Hodson (1984) have discussed the relationships between protein 
synthesis and the uptake )nd utilization of dissolved organic carbon compounds. 
The turnover of organic carbon in aquatic systems is not necessarily directly corre
lated with rates of bacteri2I growth. For a fuller understanding of the carbon cycle
and trophic dynamics in ponds, processes suchI as protein and lipid synthesis, bac
terial respiration and bacterial growth rates ni-ed to be studied. 

A 1GA E 

The two prificipal and well-known methods for measuring primary production
depend on oxygen production or CO, fixation (Vollenweider 1969; Parsons et al. 
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1984). For quantitative studies on detrital food chains, net primary production must 
be measured. True nct primary production is much more difficult to measure than 
gross production, because the respiration of algae and other organisms in the com
munity is difficult to measure during photosynthesis. There has been considerable 
discussion in the literature over the last few years on measurements of net primary
production and the accuracy of 14CO,method (Peterson 1980; Davies and Williams 
1984). Davies and Williams (1984) concluded that the 14 CO,, method can give
values for primary production that agree with gross production measured by the 
oxygen method, provided that certain conditions are met. Much of the respiration in 
planktonic communities is probably due to bacteria (e.g., see Williams 1981), so 
unless bacterial respiration is measured or estimated separately from algal respira
tion, calculations of net primary production will not be accurate. In aerobic environ
ments, estimates of bacterial respiration can be obtained from growth rates (thymi
dine technique), but a value for growth efficiency has to be assumed or chosen from 
published values. Aquaculture pond systems would be useful model environments 
for studying this problem. 

Crowth or Ecological Efficiencies and Food Chains 

In the fields of aquaculture and microbial ecology in general we need to know 
how much det:.tal organic matter isconverted into bacterial biomass and how much 
is respired or mineralized. Inother words, what is the growth efficiency of the 
bacteria? And furthermore, what is the overall ecological efficiency of the pond,
that is, how much of the organic matter added to the pond is converted into biomass 
in the end product? 

BIOMASS PRODUCTION 

In a grazing food chain where a herbivore feeds on plants, the plant biomass is 
usually very high in proportion to the biomass of the herbivore. Biomass values 
alone are sufficient to determine whether the animals are food limited and to com
pare one food chain with another. With food chains that are based on bacteria, bio
mass values are not sufficient. Bacteria can double very rapidly and so production
values are essential for a full understanding of the importance of bacteria in food 
chains. Consider a case where bacteria have a doubling time of 12 hours and are 
grazed at a rate that keeps the biomass constant. A measurement of biomass would 
underestimate by twofold the amount of food available each day to animals. The 
rate of bacterial biomass production must also be measured. 

When bacterial production is measured with the thymidine method, the conver
sion efficiency must be known to assess the relative amounts of detritus consumed 
and mineralized. Conversion or growth efficiencies of bacteria have been extensively 
studied in culture, where an average value of 60% was commonly found (Payne
1970). Conversion efficiencies vary with such factors as temperature, pH and nutrient 
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consumption (Payne and Wiebe 1978). Quite high values for carbon assimilation 
have been found (e.g., 85% for Entcrobacteraerogenes),usually when nutrient com
plexity is high (Payne and Wiebe 1978). Where simple or structuial carbohydrates 
are supplied with inorganic nitrogen, efficiencies are generally low. Because so many
different interacting factors affect growth yields, culture studies cannot be extra
polated to the natural environment. 

Payne and Wiebe (1978) pointed out that growth efficiencies have to be deter
mined in situ. One technique they discussed measures growth and respiration with1'1C-labelled substrates having a low molecular weight. They make an important
point; in any work with radioisotopes one must be aware that isotope dilution can 
be variable and changeable in short-term experiments. For respiration studies, it is 
necessary to check that the specific radioactivity of the respired 11CO,, is the same 
as that of the substrate. Although the problems of isotope dilution are recognized by
biochemists, it seems that aquatic microbial ecologists have overlooked them (King 
and Berman 1984). 

Microcosm studies where mass balances can be determined may be a better 
approach for studying growth efficiency. Koop et al. (1982) calculated that about 
30% of carbon from a decomposing kelp (Ecklonia)was converted into bacterial 
carbon over a 9-day period. Their values were based on bacterial biomass conversion 
factors that have since been reported as being too low (Bratbak and Dundas 1984).
If the newer conversion factor is accepted, the growth efficiency of bacteria on the 
kelp would be around 50 to 60%. In that case, twice as much food (bacterial bio
mass) would be available to higher trophic levels. 

Robinson et al. (1982) measured bacterial conversion efficiencies during degrada
tion of another kelp (Larninaria).They found that bacterial biomass measured 
directly was about 3 times higher than that calculated from measurements of cell 
size. Conversion efficiencies were about 45% for the first 2 to 3 days of degradation,
but declined to about 20% after 36 days, a6 the percentage of refractory detritus 
increased with the depletion of the readily digestible material. 

Lower values for conversion efficiencies of bacteria that were degrading phyto
plankton detritus have been reported (Bauerfeind 1985). Respiration was measured 
directly (i.e., 0.2 uptake which avoids isotope dilution problems with 14 C0 2 ) and 
was found to account for 73 to 83% of carbon uptake. Bauerfeind's (1985) values 
were calculated on the basis that bacterial carbon was 10% of the cell mass, but as 
mentioned above, Bratbak and Dundas (1984) have reported that carbon content is 
higher (around 20%). Using this higher value, the respiration was 57 to 72% or, in 
other words, conversion efficiancies were around 35%. From these studies, it seems 
that bacteria may be marginally more important as mineralizers of organic matter 
than as converters into useful biomass, but there is much variation, depending on the 
nature of the organic substrates and the availability of nitrogen and phosphorus. 
Williams (1984) has discussed this problem with reference to marine water columns 
and points out that a single conversion efficiency for all conditions is too simplistic. 

Conversion efficiencies need to be measured for each environment. Thus, it is not 
possible to give a general answer to the question posed above, namely, what propor
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tion of detrital organic matter is mineralized by bacteria, and what proportion is 
made available to the rest of the food web? Research programs in aquaculture will 
need to include experimental studies to determine conversion efficiencies in each 
system, and to determine whether these efficiencies can be increased by manipulat
ing nutrient concentrations. 

The need for accurate conversion efficiencies in understanding pond ecosystem
dynamics is illustrated by some studies on ponds used for the culture of penaeid
shrimp, where an excess supply of pelleted food became a high quality detritus for a 
bacterial-based food chain (Moriarty 1986b; Moriarty et al. 1987). The bacterial 
production in the water column was very high compared to natural marine systems,
and production in the sediment was also high, but not as great as in the water (Table
1). The production values were clearly correlated with food input. 

To determine how closely correlated they were, conversion efficiencies are needed 
to calculate the total amount of organic matter utilized by the bacteria. Production 
values for the control pond were subtracted, and then total organic matter utilized 
was cdculated, as:;uming conversion efficiencies of 25 and 50% (Table 2). It can be 
seen that, with an efficiency of 50%, rates of food input and utilization agree closely
in ponds and 11 and 23, whereas with 25% there is a Lirge discrepancy. In pond 29, 
a conversion efficiency of 42% is necessary to balance the two. A conversion effi
ciency of 40 to 50'( is quite possible in these ponds, because the detritus, being 
pelleted food, was nutritionally of high quality. 

Table 1. Bacterial production in shrimp aquaculture ponds supplied with pelletized food (from 
-
Moriarty 1986b). Units: food and production: g C in 
2 day- 1 ;doubling time: days. 

Pond Food Water column Sediment (0-10 mm) 
input Production Doubling time Production Doubling cime 

Control 0 0.43 0.25 0.26 4
 
11 1 1.07 0.17 0.24 9
 
29 3.2 1.32 0.17 0.11 4 
23 4.0 2.10 0.34 0.50 8 

Table 2. Comparison of pelletized food input and organic matter utilization by bacteria in shrimp
aquaculture ponds. Bacterial production was measured, and values for utilization are calculated, 
assuming either 25 or 50% bacterial growth efficiency. Values are g C m - 2 day- 1 . Values for a 
control pond have been subtracted: (rom Moriarty (1986b). 

Water column Sediment
 
Pond Input 25% 50% 
 25% 50% 

11 1.0 2.6 1.3 0 0 
29 3.2 3.6 1.8 1.0 0.5 
23 4.0 6.6 3.3 1.4 0.7 
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OXYGEN UP'FAKE 

Besides the direct relevance to biomass production, studies of conversion efficien
cies are important in other ways. Aerobic bacterial growth is, of course, accompanied
by oxygen utilization; the more efficient the conversion, the less oxygen is used. 
Bacteria may account for the bulk of oxygen uptake in ponds where detrital food 
chains operate. Their respiration, simply by lowering oxygen concentration in the 
water, may be the most important factor that limits the production of fish or 
prawns on detrital food chains. 

An example of such effects is seen in the data from the shrimp aquaculture ponds
discussed above. In all ponds that were studied, respiration was greater than gross
pro,!uction; gross production ranged from 0.8 to 1.6 g C m - 2 day 1 and respiration
from 2.3 to 3.6 g C m day 1(Moriarty et al. 1987). Bacterial respiration, esti
mated from production measurements, accounted for a considerable proportion of 
the total respiration (Table 3). In pond 29, for example, bacterial respiration was 
about 70% of the total. With the bacterial respiration known, a maximum value for 
net primary production can be calculated; in this case, 0.5 g C n, - day- (Table 3).
The large respiratory activity in this pond was reflected in the low oxygen concentra
tion in the water, particularly the bottm waters (Table 4). Such low values stress 
animals and limit their production, The amount of detritus that can be added each 
day to ponds would be limited by the degree of aeration. 

Table 3. Primary production and respiration in shrimp aquaculture p-.ods. Values for bacterial
respiration are calculated assuming a .2% conversion efficiency. Values are g C m - 2 day- 1 (from 
Moriarty et al. 1987). 

Pond Gross production Respiration Net primary production 
Total Bacterial 

29 1.2 2.5 1.8 0.5 

Table 4. Oxygen production, respiration and concentration in a shrimp aquaculture pond (from
Moriarty et al. 1987). 

Depth Gross production- Respiration Concentrationcm mg 1-1 h1 mg 1- ' h- ' mg I

10 0.19 0.34 
 4.61 
60 0.43 0.39 3.38
80 C.08 0.20 0.92 
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HIGHER TROPHiC LEVELS 

Now that the biomass and production of bacteria can be measured with some 
a-urance of accuracy, it is possible to study the efficiency with which that produc
tion is transferred to higher trophic levels. The control of bacterial growth by grazers 
can also be studied. 

The ecological efficiency of a pond depends on the feeding strategy of the cultured
species and the number of levels in the food chain to those species. Organisins that 
feed on bacteria and microalgae, such as tilapia, should be produced more fficiently
thin carnivores (e.g., penaeid shrimp). Even sc, there are likely to be variations in
the efficiency of tilapia production because a complex food web operates at the 
microbial level. Protozoa, microzooplankton and meiofauna compete with larger
"detrital" feeders for bacteria and microalgae and can have a considerable effect on
the ecological efficiency. The rates of grazing on bacteria by Protozoa and meio
fauna in sediments are unknown, but need to be determined, because a large propor
tion of bacterial production may be removed by them. An extension of such studies 
would be to determine whether bacterial production and detritus decomposition 
are stimulated by grazing on the bacteria. 

To illustrate the effects of multiple trophic levels and ,:ontrols on pond produc
tion by productivity of autotrophs and bacteria, consider a hypothetical example of 
a food web in a pond (Fig. 1). A pond used for the culture of penaeid shrimp in 
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Fig. 1. Hypothetical food web for a penaeid shrimp pond based on known 
production of fish and shrimp of 60 mg C m - 1- 2 day . Values are mg C1 
m-

2 day- . 
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Thailand has no inputs except for 30% water exchange each day from a productive 
estuary. It produces about 1,800 kg wet weight of shrimp and 1,000 kg of fish per
month. Extensive mats of benthic algae grow in the pond and are one source of 
production, either directly, or as detritus when they d.,cAy. The monthly production 
of fish and shrimp is approximately equivalent to 6C rin C m- day '. The hypo2 

thetical food wei and values constructed for this pond indicate that primary produc
- 1tion would need to be about 4 g C m- 2 day , which is high, but not unrealistic for 

the tropical environment concerned. Some organic matter would have come from 
the estuary also. It has been assumed that a little over half the primary production 
enters the detrital food web directly, and that growth efficiencies are 30% for 
bacteria, 20% for Protozoa and rotifers and 15% for other organisms. The shrimp are 
assumed to feed mainly on deposit feeders and herbivores and also to some extent 
on algae. Only a small fraction of the original primary production entering the 
detrital food web would be needed to increase prawn production significantly based 
on deposit feeders. In other words, detrital food chains are much less efficient than 
those with herbivores for feeding carnivores. 

The population density of bacteria in water columns is relatively constant, and 
yet the bacteria are known to grow rapidly. Zooflagellates are the main grazers on 
bacteria in the water column, and their density and grazing rates dire sufficient to 
control the bacterial density (Fenchel 1982; Andersen and Fenchel 1985). Larger
Protozoa, e.g., ciliates and metazoans, control the flagellate populations. 

In sediments and detritus, the relationships between bacteria and their growth 
substrates on the one hand and bacterial grazers on the other are more complex. A 
much greater array of animals, ranging in size from small Protozoa to large fish, feed 
on bacteria -ttached to detrital or sedimentary particles. It has been suggested that 
Protozoa may be the most important grazers on bacteria in sediments, but more 
detailed studies are needed (Fenchel and J6rgensen 1977). 

Bacterial biomass is positively correlated with food supply in sediment. Dale 
(1974) showed that, in intertidal sediments, bacterial biomass depended on organic 
carbon and nitrogen content. He suggested that food supply might limit bacterial 
numbers, a hypothesis for which there is strong evidence. For example, in seagrass
sediments, bacterial densities were about fourfold greater around seagrasses, where 
organic carbon and nitrogen concentrations were also four times higher (Moriarty 
1980). Bacterial density was high in aquaculture pond sediments where pelleted 
food was provided (Moriarty 1986b). The bacterial biomass in detritus depends not 
simply on the amount of organic carbon and nitrogen present, but on the composi
tion of the detritus. It is the availability of readily digestible energy substrates and 
nitrogen sources that governs biomass (Lopez et al. 1977; Hanson 1982; Tenore et 
al. 1982; Alongi and Hanson 1985). 

Bacterial growth rates or production may not be correlated with amounts of 
detritus present in the same way that biomass is. In an artificial system, no obvious 
correlations of bacterial growth rates with detritus supply were seen (Alongi and 
Hanson 1985). Diel changes in bacterial growth rates in seagrass sediments have been 
observed, which may be related to exudation of readily available organic compounds 
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by the seagrass (Moriarty and Pollard 1982). Thus growth rates of some bacteria in
sedimien nimay be influenced by food supply. Many bacteria may be dormant until
the correcc substrate or environmental conditions are provided. Othrcs may grow
slowly on degrading particulate matter and thus would not easily 'e detected by the
thymidine method. With the thymidine method it is possible to carry out more 
incisive experiments on the relationsbips of bacteria to detritus supply and compo
sition than was previously possible.

The biomass and growth rates of bacteria in detritus are influenced by animals
grazing on them. Rates of decomposition of detritus are often increased by the
effects of grazing animals (Fenchel 1970; Welsh 1975; Harrison 1977). Bacterial
activity, and presumably growth rates, are increased by grazing, although only
general studies have been carried out (see Fenchel and J~rgensen 1977). If bacterial
growth rates are substantially increased by grazing activities of animals, values solely
for biomass will not be useful in determining the role of bacteria in food chains. 
Production must also be measured. 

In some aquaculture ponds in Malaysia, the effect of added chicken manure on
microbial populations was examined (Moriarty 1986b). After one week, biomass
increased and doubling times slowed. After two and three weeks, bacterial biomass 
fell markedly, while the meiofauna population density increased (Table 5). The
bacterial doubling times also fe!l markedly, which supports the suggestion that
bacterial growth is stimulated by the effects of grazing animals. The mechanisms by
which this occurs may be various. 

Table 5. Effect of chicken manure on bacteria and meiofauna in pond sediments. 

Treatment Bacteria Meiofauna 
Biomass 

2 
Doubling time No. 

- 2
g C m- (days) 10 cm 

Control 3.4 5 140Manure, I week 4.3 8 300Manure, 2 weeks 1.9 7 500Manure, 3 weeks 0.8 3 1,500 

It is now possible to investigate some of these mechanisms with the tritiated
thymidine method to measure changes in instantaneous growth rates of bacteria in
short time periods. A study of this type has been conducted by Alongi and Hanson
(1985). They found that the polychaete Capitella capitatastimulated bacterial 
growth to some extent when detritus was in low supply, but had no effect when 
detritus was present in large quantities and bacteria were growing very rapidly.
Alongi (1985) suggested that faster bacterial growth rates in the presence of Capitel
la capitatamay be due to the effect of protozoan grazing on bacteria attached to the 
tube walls of the polychaete. 
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It has long been accepted that bacteria have a role in sediments as food for deposit 
feeders, but the significance of that role has been debated. With the improvement in 
methods for determining biomass and growth rates of microbes, and the increased 
values for carbon content of bacteria, it is likely that, at least in sediments and 
detritus, bacteria will be confirmed as having a very significant role. It has been 
shown, for example, that 40% of daily bacterial production was eaten by holothu
rians on a coral reef flat (Moriarty et al. 1985c). One of the important areas for 
further research is in determining growth efficiencies for the various groups of 
microbes, and in particular whether food chains can be manipulated to improve 
overall ecological efficiency. 
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Discussion 
MORIARTY: R,.'gardin" the cfficiei,- of coiA, ,,on ,, hiactcrra, c zf-c 'hi bg problans inmicrobial ecology is what is the conversion efficiency of bacteria in a natural system? We can measure bacterial poduction but we don't know how much organic matter the bacteria need to takein to achieve that pr)luction. We can make hypotheses, for example, their conversion efficiency 
may be around 30 to 50%. 

SCHROEDER: I doubt that they are that efficient. A 50% conversion efficiency is almost perfec"They are probably closer to 20%. 1 am assuming here that the bacteria in a pond are achieving the 
same efficiency as we might observe in the laboratory in a test tube or fermentation vessel. 

MORIARTY: Bacterial conversion efficienvies of up to 8i0% have heen i'ecorded. It all depends
very much 
on the energy value and C:N ratio of what the bacteria take in and their respiration. 

SRINIVASAN: It depends on the substrate. In fermentation, if we feed 100 g of glucose to the
bacteria, 50 g should be fixed as biomass and 50 g will go off as CO
2. For other substrates like
amino acids an,' proteins, the maximum conversion Pfficiency to biomass is about 40 to 45%.
 

SCHROEDER: But it is unlikely that the conditions we are discussing are optimal conditions. 

MORIARTY: Tile only point I am trying to make is that we do not have yet a single reliable 
measure of conversion efficiency. However, now that we can measure bacterial production we atleast have some idea of what is going on. If we can now proceed to measure food inputs andparticularly if we can measure oxygen changes as well, then we can make some better estimates ofconversion efficiency. Conversion efficiency is likely to be higher in the water column than the
 
sediment.
 

SCHROEDER: Why? 

MORIARTY: Because in the water column aerobic processes predominate. These are more effi
cient than the anaerobic processes which predominate on the sediment. 

SCHROEDER: But anaerobic processes are probably more efficient in producing total biomass,that is slime plus bacterial cells. Aerobic processes are only more efficient than anaerobic processes

for cell production.
 

MORIARTY: Slime production is controlled by many factors, especially C:N ratios. Slime is also
produced during aerobic processes. 

PRUDER: This is a very important point which we should discuss further. 

ANDERSON: If anyone is planning to use redox dyes to look for anaerobic microsites then do aska good chemist to assist. One of the problems with these dyes is the phenomenon of poisoning. Adye itself has an oxygen demand. The best way to proceed is to reduce the dye and then let the reaction go back the.other way. If you put in a dye which has to be reduced to get a color change, it can take up oxygen from the microsite and still not change color. There are some ghastly art-facts
in the literature resulting from misuses of redox dyes. 
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COLMAN: When using the labelled-thymidine method for estimating bacterial production, could
the addition of the thyrnidine actually increase the rate of production, because tile bacteria would 
not have to synthesize it for themselves? 

MORIARTY: No. It hts no such effect. This is a fundamental aspect of the method. If it did,

when we studied bacterial productionr 
 over time using isotope dilution experiments, we would see 
curves that were not linear. The control of DNA synthesis is very much more than just the control 
of thymidine synthesis. Four bases go into DNA and its synthesis is controlled by the whole status
of the cell with respect to energy supply and nutrient conditions. If the cell is not getting enough
thymidine from an external source, it ;witches on some enzymes and makes some more. If it is
getting too much thymidine it switches off tse ,nzymes. Tih, same applies to adenine, cytosine,
etc. All these are rigidly controlled---in fact the (oncnntratiots of'their precursors are controlled, 
so that more of any one has no effect ont the overal; rate of synthesis. 

BOWEN: You mentioned that staining 'it h acridine orange was a good ntet lhod for coutting, but
that there were some problems with bacteria attached to particles. I have used a sonic probe t(;

strip most of tile bacteria off the particles. This is miuch more efficient than at blender. It also

reduces the particle size and d isaggregat es the parti.ces. After th1is, it ispossible, by focusing ulp

and down on a particle, to count the bacteria on the froot andl 
 back surfaces. I am confident that
by counting in this way we are not missing many ha':teria. lave you or others present tried this? 

MORIARTY: I have used hth methods. I have used at b!ender (Ultra-Turrax) which is a very high
speed blender. It is not like a ',aring blender. It fragment.; particles like sand grain:. I have 'lso
used a sonic probe. The problem with this is that as you give it more and more energy for a longer
and longer tirme, you get less and less l)articles and everyth;ng becomes spread more evenly. It you
do total counts :luring this process, your numbers .4odown and(1 down, so it is obviously disrupting
cells. In fact biochemists use sonic pro tes to break up bacterial cells to get the enzymes out. 

BOWEN: But you can adjust the energy to an appropriate level. 

MORIARTY: Yes, I agree; using a low enecgy for 30 seconds is very efficient, and better than ablender for sand grains. Even this does -ot give complete particle breakup and even distribution. I
 
now use an ultrasonic probe! The main exception 
 is for coral reef sediments. Coral reef sediments
 
are difficult because, 
once you have removed the calcium carbonate, what is left is bound up with
 
a lot of slime. In any situation where you have a 
lot of slime, neither blenders nor sonic probes can
 
easily disperse the particle.; and bacteria. In these situa1tions, if you need to do a lot of estimations,

then murarnic aci estimations are probably better. There is 
no really good technique and the 
techniques that we have, depend to a large extent on the artistry of researchers and fine-tuning in
 
their respective laboratories.
 

BOWEN: You also mentioned the tedium of making measurements dlirectly on images seen through

the microscope 
and you referred to an image analyzer. 

MORIARTY: Yes, these are being, used in a number of laboratories. Perhaps John Fry would like 
to comment? I haven't got one in my laboratory. 

FRY: We use art image analyzer for measuring the size of bacteria (Fry and Davies*) but we 
have not yet been successful in adopting this technique for making total counts. We use a Cam
bridge Instruments Quantimet 800, which unfortunately is no longer made. I have also used a
Cambridge Instruments Quantimet Q10 which is much cheaper and is still on the market. This 
works equally well. We do conventional acridine orange staining and then Ihotograph the prepara
tion and measure the sizes of the organisms lirectly from the photograph. This is a rea:;onably 
quick method. 

BOWEN: I have used a camera lucida to trace the images of detritus particles, bacteria and algae
using different magrifications. These drawings can then be analyzed with a digitizer. A tablet costs
only about two to three thousand dollars whereas image analyzers cost more than ten thousand. 
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We simply use the pen on the digitizer to mark the long and short axes and indicate which of 
several geometric shapes best approximate to the drawings. Using this approach you can quantify
the volumes of a whole range of particles with reasonable precision. To guarantee accuracy, we
 
take pure samples of bacteria or algae or sand grains and determine P conversion from measured
 
volume to directly determined weight. With the aid of a microcomputer, thib method is very quick
and not at all tedious. For me this method provided something of a breakthrough. At reasonable 
speed and cost we can now make direct measurement not only of the biomass of various micro
organisms (autotrophs and heterotrophs) but we can also quantify the amount of detritus. Former
ly we had to rely on using estimates of differences for such dat"-and 'difference' methods are 
always hazardous. 

Finally I have a question about muramic acid determinations. What is the half-life of muramic 
acid in a dead organism in the natural environment? 

MORIARTY: From work that I have done it is less than 24 hours in mangrove sediments. David
 
White has done similar work in estuarine systems. I think his values were around 12 hours. It
 
doesn't last long because it is associated with glucosanine and amino acids. Murnmic acid is just
 
one component of peptidoglycan-the macromolecule wrapped 
around the bacterial cell. It is very 
nutritious. Muramic acid from dead bacteria will be utilized rapidly in the presence of other live, 
actively growing bacteria. However, all these cornments apply to surface sediments. In deeper sedi
ments, it can persist for much longer. So muramic acid determination is a useful technique if you 
need to look at turnover in surface sediments. It is not a useful technique for deeper sediments. 

MORIARTY: Should we include slime In biomass or should we call it detritus? Slime is important

when we consider productivity, particularly when we compare work by different people. My view
 
is that the term biomass should be restricted to actual living cellular material, which is shown
 
clearly by epifluorescence microscopy. This technique does not show all slime. Slime can 
be seen
 
by acridine orange staining but is very difficult to quantify. Slime is also extremely variable both
 
in chemical composition and in its structure around the cells. You 
can find well-structured slime
 
layers around some microorganisms, whereas in others, its structure can be very loose and it tends
 
to dissociate from the microorganisms and become part of the general organic matter in the water
 
body. Therefore, the term biomass should be restricted 
to living cells and biomass production to 
their protein and other internal biosynthetic activities. Slime production should only be considered 
in the definition of total organic matter production. 

SCHROEDER: I agree. Slime may have an important function in making food available to the
 
target animals. The slime can act 
as an ion exchange column and the large amounts of dissolved 
organic matter produced by phytoplankton may be abso:ied uoo Lu slime. Therefore, the slime 
may be nutritious even though its own fiber molecules are unavailable to a target organism. It is
these ionic exchange properties which allow the slime to provide organic molecules for the slime
producing bacteria. We can therefore regard slime as really having the property of changing dis
solved organic matter into fixed organic matter. 

GRAY: This reminds me of the long standing debate about mucus producjon in animals. Mucus 
is generally regarded as an excretory product. It is not included in standing crop estimations, so 
this agrees with Dr. Moriarty's definition. However there are many organisms-meiofauna, for 
example---which produce mucus to trap bacteria and then reingest the mucus. This has been 
called the 'gardening' phenomenon. 

PRUDER: L,.--,ding our definition of primary production, which refers to fixed particulate
carbon, how cu., we frame some definitions to account for the large quantities of dissolved organic 
carbon which are released? 

BOWEN: Ecologists generally treat dissolved organic carbon as a part of detritus, even though it is 
not particulate matter. 

MORIARTY: Well, the definitions I have suggested here were meant to refer to bacterial produc
tion. However, as has just been pointed out, there are similar difficulties with defining terms for 
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the phytoplankton. The main point is to be clear about what we mean by production. If we wish 
to work out total net production with 14 C methods then, of course, we should include all thebacteria and slime, the phytoplankton and dissolved organic matter, leaching away from all organisms, that is labelled. But this would not be a production of biomass. These definitions are merely
for our convenience in trying to understand these systems. 

WOHLFARTH: I think we have said enough about slime. We can surely all agree that it is not
 
alive.
 

SCHROEDER: Yes, biomass is cellular production-matter that is within a cell. 

MORIARTY: A good definition. 

ANDERSON: However many of these slimes which are mucopolysaccharide matrices do containfree enzymes. The work of Lock et al.** on epibenthic communities has shown that these are 
not sirply microorganisms in an inert matrix. There is a holistic function served by the presenceof free enzymes in that matrix. Therefore, while I agree with your definition of biomass we should 
not forget the importance of slime. 

BOWEN: The same applies to the water column. There are many free enzymes in the water. Theyare concentrated on surfaces, for example, plant surfaces and roots. They have an important
function in production of detritus by acting upon dissolved organic matter in the water column. 

ANDERSON: Do they also act on colloidal material? The importance of colloidal material is not

well understood. It is outside the conventional definitions of dissolved 
 and particulate organic
matter. Perhaps these free enzymes are important in colloidal degradation? They tend to floc on
 
surfaces.
 
BOWEN: Right, the colloids tend to aggregate and precipitate. Biologists have not considered
 

colloids to any significant extent. 

SRINIVASAN: Are these free enzymes of microbial origin? 

ANDERSON: I imagine so, almost exclusively. Where free enzymes are produced by bacteria in

the aqueous medium, how can they control these enzymes?
 

KIRCHMAN: There is no good evidence for the production of free enzymes away from the cell
 
wall.
 

MORIARTY: These enzymes are found with the Gram-negative bacteria which have two membranes around the cell with a space between them. The inner cytoplasmic membrane bounds the
main cell, but there is a much looser outer membrane. Many of the enzymes associated withdigestion of polymers are found in the space between the membranes. Thus the enzymes are incontact with the bacterial cell and the substrate and there are gradients of substrate and products.
The Gram-positive barteria lack this arrangement (Costerton and Cheng***) but again the enzymes do seem to be associated with the cell wall. One reason put forward for the production of
slime by a lot of bacteria on particles is that it provides a microenvironment around the bacterial
cells in which the enzymes responsible for hydrolysis can operate without being dispersed to the 
aqueous medium. The slime polymers provide a site for the enzymes and also help to hold theirproducts. However, some of the enzymes are lost to the surrounding medium. There can be com
plex situations in which bacteria live 'on the backs' of other bacteria and make use of their en
zymes. This is very difficult to study. 

*Fry,J.C. and A:R. Davies. 1985. An assessment of methods for measuring volumes of planktonic bacteria,with particular reference to television image analysis. J. Appl. Bacteriol. 58; 105-112.**Lock, M.A., R.R. Wallace, J.W. Costerton, O.R.M. Ventull and S.E. Charlton. 1984. River epilithon:
towards a structural-functional model. Oikos 42: 10-22.***CostertonJ.W. and K.J. Cheng. 1975. The role of the bacter.al cell envelope in antibiotic resistance. J. 
Antimicrob. Chemotherapy 1: 363-377. 
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Abstract 

The penetration of oxygen into sediments is very limited, and as a result sediments 
are dominated by anaerobic processes, particularly when the organic loading is heavy.
Increasing sediment depth is matched by processes that occur at low redox potential.
A nitrate zone is followed by sulfate and methane zones, in both of which substrates 
are supplied to the sulfate-reduc.ng and to the methane-produting bacteria by ferrr.en
tative bacteria. It is these fermentative bacteria that are the active hydrolyzers of 
organic detritus. Newly isolated strain, of fermentative, sulfate-reducing and methane
producing bacte-ia are discussed. Knowledge of the range of substrates utilized by the 
fermenters and the sulfate-reducers has increased greatly in recent years. The methane
producing bacteria appear to be limited in their choice of substrates. Measurement of 
the rates of carbon mineralization in the nitrate, sulfate, and methane zones is dis
cussed, followed by a short discussion on N-mineralization. The effect benthic animals 
have is to increase the rate of nutrient flux between sediment and overlying water. 

Introduction 

In the context of aquaculture it may be assumed that anaerobic processes are 
restricted to the sediment underlying the water column, and that because this water 
is aerated, there is some penetration of oxygen into the sediment. The depth of 
oxygen penetration will depend on the organic input to the sediment, and on the 
degree of water aeration and mixing, but the depth of penetration will normally be a 
few millimeters. This is in large measure due to the low solubility of oxygen in 
water. With moderate mixing, oxygen penetration was between 2 and 3 mm; vigor
ous mixing increased the penetration down to 3 to 4 mm (Fig. 1). This is typical of a 
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Fig. 1. Depth of oxygen penetration into marine sediment, with moderate 
and with vigorous stirring. Air saturation of surface water corresponded to 
235 pM 0,, at in situ temperature of 20'C (redrawn from Revshech et al. 
1980). 

sediment receiving a modest organic input and containing approximately 1% organic 
detritus. The higher organic loading in an eutrophic aquaculture system might be 
expected to restrict even further the depth of the oxidized layer, due to the increased 
rate of oxygen consumption. If the organic loading and oxygen consumption are 
sufficiently high, the anaerobic layer can move up into the water column, particu
larly if the latter is poorly mixed, as can occur in stratified water systems. Strictly
anaerobic photosynthetic bacteria can, however, be found in oxidized water although 
it is unlikely that they grow under these conditions (Caumette 1984). There is a 
slight possibility that anaerobic microniches may occur in particles in the water 
column, but there is little doubt that the major site of anoxic metabolism is in the 
sedinent. 

Algal cells proliferate in water when phosphate, nitrogen and light are not limited. 
In the ocean, when grazing is limited in the algal spring bloom, the algal cells sedi
ment and fuel the anaerobic proccsses in the sediment (Smetacek 1980). There can 
be a similarly high algal productivity in fishponds, and if the algae sink due to under 
grazing or other causes, the products of anaerobic metabolism may not be consumed 
at the sediment/water interface, resulting in the buildup in the water of products
(ammonia, high pH, sulfide) toxic to fish. The composition of the products will 
mostly depend on whether the water contains sulfate (e.g., marine ponds) and on 
the composition of the sediment detritus. The presence of algae in aquaculture 
systems may, therefore, be dangerous because they can result in excessive anaerobic 
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activity in the sediments, but they have obvious advantages in that they produce 
oxygen, thus helping to keep the water oxygenated, at least during daylight hours. 

When the reduced products of mineralization processes in anoxic sediment 
diffuse to the oxic interface, they are utilized by aerobic bacteria, whose biomass 
increases. This biomass is used as a substrate for detritus- and filter-feeding animals. 
When these animals are located within the sediment, the sediment surrounding the 
animals is usually aerated by burrowing and irrigation activities. These animal 
activities have profound effects on the exchange of nutrients between the sediment 
and the overlying water phase, and the animals themselves can be a source of food to 
the fish population. Bacterial cell production as a result of anaerobic processes is 
meagre and may be disconnected from higher trophic levels. Anaerobic processes are 
not inherently slower than those occurring in aerobic environments, as is demon
strated by the fast. rates of organic degradat ion in the ru-'en (ltungate 1963). There 
is, however, a general consensus of opinion that aerobic decomposition of organic
detritus proceeds more rapidly and more completely than if the same substrate were 
decomposed anaerobically. There may be some truth in this supposition, but there is 
little evidence to substantiate it., and there is no evidence for the accumulation of 
any specific organic Sul)stances in anoxic environments. This suggests that almost 
anything can he decomposed in the absence of oxygen, although some specific
compounds, e.g., lignin, resins and waxes appear to be decomposed more readily by
aerobic microbial populations (Fenchel and Blackburn 1979). 

In this review, the different types of anoxic environments that exist in sediments 
were first examined. It will be seen that there is a change in environment with sedi
ment depth, corresponding to adecrease in redox potential (El, ).Some general charac
teristics of these depth zones are discu.sed, mostly in relation t ,prbon mineraliza
tion. A survey of some of the important types of bacteia associated with these 
mineralizations is made, and is followed by a di'cussion of the actual rates of miner
alization, how they are measured and how they are interrelated. There is no discus
sion on P-mineralization, because many of the processes are not biological. 

Processes 

The vertical stratification of the main zones of C-mineralization, as they occur in 
a typical sediment, are illustrated in Fig. 2. This stratification is principally a result 
of the increased energy that is available through the oxidation of reduced carbon 
compounds or of hydrogen, as the following electron acceptors are utilized: oxygen,
nitrate, sulfate and carbon dioxide, in that order (Mechalas 1.974). The zones are not 
totally distinct from each other; some overlap occurs, and there are probably other 
electron accLuptors involved (e.g., Mn and Fe), that are not included in this scheme. 
It is a characteristic of this type of stratified system that the reduced endproducts of 
anoxic degradation (mainly ammonium, sulfide and methane) will diffuse to a more 
oxidized zone, where they will be oxidized. Methane from the Iowest layer will be 
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oxidized by sulfate or oxygen; sulfide will be oxidized by nitrate or oxygen, and 
ammonium only by oxygen.

These individual zones will be discussed in more detail later, but it is important toemphasize here some of the more important characteristics of the zones. The bacteria
involved in the mineralization of organic detritus in the nitrate zone are generally
aerobic species, that can utilize nitrate as an alternative electron acceptor to oxygen,
when the latter has been depleted (Fig. 2). It is a characteristic of these aerobic 
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Fig. 2. The involvement of oxygen, nitrate, sulfate, and carbon dioxide as electronacceptors in the oxidation of detrital carbon, as a function of sediment depth and
decreasing Eh (redrawn from Fenchel and Blackburn 1979). 
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bacteria that they can hydrolyze complex, polymeric, organic detritus and can also 
utilize the hydrolytic products, oxidizing the reduced carbon completely to carbon 
dioxide. It is a characteristic of the sulfate-reducing bacteria and of the methane
producing bacteria that they can neither hydrolyze the complex organic detritus, 
nor directly oxidize the initial hydrolytic products. Fermentative bacteria must first 
perform the hydrolysis and, in general, ferment the monomers to a variety of fermen
tation products before the detrital carbon can be used by the strictly anaerobic 
sulfate-reducing bacteria and methane-producing bacteria. The situation is made 
more complex by a tight coupling that exists between the fermenters and the
 
a.iaerobic respirers (methane-producing bacteria, that oxidize hydrogen by carbon
 
dioxide reduction, perform a type of respiration). This coupling is based nn the 
necessity that the hydrogen, which is produced as an inevitable consequence of 
fermentation reactions, be removed otherwise it would inhibit further fermentation. 
This is the concept of interspecies hydrogen transfer (Wolin 1974). This involvement 
of hydrogen occurs at the level of NADH: 

NADH + H+ - NAD+ + H2 

At low hydrogen partial pressure, NADH can be reoxidized by the formation of 
hydrogen and fermentation can proceed, utilizing the oxidized NAD, otherwise 
the process stops. Obviously some sink for hydrogen has to be present in a situa
tion where the hydrogen cannot be removed rapidly enough by diffusion. Several 
examples of the coupling of reactions producing hydrogen to those consuming
hydrogen are quoted in Fenchel and Blackburn (1979). 

In anaerobic sediment, the degradation of detrital carbon can proceed by two 
different mechanisms, depending on whether an oxidant (e.g., sulfate) is present
(Fig. 3). The two alternative mechanisms are dependent on the production of 
fermentation intermediates, some of which will be directly oxidized by sulfate,
otherwise they will be converted to acetate, carbon dioxide and hydrogen. If sulfate 
is present, the oxidation will go completely to carbon dioxide. In the absence of 
sulfate, the only possibility for further degradation is via methane production, which 
results in the production of equimolar amounts of carbon dioxide and methane from 
carbohydrate (CH20). It is also seen in Fig. 3 that twice as much methane would be 
predicted to originate from acetate as from the reduction of carbon dioxide by 
hydrogen. 

Bacteria 

The main groups of bacteria that are involved in the anaerobic degradation of 
sediment detritus are: hydrolytic, fermentative, sulfate-reducing and methane
producing bacteria. 
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Fig. 3. The anaerobic degradation of detrital-C in an oxidative and in a 
fermentative environment. 

HYDROLYTIC BACTERIA 

Almost nothing is known about this important group of bacteria that perform the
vital function of making particulate organic matter available to themselves and to
other bacteria in the form of soluble hydrolytic products. Part of the difficulty in
studying this process is that the substrate is so ill defined. The organic detritus in the
sediment, particularly in the anoxic layers, consists of a mixture of primary sedi
menting material that could not be readily degraded and of complex bacterial resi
dues, also recalcitrant to decomposition. It would seem likely that most of the
hydrolytic bacteria will themselves be fermenters. They probably belong to a variety
of genera, and by inference from ruminant studies, they will belong to genera such 
as Bacteroides,Ruminococcus and Clostridium (Hungate 1963). Several of these 
types of fermen:ng bacteria have been isolated, but there is no indication that they 
can hydrolyze complex polymers. 

FERMENTATIVE BACTERIA 

Although there has been more success in isolation of fermentative bacteria in
anoxic sediment, the numbers that have been studied in pure culture are not impres
sive. There are two main types of fermentative bacteria, those that are involved in
the fermentation of the first soluble products of hydrolysis and those that ferment 
further the products of the first group. The initial fermenters may also be the 
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hydrolytic bacteria themselves, and there is the same problem for these bacteria 
in choosing the correct substrate on which to enrich. Just as the composition of 
the complex polymers is not known, the composition of the hydrolytic products in 
unknown. Virtually nothing is known in detail about. individual species of these 
bacteria, but it is assuned that they, collectively, decompose almost any organic
material reaching the sediment, because there is little evidence that any particular
organic material accumulates in an unmodified form. 

There has been more success in the isolation and study of the second group of 
bacteria, those that ferment the relatively reduced products (lactate, formate, pro
pionate, etc.) that are produced by the priniary fermenters. The technical difficulties 
associated with these studies are mostly due to the fact that the bacteria work to
gether cooperatively. One bacterium will ferment a reduced substrate e.g., propionate
(Bryant et al. 1967), producing acetate and hydrogen. If the hydrogen is not removed 
by another organism (e.g., sulfate-reducing bacteria or methane-producing bacteria),
the fermentation is inhibited, and the bacterium cannot grow. Bacteriologists, who 
traditionally like their culture to be pure, have shown some reluctance to bow to tile 
necessity of using consortia and have not evolved an alternative method for hyorogen
removal. A group of microbiologists at the University of Constance has had consider
able success in the isolation of some types of fermentative bacteria. (Ilostridium 
magnum is a sporeforming, anaerobic bacterium that produces only acetic acid from 
the fermentation of glucose, sucrose, xylose, malate, citrate, acetoin and 2, 3-butane
diol, on which it was first isolated (Schink 1984a). 

A number of bacteria capable of fermenting L-, D- and M-tartrate isomers have 
been isolated and identified as belonging to the genera Bacteroides, Acetovibrio, 
Ruminococcus and Ilyobacter (Schink 1984b). Highest numbers of tartrate-fermnnt
ing bacteria were isolated from freshwater creek sediments, and L-tartrate fermenters 
were most prevalent. Tartrate, citrate, pyruvate, and oxaloacetate were fermented to 
acetate, formate and carbon dioxide. Fructose and glucose were [ermented a!:;o to 
ethanol. 

Ilyobacter,a new genus of bacteria was first isolated from anoxic marine sediment,
using 3-hydroxybutyrate as substrate, which was fermented to acetate and butyrate.
Pyruvate and citrate yielded acetate and formate; glycerol gave 1, 3-propanediol and 
3-hydroxypropionate; glucose and fructose gave acetate, formate and ethanol; and 
malate and fumurate ga. e acetate, formate and propionate (Steib and Schink 1984).

Propionigeniummodestum is another species of fermentative bacterium isolated 
from marine and freshwat2r muds by the Constance researchers (Schink and Pfennig
1982). Succinate was fermented to propionate; fumurate, L-malate, oxaloacetate 
and pyruvate were fermented to propionate and acetate. These reduced endproducts 
are characteristic of fermentations by a pure culture, where instead of hydrogen
being produced, the NADH is reoxidized by the reduction of some more oxidized 
intermediate products. 

Strains of Acetobacterium carbinolicum were isolated from freshwater sediments 
and sludge; glucose, fructose, pyruvate, lactate, ethylene glycol, C1 to C5 primary 
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alcohols and methoxylated benzoates were among the substrates fermented, princi
pally to acetate (Eichler and Schink 1984). Another new type of anaerobic ferment
er, Acidaminobacterhydrogenformans, has recently been isolated from black mud
(Stains and Hansen 1984). This bacterium ferments glutamate, but the fermentation
products are altered by growing in mixed culture with sulfate-reducing bacteria or 
methane-producing bacteria, which act as hydrogen sinks. 

SUILFATE.R EDUCIN(; BACIItA 

The Constance iesearch group has also been responsible for extending our knowl
edge about the range of sulfur- and sulfate-reducing bacteria, starting with the isola
tion by Pfennig and Biebl (1976) of Desulfuroimonasaceloxidans,which oxidized 
acetate at the expense of sulfur. Previous to this date no bacterium had been found 
to oxidize acetate at the expense of a sulfur compound, although complete oxida
tion of organic carbon is known to occur at the expense of sulfate (Jdrgensen 1977)and sulfate oxidation of acetate is considered to be an obligatory step in the process
(Fenchel and Blackburn 1979; Ansbek and Blackburn 1980). A sulfate-reducing
Desulfotomuculurn aceoxidans was isolated from a variety of sources, but its high
optimum temperature and other characteristics suggested that it was of more signifi
cance in the oxidation of acetate in animal intestines than in marine sediments 
(Widdel and Pfennig 1977, 1981c). The marine sediment sulfate-reducing, acetate
oxidizing bacteria had different characteristics, including a requirement for salt,
which was different from Desllfotomaculun acetoxidt ,is (Laanbroek and Pfennig
1981). Desulfobacterpostgateiwas a true marine bacterium, one strain could use
only acetate, whereas others oxidized etnanol and/or lactate completely to carbon 
dioxide (Widdel and Pfennig 1981a; Brandis-Heep et al. 1983; Gebhardt et al. 1983).
Another new bacterium Desulfobulbus propionicus was isolated, which oxidized 
propionate to acetate, using sulfate, sulfite or thiosulfate as oxidant; lactate, ethanol,
propanol and pyruvate were also utilized (Widdel and Pfennig 1981b). In the absence
of sulfate, ethanol was fermented to propionate and acetate, and 1-butanol to
propionate and bufyrate by D. propionicus Lindhorst (Laanbroek et al. 1982).

Sulfate-reducing bacteria can use substrates other than hydrogen, short chain
fatty acids and short chain carboxylic acids; they can also use amino acids as carbon 
sources and act as electron donors in sulfate reduction, as has recently been demon
strated for strains of Desulfovibrio that had been isolated from marine sediments 
(Stams et al. 1985). Some of these strains oxidized alanine, glycine, serine and other
amino acids completely to carbon dioxide; other strains gave acetate as an endprod
uct. Other sulfate-reducing bacteria can also oxidize long chain fatty acids to carbon 
dioxide. Desulfococcuts niacini is a sulfate-reducing bacterium that degrades nicotinic 
acid (Imhoff-Stuckle and Pfennig 1983). 

Although sulfate-reducing bacteria that can oxidize methane have not been
isolated, there is very good circumstantial evidence that methane in marine sedi
ments is oxidized by the reduction of sulfate (Reeburgh 1980; Iversen and Black
burn 1981). 
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METHANE-PRODUCIN; BAC'rIA:R[, 

Methane-producing bacteria are a diverse group, with a variety of nutritional 
requirements (Balch et al. 1979). Most can oxidize hydrogen with carbon dioxide, 
and many (e.g., Methanobacterium species) were thought to be obligately auto
trophic, using sulfide and ammonium as sole sources of S and N (Taylor and Pirt 
1977). The picture now seems to be more complicated, and Methanobacterium 
species have been shown to assimilate organic nitrogen, sulfur and carbon sources 
(Bhatnagar et al. 1984). In addition to producing methane from lirgcn 'carbon 
dioxide and C1 compounds, it has long been recognized that methane is produced 
from acetate (Mah et al. 1976). It s now well established .t,at methane-producing 
bacteria can ulilize other more complex substrates; AlCthanococcoides methyhitens 
(Sowers and Ferry 1983), Methanolobus tindarius (Konig and Stetter 1982) and 
Methanosarcinabarkeri (lippe et al. 1979) all use methylamines. It seems unlikely, 
however, that methane-producing bacteria exist that can utilize the range of sub
strates that sulfate-reducing bacteria can oxidize. Because sulfate-reducing bacteria 
and methane-producing bacteria both compete for hydrogen and acetate, which are 
the most important products of fermentation, most ecological interest centers on 
their competition for these substrates. 

Rates 

It should be remembered, in discussing the rates of C-mineralization in the dif
ferent zones, that hydrolysis and fermentation are almost obligatory steps, except 
perhaps in the nitrate zone, where the facultative nitrate-respirers can hydrolyze 
detritus and directly utilize the hydrolytic products. 

In many situations, possibly in fishpond management, what is required is informa
tion regarding the reduced products that may come from the sediment and cause 
wi.ter quality problems. It would seem that the simplest solution to monitoring this 
potential problem would be to measure the input to the sediment and the rate of 
accumulation in the sediment ; the diffk,:ence between the two rates would be the 
rate of exit from the sediment. In fact mis simplistic approach can seldom provide a 
solution, although input/output budgets are an important aspect of ecological 
budgets. A more r.alistic methodology, to define sediment water interactions, is to 
measure individual rate processes in the sediment in order to define C-, N-, and 
S-cycles in the sediment and their interactions. This approach allows cross-checks to 
be made between the ndividual rates, to ensure that the different methodologies are 
reliable. Reeburgh k-993) h:: 'ecent!:, written an excellent review of the rates of 
biogeochemical processes in anoxie sediments. 

In this present review, it is not possible to cover in detail the actual results of 
investigations'in a wide variety of freshwater and marine sediments; more emphasis 
is placed on a survey of the types of methodology that have been employed. 
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C-Mineralization in the Nitrate Zone 

The oxidation of C-compounds by nitrate obviously depends not only on the
 
availability of nitrate, bt 
also on the absence of oxygen. Oxygen, which inhibits the 
process, probably does so by competing for the carbon substrate (Payne 1973).
Nitrate can be supplied from the overlying water or may be generated within the 
sediment by arninonium oxidation. It is unlikely that much oxidation of ammonium 
could occur in the anoxic sediments of fishponds, unless there is a seasonal fall in 
temnerature and sediment respiration (S6rensen 1984). Fig. 4 illustrates how nitrate 
reduction and denitrification are dependent on seasonal effects, the peak of nitrate 
reduction occurred at the time of maximum nitrate concentration in the ove:ying 
water, as well as on the time of maximum denitrification. It is seen that the rate 
of nitrate reduction to anmmonium is considerably higher than the rate of denitrifica
tion. 

The most practical method for measuring denitrification ;i by acetylene blockage
in intact sediment cores, where in situ gradients of oxygen ',nd nitrate are maintained 
(S6rensen 1978; Andersen et al. 1984). Alternatively, Nishio et al. (1982, 1983)
describe an elegai:t 15 N-procedure, which again demonstrates the importance of the 
reduction of nitrate to ammonium. 

It is probably only in the most unusual circumstances that nitrate reduction plays
it significant role in the oxidation of carbon; it is always of significance as a nitrogen 
sink. 
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Fig. 4. Seasonal variation in temperature and the rates of reduction of 
oxygen, nitrate (to ammonium and by denitrification), and sulfate in 
Kysing Fjord (redrawn from S~rensen 1984). 
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Carbon Mineralization in the Sulfate Zone 

There is a very large difference between the sulfate concentrations in fresh and in 
marine saltwater. In the latter, the concentration ranges from low values in brackish
water up to >30 mmol in oceanic water, whereas freshwater might typically have a 
maximum value of 0.2 mmol in Lake Vechten (Hordijk et al., in press) and Winter
green Lake (Lovley et al. 1982). This does not mean that sulfate reducti,)n is not an 
important oxidant of organic carbon in freshwater systems, but it is quantitatively 
less important than methane production. 

Typically, in the past, sulfate reduction and hence carbon oxidation coupled to
 
this reduction, has been measured by injecting 35S-sulfate into sediment cores,
 
which were then incubated under in situ conditioms. The acid-volatile sulfide was
 
distilled, and its radioactivity determined (J6rgensen 1977). There is evidence that a 
portion of the radioactive sulfide is converted to ipyrite in salt marsh sediments. 
Because pyrite is not acid-volatile, it is not recovered by the normal distillation 
procedure and the rate of sulfate reduction is underestimated (lfowarth and Merkel 
1984). Some radioactive sulfide may also be converted to S and also lost, again due 
to the nonvolatility of S. In a marine sediment, the error involved in not measuring 
the label in S and in pyrite was 24 to 34"' (Howarth and Jdrgensen 1984). Sulfate 
reduction has been calculated to account for approximatey 50% of the organic 
carbon oxidation in j Danish coastal sediment, uncorrected for pyrite and S effects 
(J6rgensen 1977). This calculation was made on the assumption that most of the 
sulfide diffused to the sediment oxic surface and was oxidized by oxygen; oxygen 
was thus used to oxidize red:,ced sulfur compounds and reduced carbon compounds. 
In order to derive the amount of oxygen used for carbon oxidation, the oxygen used 
for sulfur oxidation was subtracted. There is now evidence that oxygen consump
tion, in this type of sediment, is not balanced by carbon dioxide production (Har
grave and Phillips 1981; Andersen and Hargrave 1984). The implication is that all 
sulfide is not immediately reoxidized by oxygen, at least in the small cores that are 
used, and that no correction should be made for sulfide reoxidation, in calculating 
carbon oxidation by oxygen. Presumably, the sulfide is oxidized when the sediment 
is disturbed by storm action or by bioturbation. This point is important because the 
contribution to total carbon mineralization of sulfur compound rtduiction can be 
calculated from the total carbon dioxide flux minus the carbon dioxide calculated to 
be produced from oxygen consumption.

3 5 S-sulfate has also been used to measure the rate of sulfate reduction in lake 
sediments (Smith and Kiug 1981 ; Lovley et al. 1982; Hordijki et al. 1985). Some 
problems are encountered because sulfate concentrations are generally low, and 
more accurate measurements may bc made from measuring the decrease in sulfate 
concentration with time (Hordijk et al. 1985). The seasonal changes in sulfate 
concentration in the sediment of Lake Vechten are shown in Fig. 5. The sulfate 
concentration decreased to very low values, even in the surface sediment, during the 
summer months. The contribution of sulfate reduction to the total carbon minerali
zation was, however, quite significant. This is presumably because there was rapid 
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Fig. 5. Seasonal changes in pore water sulfate concentration in Lake Vech
ten sediments (redrawn from Hordijk et al. 1985). 

reoxidation to sulfate; turnover rate constants for the sulfate pool of two/day were 
measured in Lake Vechten (Hordijk et al. 1985).

A more direct method for the measurement of sulfate reduction rates involves the 
inhibition of sulfate reduction by molybdenum, and the measurement of the rates of 
accumulation of the substrates that would have been oxidized by the sulfate. These 
substrates have included hydrogen, acetate, propionate, butyrate and methane, but 
they probably should also include amino acids (Stams et al. 1985) and long chain 
fatty acids. This approach has been used, mainly with the object of determining 
some of the substrates that are of importance in sulfate reduction in marine sedi
ments (Oremland and Taylor 1978; Srensen et al. 1981; Winfrey and Ward 1983),
sa!t marsh sediments (Banat et al. 1981; Nedwell and Banat 1981) and in lake 
sediments (Lovley et al. 1982). 

Radioactive- tracer methods may also be employed to measure the rate of oxida
tion of key intermediates, such as acetate, in the sulfate zone. Rates of sulfate reduc
tion may be made in parallel, or the rate of total carbon oxidation in this zone 
determined by other procedures, to be compared with the measured acetate oxida
tion rate. This approach avoids the use of inhibitors, in this case Mo, which can have 
nonspecific effects on processes other than that which is targeted. The radiotracer 
methodology is not without its problems, mostly due to difficulties in determining
the pool of available acetate. In principle, tracer quantities of labelled acetate are 
injected into intact cores or sediment slurries (Ansbek and Blackburn 1980). The 
kinetics of the appearance of label in carbon dioxide are measured and the rate of 
turnover of the acetate pool to carbon dioxide, multiplied by the pool size, gives the 
rate of acetate oxidation. In general there is evidence that the acetate concentration 
that is measured in the pore water does not accurately represent the concentration 
of the acetate that is available to the sediment bacteria, due to adsorption of acetate 
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to sediment particles and complexing of dissolved acetate (Ansbek and Blackburn 
1980; Christensen and Blackburn 1982; Shaw et al. 1984; Parkes et al. 1984). No
adsorption was observed in autoclaved (and possibly denatured) lake sediments 
(Jones and Simon 1984) or in marine sediments (Sansone 1982), but the actual 
availability of dissolved acetate was not reported in these studies. Jones and Simon
(1984) present evidence that diffusion of the labelled substrate may have a marked 
effect; on the observed kinetics. Many different methods have been used to measure 
acetate and other short chain fatty acids in sediment pore water, but the most
satisfactory procedure is to use high-pressure, liquid chromatography (Hordijk and 
Cappenberg 1983). This method has the advantage that short chain carboxylic acids
and formate are al,.o separated and measured. The concentrations of short chain 
acids in the pore water of Lake Vechten sediments have been measured with this
method (Fig. 6b). There is a point source for lactate production at 3 cm, with sinks 
for lactate above and below this point. The upper sink may be attributed to the 
presence of sulfate-reducing bacteria close to the sediment/water interface (Fig. 6a).

There has been considerable interest in the production of methane in the sulfate 
zone (Mountfort et al. 1980) which is reviewed by Reeburgh (1983). Available evi
dence points to the competitive inhibition of methane-producing bacteria by sulfate
reducing bacteria, the latter having a lower Ks for both hydrogen and acetate (Lovley
et al. 1982; Schonheit et al. 1982; Ingvorsen et al. 1984). Some methane may be 
produced in the sulfate zone from hydrogen, but probably little is produced from 
acetate; the methylamines may act as "noncompetitive" substrates for methane
producing bacteria (see review by King 1984). In terms of carbon flow, methane 
production in this zone is insignificant. 
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Fig. 6. Profiles of bacterial numbers, and of short chain acids in Lake Vechten sediments, a: Thepercentage of the total population of sulfate-reducing bacteria (SRB) (o), and of methane-producing bacteria (MPB) (a). b: The concentration of lactate (,), formate (cj), and of acetate (a) in 
pore water (redrawn from Hordijk and Cappenberg 1983). 
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Carbon Mineralization in the Methane Zone 

In relation to other mineralization processes, methane production in most marine 
sediments is quantitatively unimportant and no methane reaches the sediment 
surface. It is, however, a mechanism whereby some organic mineralization can 
proceed in the absence of sulfate. The processes that occur in the methane zone 
must be analogous to those occurring in the rumen and in sludge, but at very much 
slower rates. Possibly, methane-producing bacteria in deep sea sediment may be 
adapted to growth at low temperatures. In marine sediments that receive a high
input of organic matter, e.g., Cape Lookout. Bight, where sulfate rapidly becomes 
depleted (Martens and Klump 1980), very high rates of methane production occur, 
and bubbles of methane reach the sediment surface (Crill and Martens 1983). 

Methane production is the terminal process for the mineralization of organic
material in lake sediments and the rates are analogoiis to those for sulfate reduction 
in marine sediments. A high proportion of the organic carbon that enters lake sedi
ment is processed through methane-producing bacteria (Cappenbeig et al. 1982).

Methane production is measured by plotting the increase in methane concentra
tion against incuba tion time. This apparently simple syst nn may have some dangers, 
as differences in rate may be observed, depending on the presence or absence of a 
head space (N. Iversen, pers. comm.). Chloroform is an efficient inhibitor of methane 
production and chloroform inhibition has been used to determine the precursors of 
methane in lake sediments and their rate of convertion to methane (Lovley and 
Klug 1982). 

N-Mineralization 

As with the other rate determinations that have been discussed, the rate of most 
interest in relation to sediment/water interactions is the rate at which mineralized 
nitrogen leaves the sediment (Billen 1978). This determines to some extent the rate 
of primary production in the overlying water and at the sediment surface. The 
simplest method for measuring this net rate of ammonium production is to incubate 
sediment slurries anaerobically and to measure the increase in ammonium concentra
tion with time (Blackburn 1979a). Alternatively intact sediment cores may be incu
bated (Blackburn and Henriksen 1983). More information on the mineralization 
processes may be gained by adding 15N-NH 1 + to the sediment. In this way the total 
rate of organic nitrogen mineralization (d) is determined from the 15N-NH 4 + dilu
tion, and the rate of incorporation of ammonium into bacteria (i) is derived from 
d and the net rate of production (d-i). Both the slurry and intact core methods yield 
similar rates (Fig. 7a). 

A plot of d and i against sediment depth (Fig. 7b) showed that both rates decreased 
with depth except for the stations in the Skagerrak where there was a peak in both 
activities at 6 to, 8 cm, and where ammonium uptake was greater than ammonium 
production. This could be correlated with a high C:N ratio in the organic matter 
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in these sediments. Models may be used to relate N:C ratios to rates (Blackburn 
1979b; Blackburn 1980; Blackburn 1983) to make the comparison illustrated in 
Fig. 8. There is a discrepancy between the carbon oxidation calculatc," from the 
consumption of oxygen and sulfate, and carbon oxidation calculated as correspond
ing to the ammonium mineralization. The latter was almost twice the former for 
Danish and for Greenland sediments (Fig. 8). One interpretation of these data is that 
other electron acceptors are involved, possibly Fe or Mn. The advantage of making 
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this type of rate measurement, in addition to measuring fluxes across the sediment
 
interface, is that cross checks may be made to ensure that the rates measured are
 
accurate.
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Effect of Benthlic Animals 

The benthic fauna can increase the flux of aninionium from the sediment by 50% 
(Blackburn and H-enriksen 1983). The bottom fauna, lby building burrows, can have 
a marked effect on transfer rates between the sediment and the. overlying water 
(Aller 1980; Aller and Yingst 1980). The effects of macrofauna can be quite com
plex, and the end result of their activities depends greatly on the concentration of 
nutrient in the overlying water. When the concentration of nitrate is high, denitrifi
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(Kristensen 1984). Benthic macrofauna increase the rate of oxygen consumption 
and detrital decomposition, but strangely, there is also a greter coupling between 
oxygen uptake and carbon dioxide production than in nonfauriated sediments 
(Kristensen and Blackburn, unpublished diaa). This means that the ratio of oxygen
uptake/carbon dioxide production is greater when animals are present in the sedi
ment. There is the unexpeced implication that more anaerobic oxidation occurs in 
the presence of animals such as polychaetes than intheir absence. 

tt must be concluded that animals have a marked effect on sediment decomnposi
tion, but not always what might be predicted. 
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Discussion 
SCHROEDER: When you discussed oxygen concentrations at different depths in the sediment
 
your inference was that with standard stirring, anaerobic conditions were found 1 or 2 mm into

the sediments (which had about 1%organic matter) and also that within particles of less thdn 1 or
 
2 mm diameter in the water column, anaerobic conditions would not occur. Of course large

particles of 1 or 2 mm diameter or longer would sink to the bottom. Therefore you concluded that

anaerobic conditions in particles are urlikely in the water column. I wonder if thi. is a valid conclu
sion. When you made your measurements in sediment you were measuring the oxygen concentra
tion in pore water in between particles which had little organic content. Oxygen diffusion in such 
pore water must be happening or it would go anaerobic. Now consider particles of very high
organic content (say 300 pm diameter) in the water column or on the surface of the sediment. If 
we could measure the oxygen concentration within such particles with a suitable microelectrode, I 
suspect that anaerobic conditions would occur inside them say 100 pm from their surfaces. This is
because diffusion of oxygen through such a particle would be much slower than through pore
water and also because there would be a lot of microbial activity within the organic particles.
Therefore, there may well be anaerobic microenvironments associated with organic particles in the 
water column and in say the first mm of sediment in the presence of aerobic pore water. 

BLACKBURN: The resolution of oxygen microelectrodes is about 5 pm. I have never known of 
such electrodes hitting anoxic microsites. 
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MORIARTY: But were your electrodes pushed thro'gh a slime layer around particles. This is a 
critical point. 

BLACKBURN: Obviously you cannot see exactly what is happening at this resolution, so you
don't know, but in thousands of trials I have never r'-n any anoxic 'pockets'. It is reasonable to 
assume that some of these trials did traverse slime surrounding particles. I suppose that you could 
envisage a sort of 'micro-cannon ball' with very active bacteria near the center around which there
could be a lack of oxygen, but I wonder whether this would have any significance. If oxygen can
diffuse in, even slowly, then other things can diffuse out. On the other hand, if oxygen cannot
diffuse in, then H2 S for example cannot diffuse out. I doubt thereforE whether this debate means 
very much in relation to the possible production of H2 S in the water c( lumn. 

BOWEN: In the 1983 Symposium on Detrital Foodchains in Savannah, Georgii,* the relative 
importance of these processes in particles, whether suspended or in the se iimer.t, was discussed in 
some detail. Joel Goldman showed that, based on calculation of diffusi'a c.-fficients, anaerobic
rnicrosites could be expected to occur even within relative!y .- ! particles. Hans Paerl went on to
demonstrate such microsites in suspended organic matter in the Sargasso Sea and other cligotrophic
environments by using indicator dyes. So it seems that anaerobic microsites in particles are abun
dant and probably important. 

MORIARTY: David White** and his colleagues in Florida have used detailed lipid analysis to
demonstrate the same thing. Lipids characteristic of anaerobes were found to be qu' e abundant in
aerated sediments. This supports the viev.- that anaerobic microsit-s within aerobic zones are 
probably quite common. 

BLACKBURN: I stand corrected. I made the mistake of getting too far into the water column! 

SCHROEDER: I have one brief comment concerning diffusion in and out of particles. In a nutrient
starved system, anaerobic conditions will help to maintain microbial activity because the need for
N and P is about an order of magnitude less than in aerobic conditions. Therefore if oxygen and N
and P diffusion into a particle falls off, anaerobic processes can still con,-ue. The end products
will be slimes, however, not bacterial cells. 

BLACKBURN: A good point. 

PIEDRAHITA: When you spoke about oxygen tension decreasing the further you go into the 
sediment, you showed a saturation concentration in the water itself. How do you think that thedepth of penetration by oxygen into the sediment will change if there is less than saturation in the 
water? 

BLACKBURN: Well, that situation is of course common and the curve just gives as we would 
expect much lower oxygen concentration. 

PIEDRAHITA- Could that be an explanation for some localized anoxic conditions in fishpcnds? 

BLACKBURN: Subsaturation values do not have a dramatic effect on this until you get down to
about 10% saturation. Of course fish would not be too happy in water like th;%. What really
determines whether conditions in particles are going to be anoxic is the rate of respiration within 
the particles, their quality and degradable energy. You can get growth on your teeth in less than a 
millimeter of scum because of the high energy quality of the substrates. 

PULLIN: Can you comment further on the effects of temperature on microbial production,
especially in tropical ponds where temperatures approaching or even exceeding 30 C are common 
and processes would seem to be very rapid? 
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BLACKBURN: It depends upon what regulates the system. Observations can be misleading. For
example, you can get effects which are largely due to the amount of organic inputs rather than 
temperature. There is temperature sensitivity of course which we can demonstrate by raising the 
temperature during winter. However for most of the systems that we are interested in, it is the
organic detrital inputs which are most important. Whether the temperature goes much above or 
below 30 0 C in the temperature range used for fish culture is probably irrelevant for the bacteria. 

EDWARDS: How important are sediments in detritus-fe'. ,.shponds? There are large amounts of 
materials put into intensive ponds but there may be grea:ser scope for microbial activity in the 
water column, the space for which is determined by a cubic relationship, rather than on the pond
bottom which is determined by a square relationship. We cannot get rid of the sediment during 
a culture period, but can we just regard it as a physical feature and more or less ignore it as an 
important contribution to production? 

BLACKBURN: In coastal ecosystems, we find a primary productivity of about 100 to 150 g
C/m 2 /year. With regard to N, probably about 30 to 70% of the primarily-fixed N is mineralized in 
iediments. Therefore, we cannot ignore the sediment processes. 

EDWARDS: But perhaps this is not relevant to highly eutrophic waste-fed fishponds. These
 
systems have inputs of up to 10 kg of N/ha/day. In some systems, there are bottom-foraging fish
 
which stir up the sediment, but I wonder if we compare two systems, one, a 
pond with a conven
tional mud bottom and the other, a pond with a plastic bottom (on which sediment processes

could scarcely operate) how their productivities would compare.
 

MORIARTY: In Malaysian prawn ponds which I have studied, tht majority of the bacterial
productivity occurred in the water column, even tho-gh materials settled to the bottom fairly

quickly.*** If we compare productivities on a per .m2 basis in the water column and on 
the 
bottom, the former is much greater. This is not just because of the volume effect. We studied say
the top 1 cm layer of the sediment. When considerable quantities of organic inputs like composts
settle out, then anaerobic conditions predominate here. The water column is the better site for pro
ductivity. This difference was found even when we included the activities of anaerobic fermenta
tive bacteria as well as aerobic processes. We did not include the activities of the sulphate-reducers,
 
but these were probably unimportant.
 

PRUDER: In polyculture of carp and Macrobrachium in Hawaiian ponds, it has been shown by
Dr. Laws, Professor Oceanography, University of Hawaii (personal comment) that only 10% of the
N which is added as feed pellets is incorporated into fish and crustacean biomass. 

Regarding the differences between plastic-lined and earthen ponds, Dr. Ed McSweeney, Amorient
International, Kahuku, Hawaii, lined ponds with a plastic liner to prevent seepage and found dras
tically reduced productivity as compared to unlined earthen ponds. Similarly, in the highly inten
sive shrimp culture systems in Taiwan, the highest yields come from those with earthen bottoms.
According to Dr. I-C. Liao, the yields from ponds with concrete bottoms are lower. So there seems 
to be some kind of a positive effect from an earthen bottom. 

EDWARDS: Yes, but you are referring here to systems in which bottom feeders are being cultured. 
I was referring to systems in which plankton-feeding fish are cultured. 

*Proceedings published as Vol. 35, Bulletin of Marine Science (1984), p. 257-614.
**White, D.D. 1983. Microbes in their natural environments, p. 37-66. In J.H. Slater, It. ' hittenbury and 

J.W.T. Wimpenny (eds.) Analysis of microorganisms in terms of quantity and activity in natural environments. 
Cambridge University Press, Cambridge.

***Moriarty, D.J.W. 1986. Bacterial productivity in ponds used for culture of penaeld prawns, Gelang Patah,
Malaysia. Microb. Ecol. 12: 259-269. 
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Abstract 
Although free-living bacteria have been shown to be important in microbial trophic

dynamics of pelagic ecosystems, the role of bacteria attached to suspended detritus is
unclear. The studies that have examined the biomass and production of attached 
bacteria and !heir contribution to detritus decomposition and grazer nutrition in the
pelagic zone are reviewed here. The biomass and production of bacteria attached to 
detritus are relatively low and limited, as a first approximation, by the concentration of
particulate matter. Rates of metabolic activity (cell size and uptake of organic com
pounds) of particle-bound bacteria are higher than rates of free-living bacteria. But
there is little evidence that growth rates differ significantly. In spite of their low abun
dance, particles may be important microniches of high organic matter concentrations, 
which may allow selected species of bacteria and bacterivorous grazers to exist that
otherwise would not in the bulk-phase. Because their biomass and production rates are
low, particle-bound bacteria do not degrade detritus significantly, and appear not to be 
a major food Lource for grazers, although few direct measurements are available. Per
haps the most important role of attached bacteria is to transform detritus to useful 
food items for grazers. Although more work is needed on the relationship between 
grazers and bacteria-particle complexes, studies on particle-bound bacteria already
provide information as to how aquaculture yields may be increased by stimulating the 
production of bacteria attached to detritus. 
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Introduction 

Recent studies have shown that bacteria are important in mediating the flux of
carbon and nitrogen from the pool of dissolved organic matter to organisms in
higher trophic levels. Azam et al. (1983) termed this pathway for primary produc
tion, the "microbial loop". Estimates of the proportion of primary prc-duction con
sumed by bacteria and the microbial loop range from 10 to 50% (see reviews by
Williams 1981; Azam et al. 1983; Ducklow 1983). Most recent studies on microbial
trophic dynamics in pelagic environments have focused on free-living bacteria not
attached to suspended particles. Microbial trophic dynamics include the production
of biomass by bacteria assimilating organic compounds and the grazing on bacteria
by larger organisms. In spite of much research, the role of particle-bound bacteria in
microbial trophic dynamics is not as well understood as that of free-living bacteria. 

Our goal here is to review what is known about the trophic dynamics of bacteria
attached to naturally-occurring particulate detritus suspended in pelagic environ
ments. We will try to point out generalizations anc conclusions that are common to
particle-bound bacteria in both freshwater and marine systems. Three general
questions guide the organization of this review: i) How can comparing the metabolic
activity of attached and ftee-living bacteria give insight into what controls bacterial
growth and mineralization rates in pelagic environments? ii) What organisms, if any, 
are the predominant mineralizers of particulate detritus? iii) Are particle-bound

bacteria and detritus significant food sources for higher trophic levels?
 

Particle Colonization by Bacteria 

The early perception of pelagic systems, especially oceanic environments with
relatively low rates of primary production, was that free-living bacteria were dormant 
and unable to grow on low concentrations of dissolved organic compounds. Bacteria
attached to particles, on the other hand, were believed to be able to utilize not only
the organic compounds that made up the particle, but also the dissolved compounds
concentrated at the particle's surface (Jannasch and Pritchard 1972). Early measure
ments of bacteria numbers confirmed this view, as most bacteria that could be
sampled by plate counts in pelagic systems were attached to particles. We now know
that, although the number of particle-bound bacteria is probably being underesti
mated by current methods, most of the bacterial assemblage isusually not attached
and is actively assimilating organic compounds and producing new cells and biomass.

Free-living and particle-bound bacteria have been enumerated in many pelagic
environments by staining the bacteria with fluorochrome dyes and then counting the
stained bacteria by epifluorescence microscopy (Zimmermann and Meyer-Reil 1974;
Hobbie et al. 1977). At times bacteria attached to particles can account for as much 
as 90% of total bacterial abundance in some freshwater lakes and estuaries. However,
particle-bound bacteria usually make up <10%of the total assemblage. This has been 
demonstrated repeatedly in many aquatic environments as summarized in Table 1. 
Because attached bacteria are usually larger than free-living bacteria (discussed in 
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more detail below), attached bacteria account for a larger proportion of total
bacterial biomass than indicated by numbers alone. Still, bacterial biomass attached 
to particles is usually relatively small. 

Table 1. Summary of reports on the proportion of total bacterial abundance attached to particles 
in pelagic environments. 

Environment % attached Comments Reference 

Pedros-Alio and Brock (1983) 

Freshwater 

Ice House Pond 3 summer Kirchmin (1983) 
0.1 winter 

F- er River 82 Bell and Albright (1981) 

Lake Constance 4 annual average M. Simon (pers. comm.) 

Lake Mosso 17 Riemann (1978) 

Lake Mendota 32 summer 

1 winter 

Estuarine 

Kiel Bight 3.1 Zimmerman (1978) 

North Inlet Marsh 35 Wilson and Stevenson (1980) 

Great Sippewissett Salt Marsh 1.9 Kirchman et al. (1984) 

Little Sippewissett Salt Marsh 1.7 Kirchman and Mitchell (1982) 

Eel and Mill Ponds 1.3 Kirchman and Mitchell (1982) 
Nobska Pond 6.0 Kirchman and Mitchell (1982) 

Fraser River Plume 69 Bell and Albright (1981) 

Many sites 44 overall mean Bell and Albright (1982) 

Bay of Fundy 10 range = 1. 90% Cammen and Walker (1982) 

Humber estuary 87 high particle Goulder (1977) 

concentration 

Newport River 3.3 Palumbo et al. (1984) 

Palo Alto Salt Marsh 22 Harvey and Young (1980) 

York River 85 stratified Ducklow (1982) 

10 destratified 

Marine 

Strait of Georgia 24 Bell and Albright (1981) 

North Carolina coast 15 Ferguson and Rublee (1976) 

South California coast 1-3 marine snow Alldredge et al. (1986) 

Gulf Stream 0.1-4.4 marine snow Alldredge et al. (1986) 

New York Bight 13 Ducklow and Kirchman 

(1983) 
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Microscopic examination has revealed that many particles suspended in pelagic 
systems are not colonized by bacteria (Wiebe and Pomeroy 1972; Kirchman 1983). 
In a study of several freshwater and estuarine systems, 30 to 80% of the particles 
were colonized by less than three bacteria (Kirchman and Mitchell 1982). In lakes 
most particles colonized by bacteria appear to be organic whereas those particles
that appear to be inorganic are devoid of bacteria (Kirchman 1983; Palumbo et al. 
1984; Simon 1985). In one Lake there was a weak but significant correlation between 
the extent of bacterial colonization and amount of deti'ital carbon per particle, 
which is a rough index of particle quality (Fig. 1; Kirchman 1983). On the other 
hand, Cammen and Walker (1982) did not find a significant correlation between the 
number of attached bacteria and the organic carbon content of the detritus. Most of 
the particles examined in these studies had no definite shape and their origin could 
not be identified.
 

The particles examined in the survey studies just mentioned were sampled by
 
standard methods, such 
as by Niskin bottle casts. In oceanic environments, there are 
at least two other classes of rare particles, which are hand-captured by scuba divers 
or sampled by sediment traps. The hand-captured particles include the houses of lar
vaceans (Alldredge 1972), feeding nets cast off by gelatinous zooplankton (Pomeroy 
and Deibel 1980; Pomeroy et al. 1984), and amorphous marine snow (Alldredge et 
al. 1986). Fecal pellets from calanoid zooplankton are sampled adequately only by
sediment traps (Honjo and Roman 1978). The biomass of bacteria and other micro
organisms associated with these particles can be quite high. Karl et al. (1984) sug
gested that bacteria associated with particulate matter contributed to a zone of high 
microbial production in mesopelagic waters. However, although some particles, such 
as marine snow, may harbor greater numbers of microorganisms, the abundance 
of these particles is so low that their impact on total biomass production and the 
turnover of organic compounds appears to be minimal. Alldredge et al. (1986)

found this to be the case 
in their study of bacterial production associated with 
marine snow. Furthermore, most particles collected in sediment traps are not 
colonized by bacteria (Ducklow et al. 1985). It seems likely that freshwater eco
systems also have particles that are sometimes colonized by many microorganisms, 
but are relatively rare and not sampled adequately by standard methods. 

It has been argued that current methodology underestimates the total number of 
bacteria associated with particles in pelagic systems. Filtration of samples, which is 
necessary for enumerating bacteria by epifluorescence microscopy, may dislodge 
bacteria reversibly attached to particles. Even if all the bacteria remain firmly 
adhered to the particle, attached bacterial numbers may be underestimated by
around 45% because some bacteria underneath particles cannot be counted (Kirch
man and Mitchell 1982). However, in many environments and especially .)ceanic
waters, the number of particle-bound bacteria is so low that, even if our esti.ates are 
two to three times too low, particle-bound bacteria would still account for <25% of 
total bacterial biomass. 

There are several factors that may limit the number of attached bacteria il a 
pelagic ecosystem. Two important factors are probably predation by bacterivores 
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and competition for organic carbon, both which of course also affect the population
size of free-living bacteria. In particular, pelagic grazers may feed more heavily on 
particle-bound bacteria because these cells and the bacteria-particle complexes are 
larger prey than free-living bacteria (Ferguson and Rublee 1976). Prey size is an 
important factor in determining feeding rates by pelagic grazers. 

The detritus concentration usually accounts for most of the variation in the
number of attached bacteria. Several studies have found strong positive correlations 
between the number of attached bacteria and the concentration of particulate 
matter or particle numbers (Bell and Albright 1982; Cammen and Walker 1982;
Kirchman and Mitchell 1982; Ducklow and Kirchman 1983), as illustrated in Fig. 2. 
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Fig. 1. Comparison between average number of bdcteria per particle and amount
of detrital carbon per particle in the surface layer of Ice House Pond. Spearman's
correlation coefficient of r = 0.54 significant at p < 0.05. Samples from Novem
ber to March = open symbols; remaining months = closed symbols (from Kirch
man 1983). 

However, it is not clear why the number of particles should be so important. Surface 
area on particles is not limiting because relatively few particles are actually colonized 
(see above), and much of the surface area of those particles with attached bacteria is 
not colonized by bacteria (Marsh and Odum 1979). There are at least two explapr
tions (not mutually exclusive) for the observed dependence of attached bactei '_J
numbers on the concentration of particulate detritus. Firstly, the number of attached 
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bacteria is directly related to the probability of a bacterium encountering a particle,
which increases if the number of particles increases. Secondly, not all of the surface 
area on a particle is utilizable by bacteria, and thus the presence of more particles
increases the utilizable surface area. There have been several laboratory studies on how 
physical properties of surfaces influence bacterial attachment (see review by Daniel 
1980; see also Paul 1984), but more work is needed before these studies can be 
applied to understanding bacteria/particle interactions in natural aquatic ecosystems.

The proportion of the bacterial assemblage associated with detritus is not impor
tant for determining the role of attached bacteria in trophic dynamics. We argue
below that the production of attached bacteria is the most important factor to 
measure. Data on the high numbers of free-living bacteria not associated with 
detritus have helped to disprove the hypothesis that free-living bacteria are dormant. 
The hypothesis that bacteria not associated with particles can grow and divide is 
directly supported by two lines of evidence. Firstly, bacterial abundance increases 
over time even when particles are removed (Fuhrman and Azam 1980). Secondly, a 
high proportion of unattached bacteria incorporate thymidine, which is only incor
porated by actively dividing cells (Fuhrman and Azam 1982). Even so, the cellular 
metabolism of attached bacteria differs from free-living bacteria, as will be discussed 
below, and the survival of some bacterial species may depend on attachment to 
detrital surfaces (reviewed by Kjelleberg 1984). 

Metabolic Activity and Growth Rates of
 
Attached and Unattached Bacteria
 

Bacterial numbers alone do not indicate rates of bacterial metabolism, which 
includes the uptake of organic compounds and the production of new cells and 
biomass. It is entirely possible that bacteria found on particles have higher rates of 
metabolism and are growing faster than free-living bacteria and that the low numbers 
of bacteria typically observed on particles is a result of grazing or detachment of 
bacteria from the particle (Ferguson and Rublee 1976). Two types of data indicate 
that attached bacteria have higher metabolic rates than free-living bacteria. 

Firstly, the rate at which radioactive organic compounds are taken up by attached 
bacteria is faster than the rate by free-living bacteria, when those rates are expressed' 
on a per cell basis. Uptake rates per cell for g!ucose, glutamate (Kirchman and 
Mitchell 1982), a mixture of amino acids (Simon 1985), dissolved ATP (Hodson et 
al. 1981) and phosphate (Paerl and Merkel 1982) are all faster for attached bacteria. 
Data on uptake rates for glucose, glutamate, and acetate by free-living and attached 
bacteria are given in Fig. 3. 

In most of these studies, the uptake of a single added amount of the radioactive 
compound was examined. In their study of the Bay of Fundy, Cammen and Walker 
(1982) pointed out that whether the rates of uptake by attached bacteria were 
higher than rates by free-living bacteria, depended on the relationships among the 
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Fig. 2. Comparison of proportion of attached bacteria with concentrationof detrital suspended particulate matter (SPM) in the Bay of Fundy (from 
Cammen and Walker 1982). 

kinetic parameters of uptake (the maximum uptake rate [Vma ] and the half-satura
tion constant [K]; see Wright and Hobbie 1965), the in situ concentration of the 
organic compound and the added concentration. They found that uptake rates per
cell of compounds near the in situ concentration were faster for free-living bacteria 
than for attached ba. eria in the summer, but not in autumn. However, Vma, per
cell for attached bacteria was always greater than that for free-living bacteria (Cam
men and Walker 1982). Likewise, Goulder (1977) found that Vmax of glucose
uptake per bacterial cell was higher for attached bacteria than for free-living bacteria 
in an estuary, but at some locations and in winter the reverse was true (Bent and 
Goulder 1981). 

Simon (1985) found that uptake rates for amino acids per attached bacterial cell 
were faster than for free-living cells in a freshwater lake, as determined by direct 
microscopic counts, but were similar to uptake rates per active baucterial cell, as 
determined by microautoradiography. Apparently, a greater propuztion of attached 
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bacteria were assimilating amino acids compared with free-living bacteria. It is 
technically difficult to examine directly by microautoradiography the number of 
active attached bacteria, but this is needed to demonstrate conclusively that a g'eater
proportion ot attached bacteria than free-living bacteria assimilate compounds such 
as amino acids. 

Kato (1984) recently pointed out another possible difference in the metabolic 
activity of attached and "ree-living bacteria (see also the review by Hoppe 1984).
Kato (1984) found that attached bacteria mineralized 14C-labeled particulate matter 
from algae faster than free-living bacteria, when rates were expressed on a per cell
 
basis. Unattached bacteria probably 
 do not synthesize hydrolytic enzymes to
 
degrade polymers in particulate matter.
 

The second type of data indicating that bacteria attached to particles are metaboli
cally more active than free-living bacteria is based on comparing cell sizes of these 
assemblages. In laboratory cultures of single species, cell size increases with growth 
rate (Pierucci 1978; Larsson and Hagstrdm 1982). In several marine and freshwater 
environments, attached bacteria have been observed to be larger by several-fold than 
free-living bacteria. These studies have been summarized in Table 2. It should be
 
noted that during some seasons and in some environments the average cell size of
 
attached and free-living bacteria do not differ (Table 2). The difference in cell size
 
explains much, but not all of the difference in uptake rates. That is, attached bacteria 

Table 2. Summary of reporlts a on the cell size (volume) of bacteria free-living or attached to 
particulate detritus. 

Cell size (pm 3)
 

Environment Attached Free-living 
 Comments Reference 

Lake Con itance 0.16 0.054 Simon (1985) 

Lake Mendota 0.067 0.072 August Pedros-Alio and Brock (1983) 
0.462 0.129 October 

Ice House Pond 0.29 0.16 July Kirchman (1983) 
0.12 0.11 February 

Bay of Fundy 0.12 0.09 much variation Cammen and Walker (1982) 

coast of Georgia 1.5 0.02 Hodson et al. (1981) 

coast ol South 
California 1.02 0.18 marine snow Alldredge et al. (1986) 

Gulf Stream rings 
and slope waters 0.83 0.033 marine snow Alldredge et al. (1986) 
aLinley and Field (1982) and Zimmermann (1978) mentioned that attached bacteria were 

larger than free-living bacteria in the waters they examined, but average cell volumes cannot be 
calculated from their data. 
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have higher uptake rates than free-living bacteria even when normalized per unit 
biomass (I-Iodson et al. 1981; Cammen and Walker 1982; Palumbo et al. 1984).
Baed on the correlation between growth rate and cell size noted in laboratory
studies, it would seem that attached bacteria do grow faster (shorter doubling times) 
than free-living bacteria. 

There is little direct evidence, however, that attached bacteria do grow faster than 
free-living bacteria. Rates of thynidine incorporation into DNA per cell (which is a 
measure of bacterial growth, Furhman and Azam (1980); see Moriarty, this vol.), 
were similar for attached and free-living bacteria in a freshwater lake (Kirchman
1983) and in the New York Bight (Ducklow and Kirchman 1983). Jacobsen and 
Azam (1984) noted that bacteria in fecal pellets of zooplankton (Calanuspacificus) 
grew slower than bacteria in the surrounding seawater. Alldredge et al. (1986) came 
to the same conclusion based on their study of bacteria in marine snow. 

The thymidine method was originally developed for measuring biomass produc
tion by free-living bacteria in the water column (Fuhrman and Azam 1980) and total 
bacterial production in sediments (Moriarty and Pollard 1981). The method has
 
been tested extensively (Fuhrman and Azam 1982; Kirchman et al. 1982; Pollard
 
and Moriarty 1984), but there are some problems with applying the thymidine

method to particle-bound bacteria. For example, it is 
not ciear whether bacteria 
embedded in particles would be exposec Lo a sufficient concentration of thymidine
when the thymidine is added to the bulk-phase (see Moriarty, this vol.). However, in 
the study by Alldredge et al. (1986), thymidine incorporation per cell was actually
much lower for attached bacteria than for free-living bacteria. Thus, thymidine
incorporation by attached bacteria would have to be greatly underestimated, if in 
fact attached bacteria were growing faster and incorporation more thymidine per 
cell than free-living bacteria. 

Using an entirely different method, Pedros-Alio and Brock (1983) also found that 
growth rates of a.ttached and free-living bacteria were often very similar. They noted 
that the frequency of dividing cells (FDC) for attached and free-living bacteria did 
not differ significantly on 9 out of 13 sampling days during a year-long survey of 
Lake Mendota. Hagstrdm et al. (1.979) showed that FDC is correlated with bacterial 
growth rates. In Lake Mendota, FDC for attached bacteria was significantly higher
than FDC of free-living bacteria on three dates, and on one day FDC for free-living 
bacteria was significantly higher than FDC for attached bacteria. Newell and Christian 
(1981) noted that the FDC for attached bacteria was significantiy higher than the 
FDC for free-!iving bacteria in two samples from a salt marsh estuary.

Net bacterial production on detritus may be under:,;timated because bacteria may
detach from the particle as cells divide (Jacobsen and Azam 1985). Even though the 
"parent" cell may be firmly attached to the particle, the daughter cell may not have 
the necessary extracellular polymers tc. .main attached to the particle. This is 
illustrated in Fig. 4. Although Jacobsen and Azam (1984) found that bacterial 
growth was relatively slow on fecal pellets compared with free-living bacteria,
subsequent work showed that bacteria produced on fecal pellets became free-living 
as the fecal pellet was washed (Jacobsen and Azam 1985). The rate of washing was 
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Fig. 3. Uptake of 14C-labelled compounds by attached (spotted
bars) and unattached bacteria in the lce House Pond in summer 
(Kirchman, unpublished data). 

equivalent to the sinking rate of fecal pellets. A similar process may apply to other 
forms of detritus. 

Fast rates for uptake of organic crinpounds such as glucose, coupled with rela
tively low growth rates, imply that particle-bound bacteria have a lower growth
efficiency than free-living bacteria (Kirchman 1983). Growth efficiency is the 
amount of bacterial biomass produced per total amount of organic compounds
taken up. The growth efficiency of bacteria utilizing particulate detritus from marsh 
grass or macroalgae is in fact lower than bacteria utilizing dissolved organic carbon 
compounds (Newell et al. 1981; Linley and Newell 1984). Pomeroy et al. (1984)
founa that efficiency of bacteria utilizing tunicate feces was 10-20% which is low 
compared to the 50% usually assumed to be the growth efficiency of free-living
bacteria. 

In a study of particle-bound bacteria in a freshwater lake, Kirchman (1983) noted 
that the relative uptake rate of glucose was higher than of glutamate and acetate. He 



64 

hypothesized that glucose was being used by particle-bound bacteria for the produc
tion of extracellular polymers whih are often composed of glucose (,Sutherland 
1972). Bacteria use extracellular polymers to attach to surfaces (Marshall et al. 
1972). It is conceivable that polymers also protect the bacterial cell from predation. 
Thus, particle-bound bactera may have to devote substantial amounts of carbon and 
energy to extracellular polymer production. High energetic cost of extracellular 
polymer production by attached bacteria could lead to low growth efficiencies.
 

The calculations of Jarman and Pace (1984) show that extracellular polymer
 
production can account for a large proportion of total cell ATP demand. The
 
synthesis of two polymers, xanthan from Xanthonionas campestris and alginate 
from Pseudomonas aeruginosa, required approximately 45' of ,he total ATP 
demand during growth in continuous cultures. Because both species produced large 
amounts of polymer, the energetic cost of polymer production by particle-bound 
bacteria in natural aquatic environments may riot be as high. Still, tie work of Paerl 
(1973) has demonstrated that even in natural systems attached bacteria are often
 
embedded in a complex matrix of extracellular polymers.
 

Biomass Production of Attached Bacteria 

Attached bacteria are often dismissed as being unimportant as a food source 
because the biomass of attached bacteria is small compared with total detrital 
cirbon (see Bowen, this vol.). However, the potential contribution of attached 
bacteria to the nutrition of a grazer can only be critically examined by comparing 
the biomass production of attached bacteria with the nutritional needs of the grazer. 
The fluxes (production and consumption) of a particular substance are more impor
tant parameters than the standing stock in examining trophic dynamics of food 
webs. 

Nevertheless, estimates of biomass production by attached bacteria suggest that 
attached bacteria are relatively unimporrant as a food source, although some organ
isms appear to be specialized grazers of attached bacteria (see below). But no study
has compared grazing rates with rates of biomass production by attached bacteria. 
What is clear is that the production of attached bacteria is relatively low in most 
marine and freshwater environments. Results from several studies on the production 
of attached bacteria are summarized in Table 3. These results indicate that, like the 
relatively low amounts of bacterial biomass associated with particulate detritus, the 
production of attached bacteria is usually <20% of total bacterial production. The 
fastest rates of attached bacterial production were observed in an estuary and over a 
coral reef. These results do not prove that attached bacteria are not an important 
food source, but they do indicate that the supply rate of free-living bacteria, phyto
plankton and probably detritus is greater Ihan that of attached bacteria. 

The estimates of biomass production summarized in Table 3 are mainly from 
studies on suspended particles collected by standard methods. There is still great 
uncertainty as to the abundance and production of bacteria on rare large particles. 
Even though the contribution of bacteria attached to these particles to total bacterial 
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Table 3. Summary of reports on biomass prpduction of attached bacteria. 

Production on particles %Total bacterial 
-Environment (pg C liter ' day-') productiona Reference 

Crooked Lake b 0.3 - 29c Lovell and Konopka 

(1985)
 
Lake Constance 0.36 - 2.7 
 15C M. Simon (pers. comm.) 

Ice House Pond 0.01 - 4.8 1.2 - 6c Kirchman (1983) 

Rhode River Estuary 1.0 - 13d 
22 e7 - Rublee et al. (1984) 

Hudson River Plume 0.3 1 d 10 Ducklow and Kiichman 
New York Bight 0.034 - 0.061 5 (1983)
 
Atlantic Ocean 0.007 - 0.086 2.3 
 " 26' Alldredge et al. (1986)Pacific Ocean 0.050 - 0.74 1.3 - 13.4 Alldredge et al. (1986) 

Antarctic 0.13 9 Fuhrman and AzamScripps Pier 0.91 7 (1980) 

Coral Reef 1.0  3 2 g 30 - 50 Moriarty et al. (1985) 
a%Total production is the proportion of total bacterial production associated with particulate 

detritus as measured by ihymidine incorporation and size fractionation.bNot given.
 
d relcs .. ovr s"ddfernand different depths
clRange reflects variation over a year-long studI ets
 

Assumed a conversion factor 
 of 2.0 x10p cells er mole of thymidine incorporated and avolume to weight conversion of 1.21 x 10-13 gC pm-3for a bacterial cell 0.1 p1m3 .

'Range reflects variation over a year-long study and in different water masses 
in the estuary.
Range from several sites. Biomass production on marine snow only wa measured. 

gCalculated using a biomass value of 15 fg C cell - 1 

biomass and production may be small (see above), they may be important micro
niches for specialized grazers as discussed below. 

Particles as Microenvironments 

Presumably, attached bacteria differ from free-living bacteria in cell size and rates
of organic compound uptake, because higher concentrations of organic compounds
and inorganic nutrients are available to attached bacteria than to free-living bacteria. 
In addition to particulate detritus, attached bacteria can potentially use dissolved 
compounds concentrated at detrital surfaces (Marshall 1976; Shanks and Trent
1979). For example, organic compounds such as amino acids, peptides and proteins,
probably adhere to clays suspended in pelagic environments; Dashman and Stotzky
(1984) examined this in soils, but it has not been thoroughly examined in aquatic 
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Fig. 4. Schematic illustration of how bacteria may 
become unattached from particles during cell divi
sion. The strands from the bacterium to the detrital 
particle are extracellular polymers. The particle is 
falling through the water column, hence the vertical 
axis is both time and distance. 

environments. An important question to consider is whether or not the high con
centrations of organic and inorganic compounds associated with the detritus have an 
impact on organisms not firmly attached to the particle. If so, detritus may support
substantial amounts of bacterial production, even though production by attached 
bacteria is low when measured by conventional techniques. 

Bacteria, which appear to be free-living by standard direct criunt methods, may 
attach to particles for short periods, utilize the carbon associated with the particle
and then detach. Reversible attachment of icteria to surfaces is well known (Mar
shall 1976). Bacteria can temporarily attach Lo surfaces through electrostatic inter
actions and need not produce extracellular polymers, which would in fact irreversibly
attach the bacteria to the surface (Marshall et al. 1972). Hermansson and Marshall 
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Fig. 5. Schematic illustration of how detrital particles may
influ,nce the metabolism of unattached bacteria. The bacteria 
attached to the particle and directly adjacent to the particle 
are larger and havc a higher V because of the higher dis
solved organic matter concentrations (DOM), than bacteria 
in the bulk-phase where DOM concentrations are low. 

(1985) demonstrated that stearic acid, a C18 fatty acid, could be mineralized by
bacteria even when the fatty acid was adsorbed to glass. The fatty acid was apparently
assimilated by reversibly-attaching bacteria, because Hermansson and Marshall (1985)
observed few bacteria firmly attached to the glass. Bacteria in aquatic environments 
may use a similar mechanism to utilize compounds adsorbed to particles suspended 
in aquatic systems. 

Reversibly-attaching bacteria have not been examined in natural pelagic ecosys
tems, but it seems unlikely that at any given time thcy are numerically abundant 
compared with bacteria unassociated with particles. Few bacteria could be in con
tact with a particle during any given sampling time, because the numbers of particles 
range from 103 to 104 /ml whereas the total number of bacteria ranges from 105 to 
106 cells/ml in pelagic systems. We may expect reversibly-attaching bacteria to have 
some characteristics, most importantly the large cell size, of the irreversibly-attached 
bacteria typically sampled in pelagic systems. Because the apparently free-living 
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bacteria are small, it seems that few of them would, therefore, be reversibly-bound.
Thus reversibly-bound bacteria are probably not abundant in natural aquatic ecosys
tems. In aquaculture ponds with high detritus concentrations, however, bacteria 
may be considerably larger than those in natural aquatic ecosystems and many may
be associated with particles (Moriarty 1986).

Another mechanism by which particles may influence the metabolism of surround
ing free-living organisms is through the release of dissolved compounds. An impor
tant step in the degradation of phytoplankton detritus is the leaching of dissolved
compounds from the particulate detritus (Newell et al. 1981; Cole et al. 1984).
Leaching could create localized high concentrations of dissolved compounds around
particulate detritus as illustrated in Fig. 5. The difference between the high concen
trations around a particle and the low bulk-phase concentrations would create a
gradient, which may be detected by bacteria (Bell and Mitchell 1972). Azam and
Ammerman (1984) suggested that chemical gradients should also result in gradients
in bacterial abundance, with the highest abundance near the source of the inoianic 
or organic nutrients. In turn, high abundances of bacteria would attract more bac
terivores. Localized high organic carbon concentrations associated with particles 
may allow some bacterial species or metabolic forms to exist that otherwise would 
not be able to grow at the low organic carbon concentrations found in the bulk 
water phase (Azam and Hodson 1981).

Although it is certainly true that dissolved compounds are released from particu
late detritus, it is not clear whether the half-life of the gradient or patch of high
concentrations would be long enough for bacteria and other organisras to detect and
utilize the organic matter (Williams and Muir 1981). At the submicron scale, diffu
sion is the main mechanism by which the gradient or patch of dissoived organic
matter would disperse, and it is likely to occur too rapidly for bacteria to respond
by chemotaxis. The relative importance of micropatches in supplying ammonium for
phytoplankton growth (McCarthy and Goldman 1979) has been examined much 
more thoroughly than the rel'tive amount of bacterial growth supported by micro
patches. 

Several studies appear to show that the bacterial species associated with detritus
differ from free-living species, as determined by grov.wth on solid media (see the
review of Sieburth 1979). However, only about 1%of the bacterial assemblage can
be cultured on solid media and thus can be identified. Our current methods are too
primitive to allow any conclusions about species composition of bacterial assemblages
associated or unassociated with detritus. 

The microenvironment associated with detrital particles may be important in
elemental cycles. Compounds that are byproducts of anaerobic processes, such as 
methane (Burke et al. 1983), have bcen found in aerobic waters. One possible
explanation is that oxygen concentrations in particles could be low enough to allow
anaerobic bacterial metabolism. J6rgensen (1977) has compared oxygen diffusion
and particle siz( in regard to sulfur cycling in sediments. Other reviewers have dis
cussed this topic more thoroughly than is possible here (Anderson and Meadows 
1978; Paerl 1984). 
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Organic Particle Decomposition in Pelagic Ecosystems 

The possible role of bacteria in the degradation of particulate detritus in pelagic
systems is obviously important in carbon and inorganic nutrient cycles. It is perhaps
equally important that bacterial degradation of detritus to CO, and inorganic
nitrogen represents a loss of particulate carbon and nitrogen that could have been an 
important food source for higher trophic levels. On the other hand, bacterial bio
mass produced at the expense of particulate detritus may be an even more important
food source than the detritus itself. Grazing on detritus and bacteria will be con
sidered in the next section. 

There is no doubt that bacteria can degrade organic detritus to CO,, and inorganic
nutrients and that this process is important in several environments. A question that 
needs answering is whether bacterial degradation is rapid compared to the sinking
rate of the particle out of the pelagic zone and the grazing rate by zooplankton to 
maximize the utilization of the particulate matter. Recent studies indicate that 
bacterial degradation of particulate detritus is relatively slow in the pelagic zone. 

Some investigators have calculated rates of particle decomposition from the
disappearance of particulate carbon (Fallon and Brock 1980; Stuart et al. 1981)
 
or the appearance of "'CO, derived from 14 C-labelled particles (Cole and Likens
 
1979). The contribution of attached bacteria to particle decomposition is overesti
mated by these methods because the calculated decomposition rates include the loss
of articulate detritus due to abiotic leaching of dissolved organic compounds,
 
which are utilized by free-living bacteria.
 

Alternatively, rates of particle decomposition due to the activities of attached
 
bacteria can be estimated from biomass production rates of attached bacteria 
(Kirchman 1983; Ducklow and Kirchman 1983; Ducklow et al. 1985). These decom
position rates will be overestimates because some biomass production will be at the 
expense of dissolved compounds, not the particulate detritus. In a freshwater lake 
and in the New York Bight, turnover of detrital carbon due to bacterial decomposi
tion was on the order of months (Ducklow et al. 1982; Ducklow and Kirchman 
1983;Kirchman 1983; Ducklo.v et al. 1985) and thus is slow compared to other 
sinks of particulate detritus. 

Jacobsen and Azam (1984) reached a similar conclusion based on their study of 
fecal pellet decomposition. They fed 14 C-labelled algae to the copepod Calanus 
pacificu; and collected 1 1C-labelled fecal pellets. The rate 'f14CO 2 evolution by
bacteria attached to the fecal pellets was relatively slow. Jacobsen and Azam (1984)
hypothesized that bacterial degradation of sinking fecal peJ!ets was not significant in 
the euphotic zone of marine systems. 

If direct bacterial decomposition is relatively unimportant, how is particulate
detritus degraded? In lakes and in coastal environments during some seasons (e.g.,
Malone et al. 1983), a significant proportion of particular matter may sink out of 
the water column to the benthos without being decomposed (Walsh 1983). Bacterial 
decomposition of detritus in sediments is of course important. However, in open
oceanic environments only about 10-20% of primary production is exported out of 
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the euphotic zone (Eppley and Peterson 1979). Another important process in the 
decomposition of detritus is the leaching of dissolved organic matter from the 
detritus (Coic et al. 1984). In his study of the decomposition of phytoplankton
detritus, Cole (1982) showed that direct decomposition by attached bacteria was 
relatively unimportant. The principal pathway for the degradation of phytoplankton 
detritus was via physical leaching of dissolved compounds from the particulate
detritus and subsequent bacterial mineralization of the dissolved compounds (Cole 
et al. 1984). One final pathway of detritus decomposition is the ingestion and 
mineralization of detritus by grazers. 

Grazing on Particle-Bound Bacteria and Detritus 

Grazing is the mechanism by which bacterial biomass is transferred to higher
trophic levels. It is clear that the biomass production of free-living bacteria is roughly 
balanced by grazing. Bacterial production rates are much higher than the in situ 
change in bacterial abundance, which is relatively constant over time. This has been 
observed for both freshwater (Pedros-Alio and Brock 1982) and marine systems
(Ducklow and Kirchman 1983). Methods for measuring grazing on bacteria are only 
now becoming available, and these confirm that production rates are approximately
equal to grazing rates (Fuhrman and McManus 1984). Thus, in those aquatic eco
systems where bacterial production is high relative to primary production, bacterial 
biomass is potentially an important focd source for bacterivorous grazers, which in 
turn may be consumed by other organisms (Berk et al. 1977: Porter et al. 1979).

Most reports on bacterivory have focused on the consumption of bacteria not
 
attached to detritus. and there are several recent reviews (e.g., Sieburth 1984; Sherr
 
and Sherr 1984; Porter 1984). Although microflagellates are thought to consume
 
most of bacterial production in pelagic zones of aquatic ecosystems (Azam et al.
 
1983), a wide variety of organisms are in fact capable of feeding on bacteria, free
living or attached to detfitus (Table 4). It was once 
thought that the distance between 
setae (hair-like structures on feeding appendices) was too wide to allow some organ
isms, such as macrozooplankton, to feed on bacteria (e.g., see Marshall 1973). How
ever, more recent models envision the feeding appendages acting more like paddles
than sieves, which sweep food particles to the mouth in a boundary layer of water 
(e.g., Koehl and Strickler 1981 ).Only recently have the techniques for identifying
poteiitial grazers of bacteria in pelagic systems been developed (Caron 1983; Sherr 
and Sherr 1983). 

Bacteria attached to detritus may be specialized food items for some grazers. The 
high density of bacteria n these particles may support bacterivores such as ciliates 
which otherwise could not survive on the low density of bacteria existing free in the 
water column (Fenchel 1980). Some bacterivores may specialize on bacteria attached 
to particles. Schoenberg and Maccubbin (1985) found that the feeding rates of 
Acantholeberis, Chydorus and Eubosmnina (freshwater cladocerans) were higher on 
particle-bound than on free-living bacteria. Two other cladocerans, Pseudosida 
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Table 4. Exampli-s of pelagic organisms known to consume free-living bacteria. 

Organism Size (mrn) 	 Reference 

Micro flagellates
 
Monas sp. 
 0.005 	 Sherr et al. (1983) 

Ciliates
 
Many species 0.1 - 0.2 
 Jackson and Berger (1984) 

Fenchel (1980) 

Rotifers 
Brachionuscalyciflorus 

0 . 0 5 " 	 Startweather at al (1979) 

Larvacea 
Oikopleuradioica 0.2 	- 1.5 King et al. (1980) 

1-ollibaugh et al. (1980) 

Cladoceran zooplankton
 
(many species) 0.4 - 2.9 
 Pace et al. (1983) 

Peterson et al. (1978) 

Calanoid copepods
 
Eucytem ora sp. 1.0 a 


Boak and Goulder (1983) 

aThe sizes listed here are approximate as the actual size was not given in the original report. 

and Ceriodaphnia,showed no feeding preference (Schoenberg and Maccubin 1985).
Boak and Goulder (1983) showed that the calanoid copepod Eurytemora sp. grazed
faster on attached than on free-living bacteria. In oceanic waters, amorphous, floc
like particles are often heavily colonized by bacteria (Caron et al. 1982).

To date, investigators of pelagic bacterivory have examined the contribution of
bacterial carbon or nitrogen to grazer nutrition and have ignored the contribution
or lack thereof-of specific compounds required for grazer growth. Phillips (1984)
pointed out this problem in his review of benthic invertebrate nutrition. For example,
bacteria do not have sterols nor long chain polyunsaturated fatty acids, which are 
necessary for growth of eukaryotic cells. The linolenic series of fatty acids, which 
are used in membranes, cannot be synthesized from short-chain fatty acids by meta
zoans (Phillips 1984). Phillips (1984) suggested that methionine is low in bacteria 
compared with the molar fraction in marine invertebrates, but this methionine 
deficiency is not substantial. The average methionine content of bacterial protein is 
2.2% (S.E. = 0.1%; Reeck 1983) compared with the average of 2.5% for six inver
tebrates (Phillips 1.984).

Bacterial biomass associated with particles is a small proportion of total detrital 
carbon ad nitrogen (see Bowen, this vol.). However, Hobbie and Lee (1980) and 
Paerl (1978) p6inted out that bacteria may contribute to grazer nutrition by pro
ducing extracellular polymers, which would not be included in most measures of 
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bacterial biomass and production. Polymer production by attached bacteria can be 
quite high (e.g., Paerl 1973, 1978) and may be a significant source of carbon l'or 
grazers. But the chemical composition of extracellular polymers indicates that they 
are not necessarily a good food source. The C:N ratio of extracellular polymers is 
usually quite high, as they are mainly composed of polysaccharides and only a few 
proteins (Sutherland 1972). Furthermore, some polymers are probably relatively 
recalcitrant to degradation by g'azer digestion enzymes. Harvey and Luoma (1984) 
found aat a deposit-feeding clam did not digest one bacterial extracellular polymer. 

The role of detritus in grazer nutrition is controversial and interactions among 
bacteria, inert detritus and ;,razers difficultare to study. Zooplankton ecologists 
have shown that detritus could be a significant, food source for zooplankton (Ileinle 
et al. 1977; Chervin 1978). But these studies did not consider the role of bacteria in 
supplying carbon and nitrogen to grazer nutrition (see Roman 1984). On the other 
hand, benthic ecologists at first hypothesized that benthic invertebrates derived all 
their carbon and nitrogen by ingesting bacteria and other microorganisms colonizing 
detritus; the detritus itself was tl.ought to be indigestible by invertebrates (Newell 
1965; Levinton et al. 1984). More recent work has recognized tile importance of 
both microorganisms and the detritus (Moriarty 1982; Levinton et al. 1984). The 
exact amount contributed to grazer nutrition by microorganisms versus detritus will 
depend on the grazei, and on the source and age of tbe detritus (Findlay and Tenore 
1982; Tenore et al. 1984). Generally, detritivores can digest detritus from macro
algae and phytoplankton ba, not from vascular plants. Utilization of detritus by
 
benthic invertebrates has been examined extensively 
 and would require an entire 
review to discuss thoroughly. A few pertinent points are mentioned here. 

The direct contribution of detritus to grazer nutrition probably depends largely 
on the relative amount of complex recalcitrant polymers in the detritus, a factor 
which is most obvious in freshwater and estuarine environments with high inputs of 
detritus from vascular plants. Important examples of complex polymers include 
cellulose, lignin and lignocellulose, which are the most abundant organic compounds 
in nature and are used in vascular plant structures (Hodson et al. 1984). Few organ
isms other than fungi and bacteria have the necessary enzymes to degrade compounds 
such as cellulose. Two exceptions appear to be a wood boring isopod (Boyle and 
Mitchell 1978) and a freshwater zooplankter (Schoenberg et al. 1984), which appa
rently have their own cellulases. Dall and Moriarty (1983) discuss the occurrence 
and action of cellulases in crustaceans. No organis-ns other than fungi and bacteria 
can degrade lignin and lignocellulose (Crawford 1981) and most of the degradation 
of these compounds in aquatic systems is by bacteria (Benner et al. 1984). Some 
pelagic grazers may have cellulolytic gut microflora analogous to terrestrial herbi
vores. Preliminary examination of one pelagic grazer, the copepod Calanuspacificus, 
did not reveal such a microflora (Jacobsen and Azam 1984). Because th'e degrada
tion of cellulose, lignin, and lignocellulose is relatively slow and the gut passage time 
of grazers is short (<5 hours), digestion of complex polymers by pelagic grazers is 
probably insignificant. 
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An important role for bacteria may be to degrade or transform complex polymers

to compounds that are digestible by pelagic grazers. In addition, bacterial degrada
tion may release utilizable compounds that were previously bound in a complex
matrix. These roles have not been extensively examined. In short. hacteria attached 
to detritus may be essential for grazer nutrition even though the biomass and produc
tion by attached bacteria are relatively low and the direct ingestion of bacterial 
biomass is insufficient to meet the respiratory needs of grazers.

The relative importance of different sinks for detritus in pelagic environments has 
been summarized in Fig. 6, at the risk of obvious oversimplification. Two important
points are illustrated. The first is that the direct decomposition of detritus by
bacteria is probably relatively unimportant. As shown in Fig. 6, sedimentation is the 
most important process for removing detritus from the surface layer, but this may
not be true for all kind, of det itus and for many oceanic systems with deep mixed 
layers and relatively lite sediiientation (Eppley and Peterson 1979). Detritus 
loses a substantial amount of organic matter through the leaching of dissolved 
compounds (Newell et al. 1981), but leaching decreases with detritus age and water 
temperature (Cole et al. 1984). Even though direct decomposition of detritus may
be low, bacteria are indirectly important in detritus degradation because they utilize 
dissolved organic matter leached from detritus. Direct ingestion of detritus by 
macrograzers (e.g., calanoid copepods) is probably more important than degradation
by micrograzers, which cannot prey on large particles such as marine snow or fecal 
pellets. What is not illustrated by Fig. 6 is the indirect role of bacteria in transform
ing detritus to digestible food for grazers. 

20 - IS \ 
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/ \\
/0 40 " 

/ Bacteria
 
Macro- 0.2
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36 (73%) Micro
grazers 

Sedimentation 0.3 

Fig. 6. Partial budget of the fate of detritus in pelagic ecosystems. Only sinks of detritus
 
are listed, although sources and sinks of bacterial carbon 
are all drawn in. The values in
 
the boxes are standing stocks with units of gC m 2 , assuming a 100 m mixed layer.
 

-

The values outside the boxes are fluxes with units of g C m - 2 year  '. The percentages

given represent the relative importance of various sinks of detritus. Based mainly on
 
Peterson (1984).
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The second important point illustrated by Fig. 6 is that the contribution of 
bacteria and the microbial loop to total heterotrophic respiration is large, Bacterial 
respiration, supported both by dissolved matter and particulate detritus, accounts 
for 35% of total heterotrophic respiration. The proportion due to microbial loop 
respiration, i.e., bacterial and micrograzer respiration, is 73"C. 

Detritus and Attached Bacteria in Aquaculture 

In this review we have considered partice-bound relationships in the context ot a 
two-layered pelagic zone such as a strltified lake or the open sea, in which the upper,
illuminated layer is isolated fron the lower, less productive layer by at thermocline. 
In such systems, particles and their attachod microtlora will sink to the lower layer
and cease to influence processes in the upper layer. This model may not be appro
pria ;e for aquaculture systems. In aquaculture ponds particles may sink to the bot
tom but are likely to remain available to organisms in the entire water column of 
the pond. Not only do bottom-feeding fish graze at. the water-sediment interface but 
particles and their attached microflora can be resuspended into the water column 
and become available to pelagic feeders. The resuspended particles may be densely
colonized by microolganisms, because the high concentration of particles and 
microorganisms at the vvater-sediment interface may stimulate attachment and 
growth on particles. Thus, it seems conceivable that at least in shallow habitats, 
including aquaculture ponds, :.tached bacteria will be more important than we have 
suggest d above. Research on attached bacteria and detrital complexes should be 
carried out in specific aquaculture habitats. 

In spite of the differences between aquaculturk and natural aquatic systems, we 
can make a few suggestions as to how one may increase the production of free-living
and attached bacteria and thus increase yields of aquaculture products. 

Because bacterial production is dependent on phytoplankton production in 
pelagic systems, treatments that increase phytoplankton production, such as the 
addition of inorganic nitrogen and phosphorus, would also increase bacterial produc
tion (Hobbie and Cole 1984). Of course, the production of free-living as well as 
attached bacteria will increase, which may be more important than stimulating the 
production of attached bacteria alone 

The production of attached bacteria would increase with the addition of some 
types of particulate matter. It seems highly unlikely that the addition of inorganic 
particles such as clay would stimulate bacterial production, although inorganic 
nutrients associated with clay may have an indirect effect. In contrast., the addition 
of organic detritus could stimulate attached blacterial production and may prove to 
be a direct food source for grazers. The detritus could be added directly without any 
pretreatment or it could be pretreated to increase availability of organic nutrients, at 
least for bacterial growth, if not for grazer nutrition. Other authors in this volume 
discuss how some pretreatments like composting may prove effective. Kerr et al. 
(1984) found that treating lignocellulose material with nitric acid followed by 
exposure to a lignin-degrading bacterium (Arthrobactersp. KB-1) decreased lignin 
content and increased digestibility. 
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Conclusions 

New techniques and approaches for examining bacterial growth have greatly

increased 
our knowledge about the role of bacteria in pelagic ecosystems. It is clear 
that free-living bacteria can grow relatively rapidly on lower dissolved organic carbon 
concentrations than was previously imagined. It is also clear that bacteria attached 
to detrital particles are larger and have higher rates of metabolic activity than free
living bacteria, suggesting that free-living bacterial growth is limited at. least in part
by organic carbon concentrations. Most recent reports have tended to emphasize
the importance of grazing in limiting bacterial growth, buE both competition for 
organic compounds and grazing are probably important. Particulate detritus may be 
an important source of organic compounds for bacteial growth, even though the 
numbers of attached bacteria are usually relatively small. We know ittle about how 
the grovith of apparently free-living bacteria (assuming it occurs) is supported by
organic compounds from particulate detritus. More research is also needed on the 
relationship between bacteria and the rare but large particles not sampled by stan
dard methods. 

Attached bacteria probably are not directly important as food sources for pelagic 
grazers, except for those specialized for grazing on particles. The biomass and pro
duction of attached bacteria is low compared with the biomass and production of 
free-living bacteria and phytoplankton. As a consequence, the direct bacterial 
decomposition of detritus to inorganic nutrients is relatively slow. However, bacteria 
may be very important in transforming detritus to a digestible food source for
 
pelagic grazers. Furthe 
 work is needed on this question. Information about the 
digestion of 0l:tritus by bacteria may prove to be essential not only for understand
ing the nutrition of natural detritivore,, but also for improving the productivity of
 
aquaculture systems.
 

Acknowledgements 

D.L.K. was supported by a grant (NAGW-460) from the National Aeronautics and 
Space Administration awarded to Randall S. Alberte. lie sincerely thanks Dr. Alberte 
for his assistance and guidance. H.W.D. was supported by a grant (OCE 8406524)
from the National Science Foundation during the preparation of this review. 

References 
Alldredge, A.L. 1972. Abandoned larvij, ,:an houses: a unique food source in the pelagic environ

ment. Science 177: 885-887. 
Alldredge, A.L., J.. Cole and D.A. Caron. 1986. Production of heterotrophic bacteria inhabiting

macroscopic organic aggregates (marine snow) from surface waters. Limnol. Oceanogr. 31: 
68-78. 

Anderson, J.G. and P.S. Meadows. 1978. Microenvironments in marine sediments. Proc. Roy. Soc. 
Edinburgh 76B: 1-16. 



76 

Azam, F.T. Fenchel, J.G. Field, J.S. Gray, L.A. Meyer-Reil and F. Thingstad. 1983. The ecological
role of water column microbes in the sea. Mar. Ecol. Prog. Ser. 10: 257-263.

Azam, F. and R.E. Hodson. 1981. Multiphasic kinetics for D-glucose uptake by assemblages of 
natural marine bacteria. Mar. Ecol. Prog. Ser. 6: 213-222.

Azam, F. and J.W. Ammerman. 1984. Cycling of organic matter by bacterioplankton in pelagic
marine ecosystems: microenvironmental considerations, p. 315-360. In M.J.R. Fasham (ed.)
Flows of energy and materials in marine ecosystems. Plenum, New York. 

Bell, C.R. and L.J. Albright. 1981. Atached and free-floating bacteria in the Fraser River Estuary,
British Columbia, Canada. Mar. Ecol. Prog. Ser. 6: 317-327.

Bell, C.R. and L.J. Albright. 1982. Attached and free-floating bacteria in a diverse selection of 
water bodies. Appl. Environ. Microb. .13: 1227-1237. 

Bell, W. and R. Mitchell. 1972. Chemotactic and growth responses of marine bacteria to ai.,1l
extracellular products. Biol. Bull. 143: 265.
 

Benner, R., S.Y. Newell, A.E. Maccubbin and R.E. Hodson. 1984. 
l!&ative contribution of bacteria and fungi to rates of degradation of lignocellulosic detritus in salt-marsh sediments. Appl.
Environ. Microbiol. 47: 381-389. 

Bent, E.J. and 11. Goulder. 1981. Planxtonic bacteria in tile Homber Estuary: seasonal variation in 
population density and heterotrophic activity. Mar. Biol. 62: 35-,15.Berk,S.G., D.C. Brownlee, R.H. Heinle, IH.J. King and P.R. Colwell. 1977. (iliates as a food source 
for marine planiktonic copepods. Microb. Ecol. -1: 27-40.

Boak, A.C. and It. Goulder. 1983. Bacterioplankton in the diet of the calanoid copepod Eurylc
oiora sp. in the Humber Estua;-. Mar. Biol. 73: 139-1.19.
 

Boyle, P.A. and R. Mitchell. 1978. Absence of microorganisms in crustacean digestive tracts.
 
Science 200: 1157-1159.
 

Burke, R.A. Jr., D.F. Reid, J.M. Brooks and D.M. Lavoie. 1983. Upper water column methane 
geochemistry in the eastern tropical North Pacific. Limnol. Oceanogr. 28: 19-32.Cammen, L.M. and J.A. Walker. 1982. Distril ution and aciivity of attached and free-living sus
pended bacteria in the Bay of Fundy. Can. J. Fish. Aquatic Sci. 39: 1655-1663.

Caron, D.A. 1983. Technique for enumeration of heterotrophic and phototrophic nanoplankton,
using epifluorescence microscopy and comparison with other procedures. Appl. Environ. Micro
biol. -16: '191- 498. 

Caron, D.A., P.G. Davis, L.P. Madin, J. McN. Sieburth. 1982. Heterotrophic bacteria and bacteri
vorous protozoa in oceanic macroaggregates. Science 218: 795-797. 

Chervin, M.B. 1978. Assimilation of particulate organic carbon by estuarine and coastal copepods.
 
Mar. Biol. 49: 265-275.
 

Cole, J.J. 1982. Microbial decomposition of alga; organic matter in an 
oligotrophic lake. Cornell 
University. Ph.D. thtsis. 

Cole, J.J. and G.E. Likens. 1979. Measurements of mineralization of phytoplankton detritus in an 
oligotrophic lake. Limnol. Oceanogr. 24: 541-5-17. 

Cole, J.J., G.E. Likens and ,J.E. Hobble. 1984. Decomposition of planktonic algae in an oligotrophic 
lake. Oikos 42: 257-266. 

Crawford, R.L. 1981. Lignin biodegradation and I. ansformation. WilF-y-lnterscience, New York.
Dall, W. and D.J.W. Moriarty. 1983. Nutrition and digestion, p. 215-261. In D.E. Bliss and L.HI.Mantel (eds.) The biology of crustacea, Vol. 5 Internal. Anatomy and Physiological Regulation. 

Academic Press, New York. 
Daniel, S.L. 1980. Mechanisms involved in sorption of microorganisms to solid surfaces, p. 7-58. 

Ini Adsorption of microorganisms to surfaces. Wiley and Sons, Inc., New York.
Dashman, T.D. and G. Stotzky. 1981. Adsorption ;.nd binding of peptides (enhor~loionic mont

morillonite and kaolinite. Soil Bio. -iochem. 16: 51-55.
Ducklow, H.W. 1983. The production and faLe of bacteria in the oceans. Bioscience 33: 494-501.
Ducklow. H.W. 1982. Chesapeake bay nutrient and plankton dynamics. 1. Bacterial biomass and

production du.ing spring tidal destratification in the York River, Virginia estuary. Limnol. 
Oceanogr. 27: 651-659. 

Ducklow, H.W., D.L. Kirchmar and G.T. Rowe. 1982. Production and vertical flux of attached
bacteria in the'Hudson Rive,. plume of the New York Bight as studied with floating sediment 
.. aps. Appl. Environ. Microoiol. 43: 769-776. 

http:139-1.19


77 

Ducklow, H.W. and D.L. Kirchman. 1983. Bacterial dynamics and distribution during a spring

diatom bloom in the Hudson River plume, USA. J. Plankton Res. 5: 333-355.
 

Ducklow, H.Y., S.M. Hill and W.D. Gardner. 1985. Bacterial growth and th- lecumposition of
 
particulate organic carbon collected in sediment traps. Cunt. Shelf Res. ,4: 445-464.
 

Eppley, R.W. and B.J. Peterson. 1979. Particulate organic matter flux and plankton new produc
tion in the deep ocean. Nature 282: 677-680.
 

Fallon, R.D. and T. Brock. 
 19S0. Plankton blue-g:een algae: production, sedimentation, and
 
decomposition in Lake Mendota, Wisconsin. Limnol. Oceanogr. 25: 72-88,


Fenchel, T. 1980. Suspension feeding in ciliated proLozoa: feeding 
rates and their ecological

significance. Microb. Ecol. 6: 13-25.
 

Findlay, S. and K. Tenure. 
1982. Nitrogen source for a detritivore: detritus substrate versus 
associated microbes. Science 218: 371-373. 

Ferguson, R.L. and P. Rublee. 1976. Contribution of bacteria to standing crop of coastal plankton. 
Limnol. Oceanogr. 21: 1,41-1,5.

Fuhrman, J.A. and F. Azam. 1980. Bacterioplankton secondary production estimates for coastal 
waters of British Columbia, Antartica, and California. Appl. Environ. Microbiol. 39: 1085-1 QQZ5

Fuhrman, J.A. and F. Azarn. 1982. Thymidine incorporation as a measure of heterotrophic
bacterioplankton production in marine surface waters: evaluation and field results. Mar. Biol. 
66: 109-120.
 

Fuhrman, J.A. and G.B. McManus. 198.1. l)o bacteria-sized marine eukaryotes consume signifi
cant bacterial production? Science 224: 1257-1260.
 

Goulder, R. 1977. Attached and free bacteria in 
an estuary with abundant suspendedl solids. J.
 
Appl. Bacieriol. 43: 399-105.
 

Hagstrom, A., U. Larsson, P. Horstedt and S. Normark. 
 1979. Prequency of dividing cells, a new 
approach to the determination of bacterial growth rates in aquatic environments. Appl. Environ. 
Microbiol. 37: 805-812.
 

Harvey, R.W. ard L.Y. Young. 
 1980. Enumeration of particle-bound and unattached respiring

bacteria in the salt marsh environment. Appl. Environ. Microbiol. .10: 156-160.
 

Harvey, R.W. and S.N. Luoma. 1984I. The role of bacterial exopolymers and suspended bacteria in
 
the nutrition of the deposit-feeding clam, Mau.ooa balthica. J. Mar. Res. 42: 957- 968.
 

Heinle, D.R., R.P. Harris, J.F. Ustach and D.A. Flemer. 1977. 
Dutritus as food for estuarine 
copepods. Mar. Biol. 40: 341-353. 

Hermansson, M. and K.C. Marshall. 1985. Utilization of surface localized substrate by non-adhe
sive marine bacteria. Microb. Ecol. 11: 91-105. 

Hobbie, J.E. and J.J. Cole. 1984. Response of a detrital foodweb to eutrophication. Bull. Mar. Sci. 
35: 357-363. 

Hobbie, J.E. and C. Lee. 1980. Microbial production of extracellular material: importance in 
benthic ecology, p. 341-3-16. In K.A. Tenure and B.C. Coull (eds.) Marine benthic dynamics. U. 
of South Carolina Press, Columbia. 

Hobbie, J.E., R.J. Daley and S. Jasper. 1977. Use of Nuclepore filters for counting bacteria by
fluorescence microscopy. Appl. Environ. Microbiol. 33: 1225-1228. 

Hodson, R.E., A.E. Maccubbin and L.R. Pomeroy. 1981. Dissolved adenosine triphosphate utiliza
tion by free-living and attached bacterioplankton. Mar. Biol. 64: 43-61. 

Hodson, P..E., R.R. Christian and A.E. Maccubbin. 1984. Lignocellulose and-lignin in salt marsh 
grass Spartinualternifora:initial concentrations and short-term, post-depositional changes in 
detral matter. Mar. Biol. 81: 1-7. 

Hollibaugh, J.T., J.A. Fuhrman and F. Azam. 1980. A technique to radio-actively label natural 
assemblages of bacterioplankton for use in trophic studies. Limnol. Oceanogr. 25: 172-181. 

Honjo, S. and M.R. Roman. 1978. Marine copepod fecal pellets: production, preservation and 
sedimentation. J. Mar. Res. 36: 45-57. 

Hoppe, H.-G. 1984. Attachment of bacteria: advantage or disadvantage for survival in the aquatic
environment, p. 283-301. In K.C. Marshall (ca.) Microbia; adhesion and aggregation. Dahlem 
Kc-aferenzen. Springer-Verlag, Be,-lin.

Jackson, K.M. and J. Berger. 1984. Survival of ciliate protozoa under starvation conditions and at 
low bacterial levels. Microb. Ecol. 10: 47-59. 

Jacobsen, T.R. and F. Azam. 1984. Role of bacteria in copepod fecal pellet decompsition:
 
colonization, growth rates and mineralization. PuN. Mar. Sci. 35: 492-502.
 



78 

Jacobsen, .R.and F. Azam. 1985. Copepod feca! pellets production sites for free-living marine
bacteria. 48th Annual Meeting Amer. Soc. Limnol. Oceanogr.


Jannasch, H.W. and P.H. Pritchard. 1972. The role of inert particulate matter in the activity of

aquatic microorganisms. Mem. Ist. 
 Ital. Idrobiol. Suppl. 29: 289-308.
 

Jarman,T.R. and G.W.Pace. 
1984. Energy requirements for m;, kobial exopolysacch ride synthesis.
Arch. Microbiol. 137: T1-235.
 

Jorgensen, B.B. 
 1977. Bactt rial sulfate reduction within reduced microniches of oxidized marine
sediments. Mar. Biol. 11: 7-17. 

Karl, D., G.A. Knauer, J.H. Martin and B. B. Ward. 198.1. Bacterial chemolilhotrophy in the ocean
is associated with sinking particles. Nature '309: 5.1-56.
 

Kate, K. 
 19841. Functional diflference in the utilization of phytoplankton cell materials and dissolved organic compounds in free-living and particulate-associated iacteria in an aquatic system.
Arch. Hydrobiol. 100: 521-532. 

Kerr, T.J., W.R. Windlham, R. Benner. 198-1. Chemical aind bacterial pretrealment of ligitocellulosic
materi;,l to increase ruminant digestibility. Bio/Tech cology (Sep temlber): 805-807.King, K.R., J.T. 1-lollibaugh and F. Aza! 1980. Predato -prey interactions betweel, the larvaceanDihopleura dioica and batcterioplankowl in enclosed water colunins. Mar. Biol. 56: -19-57.

Kit chman, D. i983. The product ion o '"bacteria at tached to part ides suspended in a freshwater 
.. 'ad. Limnol. Oct-anogr. 28: 858-872.
 

Kirchr an, D And I. 
 Mitchell. 1982. Contribution of particle-bound bacteria to microheterotrophic
ac vity in ilve coastal ponds and two marshes. App!. Environ. M%1icrobiol. .13: 200-209.

Kirchr-an, D., H.W.Duchlow and I .th hel .1982. Estimates of bacterial )rOductiol and growthrp..es based on changes in biomasa :.-:d uptake rates. Appl. Eriviron. Microlbiol. ,I4: 1296-1307.
K'rchmani, D., B.J. Peterson and D. Juers. 1984. Bacterial growth and tidal variation in bacterial

abundance in the Great Sippewissett Salt Ma rsh. Mar. Ecol. Prog. Ser. 19: 247-259.
Kjelleberg, S. 198. Effects of interfaces on survival mechanisms of copiotrophic bacteria inlow-nutrient habitats, p. 151-159. In M.J. Klug and C.A. Reddy (eds.) Current perspectives in 

microbial ecology. American Society for Microbiology, Washington, DC.
Koehl, M.A.and I.R. Strickler. 1981. Copepod feeding currents: food capture at low Reynolds

number. Limn,-!. Oceanogr. 26: 1062-1073.
 

Larsson, U. and A. flagstr6m. 1982. Fractioned phytoplankton primary production, 
exudaterelease and bacterid production in atBaltic eutrophication gradient. Mar. Biol. 67: 57-70.Levinton, J.S., T.S. Bianchi and S. Stewart. 1981. Vhat is the role of particulate organic matter in 
benthic invertebrate nutrilionv Bull. Mar. Sci. 35: 270-282.

Linley, E.A.S. and J.G. Field. 1982. The nature and ecological significance of bacterial aggregation
in a nearshore upwelling ecosystem. Est. Coast. Shelf Sci. 14 - 1-11.

Linley, E.A.S. and R.C. Newell. 1984. Estimates of bacterial growth yields based on plant detritus. 
Bull. Mar. Sci. 35: -109-425. 

Lovell, C.R. and A. Konopka. 1985. Thymidine incorporation by free-living and particle-bound
bacteria in i eutrophic dimictic lake. Appl. Environ. Microbiol. -19: 501-504.

Malone, T.C., P.G. Falkowski, T.S. Hopkins, G.T. Rowe and T.E. Whiteledge. 1983. Mesocale 
response of diatom populations to a wind event in the plume of the Hudson River. Deep-Sea 
Res. 30: 119-170. 

Marsh, D.H. and W.E. Odum. 1979. Effccl of suspension and sedimentation on the amount of
microbial colonization of salt marsh microdetritus. Estuaries 2: 18,-188.

Marshall, K.C. 1976. In!erfaces in microbial ecology. Harvard University Press. Cambridge, MA.Marshall, K.C., R-. Stout and R. Mitchell. 1972. Mechanism of the initial events in the sorption of 
marine bacteria to surfaces. J. Gen. Microl)iol. 68: 337-348.

Marshall, S.M. 1973. Respiration and feeding in copepods. Adv. Mar. Biol. 11: 57-120.
McCarthy, J.J. and J.C. Goldman. 1979. Nitrogenous nutrition of marine phytoplankton in 

nutrient depleted waters. Science 203: 670-672.
Moriarty, D.J.W. and P.C. Pollard. 1981. DNA synthesis as a measure of bacterial productivity in 

seagrass sediments. Mar. Ecol. Prog. Ser. 5: 151-156.
Moriarty, D.J.W. 1982. Feeding of ltolothuria atraand Stichopus chloronottus on bacteria, organic

carbon and organic nitrogen in sediments of the Great Barrier Reef Aust. J. Mar. Freshwat.
 
Res. 33: 255-263.
 



79 

Moriarty, D.J.W., P.C. Pollard and W.G. Hunt. 1985. Temporal and spatial variation in bacterial 
production in the water column over a coral reef. Mar. Biol. 85: 285-292. 

Moriarty, D.J.W. 1986. Bacterial productivity in ponds used for culture of penaeid prawns, Gelang
Patah, Malaysia. Microb. Ecol. 12: 259-269. 

Newell, R. 1965. The role of detritus in the nutrition of two marine deposit feeders, the proso
branch HIydrobia uIvae and the bivalve Macoma balihica. Proc. Zool. Soc. Loncl. 14.1: 25-45.

Newell, 	R.C., M.1. Lucas and E.A.S. Linley. 1981. Rate of degradation and efficiency of conver
sion of phytoplankton debris by marine microorganisms. Mar. Ecol. Prog. Ser. 6: 123-136. 

Newell, S.Y. and R. Christian. 1981. Frequency of dlividing cells as an estimator of bacterial 
product'."ity. Appl. Environ. Microbiol. 42: 23-31. 

Pace, M.L., K.G. Porter and Y.S. Feig. 1983. Differential utilization of bacterial resources by two 
co-occurring cladocerans, Daphniaparvulaand C'riodaphnialucustris. Ecology 64: 1145-1156. 

Paerl, H.W. 1973. Microbial attachment to particles in marine and fresh.- -ter ecosystems. Microb. 
Ecol. 2: 73-83. 

Paerl, H.W. 1978. Microbial organic carbon recovery in aquatic ecosystems. Limnol. Oceanogr.
23: 927-935.
 

Paerl, H.W. 
 1984. Alteration of microbial metabolic activity in association with detritus. Bull. Mar. 
Sci. 35: 393-408. 

Paerl, H.W. and S.M. Merkel. 1982. Differential phosphorus assimilation in attached vs. unattached 
microorganisms. Arch. Hydrobiol. 93: 125-134. 

Palumbo, A.V., R. Ferguson and P.A. Rublee. 1984. Size of suspendled bacterial cells and associa
tion of heterotrophic activity with size fractions of particles in estuarine anct coastal waters. 
Appl. Environ. Microbiol. 48: 157-164.
 

Paul, J.H. 1984. Effects of antimetabolites on the adhesion of an 
estuarine Vibro so. to polystyrene. 
Appl. Environ. Microbiol. 48: 924-929. 

Pedros-Alio, C. and T.D. Brock. 1982. Assessing biomass and production of bacteria in eutrophic
Lake Mendota, Wisconsin. Appl. Environ. Microbiol. 32: 155-183. 

Pedros-Alio, C. and T.D. Brock. 1983. The importance of attachment to particles for planktonic 
bacteria. Arch. Hydrobiol. 98: 354-379.
 

Peterso:,, B.J. 1984. Synthesis of carbon stocks and flows in the open ocean tnixed layer, p. 547
554. In J.E. Hobbie and Peter J. le B. Williams (eds.) t-leterotrophic activity in the sea. Plenum 
Press, New York.
 

Peterson, B.J., J.E. Hobbie and J.F. Heney. 1978. Daphniagrazing 
on natural bacteria. Limnol. 
Oceanogr. 23: 1039-1044. 

Pierucci, 0. 1978. Dimensions of Escherichia coli at various growth rates: models for envelope 
growth. J. Bacteriol. 135: 559-574.. 

Phillips, N.W. 1984. Role of different microbes and substrates as potential suppliers of specific
essential nutrients to marine detritivores. Bull. Mar. Sci. 35: 283-298. 

Pollard, P.C. and D.J.W. Moriarty. 1984. Validity of the tritiated thymidine method for estimat 
ing bacterial growth rates: measurement of isotope dilution during DNA synthesis. Appl.
Environ. Microbiol. 48: 1076-1083. 

Pomeroy, L.R., R.B. Hanson, P.A. McGillivary, B.F. Sherr, D. Kirchman and D. Deibel. 1984 
Microbiology and chemistry of fecal products of pelagic tunicates: iates and fates. Bull. Mar. 
Sci. 35: 426-439. 

Pomeroy, L.R. and D. Deibel. 1980. Aggregation of organic matter by pelagic tunicates. Limnol. 
Oceanogr. 25: 643-652. 

Porter, K.G. 1984. Natural bacteria as food resources for zooplankton, p. 340-345. In M.J. Klug
and C.A. Reddy (eds.) Current perspectives in microbial ecology. American Society for Micro
biology, Washington. 

Porter, K.G., M.L. Pace and J.F. Battey. 1979. Ciliate protozoans as links in freshwater planktonic
food chains. Nature 277: 563-565. 

Reeck, G.R. 1983. Amino acid compositions of selected proteins, p. 15-29. In A.I. Laskin and 
H.A. Leche-alier (eds.) Handbook of microbiology, vol. 2. Microbial composition. CRC Press, 
Inc., Boca 1.aton, Fla. 

Riemann, B. 1978. Differentiation between heterotrophic and photosynthetic plankton by size 
fractionation, g!ucose uptake, ATP and chlorophyll content. Oikos 31: 358-367. 



80 

Roman, M.R. 1984. Utilization of detritus by the copepod, Acartia tonsa. Limnol. Oceanogr. 29: 
949-959.
 

Rublee, P.A., S.M. Merkel, M.A. 
 Faust and J. Miklas. 1984. Distribution and activity of bacteria inthe headwaters of the Rhode River Estuary, Maryland, USA. Microb. Ecol. 10: 243-255.Schoenberg, S.A. and A.E. Maccubbin. 1985. Relative feeding rates on free and particle-bound
bacteria by freshwater macrozooplanktol. Limnol. Oceanogr. 30: 1084-1090.

Schoenberg, S.A., A.E. Maccubbin and R.E. Hodson. 1984. Cellulose digestion by freshwater 
microcrustacea. Limnol. Oceanogr. 29: 1132-1136. 

Shanks, A.L. and J.D. Trent. 1979. Marine snow. Microscale nutrient patches. Limnol. Oceanogr. 
24: 850-854. 

Sharr, B. and E.B. Sherr. 1983. Enumeration of heterotrophic microprotozoa by epifluorescence
microscopy. Est. Coastal Shelf Sci. 16: 1-7.


Sherr, B. and E.B. Sherr. 
 1984. Role of hecerotrophic protozoa in carbon an] energy flow inaquatic ecosystems, p. -412-42:3. In M.J. IKlug and C.A. Reddy (eds.) Current perspectives inmicrobial ecology. American Society for Microbiology, Washington.
Sherr, B., E.B. Sherr and T. Berman. 1983. Grazing, growth and ammonium excretion rates of aheterotrophic microflagellate fed with four species of bacteria. Appl. Environ. Microbiol. 

45: 1196-1201.
 
Sieburth, J. McN. 
 1979. Sea microhes. Ox ford University Press.
Sieburth, J.MeN. 198-1. Protozoan Ihacterivory in pelgie marine waters, 1p.,105-41.1.. In J.E.Hobbie and P.J. le B. Willilms (eds.) Heterot,-ophic activity in the sea. Plenum Press, New York.Simon, M. 1985. Specific uptake rates of amino acids by attached and free-living bacteria in a

mesotrophic lake. Appl. Environ. Mictobiol -19: 125-1-1259.
Startweather, P.L., J.J. Gilbert and T.M. lost. 1979. Bacterial feeding by the rotifer Brachionuscalyciflorus: ciearaice and ingestion rates, behavior and population dynamics. Oecologia 

44: 26-30. 
Stuart V., M.I. Lucas aad R.C. Newell. 1981. Heterotrophic utilization of particulate matter f,'onz

the kelp Larninariapallida.Mar. Ecol. Prog. Ser. 4t:337-318.

Sitherland, I.W. 1972. Bacterial exopolysaccharides. Adv. Microbiol. Physiol. 8: 
1,13-21 3.Tenore, K.R., R.B. Hanson, J. McClain, A.E. Maccubbin and R.E. Hodson. 1984. Changes in

composition and nutritional value to a benthic deposit feeder of decomposing detritus pools.
Bull, Mar Sci. 35: 299-311. 

Walsh, J. 1983. Death in the sea: enigmatic phytoplankton losses. Prog. Oceanogr. 12: 1-86.
Wiebe, W.J. and L.R. Pomeroy. 1972. Microorganisms and their associations with aggregates and
detritus in the sea: a microscope study. Mem. Inst. Ital. Idrobiol. Suppl. 
29: 940-946.Wi:,iams, P. le B. 1981. Incorporation of microheterotrophic processes into the classical paradigm
of the plankton food web. Kiel.Meeresforsch. 5: 1-28. 

Williams, P.J. le B. and L.R. Muir. 1981. Diffusion as a constraint on the biological importance
of microzones in the sea. In J.C.J. Nihoul (ed.) Ecohydrodynamics. Elsevier Sci. Pub]. Co.,
Amsterdam. 

Wilson, C.A and L.i. Stevenson. 1980. The dynamics of the bacterial population associated with 
a salt-marsh. J. F xp. Mar. Biol. Ecol. 48: 123-135. 

Wright, R.T. and J.L Hobbie. 1965. Uptake of organic solutes in lake waLer. Limnol. Oceanogr.
10: 22-28. 

Zimmermann, R. 1978. E.--,tirnation of bacterial number and bomass by epifluorescence microscopyand scanning electron microscopy, p. 103-120. In G. Rleinheimer (ed.) Microbial ecology of a
brackish water environment. Springer-Verlag, New York.

Zimmcrmann, R. and L.ik. Meyer-Reil. 1971. A new method for fluorescence stining of bacterial
populations on membrane filters. Kiel. Meeresforsch. 30: 2.4-26. 

Discussion 

EDWARDS: I wonder if your viewpoint on the importance of attached bacteria would be differentif you were used to working with tropical fishponds. You said that the numbers of attachedbacteria increase with increasing food quality of particles from silt to organic particles. You have
worked in natural ecosystems where, I assume, much of the organic matter is highly refractory 
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compared to that which we add to tropical fish ponds, such as livestock manures and decomposing 
macrophytes. 

KIRCHMAN: That's right. Both the quality and the amounts will be higher in tropical fishponds. 

PULLIN: Bacteria attached to particles should be easier for fish to eat than free bacteria, I wouldlike to know more about the diversity of bacterial species which attach to particles. Are there 
many different kinds? 

KIRCHMAN: We have identified less than 1% of the bacteria present. There are difficulties inseparating those species whirh are more likely to attach from those free-living in the water column.I feel that it does not really matter whetheL the attached bacteria are pseudomonads or vibrios or
other groups with regard to their food value for higher organisms.

Your point about attached bacteria being more available to filter feeders is interesting. Particle
size is obviously important but I wonder whether our concept of filter feeding needs to be revised.Koel and Strickler (1981 )* sliggested that filter feeders do not "sieve" out food particles, but relyon viscous bctindary layers along filtering appendages to trap food particles It may be that bacteriado not need to be attached to particles of a given size range or attached at all to be harvested byaquaculture organisms. Again my bias is towards natural systems where most activity does not 
concern the particles. The situation in fishponds could be very different. 

ANDERSON: With regard to the 'elationhip h teen bacteria and t.kr carbon content of particles,a high carbon content does no. mreian iliig carbon availability. For example, particles that have a
high lignin contnt nave high carbon ;,aC energy contents but. these are extremely unavailable tobacteria and indeed tn grazing animaL. So one has to be careful about statements equating carbon
 
content with availability, just as one does for Kjeldahl N content.
 

Also I think we must be careful to not classify particulate organic matter as a single class of
compounds. It includes a range of particle composition from highly refractory compounds 
to

those that are readily utilizable by zocplankton, for example.
 

KIRCHMAN: I agree. The carbon analysis is poor measure of quality. It was just the first step I
 
was able to make.
 

ANDERSON: It is also dangerous to make assumptions about food availability to grazing animalsby extrapolation from laboratory studies to field !i1uations. The concentrations oi bacteria, thesizes of bacteria and the size and composition of particles are highly variable. In the Antarctic,there Pave been some questionable extrapolations with regard to potential krill production. Infact, the food availabie to the krill is patchy. There are localized concentrations formed by currents.
It is unwise to make generalizations and extrapolations, say from freshwater to marine systems or
from oligotro-hic to eutrophic systems about food availability because of all these variables. 

KIRCHMAN: I quite agree. 

FRY: Have you looked at the flux of bacterial populations associated with particles? You seem tohave found few differences in the parameters which you measured for attached and free-living
bacteria. I have been studying bacteria on aerobic sediments and looking at cell division (Davidsonanl Fry 1987**). One mighl, expect that a bacterium attached for a long time would divide intotwo, fou-, eight, etc. I found very few examples of this. We used a mathematical model to investi
gate 'P-terial movement on and off the sediment particles and we found that such movements were exiremeiy gr-at. This was unexpected. Our conclusions are that there can be a high state of
flux between free-living and attached bacteria. The latter are just at higher concentrations. 

KIRCHMAN: I think that there are qualitative differences between the populations attached tosediment paiticles and those free in the water column rather than just differences in concentration. 
The point here is that the pelagic zone is a very different environment from a sediment/pore watersystem. We should not extrapolate from one to the other, but I think that there is considerable
flux of bactern on and off particles in the pelagic zone, as you have described for your sediment 
system. 
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MORIARTY: The methodologies available for such studies are worth commenting on here. KevinMarshall*** and hic collceagues have (lone a lot of work on this. The methods availaible to deter
mine whether bacteria are attached or free in the water column are open to considera;)le doubt.There 4re shear forces, even under gentle filtration with virtually zero pressure difference, which arestill great enough to separate bacteria that Marshall terms 'loosely associated' (iot firmly bound).
He refers to different stages of binding. L' osely associated bacteria and particles can even beseparated by water collection techniques, let alone filtration. Therefore, meny bacteria observed tobe free-living in our samples may have been formerly associdted with particles. This is an important
point when we think of dissolved organic matter leaching out of particles. We don't know whetherthe enzymes responsible for this have beer pushed out hy bacteria into the particle or whether
they are sti;l closely associated with bacterial cell wal-. The methodological difficulties here are
 
very great.
 

KIRCHM ti: I wonder wliether the bacteria attached to particles are available to grazers. This is an important question. If we have to use sonic probes, for example, to separate them, how avail
able are they? 

EDWARDS: There is a paper by Kuznetzov (1977)**** on fish like the silver carp that use mucusdroduction to trap individual bacteria. This is in ccr.trast to the traditional view of silver carp as
 
narrowly specialized phytoplankton feeder.
 

MORIARTY: Of course the availability of attacht.ii bacleria depends on the target animal. Small
zooplankton may 
not be ahle to use bacteria attached to particles that are quiltt large in rebition to
the size of the consumers. lowever, for some tilauias this makes no difference because the bacteria are lysed in a strongly ac ,ic stomach. Digesti.r then, follows in the tilapia intestine. Therefore, inorder to determine ivailauility we must consi.ier whether ingestion and digestion are possible. The
microphagous lilapias can take particulate r.iatter clown to 5 to 10 pm diameter. This raises theimportant question-exactly how do diffe ent animals digest and utilize bacteria? There are manyaspects to such digestive processes. A part icular problem is how to cope with cellulose and other

molecules which are not normally digeste'l by animal enzymes. There are some fish, 
 for example,two marine kyphosicls in Australia, which have a fermentative organ at the end of their intestine.

They utilize red and brown algae through their fermentative gut flora. All animals of course have 
abacterial flora on their gut walls derived fron' the bacteria they ingest. However, fermentation ofcelluloses normally takes a long time whereas tre residence time of ingested material in the fish gut
is normally rather short. I suspect, therefore, that i.side from the few marine species with specialized
fermentative organs, most species do not derive signilicaii, 
 Oenefits from the processing of celluloses
by their gut, flora. This is why the external processes of fermentation in the fishponds are so
 
important.
 

BILIO: What about mullets? 

MORIARTY. Mullets do not have fermentative organs. They have a slightly acidic foregut andthen a lon, intestine in which presumably the normal processes of digestion by enzymes take 
place. 

PULLIN: Returning to the question of which foods can be utilized by which fish, some cultured
fish have a stomach, others do not. I wonder whether in some culture systems we have fish which 
are ingesting potentially valuable food resources but not utilizing them efficiently. This may also 
apply to crustaceans. 

MORIARTY: We will return to this in later discussions. 

*Koel, M.A.R. and J.R. Strickler. 1981. Copepod feeding currents: food capture at low Reynolds number. 
Limnol. Oceanogr. 26: 1062-1073.

**Davidson, A.M. and J.C. Fry. 1987. A mathematical model for the growth of bacterial microcolonies on 
marine sediment. Microb. Ecol. li: 31-45.***See Itermansson, M. and K C. Marshall, 1985. Utilization of surface localized substrate by non-adhesive 
marine bacteria. Microb. Ecol. 11: 91-105.****Kuznetzov, Y.A. 1977. Consumption of bacteria by the silver carp (Hypopithalminchthysmolitrix).
J. Icht'iyol. 17: 398-403. 
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Abstract 

The main physical and chemical features of a series of freshwater and marine 
habitats are described, with particular reference to how temperatule, dissolved oxygen 
and redox potential change with depth. The natural cycles o, carbon, sulfur and 
nitrogen are then considered by discussing those steps in the cycles that are predomi
nantly controllet' by bacteria and the relative importance of each siep in aquatic 
habitats. The morphology and physiology of the main genera of bacteria involved in 
each process are then discussed, followed by the ef'ect these factors have on the depth 
distribution of bacteria and the chemical environments in a range of habitats. The 
prime environmental features controlling the distribution of -nany bacteria appear 
to be the availability of organic carl'on, the redox potential, the position of the 
H 2 S/0 2 inteface and the light profi's. In the last section of the review, temporal 
changes in some examples of bacterially dominated communities are discussed in 
relation1 to the physiology of the bacteria in the community. Especially considered are 
the diurnal movemen! of the H 2S/O interface in stratified waters, the role of tempera
ture in controlling seasonal population changes, tne effect of deoxygenation in the 
water coluni and sediment and the successional changes in bacterial populations after 
herbicide-induced death of aquatic macrophytes. 

Introduction 

Aqu,.tiic habitats contain a great diversity of bacteria, from many different taxo
nomic and physiological groups. These bacteria play a wide variety of different roles 
in nahLre and their occurrence and distribution are controlled mainly by the environ
mental conditions in a particular habitat. Thus, a review of the functional roles of 
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bacteria must consider the organisms, the habitats, the physical and chemical condi
tions in the habitats and thu processes carried out by the bacteria. As the subject
matter of this review is broad, only a summary will be attempted. The literature 
quoted will give examples of relevant work and the review will attempt to show the
breadth of existing knowledge, rather than give exhaustive coverage. Papers have 
been chosen to illustrate the main points made and are not intended to ilidicate the 
major contributions to the subject.

Organic detritus enters aquatic habitats from external or internal sources. Exter
nally generated or allochthonous detritus might enter an aquaculture system from 
sources such as leaf litter, an inflowing stream, sewage effluent or added waste 
material. On the other hand, autochthonous detritus is internally generated and 
might come from an algal bloom or a decomposing stand of macrophytes. Most 
detritus enters the water column near the surface and sinks to the bottom sediments. 
Thus, to understand the functional roles of bacteria in relation to detritus it is 
important to understand how bacterial populations change with depth and time in
the water column and sedimen. The latter part of this review will cover these 
aspects of the subject. As aquactilture systems are usually rich in organic carbon the 
main emphasis here will be on cut.rophic or nutritionally enriched waters rather than 
oligotrophic or nutritionally poor waters. 

Most detritus-fed aquaculture systems are shallow and contain large amounts of 
dissolved and particulate organic carbon and other nutrients. Thus, they support
dense growths of algae, at least in the surface waters. Additionally, some aquaculture
ponds will have marginal stands of aquatic macrophytes or may even be fed with 
macrophytes or other plant matter. As little is known about the bacteriology of
these systems, it is necessary to compare them with other waters about which more
bacteriological information is available. A :,otis known about the bacteria in lakes,
ponds and coastal waters. These habita4 ,nave many environmental features in 
common with the oxidation ponds used Lir sewage treatment in tropical regions and
these ponds are structurally and chemically quite similar to many detritus-fed aqua
culture systems. Thus, aspects of the bacteriology of lakes, ponds and coastal waters 
are likely to be similar to aquacultu e ponds. 

Habitats and Environmental Conditions 

THE WATER COLUMN 

Shallow water in hot climates are rapidly heated during daytime and this can lead 
to temperature stratification with e pronounced therinocline. This condition is 
found in many oxidation ponds. Bacterial activity in the lower water layers, which 
are not open to the atmosphere, causes deoxygenation and so induces chemical
stratification. These stratifications have been extensively studied in oxidation ponds
(Marais 1966, 1970; Edwards and Sinchumpasak 1981; Ellis 1983) and may be
stable unir calm conditions or broken up and re-established daily in windy periods. 
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Similar stratified conditions are likely to be common in aquaculture ponds as 
dissolved oxygen concentrations as low 0 mg 1-1 are not uncommon at dawn 
(Edwards et il. 1981). 

Other tyr es of fresh waters are also stratified (Wetzel 1983). Meromictic lakes are 
permanently stratified; the high conductivity waters at the bottom of these lakes 
(the monimolimniooi) is separated from the low conductivity surface water (the 
mixolimnion) by a steep density gradient (the chemocline). The mixolimnion is kept 
mixed, aerated and warm by wind induced currents and sunshine. The moniinolim
nion is tatic, cold and isolated from the atmosphere. Hence bacterial activity removes 
idl oxygen and increases concentrations of hydrogen sulfide, ammonia and total 
iron. Thus, steep gradients of all these chemical types are found at the chemocline. 
Deep dimictic eutrophic lakes normally have much lower conductivity throughout 
the water column but become thermally stratified in the spring. Deoxygenation 
begins in early summer in the deepest parts of the lake (Jones 1976) and the oxy
cline slowly moves vertically upwards in the hypolimnion, which is the water 
layer below the thermocline. Eventually the oxycline will reach the thermocline in 
late summer and cannot move any further upwards as the surface water layer or 
epilimnion is well mixed and aerobic. Chemical conditions in the anaerobic water 
below the oxycline are similar to those in the monimolimnion of the meromictic 
lake. Stratification in these eutrophic lakes is V:oken down in autumn v hen cool, 
windy conditions occur. This typje of stratification can even occur in shallow waters 
if they are protected from wind (Moss 1969a). 

Other types of stratification car, ,,,ur in stands of aquatic macrophytes in ponds 
or the littoral regions of lakes. Permanently anaerobic water is often found at the 
base of stands of macrophytes (Goulder 1969; Rich et al. 1971) and below floating 
plants such as Lemna spp. (Duffield 1981). Surface water in such stands is often 
supersaturated with dissolved oxygen by day and anaerobic at night; this is caused 
by a large photosynthesizing plant biomass at the surface (Adams et al. 1974). 
Although temperature stratification can occur in coastal waters and sometimes per
sist throughout the summer (Fogg et al. 1985), chemical stratification does not 
occur. 

SEDIMENTS 

The bacteriology and environmental conditions are basically similar in most 
aquatic sediments. Much higher numbers of bacteria are found than in the water 
column (van Es and Meyer-Reil 1982; Meyer-Reil 1984). The population density 
depends on the grain size and organic carbon content of the sediment (Dale 1974); 
sandy sediments with large grains and low organic carbon have lower bacterial 
populations than silty sediments with small grains and high organic carbon contents. 
Th-se two factors also determine the rate at which chemical determinants change 
with depth (Billen 1982). The surface layer of sediment is normally aerobic if 
oxygen is present in the overlying water, but the oxygen concentration decreases 
rapidly with depth in the sediment. In nutrient rich waters, oxygen is detectable 
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in only the surface few millimeters of sediment (Revsbech et al. 1980). The sediment E I also decreases with depth, usually showing a sharp redoxycline somewhatbelow the limit of oxygen penetration. In the deeper anaerobic sediments reduced
chemical species, such as ammonia and sulfides, accumulate. The surface sedimentis often light brown in color due to oxidized species of iron whereas metal sulfides
color the deeper layers black: this transition normally occurs quite sharply at an Elof about 100 mV. If the water overlying the sediment is deoxygenated, the surface
layer of sediment will not contain oxygn and the redox discontinuity layer will be 
at the sediment surface.
 

Thus the enviromnental changes, which 
occur with depth in sediments, are similarto those that occur vertically in the water column of eutrophic and meromictic
lakes. However, as populations of bacteria are much larger in sediments the changes 
occur over a few centimeters rather than over several meters. 

Processes Involving Bacteria 

Bacteria are very important in the cycling of most of the major elements in
aquatic habitats because they are responsible for many of the key steps in these

cycles. In this section microbial aspects of the carbon, sulfur and nitrogen cycles
will be considered briefly; more extensive coverage can be found elsewhere (Fenchel
and Blackburn 1979; Krumbein 1983). 

THE: CARBON CYcL: 

This cycle is very complex in water because many organisms are involved and 
many )ools of differi , ,arbon compounds can be envisaged. Consequently, manyvery complex represenlautiiris of this cycle have been presented (Wetzel 19,B3); however, a simple version will suffice here (Fig. 1). In this representation all higher

organisms dependent upon the primary producers have been excluded. Algae and

macrophytes exude soluble organic material as they photosynthesize, which entersthe dissolved organic carbon pool. When they die these primary producers will be
decomposed either directly by microorganisms, which are mainly bacteria in waterand sediment, or by the combined shredding action of invertebrates and bacteria.
The decomposition contributes to both the dissolved organic carbon and particulate
organic carbon pools. In most aquatic habitats, there is much more dissolved organic
carbon than particulate organic carbon. For example, the average values from over500 lakes mnWisconsin, USA, were about 15.1 and 1 4 . mg 1- 1, respectively (Wetzel
1983). Hef Protrophic bacteria grow on the particulate organic carbon and secrete exoenzymes that decompose it. The decomposition products enter the dissolved
organic carbon poo! and are taken up by these bacteria or other heterotrophs. Therate of particulate organic carbon decomposition is slow, and the turnover time isoften in the order of tens of days. The dissolved organic carbon pool contains bothlrefractory and labile materials. The refractory dissolved organic carbon contributes 
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Fig. 1. Microbial aspects of the carbon cyclo. DOC = dissolved organic carbon;POC = particulate 
organic carbon. 

up to 99% of the total pool, is slowly broken down and consists of such substances 
as humic and fulvic acids and complex carbohydrates. The labile dissolved organic 
carbon pool consists mainly of simple sugars, fatty and amino acids that are present 
at very low concentrations (10-50 pg 1-1), but are rapidly mineralized. The flux 
through this pool is very high; the turnover time for these materials can be less than 
1 hour in summer in nutrient-rich waters. A proportion of the dissolved organic 
carbon pool will be converted to methane, probably mainly through -cta~e, but 
most is respired to carbon dioxide. Some of the carbon dioxide is used for methano
genesis and some for photosynthesis by algae, macrophytes and photosynthetic bac
teria. Carbon dioxide is also fixed by autotrophic bacteria and some heterotrophs. 

A simple model for carbon flow in a marine planktonic ecosystem has been pro
posed by Williams (1981). This model includes herbivores and carnivores but ex
cludes methanogenesis. The model shows that 56% of the phytoplankton production 
is taken up by planktonic heterotrophic bacteria (Fig. 2a). In an ecosystem where 
macrophytes dominate, this model would not be a fair representation because macro
phyte biomass would enter the particulate organic carbon pool directly by death and 
decomposition processes. Decomposition directly to particulate organic carbon 
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could also occur in an ecosystem where herbivores did not completely consume all 
the phytoplankton. The carbon flow has been recalculated for a macrophyte domi
nated ecosystem (Fig. 2b), assuming 10 and 90% of the macrophyte biomass is 
consumed by herbivores. In these cases, 60 aid 96% of the production is taken up 
by heterotrophic bacteria. Although all fixed carbon is eventually taken up by
heterotrophic bacteria (Fig. 1), these calculations show that the majority of green
plant production will be mineralized by heterotrophic bacteria within a relatively 
short time. 

Carbon is mineralized by both aerobic and anaerobic respiratory mechanisms as 
well as by methanogenesis (Nedwell 1984). The relative importance of these mecha
nisms varies between habitats but has been estimated for both marine and freshwater 
sediments (Table 1). It is clear that aerobic respiration is aways of major importance,
but that denitrification and methanogenesis are also important in freshwater, but 
not in marine sediments; the reverse is true for sulfate reduction. The reasons for 
these differences will be discussed in later sections. 

Table 1. The percentage of organic carbon mineralized by various mechanisms in aquatic sedi
ments. 

Organic carbon mineralized (%) by: 
Aerobic Denitri- Sulfate Methano

respiration fication reduction genesis Reference 

Eutrophic
 
lake sediment 43 22 3 23 Jones (1985)
 

Coastal marine 
sediment 47 3 50 0 J~rgensen (1980) 

THE SULFUR CYCLE 

There is almost as much energy and reducing power to be gained from oxidation/
reduction reactions involving the sulphur cycle intermediates as there is from the 
carbon cycle intermediates. Hence this cycle is very important in aquatic systems.
The sulfur cycle is basically very simple (Fig. 3). Sulfate is the commonest form 
of sulfur found in most habitats. It is assimilated by bacteria and the primary 
producers as they grow and incorporated mainly into the sulfur amino acids of 
proteins. When algae and macrophytes die they decompose either directly or through
the particulate organic carbon pool. This process.results in production of H2 S by 
heterotrophic bacteria and is often called putrefaction. SulfHe is also produced 
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Fig. 3. The sulfur cycle. Numbers are the percentages of sulfide produced or turnedover by the specified ,oute. The three percentages given are for, respectively, a coastalmarine sediment (J~rgensen 1933), the profundal and the littoral zones of the sediment from a eutrophic Ia'. (Jones et al. 1982c). Maximal putrefaction is assumed
for the values for the freshwater sediments. 

directly from sulfate by specialized bacteria. Once formed, the H9 S is either reoxidized to sulfate or precipitated with iron to form insoluble iron sulfides. Reoxidation of sulfide is carried out either chemically in oxygenated water or bio
logically by a wide range of sulfide oxidizing bacteria. 

The relative importance of the different parts of the sulfur cycle varies fromhabitat to habitat (Fig. 3) although anaerobic conditions are needed for the complete cycle to operate. It is clear that in marine sediments sulfate and H2S areconstp.tly recycled between the oxidation and reduction steps. In this environment,
putrefaction is an insignificant source of sulfide and that, despite the large amount
found in sediments, iron sulfides are a minor sink for HS. The situation in fresh
water sediments is different as putrefaction is a much more important source ofsulfide; this is particularly true in the littoral region of eutrophic lakes and in hyper
eutrophic lakes (Molongoski and Klug 1980), where particulate organic carbon
is very important to the carbon budget. The probable reason for this difference

between marine and freshwater habitats is the relatively low sulfate concentrations
 
found in freshwaters, which limits sulfate reduction. Thus the turnover times ofsulfate to sulfide are long (4-Z months) in marine sediments (J6rgensen 1983)
and shorter in the sediments of eutrophic (8-17 hours; Jones et al. 1982c) and
hypereutrophic (1.5 hours; Smith and Klug 1981) lakes. 
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THE NITROGEN CYCLE 

The main p'ocesses that make up th2 nitrogen cycle and some rates for the 
processes in freshwater and marine sediments are shown in Fig. 4. Most of the 
nitrogen present in 	aquatic habitats is in the organic nif.rogen pool (Wetzel 1983),
which is derived directly from all kinds of organisms by processes such as cell lysis, 
death and exudation. The bulk ,d the available complex nitrogen is proteinaceous 
and is converted to free ammonia or ammonium ions, dP.pendin-, on the pH. This 
process, called ammonification, is the dominant mechanism for ammonia prodo.ction
in most aquatic habitats (Fig. 4; Molongoski and Klug 1980). Ammonia is also 
produced from nitrate by n;. ,ae dissimilation, which is probably important only in 
strongly anaerobic habitats like the profundal sediments in eutrophic lakes, which 
generate the ammonia found tf the anaerobic hypGlimnion. In an organically rich 
coastal sediment, 52% of tie nkrate reduced was converted to ara onia by nitrate 
dissimilation (Herbert 1982). In aerohic habitats nitrification converts ammonia to 
nitrate; this process uses oxygen and can account for 15-20% of the oxygen removal 
from the hypolimnion (Hall aad Jeifries 1984). Nitrate is reduced to nitrogen gas by
denitritication, which together with nitrate dissimilation causes the hypolimnetic
nitrate depletion in eutrophic lakes. Nitrogen fixation is rarely of crucial importance
if, aquatic habitats as the annual rate is low compared with manv of the other steps 
in the cycle. 

Organic N 
Ammonificaliorn 

Nitrogen~ (38,,'f 1xati 	 Assimilation/12.7,-	 ,-) 

N2 	 N H4 

Assimilation 	 Nit 
dissimilation) I
(--d 1-5 Nitrification

Denitrification(0.-5,0.2,0.5-5O 	 ' 0.4) /10,0. / O,5,1.7) 

SNO-

Fig. 4. The nitrogen cycle. Numbers are rates (mmol m - 2 day - 1 ) for the 
specified prccess from, respectively, the aerobic layer of a coastal marine sedi
ment (Blackburn 1983), the sediment in tie profundal and the littoral zones 
of a eutrophic lake (Jones and Siri mn1981; Jenes et a). 1982a). The symbol h1 
specifies a high rate and =d specifies the rate is approximately equa! to the rate 
of denitri fication for that seniment. 
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The relative importance of the sediment and water column varies for the different 
steps of the nitrogen cycle. Values from four lakes compiled by Wetzel (1983) show 
that on average denitrification in the water column was only 10'.'. of that in tile sedi
ment. Sometimes, however, the water column is of equal importance as shown by
nitrification rates in Grasmere, a mesotrophic lake in the English Lake district (Hall
and Jeffries 1984). Most of the nitrogen cycle steps are carried out solely by bacteria. 
However, nitrate and ammonia are assimilated by eukaryotic plants and ammonia is 
produced as an excretory product by some animals. 

The Main Functional Groups of Bacteria and Their
 
Distribution with Depth
 

The structure and physi(,ogy of the different groups of aquatic bacteria are 
discussed in relation to their occurrence verlically i the water column and sedi
ment. Details of the relevant biochemistry can :)e found elsewhere (,Jones 1982a).
The organisms are divided into groups mainly based on their roles in ohe cycles
described eariier. Very similar distribu iions of organisms are found ;n the wvator 
column of meromictic and eutrophic lakes in late summer, hence these (list ributions 
will be used as a model for the water column in general. M-rine and freshwater 
sediments also have similar populations Of bacteria, the main differences in depth
distributions are dependent on the amount of oxygen in the overlyinig water, the 
sediment grain size and its organik content. These variables affect, Lie rate of change
with depth rather than the order of different organisms with depth. Hence a sedi
men'. with an oxygenated suface layer will be used as a model. Many articles and 
texts show plots of actual data to illustrate changes with depth (Gorlenko al.et 
1983), but in this review, idealized diagrams will be presented without values, so 
that the patterns of change with depth are not complicatcd by the aifferences in 
magnitude that occur between habitats. Further details of the organisms described 
can be found in Bergey's Manual of Determinative Bacteriology (Buchanan and 
Gibbons 1974) and The Prokaryotes (Starr et al. 1981). 

MORP-OIo(ac.i, Di\ :lSil''r 

Most bacteria that occur in aquatic habitats are straight rods, curved rods or cocci 
(Fig. 5a, 5d, 5e). They tend to be fairly small, being typicaby about 0.4 x 2 pm. The 
size appears to depend on the nutritional errichment or amount of dsolved organic
carbon in the water (Fig. 6). Mean volumes range from about 0.1. pm 3 in oligotro
phic waters to 1.0 pm : in sewage (Fry and Zia 1982; Fry and Davies 1985). Very
small bacteria are commonly found in all aquatic habitats; all small bacteria tend to 
be narrow and narrow cells (<0.3 nm) are always present even in sewage which is 
rich in dissolved organic carbon compounds. Spirally-shaped bacteria (Fig. 5b,5c) 
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Fig. 5.Morphological diversity of aquatic bacteria: (a) sewage bacteria, 
pair of dividing cells arrowed; (b) unidentified spiral bacterium, enriched 
from R. Taff, Wales; (c) Spirillum volutans enriched from canal sediment; 
(d) Azotobacter chroococrurn, enriched from canal sediments, with dense 
rod-shaped vegetative cells and coccoid, thick-walled cysts (arrowed); 
(e) Thiopedia rosea, enriched from reservoir water; (f) Hyphomicrobiurm 
sp., enriched from canal sediment, with cells budded at ends of prosthecae 
(arrowed); (g) Vitreoscilla sp., (h) Pelonemna sp., with bright gas vacuoles 
(arrowed); (i) Achroonema sp.; (j) Beggiatoa spp., with bright sulfur 
granules (arrowed); (k) Leptothrixsp., with iron encrusted sheat (arrowed); 
(1)unidentified sheathed bacterium sheath arrowed. Organisms g to I 
were isolated with agar-coated slides (Godinho-Orlandi and Jones 1981a) 
from pond sediment. Scale bar = 10 Jm. 
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are less commonly observed directly in water or sediment but are present as they 
can always be grown by simple enrichment procedures. The bacteria with simple
shapes characteristically divide by binary fission forming pairs (Fi.;. 5a) or rafts of 
cells (Fig. 5e). Prosthecate bacteria have cells joined l)y thin processes, called pros
thecae, which are extensions of the rigid cell wall without eel! contents. Many of 
these bacteria grow by budding new cells from the ends of the prost hecae (Fig. 5f).

Filamentous bacteria (Fig. 5g Io5i) are either trichomes of single cells, or very
long, undivided cells. Although they commonly occur in sediments and on submerged
surfaces they miake up only about I"; of the bacterial population numerically. Many 
are very large, however, often 1 to 5 pm in diameter by up tA) several hundred
 
micrometers long and so 
can rmike up over 50'r of the bacterial bioma.s in sediment 
(J~rgensen 1977a; Godinho-Orlandi and Jones 1981 a). (liding motility is a common 
feature amongst filamenious l)8acteria and some filaments are enclosed in sheaths 
that may (Fig. 5k) or may not (Fig. 5i) be encrusted with iron or manganese salts. 
Cell inclusions are commonl in tlhe cells and may be gas vacuoles (Fig. 5h), sulfur 
granules (Fig. 5j) or volutin (polyphosphate) granules. Some filaments attach by a 
hold-fast, and may form rosettes. 

C\RBON CYCLE ORGUNISNIs 

Carbon-fixit;gbacteria 

Cyanobacteria, or blue-green algae as they used to be called, are oxygenic photo
synthesizing bacteria because they use sunlight to fix carbon dioxide aerobically.
They all contain chlorophyll a as the major photosynthetic pigment and are very
similar in physiology to the green algae and macrophytes. These organisms are 
predominantly aerobic and so are mainly found in the epilimnion or mixolimnion. 
The rate of photosynthesis may, however, be maximal below the surface due to 
photoinhibition (Fig. 7). Some cyanobacteria can function anaerobically and so are 
sometimes found in sediments or deoxygenated waters. Anoxygenic photosynthesis 
is carried out by specialized anaerobic photosynthetic bacteria and will be considered 
in the section on sulfide oxidation. Autotrophic bacteria are those that can fix 
carbon dioxide as a sole carbon source. Several specialized groups of bacteria are
able to do this in the dark, such as some methylotrophs, iron-oxidizing bacteria, thio
bacilli and the nitrifying bacteria (for details see later sections). Some heterotrophs 
are able to fix carbon dioxide in the dark and some predominantly autotrophic
bacteria can use organic compounds as sources of energy and carbon; these types 
are often called mixotrophs. Most autotrophic carbon dioxide fixation occurs at the 
thennocline and near the sediment because recial factors limit the growth of 
autotrophic bacteria to this zone. However, heterotrophic carbon dioxide fixation 
can occur wherever large populations of heterotrophs are found, so it is often high in 
the epilimnion as well as the thermocline (Fig. 7). 
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Fig. 6. Frequency distributions of volumes, lengths and widths of bacteria in (a) an oligotrophic
reservoir (from Fry and Davies 1985) and (b) sewage. 

Carbon-mineralizingbacteria 

A very wide range of heterotrophic bacteria are capable of mineralizing dissolved 
organic carbon to CO2 as well as some more specialized bacteria (Table 1) such as 
sulfate-reducing and denitrifying bacteria, which will be considered later. Taxo
nomic studies of aquatic bacteria able to grow as colonies cn organic-based nutrient 
media have shown that there is a wide variety of different genera (Table 2). In over 
half of these studies, the presence of Flavobacterium,Pseudomonas, Vibrio, Aero
monas and Alkaligenes has been demonstrated, so these can be considered as typical
aquatic heterotrophs. It is likely that most bacteria routinely seen in water by micro
scopic examination are heterotrophs. Some of these bacteria are copiotrophic (grow
best at high concentrations of dissolved organic carbon), and some are oligotrophs 
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Fig. 7. Generalized diagram of the distribution of carbon-cycle bacteria and other 
variables with depth in (a) a typical meromictic lake or a eutrophic lake in late 
summer and (b) aquatic sediments. The dotted lines indicate the thermocline or 
chemocline (a) and redoxycline (1). 

1(grow best at low concentrations of dissolved organic carbon, <5 mg -). Both of 
these types contain similar genera, but some more specialized oliogotrophs are also 
seen (Mallory et al. 1977). It is likely that bacteria found in detritus-fed aquaculture 
ponds will be similar to those found in other aquatic systems because Pike (1975) 
reports that 90 to 95% of the bacteria in oxidation ponds are Pseudomonas,Flavo
bacterium or Achromobacterand Gloyna (1971) claims that Pseudoinonas,Alkali
genes and Flavobacteriumare widely distributed or predominant in these syster-. 
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As populations of algae in the aerobic surface water, die and become replaced by 
others, a large amount of particulate organic carbon is generated which falls through 
the water column. When the particulate organic carbon reaches the thermocline or 
chemocline the physical resistance there slows it down and concentrations are 
increased. Once past the thermocline, sinking rates again increase and particulate 
organic carbon concentrations do not increase again until just above the sediment 
surface where the organic matter accumulates. For this reason both the numbers of 
heterotrophs obtained by plate coUnts and total bacteria by direct counts are often 
highest at the thermocline, although such peaks are sometimes transitory (Fig. 7; 
Jones 1977). 

This increase in numbers at the thermocline or chemocline is also associated with 
increases in mineralization rates for simple organic materials like acetate and glucose. 
For similar reasons, large numbers of bacteria are sometimes found at the interface 
between the salt- and freshwater in estuaries (Rheinheimer 1980). Large numbers of 
heterotrophs (plate counts) can also be found in the epilimnion due to growth on 
exudation products of algae. The number of total bacteria is sometimes large in the 
hypolimnion or monimolimnion, due to increases in numbers of other more spe
cialized groups of bacteria. The large numbers of bacteria near the sediment are also 
due to the high concentrations of both particulate organic carbon and dissolved 
organic carbon found there. 

The organic matter deposited on the sediment surface from either allochthonous 
or autochthonous sources is decomposed mainly in these surface layers by aerobic 
activity. Hence concentrations of organic carbon are highest at the sediment surface 
and decrease with depth (Billen 1982). Numbers of bacteria are also highest in the 
surface layers and thereafter decrease (Fig. 7b). Although more anaerobic bacteria 
can be grown from the sediment surface, their proportion of the heterotroph plate 
count increases with depth (Bell and Dutka 1972). These changes coincide with the 
decreases of oxygen concentration and redox potential that occur with depth in 
sediments. The zone near the surface containing the redoxycline is often the site of 
most bacterial activity when gross measures are used, such as with the electron 
transport system method (Jones 1982b). 

Most filamentous bacteria are heterotrophic and aerobic or microaerophilic; many 
exhibit gliding motility. These features ideally suit them to life in the surface layers 
of sediment where they are commonly found. Godinho-Orlandi and Jones (1981a, 
1981b) clearly showed this; most of the 11 genera of filamentous bacteria they 
examined were concentrated in the surface layers of lake sediments (Fig. 7). Fila
mentous bacteria are also found in the aerobic surface layers of marine coastal 
sediments (J~rgensen 1977a) and are sometimes found as macroscopic whitish 
growths on the sediment surface; this was the case with Thiothrix in some road 
drainage ditches (Jones et al. 1982a). Although most abundant in sediments some 
filamentous bacteria move into the water column when conditions become suitable 
for them (Fig. 7). This happens with the iron-oxidizing bacterium, Leptothrix (Fig. 
5k), when iron concentrations in the hypolimnion increase as it becomes anaerobic 
(Jones 1975) Peloploca, an organism growing in helic'al bundles of filaments, is 
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normally found in the upper anaerobic regions of sediments and moves into thehypolimnium once it is thoroughly anaerobic in late summer (Maiden and Jones 
1984). 

METHANOGENS 

Methane-producing bacteria are a morphologically diverse but physiologically
similar group (Mah and Smith 1981). They are now all thought to be taxonomically
related and, together with others, form the "archaebacteria", a group of very primi
tive bacteria. Most of the seven genera are rod-shaped (e.g., Methanobactcriuln)or 
coccoid (e.g., Methanogenum) but one genus (Methanosvirillum)has spirally-shaped
members. All are anaerobic and grow best at. an Ell of -200 mV or below, although 
some are obligately anaerobic others can tolerate oxygen for short periods. All the 
organisms that have been obtained in pure culture can form methane from hydrogen
and carbon dioxide and most can produce it from iormate. Only one methanogen 
can use organic materials and this organism, Methanosarcinabarkeri,can use metha
nol, methylamines and acetate for methane generation.

Methanogens are widespread in both freshwater and marine aquatic sediments and 
as would be expected are found deep in the sediment where Ehl is very low and 
oxygen is totally absent (Fig. 7). Their growth is limited, however, by sulfate
reducing bacteria because they compete with sulfate-reducing bacteria for acetate

and hydrogen (Nedwell 1982, 1984). When sulfate is at limiting concentrations, as

in many freshwater sediments, methanogens are most successful. The reverse is true

when sulfate concentrations are high, as in marine sediments. For these reasons

sulfate-reducing bacteria and methanogens rarely grow together in the same layer

of sediment. Methanogens are normally found below the sulfate-reducing bacteria
and their presence is indicated by high methane concentrations in the pore water,
large quantities of coenzyme F4 20 (a fluorescent methanogen-specific cofactor) and
by viable counts. The depth distribution of methanogens might also be limited by
the hydrogen sulfide, produced by sulfate-reducing bacteria, which is toxic to
methanogens. These interactions also account for the relative importance of sulfate
reduction and methanogenesis noted earlier (Table 1) in freshwater and marine 
sediments. 

Methane-oxidizingbacteria 

Methane produced in sediments by methanogens is not oxidized anaerobically and
consequently rises into the water column by bubbling and diffusion. While the water
is anaerobic the methane remains in solution, however once the oxycline is reached
it is rapidly oxidized by methanotrophic bacteria. The taxonomy of these bacteria is 
not at present clear, although Methylomonas, Methylococcus and Methylosinus
might represent major groups of similar strains (Whittenbury and Dalton 1981). Allmethanotrophs are Gram-negative rods or cocci which form a resting stage or cyst,
like that of Azotobacter (Fig. 5d). They can use methane and some other 1-carbon 
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compounds as sole carbon and energy sources. They can also use carbon dioxide, 
acetate and some amino acids as supplementary carbon sources and can oxidize 
some other compounds in the presence of methane. They are aerobic, but many 
strains are sensitive to oxygen at atmospheric oxygen tensions, thus they can be 
classed as microaerophilic. For these reasons methanotrophs are most abundant in 
the water column at the oxycline where both methane and low concentrations of 
oxygen are present (Cappenberg 1972; Rudd and Hamilton 1975). They are most 
active in a tight band in this region of the water column because it is only here that 
conditions are optimal for their growth. These bacteria are most abundant in nutri
tionally enriched Water bodies where methane production in the sediment is high. In 
some cases up to 40' of the dissolved oxygen in the water can be used for the 
bacterial oxidation of methane. 

SULFUR CYCL. ORGANISMS 

Hydrogen sulfide producers:putrefying bacteria 

Many heterotrophic bacteria are able to produce hydrogen sulfide from organic
 
materials such as proteins, both aerobically and anaerobically. However, in the
 
presence of oxygen, hydrogen sulfide will quickly be chemically oxidized. Protease
producing bacteria are abundant in all aquatic habitats; for example in one study

45 to 48' of freshwter isolates that were found degraded casein (Nuttall 1982a).
 
So from these and other results it would appear that hydrogen sulfide production 
from putrefying bacteria will be found wherever organic matter and heterotrophic 
bacteria are found. Some genera have been specifically implicated as important 
putrefiers in lakes. These are: Proteus,Mycobacterium, Chromobacter,Bacillus, 
Micrococcus, Flavobacterium and Vibrio (Wetzel 1983). Many of these genera 
have been found in aquatic habitats in more general taxonomic studies (Table 2). 

Hydrogen sulfide producers:sulfate-reducingbacteria 

This group of bacteria has generated a lot of scientific interest recently, after 
Widdel (Pfennig et al. 1981) used a wide range of ingenious isolation techniques to 
enlarge the number of known organisms from two genera to eight. The sulfate
reducing bacteria are now known to be a morphologically and metabolically diverse 
group. However, they are all strict anaerobes and use sulfate as a terminal electron 
acceptor to oxidize organic compounds. They are heterotrophs, although some can 
grow autotrophically (e.g., Desulfosarcina).Biochemically there are two groups 
oxidizing carbon compounds such as long-chain fatty acids, propionate, lactate and 
benzoate either completely to carbon dioxide or incompletely to acetate. Desulfo
vibrio (rod, curved-rod or spiral shaped) and Desulfobulbus (lemon shaped) are 
examples of the complete oxidizers, whilst Desulfonema (filamentous), Desulfoto
maculum (a spore-forming rod) and Desulfococcus (coccoid) are examples of the 
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Table 2. Genera of heterotrophic bacteria isolated from different aquatic habitats during taxonomic studies using various criteria for the primary isolation. The genera are listedalphabetically in order of the number of occurrences. 

Presence (+) of bacteria in the following studies grouped by type of bacteria isolated and source of isolation: 
Copiotrophic bacteria Oligotrophic bacteria 

Planktonic and 
Planktonic very small Epiphytic PlanktonicMarine Fresh water Estuarine Deep-sea Marine Estuarine Marine 

Puerto Rico Chesapeake
Perdido Bay Trench,Baltic Gulf of Bay and CoastalR. Dee, R. St. John, Florida, AtlanticGenus Beach, Baltimore WaterSeaa Alaskab UKC Canadad USAe Ocean f 

Hong Kong' Harborh Japani 

Flatobacterium + + + + + 
Pseudomonas + + ++ + ++ + + I + 

+Vibrio 
+ +Aeromonas + + + + +Alkaligenes + ++ + + 4Corynebacterium + + 

+ +
 
Ao roxella 

+ + 
+ +
 

ficrococcus 

+ + +Acinetobacter ++ + 

Cytophaga +
+ + 

+Xanthomonas + + +Achromobacter + + +
Agrobacterium + + 
Bacillas + +Chromobacterium + 

+lEexibacter 
 +
Alteromonas 

+Azotobacter + 
Beneckea + 
Caulobacter 
Erwinia + 
Escherichia + 
Hyphomirobium
Hyphomonas 

+Listeria 
+Aficrocyclus +

Norcardia 
+

Pedomicrobium +
Planococcus 

+ 
Sphaerotilus +

Streptomyces 

Streptothrix +
 

+
 
a-i, References: a - Bolter (1977); b f Hauxhurst et al. (1980);c 
 = Nuttall (1982a);d = Holder-Franklin et al. (1978);e = MacDonell and Hood (1982); f Tabor et al. (1981);g - Kong and Chan (1979); h = Mallory et al. (1977); i = Akagi et al. (1980). 
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incomplete oxidizers. As well as being anaerobes they also require reducing condi
tions, growing optimally at redox potentials between 0 and -100 mV. 

The primary habitat for sulfate-reducing bacteria is the sediment. In a typic.,, 
sediment (Fig. 8b) their activities are responsible for the depletion of sulfate which 
occurs below the redoxycline. They are most active in this zone because the redox 
potential is low enough for their optimal growth and activity. They produce hydrogen 
sulfide from the sulfate and this accumulates below the redoxycline. This pattern 
is observed in both marine (Jorgensen 1983) and freshwater (Jones 1982b) sedi
ments. It might appear unexpected that both sulfate-reducing bacteria and their 
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Fig. 8. Generalized diagram of the distribution of sulfur cycle bacteria 
and other variables with depth in (a) a typical meromictic lake or a 
eutrophic lake in late summer and (b) aquatic sediments. The dotted 
lines represent the thennocline or chemocline (a) and the H 2 S/0 2
interface (b). S.R.B. = sulfate-reducing bacteria. 
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activity can be detected above the redoxycline in the more oxidized layers of sedi
ment (Fig. 8b), but this has been shown to be due to the occurrence of reduced 
microniches in sediment particles with diameters of 50 to 200 pn. In these particles
aerobic heterotrophs consume oxygen and so keep the center of the particle anaero
bic, allowing sulfate-reducing bacteria (Jrgensen 1977b).to flourish lydrogen
sulfide is nut. present in detectable amounts in these upper sediment layers because 
it is rapidly oxidized both clbenical v and microbiologically. 

In meromic tic lakes, mnd eutrophic ones in 1ite sulin iner, the surface sediment is 
anaerobic and highly reduced as is the ionini(lim netic and hypolim netic water. 
This enables the sulfate-reducing bacterial popuhat ions to)love O otof bhe sedi
ment into the anaerobic water. In mer,,mictic lakes these bacteria are active right up
to the chem,,line (JOrgensen et al. 1979b1) bul il en Irophic ones they only just 
manage to creep into the lower layers of the hypoliinnion (Cappenherg .1972). In 
some merom ictic waters, peaks of sulfate re(uc ton are observed just below the 
chemocline where organic matter concentrates and also near the organically rich 
littoral regions. 

Hydrogen sulfide oxidizcrs: colorless sulfur bacteria 

Thiobacilli 

Under this heading will be considered the genera Thiobacillus (rod shaped) and
 
Thiomicrospira (spiral cells); they oxidize hydrogen sulfide and other inorganic

sulfur compounds to produce energy and torm sulfate. Their carbon require
ments are very varied; some are obligate autotrcphs, but. others are mixotrophic or 
heterotrophic (Kuenen et al. 1985). Almost all the species are strict aerobes, but 
both '/hio bacillus denitrificansand Tlioicrospiradenitrificans can grown anaero
bically by converting nitrate, as terminal electron acceptor, to nitrogen by denitrifi
cation. The latter organism can also grow inicroaerophilically at very low oxygen
 
tensions.
 

Thiobacilli can 
be readily isolated from alm:)st any freshwater or marine sediment 
or water, hence they are probably ubiquitous in aquatic habitats (Kuenen and 
Tuovinen 1981). However, from the very limited nutilber of ecological studies under
taken, it seems that their distribution and activity is largely restricted to the hydrogen
sulfide/oxygen interface that exists in the water column and in aerobic sediments. 
The evidence for this comes from the many st udies in which dark CO., fixation has 
been measured in ineromictic and eutrophic lakcs (Fig. 7). As these bacteria are 
not easy to identify from morphology or pigments, studies of their nuinbers are rare. 
In several Russian lakes, peaks of numbers as well as chetnosyntlietic activity regularly 
occur at the I1.,SO,, interface (Fig. 8: Gorlenko et al. 1983). Autotrophic thiobacilli 
alone would be detected by these methods, but in one or two Russian lakes appreci
able numbers of thiobacilli were found higher in the water column and this was 
attributed to heterotrophic growth. However, their source of reduced sulfur has 



103 
not been suggested. Thiobacilli often compete with phototrophic bacteria for H2S 
and are sometimes found in the same tight band as pigmented bactetia, so numbers 
are restricted to about 103 ml- 1.In one study, a tight band of dark CO,) fixation 
attributed to thiobacilli was found only 10 cm above a band of photosynthetic
bacteria. In lakes where light does not penetrate to the II,)S/O,, interface, thiobacilli 
do not have to compete for H., S and can grow at high densities, about 10';m-1-
Sometimes a zone of dark CO,, fixation is found close to the sediment in the anaero
bic region of lakes (Fig. 7) and this is attributed to the denitrifying thiobacilli. These 
bacteria are also thought to be important lI,)S oxidizers in sediments where numbers 
ranging from 10" to 10h f 1have been fou-nd (Jrgensen 1983). In a recent study
Kepkay et al. (1979) also reported high rates of aerobic CO,, fixation into bacterial 
cells in sediment, which was consistent with the activity of Thiobacillus spp. As 
Thiobacillus denitrificans can readily be isolated from many anaerobic sediments 
this organism is thought to oxidize Ij,2S under these conditions when nitrate is also 
present.
 

Colorlessbacteriastoringsulfur 

This group of bacteria are morphologically very diverse and interesting (La Rivi6re 
and Schmidt 1981). Unfortunately, as only one genus, Beggiatoa (Fig. 5j), has been 
obtained in pure culture little is known of their physiology. They are all aerobic or 
microaerophilic and oxidize HS to sulfur, which they store as sulfur globules
within their cells and they can use this sulfur later to obtain energy when H,S is 
unavailable. It is thought that they are heterotrophic, but some might be autotrophic.
Some genera contain organisnis that are nonmotile or motiie by flagellae. Macromo
nas has rod or bean-shaped cells (9 x 20 pm) with a large tuft of polar-flagellae. 
Thiovulum is ovoid (about 20 pm diameter) with peritrichous flagellae; the cells of 
this genus aggregate together to form dense 'veils' of organisms. Thiospira is spiral (2 
x 50 or 10pm) with polar flagellae and Thiobacterium is a nonmotile rod (1 x 2pm),
growing in gelatinous masses that float. Another group show gliding motility or are 
filamentous. Beggiatoa cells form long, gliding filaments (1-55 pm wide), whereas 
Thioploca is similar but sheathed and Thiothrix is also similar, but forms attached 
rosettes of filaments. Achromatium is a very large ovoid organism (about 30 x 50 
um), which is sometimes packed with calcium carbonate crystals.

The distribution of these organisms has very rarely been studied. They seem to 
occur in habitats containing both H,,S and oxygen (Fig. 8) so they are common in 
aerobic sediments with a lot of organic detrital decomposition. Some have been 
found as macroscopic surface mats, such as Beggiatoa (,Jorgensen 1983) a-a Thiothrix 
(Jones et al. 1982b). Beggiatoa also grows in small numbers within marine sediments 
at the H2S/02 interface (J3rgensen 1977a). MaLromonas has been found at this 
interface in the water of a eutrophic lake in large numbers (2 x 104 ml 1 ; Gorlenko 
et al. 1983). Achromatium cells are very large and dense, due to CaCO3 crystals, 
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and so are normally found at the sediment surface. Surprisingly, however, Achroma
"ttium has been found as a dense band (1.5 x 10 ml-1 ) just above the H2S/0 2 

interface in a meromictic lake in Tasmania (Croome and Tyler 1984). 

Hydrogen sulfide oxidizers: photosynthetic bacteria 

There are four families of phototrophic sulfu- bacteria. In most habitats, two of 
the families, the Chloroflexaceae and the Rhodospirillaceae, are of little ecological 
importance and so will not be considered. The remaining families, the Chromatiaceae 
(purple sulfur bacteria) and the Chlorobiaceae (green sulfur bacteria), are of great 
importance in many habitats. The two families are differentiated by the bacterio
chlorophylls and carotenoids they contain. The purple bacteria contain bacterio
chlorophyll a or b, the main absorption peak of which is around 850 nm, whilst 
their carotenoids absorb light maximally at about 370 nm. The equivalent peaks for 
the green bacteria are 740 nm due to bacteriochlorophyll a and either c, d or e, and 
460 nm, due to carotenoids. These peaks are all distinct from those of green algae 
which are at 665 nm and 430 nm, respectively. These pigments make the Chronia
tiaceae appear purple and the Chlorobiaceae green or brown, hence their common 
names. Morphologically these families have rod, coccoid, spiral or star-shaped cells 
and are classified into 15 genera. The purple bacteria are normally rather large cells; 
two examples are Chromatium (polar-flagellated ovoid-rod, I to 6 pm x 2 to 15 pm 
with no gas vacuoles) and Thiopedia (Fig. 5e; nonmotile, gas vacuolated, ovoid cells, 
1.5 x 2 lpm, forming flat plates with up to 64 cells). The green bacteria are smaller 
and include Chlorobium (nonmotile rod-shaped cells, 0.3 to 1.1 pm x 0.7 to 2.7 pm, 
without gas vacuoles) and Pelodictyon (gas-vacuolate, rod-shaped cells, 0.8 x 1.8 pm, 
forming three dimensional nets). 

The physiology of these two groups of bacteria is similar, but distinct and this 
leads to differences in their distribution (van Gemerden and Beeftink 1983 ;J~rgensen 
1983; Kuenen et al. 1.985). Both groups use H2 S or sulfur as electron donors to 
fix carbon dioxide phototrophically. Because HS is converted to sulfur more 
quickly than sulfur is oxidized to sulfate, free sulfur accumulates inside the 
cells of the purple bacteria and outside the cells of the green bacteria. Hydrogen 
sulfide is toxic to both groups of bacteria, but the Chlorobiaceae are far more 
resistant than are the Chromataciae. Both groups can grow at much lower light 
intensities than can either green algae or cyanobacteria. The green bacteria can, 
however, grow at even lower light intensities than the purple bacteria, for example 
when light is too dim for the purple bacterium Thiocapsa to grow, Chlorobium can 
still grow with a generation time of about 40 hours (Kueren et al. 1985). Although 
both groups are anaerobic, tle purple bacteria can tolerate very small amounts of 
free oxygen but. the green bacteria cannot. Both groups can assimilate acetate and 
some other low molecular weight carbon compounds whilst photosynthesizing. The 
purple bacteria can do this much better than the green bacteria, growing mixtrophi
cally on acetate with no diminution of the rate of CO 2 fixation. 
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Phototrophic bacteria are found growing in the water column in many different 
habitats, where light reaches the HS/O2 interface. They have been found in mero
mictic and eutrophic lakes, seawater lagoons ,-nd oxidation ponds treating sewage 
(Pike 1975; Biebl and Pfennig 1979) as well as in small natural ponds (Moss 1969b).
Their growth is dependent on precise mixtures of conditions found on the gradients 
of light, oxygen and H2 S. So they often grow as dense populations in very thin 
layers (Fig. 8), perhaps only a few centimeters thick: such growth forms the so
called 'bacterial plate'. Light almost always limits their growth. The green bacteria 
grow at the lowest light intensities, cannot tolerate oxygen but can tolerate high 
H2S concentrations, so they grow front the bottom of the oxygen gradient until 
light stops penetrating the water. Thus if light penetrates a long way down into the 
water, they might extend right down to the sediment surface. Alternatively, if their 
growth is dense enough to exclude light they may grow as a thin 'plate'. The purple
bacteria need more light, are oxygen tolerant and H2S sensitive so they always grow 
in a thin band just above the green bacteria and may even penetrate the oxygenated 
part of the H2 S/0 interface. Conditions are often ideal in this zone because if this 
interface coincides with the thennocline or chemocline then higher concentrations 
of organic carbon will be present from surface algal production which will aid 
mixotrophc gowth. 

The green and purple sulfur bacteria do not always grow together and may be 
present in some waters on their own. Most species seem to react in the general 
manner described (Gorlenko e. al. 1983), the reasons for the slight differences that 
exist between species is sometimes explainable by mixed culture studies (Kuenen et 
al. 1985) but are occasionally obscure. 

There will be little competition for light with algae in the surface waters because 
the absorption peaks of the two types of phototrophs do not overlap; this also 
precludes direct competition for light between the purple and green bacteria. The 
photosynthetic bacteria absorb light at long wavelengths, but these do not penetrate 
water very well, so the bacteria often rely on the carotenoid absorption peaks, which 
absorb light at shorter wavelengths that penetrate water better. 

In some waters, these bacteria are so successful that they can account for more 
carbon fixation than the phytoplankton. Biebl and Pfennig (1979) report that on a 
daily basis bacterial photosynthetic production varied between 3 and 90% of the 
total photosynthetic production and that on a yearly basis this proportion varied 
between 3 and 82.5%. They do say, however, that the highest figures are rather 
atypical of most waters. 

Phototrophic bacteria are also found in sediments. They are only found in sedi
ments rich in organic matter as only in these sediments will the zones of light pene
tration and H2 S accumulation meet. Light can normally only penetrate about 3 mm 
into sediment so purple and green bacteria will be found here. Some sediments 
receive a lot of organic matter from decomposing plant material and are anaerobic 
nearly right up to the surface. Such sediments reduce a lot of sulfate due to high 
sulfate-reducing bacterial populations and so a lot )f H2S is generated, thus dense 
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growths of green and purple bacteria, can occur. Such sediments are called 'sulfu
reta' and are common in productive coastal regions. Purple and green bacteria are 
once again situated in tight nands close to the H2 S/0 2 interface for similar reasons 
to those discussed for the water column, In some sediments green bacteria are most 
active (Blackburn et al. 1975), in others purple forms predominate and in some
 
a mixture occurs (J6rgensen 1983).


Phototrophic bacteria can be an important food source 
for zooplankton and 
ciliates Several studies have found peak concentrations of these predators just above
the bacterial plate and evidence suggests that the predators dive from the oxygenated 
water in which they live into the anaerobic water containing the phototrophs to feed 
on the bacteria (Sorokin 1970; Matsuyama and Shirozu 1978, Biebl and Pfennig 
1979). 

NITROGEN CYCLE ORGANISMS 

There is 1lot of informatior in the literature about the taxonomy, morphology
and biochemistry of the bacteria that mediate the transformations in the nitrogen
cycle. However, information on the ecology of the organisms, their distribution and
the processes that they carry out is lacking. Much more is known about the ecology
of the carbon and sulfur cycles in water and sediment than is known of the nitrogen
cycle. The infonnation given in this section reflects this paucity of knowledge. 

Ammonifying bacteria 

Sepers (1981) examined the diversity of aerobic ammonifying bacteria from a
freshwater basin in the Netherlands. He used plating, batch culture and continuous 
culture to isolate 169 strains of different ammonifying bacteria with 1.9 different 
amino acids. His examination of the utilization of 41 organic compounds as sole
carbon and energy sources by 68 of the isolates showed all the bacteria to have a very
wide substrate specificity. No isolate could utilize all the compounds but 83% of the 
strains could use 50 to 83% of the substrates. The great similarity of the strains in
their ability to use the organic compounds was confirmed by cluster analysis. From 
this work it appears that aquatic heterotrophic bacteria are capable of growing on 
almost any substrate they encounter and ammonifying most amino acids. Thus 
ammonification is umiiikely to be limited by lack of organisms or the right kind of
substrate. The bacteria capable of ammonification are heterotrophs, so they are 
distributed throughout the water column and sediment. Ammonification can take 
place either aerobically or anaerobically, and so it will continue in either oxic or
anoxic water or sediment. However, because more organic matter and bacteria are 
present at the surface of sediment than elsewhere, it is not surprising that most 
ammonification is at the sediment surface (Fig. 9; Blackburn 1979, 1983). Although 
a lot of ammonia is produced in lakes it is also rapidly assimilated by algae (Wetzel
1983) and used for nitrification by bacteria (see next section). Both these processes 
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Fig. 9. Generalized diagram of the distribution of different forms of nitrogen, 
the activity of nitrogen cycle bacteria and other variables in (a) a typical 
meromictic lake or a eutrophic lake in late summer. The dotted lines represent 
the thermocline or chemocline (a) and the redoxycline (b). 

are more active in oxygenated water; thus, ammonia concentrations are low in 
aerobic waters or sediment and high in anaerobic regicns (Fig. 9). 

Nitrifying bacteria 

Heterotrophi nitrification is thought to be insignficant in aquatic habitats, and 
so all the important nitrifiers in water are the autotrophic nitrifiers or Nitrobacteria
ceae. These organisms havr been fully described recently (Watson et al. 1981) and 
consist of two groups of genera that use different respiratory mechanisms. The 
ammonia-oxidizers convert ammonia to nitrate; there are five genera, mos' of which 
have been isolated only from soil, but Nitrosomonas (rod-shaped, 1 x 1.5 um) and 
Nitrosococcus (coccoid, 1.5-2.2 Mm diameter) are aquatic. The nitrite-oxidizers 
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convert nitrite to nitrate and are all aquatic, although only Nitrobacter (pear
shaped rod, 0.7 x 
1.5 pm) is found in freshwater; Nitrococcus (coccoid, 1.7 pm
 
diameter) and Nitrospina (rod-shaped, 0.35 x 5 pm) are obligately marine. All the
 
genera are highly aerobic, containing numerous cytomembranes that are rich in
 
cytochromes.
 

The Nitrohacteriaceae are found in both water and sediment and, although their
 
distribution has not been studied directly, their activities have. The distribution of
 
nitrification with depth in sediments has been well researched (Billen 1982; Black
burn 1983). Nitrification is maximal when both oxygen and ammonium ions are 
present and so occurs in the oxygenated surface layers of the sediment only (Fig. 9).
This results in utilization of ammonium ions and production of nitrate, hence 
ammonia is depleted and nitrate accumulated in the surface sediment (Fig. 9). 

Denitrifying bacteria 

Bacteria capable of denitrification are predominantly facultative anaerobes.
 
Denitrification is an anaerobic respiratory process by which bacteria 
use nitrate as a 
terminal electron acceptor and produce nitrogen gas via the intermediates nitrite, 
nitric and nitrous oxides. Jetter and Ingraham (1981) list 73 genera capable of 
denitrification. These include common aquatic heterotrophs such as Pseudomonas, 
Alkaligenes and Vibrio and other less widely distributed genera like Hyphomicrobium 
(Fig. 5f), Leptothrix (Fig. 5k) and Thiobacillus. Because denitrification is a respira
tory process carried out mostly by heterotrophs, a source of organic carbon is 
normally required and if insufficient carbon is available only nitrite will b. 1)r:)duced.

Denitrification rates should be hi ,-i whenever there are anaerobic conditions and 
plentiful supplies of nitrate and organic carbon. In eutropnic lakes, denitrification 
rates are highest in early summer in freshly anaerobic water. These rates decrease as 
nitrate becomes depleted. Hence denitrification is responsible for nitrate depletion
in the hypolimnion (Wetzel 1983). It is thought that in some North Sea sediments 
the same principles hold; denitrification occurs in the top layer of anaerobic sedi
ment immediately below the redoxycline in a zone quite distinct from the aerobic 
nitrification zone (Billen 1982). However, in some other marine and freshwater 
sediments (S6rensen 1978; Jones 1982b) denitrification rates are maximal in the 
oxidized surface layer of sediment. Jones (1982b) says that the denitrification zone 
in a eutrophic lake sediment occurred at an Eh of about +200 mV in a similar place 
to the nitrification layer. He argues that this is because nitrate, the substrate for 
denitrification, is produced in this zone only by nitrification and that denitrification 
can occur in the anaerobic centers of sediment particles. The high rates of denitrifi
cation in oxidized littoral sediments are also explained by this argument. 

Nitratedissimilatorybacteria 

Reduction of nitrate to ammonia is another anaerobic process carried out by
heterotrophic bacteria. However, it has not been very intensively investigated in 
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sediments. Herbert (1982) reports a series of attempts to isolate nitrate-dissimilating 
heterotrophs using plating and continuous culture techniques. This work showed 
Aeromonas,Vibrio, Klebsiella,Escherichiaand Clostridium to be the most important 
organisms, but Pseudornonasand Acinetobacter were also isolated. Although nitrate 
dissimilation is an anaerobic process it can also be carried out under microaerophilic 
conditions (Herbert 1982). Little is known of the depth distribution of the process 
in sediments. Jones (1985) says that it only occurs in the deeper layers of anaerobic 
freshwater sediments, but others working on organically rich coastal sites have 
shown it to occur in aerobic sediments (Herbert 1982). 

Nitrogen-fixing bacteria 

Gordon (1981) lists 59 genera of nitrogen-fixing bacteria and these consist of 
many different taxonomic and physiological types. The largest group are the cyano
bacteria (28 genera) and although nitrogen-fixing occurs in the heterocysts of hetero
cystous types, it can also occur in the vegetative cells of nonheterocystous cyano
bacteria. Several genera of the anoxygenic photosynthetic bacteria (6 genera) are 
also said by Gordon (1981) to be nitrogen-fixing although this list might well not be 
comprehensive (Gorlenko et al. 1983). Azotobacter (Fig. 5d) and Clostridium are 
often said to be the most important free-living heterotrophic nitrogen-fixers although 
many other types may also be important such as methanotrophs, the enterobacteria 
and some sulfate-reducing bacteria and methanogens. The nitrogenase enzymes 
that mediate nitrogen fixation are very sensitive to oxygen. Aerobic nitrogen-fixing 
bacteria have developed mechanisms for protecting their nitrogenase; thus, nitrogen 
fixation can occur aerobically or anaerobically. 

Sediments do not seem to be very important sites of nitrogen fixation (Blackburn 
1983) and the distribution of the process with sediment depth does not follow a 
regular pattern (Jones et al. 1980). 1.- 1he water column, nitrogen fixation is often 
associated predominantly with cyanobacteria (Wetzel 1983) and the vertical distribu
tion of nitrogen fixing activity follows the biomass of the cyanobacteria. Thus most 
nitrogen is fixed in the upper well illuminated and oxygenated layers of the water 
column. In one study in a freshwater lake, cyanobacterial nitrogen fixation was 
undetectable (Jones et al. 1980) and only a low rate of heterotrophic fixation was 
observed. This was accounted for by sewage input into the lake, which resulted in 
increased ammonia concentrations that suppressed nitrogen fixation. Whether or 
not this is a general phenomenon has yet to be demonstraied. The phototrophic 
sulfur bacteria often fix nitrogen and in one study (Wetzel 1983) the green sulfur 
bacterium Pelodictyon caused a peak in nitrogen fixation activity just below the 
o,-ycline. 
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Temporal Variation in Bacterial Populations 
and Their Activities 

The size and activity of populations of bacteria in water and sediment do not
remain constant but are in dynamic equilibrium with the environment and so change
with time. These changes occur both because environmental changes affect the
bacteria and the bacteria affect the environment. Such changes seem to occur on 
both annual and daily time scales. Apart from these regular seasonal and diurnal 
variations successional changes will also occur after detritus is added to an aquatic
habitat. The principles which have been discussed in the preceding sections normally
apply to the temporal variations in a similar mariner to the ways in which they con
trol vertical variations in the bacterial populations and activities. Consequently, in
this section, the subject matter is not covered exhaustively, but a few examples
 
are given to illustrate the types of temporal changes that occur.
 

DIURNAL CHANGES 

Studies on the sulfur cycle have provided some good examples of the diurnal 
changes that occur in aquatic habitats. One such study (Hansen et al. 1978) has
examined the release of H2 S from two coastal sediments. Although one was richly
supplied with organic matter from decomposing seagrass and the other was sandy
and less organically rich, the general changes that occurred were similar (Fig. 10).

There was very little aerobic layer in these sediments as the 0 mV layer, which
 
crudely separates the oxidized and reduced sediment zones, was never deeper than

2 mm from the surface. Consequently, sulfate-reducing bacteria were constantly
active in the top 1 cm of sediment, producing H2S. During the daytime, benthic 
microalgae photosynthesized, producing oxygen that diffused into the overlying
water and maintaining a high concentration of dissolved oxygen. Purple photo
synthetic bacteria were also able to photosynthesize at the H2S/O 2 interface,
because it was within the top 1 to 3 mm of surface sediment, which was illuminated. 
Thus these purple bacteria oxidized some of the H2 S produced by the sulfate
reducing bacteria during the day, whilst the rest of the HS was oxidized chemically
by the oxygen produced by the benthic microalgae. Thus no H2S was released into 
the overlying water in daylight. As dusk approached and oxygenic photosynthesis
stopped, the oxygen concentrations in the sediment and overlying water decreased,
and H2S was no longer chemically oxidized. Purple-bacterial photosynthesis also 
stopped at dusk and so their utilization of HS also stopped. For these two reasons 
H2S produced by the sulfate-reducing bacteria was not removed at night and 
accumulated in the sediment and overlying water. Once the pH "ad dropped suffi
ciently, H2S was also released into the atmosphere. At dawn the reverse of these 
processes occurred and once again the stable daytime situation was reached. Very
similar cycles of events have been observed in other marine sites (Ingvorsen and 
J~rgensen 1979) and in the benthic cyanobacterial mats of a hypersaline lake 
(J~rgensen et al. 1979b). 
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Fig. 10. Generalized diagram of diurnal changes for (a) several 
variables important in the release of H2 S trom coastal sediment 
overlain by 0-10 cm of water and (b) the depth of the 0 mV layer 
in the sediment and pH changes in the overlying water (based on 
data presented by Hansen et al. 1978). 

Other similar types of diurnal changes involving sulfur cycle organisms have 
been observed in the water column of some aquatic habitats. In the hypersaline lake 
mentioned earlier, such changes have been well documented (JMrgensen et al. 1979a). 
In that lake, the H2S interface, which occurred near the chemocline, was forced 
downwards in the water column during the day and rose at night. This was caused 
by the oxygenic photosynthesis of cyanobacteria in the daytime producing more 
oxygen to oxidize the H2 S produced by sulfate-reducing bacteria from below. 
These aerobic conditions also encouraged H2S oxidation by thiobacilli thus further 
helping to depress the H 2 S/0 2 interface. These processes caused the H 2 S/O 2 inter
face, the layer of dark CO2 fixation and the layer of light CO2 fixation by anoxy
genic cyanobacterial photosynthesis, to move about 10 cm vertically during a 
diurnal cycle. 

It is likely that diurnal changes in bacterial populations can be very important in 
even very shallow waters receiving large amounts of detritus. For example, waste 
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stabilization ponds in tropical countries used for sewage treatment undergo very
large physical and chemical diurnal changes (Mara 1976; Hawkes 1983) although
they are only about 1.5 m deep. At night these ponds are fully mixed but very low 
in dissolved oxygen due to the high rates of respiration by heterotrophic bacteria 
and algae. In the daytime they are fully stratified like a eutrophic lake, the surface 
water being supersaturated with dissolved oxygen from algal photosynthesis and the 
lower water being nearly deoxygenated. Thus, although these ponds have not been 
studied in detail microbiologically, it is quite likely that large diurnal changes
in the populations and activity of carbon, sulfur and nitrogen cycle organisms 
occur. 

SEASONA. CHIANGI,:S 

Tenperature is one of the major environmental factors affecting populations of 
aquatic bacteria seasonally. Many workers have shown that the uptake of dissolved 
organic compounds by planktonic heterotrophic bacteria varies seasonally with 
maximum values in summer and minimum values in winter (Hobbie 1971; Hobbie 
and Rublee 19'7; Gillespie and Spencer 1980). Similar changes have also been 
documented for bacterial sediment oyxgen uptake (Wetzel 1983). These changes are 
strongly correlated with temperature (Gocke 1977; Fry and Humphrey 1978; Nut
tall 19821); Wetzel 1983) and closely follow a sinusoidal pattern (Fry et al. 1981)
that is also consistent with the pattern of temperature change. Consequently, there 
is little doubt that temperature is the major driving force behind these changes,
particularly as there do not seem to be any large seasonal changes in total numbers 
of bacteria in aquatic habitats (Fry et al. 1981; Quinn et al. 1985). Temperature also 
affects many other bacterially mediated processes. For example sulfate reduction, 
methanogenesis (Senior et al. 1982) and denitrification (King and Nedwell 1984) are 
all highest in summer and lowest it; winter it salt-marsh sediment as a result of 
temperature changes. In the case of denit rification the denitrifying bacteria also 
change with the seasons (King and Nedwell 1984). Mesophilic denitrifiers were 
present all the year but were most developed in late summer, whilst psychrophilic
denitrifiers were only present during winter. In this study the mesophiles were 
predominantly Psoedomonasspp. and the psychrophiles were mainly Vibrio spp.

Temperature is not. always the driving influence for population changes of hetero
trophic bacteria. Sometimes the supply of organic carbon is most important. An 
example of this is with pectinolytic anaerobes in the sediments of eutrophic Lake 
Mendota where the highest numbers were recorded in autumn when the deposition 
of algae and leaf detritus was maximal (Schink and Zeikus 1982)

In stratified lakes, many seasonal changes in bacterial populations are controlled 
by the extent of deoxygenation of the hypoliniion or monimolimnion. In eutrophic 
lakes, seasonal variations are great because stratification and hypolininetic oxygen
depletion only occurs during the summer. In meromictic lakes, seasonal changes are 
less because the cheniocline is permanently present. Changes in populations of 



113 

Stratification Overturn!I 
02 ( O 

U1r 

Total Fe 

. L eptothrix 
C 

Ochrobium 

Time 

Fig. 11. Generalized diagram of the seasonal changes in iron-oxidizing 
bacteria and related variables in the hypolimnion of a eutrophic lake. 

iron-oxidizing bacteria in a eutrophic lake will be used as an example (Fig. 11). In 
oxygenated water iron occurs mainly in its ferric form, which is insoluble; so little 
iron is in solution. In deoxygenated water iron occurs mainly in the ferrous form, 
which is soluble, and thus insoluble iron in the sediments dissolves in the anaerobic 
water increasing soluble iron concentrations. Consequently in spring when thermal 
stratification occurs and the hypolimnion starts to become anoxic iron concentra
tions in the hypolimnion increase. Hydrogen sulfide which is also present in the 
hypolimnetic water then reacts with the dissolved iron and forms a black precipitate 
of iron sulfide. More iron then moves from the sediment into the water to compen
sate for the loss of soluble iron ;s the sulfide precipitates. Thus total iron concen
trations in the hypolimnion also increase with the onset of stratification. The increase 
of iron concentrations in the hypolimnion then makes it possible for iron-oxidizing 
bacteria to move from the sediment, where they grow during the winter, to the 
water column. The first organisms to start growing in the hypolimnetic water are 
those that grow best under microaerophilic conditions and are found at the oxycline. 
Leptothrix (Fig. 5k; Jones 1975) and Metallogenium (Gorlenko et al. 1983) behave 
in this way. Later, bacteria that grow best under anaerobic conditions colonize the 
lower layers of the anoxic hypolimnion; Ochrobium seems to be an example of this 
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type of organism (,Jones 1981). At overturn in the autumn, when the deoxygenated
water in the hypolimnion is dispersed, iron concentrations decrease rapidly and the
iron-oxidizing bacteria return to the sediment. Many different groups of bacteria
show seasonal changes of this sort. Some other examples have been reported by
Cappenberg (1972) for sulfate.reducing bacteria and methanotrophs and by Hall 
(1982) for nitrifying bacteria. 

Seasonal changes also occur in the bacterial populations of sediments. Billen
(1982) reports a study of seasonal cianges in nitrification and denitrification in two 
sediments from a marine lagoon near the coast of Belgium. The rates of these two 
processes were controlled mainly by temperature, with high rates in summer ind low 
rates in winter. The depth of the nit rificat ion layer also varied; it was near the sedi
nzent surface in suimmer and further from it in winler. This movement corresponded
to the movement of the redoxycline in the sediments as would be expected from
previous discussions. The relative magnitude of nitrification and denitrification in
sandy and muddy sediments had a great effect on nitrate flux. In the sandy, aerobic 
sediment nitrification was always higher than denitrification and nitrate always
diffused into the water column. Hlowever, in the more anaerobic, muddy sediments
the relative importance of the two processes was such that nitrate diffused into the 
wvter column in winter but was required to drive denitrification during the summer;
thus nitrate concentration in the overlying water was lowered at this time of year.

Seasonal changes of bacterial populations over a two and a half year period have
been studied in one set of aquaculture ponds in India (Jana and Roy 1985a, 1985b).
These studies showed marked seasonal changes in numbers of proteolytic, ammoni
fying and nitrifying bacteria in water and sediment. Largest numbers of all types
 
were 
found in winter and smallest numbers in summer. Seasonal changes were

accounted for by changes in the available substrates for these bacteria. Differences
 
between numbers in the different fishponds studied were, however, thought to be
 
related to the amount of organic carbon entering the ponds. 

SUCCESSIONAL CIIAN(;FS 

Studies in my laboratory to investigate the effect of herbicides on heterotrophic
bacteria in freshwater habitats give some idea of the changes that will occur when a
large amount of detritus is added to an aquatic ecosystem. This is because the main
effect of the herbicide is to kill the aquatic plants and the bacterial changes (Fig. 12)
are almost all due to the death and decomposition of the plants rather than direct
effects of the herbicide (Fry et a!. 1973; Ramsay and Fry 1976; Fry and Ramsay
1977). Most of the work has been done with paraquat, but diquat and terbutryn
show similar effects (Cragg and Fry 1984) as all are quick-acting herbicides. 

The plants were killed very quickly after addition of the herbicide and photo.
synthesis stopped. Thus, the diurnal oscillations in dissolved oxygen concentration 
observable before treatment, caused by photosynthesis of the macrophytes, stopped
after treatment. Oxygen concentrations declined as the continuing plant respiration 
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and oxygen consumption by the increasing populations of heterotrophic bacteria 
removed dissolved oxygen. By about 5 to 10 days after treatment oxygen concentra
tions reached a minimum close to zero; the precise value depended on the biomass 
of plants present before treatment (Brooker 1974). The macrophyte biomass, also 
decreased and normlly by 20 to 25 days all standing macrophytes had gone. While 
these changes occurred total and viable numbers of bacteria in the water, on the 
plants and in the sediment (Fry et al. 1973) increased, reaching maximum numbers 
by about 4 to 10 days. These population increases corresponded with similar increases
in rates of uptake of labile organic materials such as glucose, acetate and glycollate.
Autoradiography has also shown similar maxima in the proportion of the bacteria 
taking up glucose (Ramsay and Fry 1976). Bacterial populations usually returned to 
prctreatment values by about four weeks after treatment, when all the plant material 
had decomposed. However, during one study (Fig. 12; Fry and Humphrey 1978) a
bloom of an alga (Euglena sp.) started to appear 17 days after treatment. Algal

photosynthesis then caused the dissolved oxygen concentration 
 in the water to
 
increase, at about the time that the bacterial numbers and their activity decreased.
 
Once the Euglena sp. had nearly reached maximum biomass, bacterial numbers and 
activity started to increase once more, to reach maxima by about. six weeks after 
treatment, and dissolved oxygen again decreased to a minimum of 0.1 mg -I . 
The bacteria were presumably growing on exudates and particulate organic carbon 
from the algae. Thereafter, values of all variables returned to normal by about 10 
weeks after treatment. This second maximnm in the v-tlues for the bacterial variables 
was not due to macrophyte decomposition because numbers of hemicellulase-pro
ducing bacteria did not increase at that time. This indicated that macrophyte cell
 
walls, which probably contain large amounts of hemicellulose, were not being

decomposed. These changes show that the primary effects that occur when large
amounts of detritus are decomposed in water are straightforward. However, second
ary changes may be complex and at present it is not possible to predict when they
will occur. No long-term effects on the aquatic bacteria in the ecosystem were
 
detectable after the herbicide treatment (Fry et al. 1981).
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Discussion 

WOHLFARTH: Regarding the carbon cycle, what is the source of your figures? 

FRY: Williams (1981). 1 have adapted his figures in the text of my paper. 

WOHLFARTH: The other point is that, as you have presented it, this is not strictly speaking a
 
cycle because it comes to an end.
 

FRY: Yes. I have done this to illustrate the way the carbon is incorporated into the bacteria;

hence their great importance. Even the carnivores, like some fish, can decompose and contribute
 
to bacterial carbon, but this is a very minor source. 
I have not tried to explain everything in detail 
but rather to indicate the overall importance of bacteria in carbon mineralization. 

WOHLFARTH: But what happens to the carbon fixed in heterotrophic bacteria? 

FRY: The bacteria die. The carbon is released when they decompose and other heterotrophic
bacteria live on their decomposition products. Therefore, you have sort of 'heterotrophic shunt': 
live bacteria living off dead bacteria. 

EDWARDS: I was intrigued by your revelation that some bacteria can be as large as 35 pm and 
could be mistaken for blue-green algae (otherwise called Cyanobacteria). In a series of ponds at 
AIT fed with human excreta, we had a dominant organism-which I tentatively identified as the
blue-green alga Romeria. However, it was brownish in color and filamentous. Perhaps it was 
one of these large bacteria. It was persistent for several months but has not been seen since. 

FRY: That is possible. I would say that to label something as a blue-green alga, one shoulr! be able 
to demonstrate the presence of chlorophyll, for example, by fluorescence microscopy. However, 
there are blue-green algal taxonomists who refer to 'colorless' blue-greens. We are in a grey area of 
taxonomy here but the Cyanobacteria are well-separated by taxonomists from other major groups 
of bacteria. 
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EDWARDS: You said that 96% of detritus was taken up by heterotrophic bacteria. I presume thatby the term detritus you mean here decomposing plant matter as opposed to manure, which has aconsiderable fertilization effect in simulating phytoplankton growth in fishponds. 

FRY: That is correct. In my paper, it is regarded as material derived from macrophytes. However,detritus derived from manure would follow a similar route. The fact that phytoplankton areproduced does not change the fact that their ultimate consume.--, are bacteria. 

EDWARDS: Yes, tnis applies to the phytoplankton which die, but large quantities are cropped bythe fish which are then harvested. 
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Abstract 

Secondary (total heterotrophic) production in terrestrial and most aquatic ecosys
tems is largely sustained by recycling dead organic matter rather than by direct con
sumption of net primary production. On land, little o( this production can be exploit
ed by man b~it in aquatic systems, mainly because water is a support and transport 
medium, the decomposer and herbivore systems have closer functional integration
resulting in the effective transfer of microbial production to higher trophic levels. The 
component processes of decomposition and the links between particular organic 
matter, dissolved organic matter and inorganic nutrient fluxes are keys to the poten
tial for manipulating these transfers. 

All stages in the processing of organic matter involve the interaction of resource 
quality (Q), organisms (0) and physical environmental conditions (P). The net effect 
of this complex is manifested in terms of the component processes of decompositior: 
catabolism (K), comminution (C) and leaching (L). Thus OPQ can be seen as a modulc 
effecting all state changes in organic matter with the particulate organic matter or dis
solved organic matter products forming inputs to other modules with different suites 
of organisms and environmental conditions. The products, including mineral elements, 
can also enhance or inhibit the decomposition of other resources. 

Cases are reviewed in which resource quality, organism activitius (particularly
animal/microbial interactions) and physical/chemical environmental conditions inter
act in determining the rate and pathways of detritus decomposition, and the input/ 
output balances of nutrients and organic matter for the systems. 

The extension of these ecological principles to detritus exploitation in aquaculture 
is considered in terms of experimental approaches and testable hypotheses. 
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Introduction 

More than 99% of plant biomass and 67% of global net primary production 
occurs on land (Leith 1975). The oceans, which comprise about 90% of the marine 
biome and cover 70% of the globe, have a mean net primary production of about15 m-9 
 -1
 

125 gC m 2year 1; a similar figure to tundra or semi-desert conditions on land. Theprimary production of the continental shelves and upwelling areas of 200-1,000 g C - 2
m year- 1 is comparable to temperate woodlands and grasslands, and only limited 
areas of aquatic ecosystems and fringing communities (Teal 1980; Brinson et al.
 
1981) approach the burgecning NPP (2,000 to 3,000 g m - 2 year 
 1) of the extensive 
tracts of humid tropical rain forests. Nevertheless, aquatic ecosystems are estimated 
to contain around half of the animal biomass in the biosphere and contribute almost
all of the secondary production harvested by man from natural systems; mostly as 
fish from high trophic levels. 

Many ecological and socioeconomic factors underlie this disparity of harvestable 
secondary production between terrestrial and aquatic systems (Odum 1980). But a
key factor is the nature of water as a support and transport medium because this 
affects the quality of food resources available to l,rbivores and serves to integrate
the decomposer and herbivore systems, which largely function as discrete entities in 
terrestrial ecosystems. These contrasting patterns of secondary production are
briefly outlined for terrestrial and aquatic systems and the decomposition of plant
materials is discussed in terms of the effect of water on the component processes
and rate determinants. Finally, the role of detritus is considered in the context of 
aquaculture systems. 

Secondary Production in Terrestrial and Aquatic Systems 

A simple model of energy flow pathways in terrestrial ecosystems is shown in Fig.
1. The model is based on an extensive review of ecological efficiencies within or 
between trophic levels but the key parameters governing energy partitioning between 
the herbivore and decomposer systems are the consumption efficiencies (C n/P 1).n-
This is a measure of the consumption by trophic level 'n' of production by the
previous trophic level. Mean consumptions of net primary production by animals has
been estimated at 1% in cultivated land, 4 to 7% in forests and 10 to 25% in grass
lands (consumption of above ground production may approach 50% but a major
proportion of net primary production is allocated to roots and is unavailable to most 
herbivores). The consumption efficiencies of I igher trophic levels (shown in Fig.
1) are more uncertain but have little direct effect on the energy fluxes through the
herbivore system. Thus 80 to 90% of terrestrial net primary production, together
with the excreta and animal residues, is transferred to the decomposer system. Here
only an average of 10% of the energy is utilized by animals, mostly small inverteb
rates, and the remaining 90% is utilized by microorganisms. However, nonuti!ized 
materials, including the products of higher trophic levels are reutilized in the decom
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Fig. 1. A simple trophic model comparing the organisms of the herbivore and 
decomposition subsystems. The symbols are those of the original paper: 

= = S saptovore decomposers; M = microbivore; H = herbivore; C carnivore; 
= = v vertebrate; i = invertebrate; m = microorganism; R loss to respiration. 

The transfers linking the compartments are the fractions transferred at any 
one linear run of the model. (After Heal and MacLean 1975). 

poser subsystem in contrast to the single passage through the herbivore subsystem. 
As a consequence of this recycling, Heal and Maclean (1975) showed that even in an 
intensively grazed grassland only 1.6% of secondary production occirred in the 
herbivore subsystem and 94% of total heterotroph production was by fungi and 
bacteria. The model was applied to data from a number of sites in the International 
Biological Programme and predicted the empirically determined level of secondary 
production within fairly close limits. 

Hence terrestrial secondary production is limited by the efficiency with which net 
primary production is utilized by herbivores and the spatial isolation of the herbi
vore and decomposer systems imposed by the effects of gravity. Most secondary pro
duction is located ii. the soil where it cannot be exploited by man as a food resource 
and the predator links from the decomposer to the herbivore subsystem are negligible 
in relation to the total fluxes. Input of surface net primary production to the 
benthos in lakes and marine systems varies between 64 and 0.5% according to 
turbulence and the depth of the water column (Hargrave 1973). In mid-ocean with 

2 surface productivity around 50 g C m- year 1 only 1 to 2% of net primary pro
duction reaches the benthos compared with an eutrophic lake with a production of 

2 500 g C m- year 1 , and a mixed layer depth of less than 5 m, where 200 g C m 2 
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may reach the boitom each year. In deep waters, therefore, production, consump
tion and decomposition reach approximate equilibrium in the photic zone and the 
rate of production at higher trophic levels can be estimated as: 

Production = BE" 

where B is phytoplankton production, E the transfer efficiency and n the number of
trophic links between the producers and consumers (Parsons 1976).

Consumption of net primary production is gei~eraly higher in marine systems
than on land; perhaps 40% in open oceans, 35% in upwelling areas and 30% on the
continental shelves; ;ralgal beds and estuaries macrophyte consumption of 10-15%
is similar to terrestrial systems; on average 63% of marine net primary production
enters the decomposer subsystem. But in contrast to the situation in terrestrial 
ecosystems, the energy budget for the North Sea (Fig. 2), constructed by Steele
(1974), shows fish 	production supported by the pelagic food chain and detrital 
resources reaching the sea floor. Implicit in this model are very high consumption
efficiencies (75%) for zooplankton and negligible recycling of dissolved organic
matter to zooplankton via planktonic bacteria. This pathway has been invoked by
various authorities to account for seasonal discrepancies between net phytoplankton
production and zooplankton consumption (Crisp 1975; Hollibaugh et al. 1980) but
is discounted by Po:ter (1984) on the grounds of bacterial densities, filtration effi
ciencies and nutritional status of oligotrophic bacteria as a food resource. 

360 Inverarate
30carnivores 

Phytoplankton 	 Herbivorous
 
zooplankton
 

I7 I 	 60 Pac ,, 17 
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However, these criteria for dismissing the importance of bacteriophagy need 

reappraisal in the light of evidence reviewed by Azam et al. (1983) that microflagel
lates (3 to 10 pm) can regulate bacterial populations and hence promote rapid
recycling of potentially limiting nutrients to phx toplankton in the photic zone. But 
although the bacteria may utilize 10 to 50% of the photosynthetically fixed carbon 
to scavenge nitrogen for protein synthesis, the returns to the main food chain 
through the 'microbial loop' of ba teria--microflagellates-microzooplankton to zoo
plankton are probably small because of the number of trophic links involved. 

A similar situation pertains in lakes though there is little doubt that zooplankton,
and particularly Cladocera, can effectively exploit. the larger bacteria generally found 
in freshwater systems (Fenchel and Jirgensen 1977; Peterson et al. 1978; Coveney

et al. 1978). Pedros-Alio and Brock (1983) showed that zooplankton in Lake
 
Mendota consumed up to 60' of bacterial biomass when cell densities increased
 
above the threshold concentration of 10 mV
l--1 (below which they do not feed on
 
bacteria). But because the production to biomass ratio for the bacteria 
was about 
3:1, the animals only consumed about, 1 to 10%l of bacterial production; a major 
component of the remainder settled to the bottom on particulate organic matter. In 
Lawrence Lake, Wetzel et al. (1972) found that out of 171 g m - 2 photosynthetically
fixed carbon, 20 g m- 2 was respired by bacteria in the pelagic zone and 1.18 g 
m )was respired in the sediment; thus 80%C"of the primary production was utilized 
by the detritus food chain and approximately 70% in the benthos. 

Freshwater ecosystems display this full range of functional organization. On one 
hand there are the head streams with low secondary production at higher trophic
levels and food chains based almost entirely on terrestrial detritus, and on the other,
highly productive lakes and carp ponds supported by indigenous algal and macro
phyte production. 

Bear Brook (Fig. 3a) is heavily shaded by forest trees and thus no attached algae
and few macrophytes can survive. Allochthonous inputs are from three sources: 44% 
as tree litter (leaves, fruits, twigs and branches), 25% as dissolved organic matter 
from ground water drainage and the remaining 31% from upst,'eam (22% dissolved 
and 9% particulate matter). The inputs of leaves or branches and stores within the 
system did not var much from year to year. Assuming steady state conditions, 
Fisher and Likens (1973) calculated turnover times of 1 year for leaves and 4.2 years
for branches. I leterotrophic respiration (34% of incoming energy) was largely by
fungi and bacteria: there was negligible production of invertebrates or fish, and 66% 
of the incming energy was exported downstream (46. as dissolved organic matter 
and 20% as particulate organic matteril. 

The River Thames, which is dammed at many sites, has significant phytoplankton
production and, although there are major throughputs of dissolved and particulate
organic matter, it is more functionally analogous to an eutrophic lake than a river 
(Fig. 3b). The transfer efficiency from gross primary production of fish ranges from 
betw( en 0.1 and 1.6% for lakes and reservoirs to around 4% for carp ponds (Morgan
1980). Mann et al. (1972) suggest that the transfer efficiency of the Thames is as 
high as 10% because roach are directly utilizing detritus as a food resource. But this 
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Fig. 3. Patterns of energy fluxes in (a) Bear Brook (Fisher and ILilens 197/3) 
and (b) River Thimies (Mann et al. 1972). 

figure is challenged by Morgan (1980) on the basis that the transfer efficiency has 
little meaning for an open system with detritus inputs and losses. For example, the 
energy budget for a lowland chalk stream determined by Westlake et al. (1972) 
shows that fish production had a transfer efficiency of about 0.001% because the 
amount of dissolved and particulate material entering and leaving the system was 
many times higher than primary production. 

It is now increasingly recognized that stream and river systems must be seen as a 
functional continuum of systems integrated not only from source to sea but with 
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the surrounding catchment (Vannote et al. 1980; Minshall et al. 1985). The River 
Continuum Concept has important implications for the understanding of aquatic 
decomposition processes because not only does the relative mass and quality of 
allochthonous and autochthonous inputs vary seasonally, and with the position in 
the river gradient, but the environment for decomposition of dissolved organic 
matter and particulate organic matter changes as the material moves downstream 
(Fig. 4). This environmental complex inciudes physical parameters (P) of temperature 
and oxygen which regulate community metabolism as well as current speed which 
structures the community and differentially transports materials according to their 

mass, the organisms (0) p,,rticularly the invertebrate fauna which regulate the 
transport of particulate organic matter and the quality of the plant resources (Q) on 
which the organisms are acting. This concept of a complex of OPQ variables regulat
ing decomposition has been developed by Swift et al. (1979) for terrestrial systems 
and is here considered in the context of aquatic decomposition processes. 
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Fig. 4. Expected changes in particulate organic matter inputs and functional feediig group 
relationships along a river system. The abscissa is shown as a 'sliding scale' to emphasize 
the fact that different streams enter the continuum at different points. In the two cases 
illustrated, forest streams begin with a strong terrestrial influence (reflected by a predomi
nance of allochthonous organic matter and detrital processors) whereas desert streams, 
due to the lack of shading and reduced influx of allochthonous detritus, enter the sequence 
at a point displaced to the right and equivalent to a more downstream position of the 
foi.st stream. (After Minshall et al. 1985). 
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Decomposition in Aquatic Ecosystems 

THE COMPONENT PROCESSES 

All changes in the state of a resource from intact plant or heterotroph tissues tothe final processes of carbon and nutrient mineralization are governed by the interaction of 0, P and Q and can be represented by tho simple module shown in Fig. 5a.The state changes produced by each module involve fragmentation by biotic andabiotic processes, enzyme action and the loss of water soluble materials. Decomposition is thus the sum of catabolism (K), comminution (C) and leaching (L) (Swift et 
al. 1979).

Catabolism is the enzymic degradation of a substrate (chemical compound) suchas depolymerization (cellulose to oligo- and monosaccharides) or to its mineralconstituents (glucose to CO.) and 1-1,0). The rate of the reaction will depend uponthe nature of the substrate: glucose is readily metabolized, cellulose is more recal
citrant ar-d lignin refractory to most organisms.

Comminution is a reduction of resource or particle size and differs from catabolism
in being predominantly a physical rather than a chemical process. It is largely
brought about by animal feeding activities in terrestrial systems but the action of
currents and waves are also important in aquatic systems. The particular groups ororganisms producing the resource will determine [he nature of the products, their

availability to other organisms, and sedimentation or transport rates.


Leaching is the removal of soluble materials by water and is entirely a physicalprocess. The contribution of leaching to mass losses largely depends on resourcecomposition and physical environmental factors but is very much influenced bycomminution and catabolism. Conversely, leaching can enhance ,tinhibit organismactivities (by removing toxins or readily metabolized carbon corapounds) and thus
feedback to the processes of catabolism and comminution. Leaching also increases
the availability of low molecular weight compounds to other organisms.

Dituomposition processes can therefore be visualized 
as a cascade of steps with the
products of catabolism, comminution and leaching, 
as well as organism tissues forming inputs to other modules, as shown in Fig. 5b. Products of different modules can
also combine as in flocculation of dissolved organic matter or microbial immobiliza

tion of exogenous nitrogen sources in low quality litters. Biochemical and physicalcomplexity of the resource will initially increase with time associated with a corresponding increase in species, some of which may be responsible for specific transfor
mations, while others are functionally nonspecific or simply utilizing particulateorganic matter as an attachment site. ThEn progressively, as the most readily catabolized fractions of the resource are mineralized, the rate of decomposition and thediversity of resource types decrease until theoretically only the constituent elementsremain. But in practice the most recalcitrant fractions, including the products ofmicrobial synthesis, become incorporated into sediments after being reprocessed bya large number of modules along the stream gradient or down the lake profile. 
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materials that, are rapidly decomposed, as well as a spectrum of aromatic and higher
molecular weight compounds, such as humic and fulvic compounds of terrestrial and 
aquatic origins, together with phenolic compounds from all)chthonous litter. 

Consideration of the decomposition of these particulate and dissolved organic
matter fractions lies outside the context of this review. The operation of the regula
tory variables 0, P and Q is therefore mainly discussed in terms of the processes 
operating on the original plant resource. 

DEMI Ni)POSITIION I.x,im: Di,'EI MINANT'S 

The resource is the medium through which the effects of 0 and P are expressed 
and is therefore considered first. 

Resource quality 

Resource Quality is a composite definition of the value of a food resource to an 
organism and embodies both physical and chemical criteria. 

The physical 'attributes of the resource include particle size, surface properties and 
texture which influence the group of animals or microorganisms exploiting the 
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resource. The influence of physical resource parameters on colonization and inges
tion are considered in the section on organisms. 

The chemical attributes of the resource can be classified into three main groups of 
compounds: the carbon and energy sources, nutrients and modifiers. 

Carbon and energy, sources 

The carbon compounds differ widely in their biodegradability. They range from 
single sugars, starch and hemicelluloses, which most saprotrophs can catabolize to 
cellulose, and lignins that are more resistant. The resistance of lignin to depolymeriza
tion is conferred not only by the stability of the phenyl rings and covalent bonding 
between side chains but also by its overall hydrophobic nature. These resistant 
properties of lignin can also result in an inhibition of enzyme attacks on cellulose 
when the two polymers are in close proximity. The theoretical decomposition rates 
of these compounds in woodland leaf litter is shown in Fig. 6 and range from 
about 10% per annum for phenolic compounds to 99% for sugars. The total mass 

100 
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Fig. 6. The decomposition curves of the various groups of constituents, if their decomposition
could be represented by a logarithmic function (the straight lines from the point 100%). The num
ber in front of the name of the constituent indicates the loss after one year. The number after the 
constituent represents its percentage in weight. of the original litter (these values are rough averages 
and they do not represent a specific analysis). The line S shows the summation curve obtained by
annual summation of the residual values of the separate components. The line M gives an approxi
mation, based on s6me analyses, of the probable course of the decomposition of similar resources 
in the mor-type forest soil at Hackfort. (Redrawn from Minderman 1968). 
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loss might be expected to be a summation of these curves which could be represented
by a simple negative exponential decay curve of the form: 

= M °e- kt,Mt 

where M. and Mt are the resource mass at the start of the experiment or after time t,
respectively (Swift et al. 1979). As has already been mentioned, however, the time 
course of decomposition is usually a series of curves of different slopes due to the 
initial effects of leaching and the accumulation of recalcitrant secondary products of 
microbial metabolism in the resource with time. Mass changes in various chemical 
components of leaf litter during decomposition in a stream are shown in Fig. 7. This 
illustrates the point that leaching rapidly removes the labile carbohydrates and thie 
more recalcitrant phenols from the leaves so that little of these compounds is 
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Fig. 7. Weights of various chemical components remaining in white oak leaf-packs at various 
times during decomposition. (After Suberkropp et al. 1976). 
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decomposed in situ. Dead leaves lose 5 to 30% of the initial mass through leaching
within one or two days in temperate streams and then the remaining leaf material 
decomposes at rates ranging from 0.5% day - 1 for low quality resources such as oak 
and beech leaves to 1.5% day-1 for high quality elm and ash leaves (Petersen and 
Cummings 1974). Emergent macrophytes have broadly comparable decomposition 
rates to tree litter (Polunin 1984). The decomposition rates of the leached fractions 
have already been considered. 

Nutrients 

Theoretically, deficiencies in any elements required for heterotroph nutrition 
could limit decomposition, but in practice nitrogen is generally found to be the key
element. Concentrations of N in plant materials are generally inversely correlated 
with lignin so that the decomposition rates of tree leaves in terrestrial (Melillo et al. 
1982) or freshwater (Kausbik and Hynes 1971) habitats generally decrease with 
increasing lignin and decreasing N concentrations. For woody materials, lignin alone 
may show a significant correlation with decomposition rates in streams (Melillo et 
al. 1983), whereas N alone may be an adequate indicator of resource quality in 
materials with lower lignin concentrations. Marinucci et al. (1983), for example,
carried out a laboratory study on the decomposition of Spartinaalterniflorastems 
and leaves from plants grown under different fertilization regimes and found a linear 
relationship between decomposition rates and initial N concentrations. Resources 
with low N and high lignin concentrations often have a rate of N immobilization 
from exogenous sources that is negatively correlated with decomposition rates (Aber
and Melillo 1982). In some cases this results in increased rates of litter decomposi
tion although in other studies no effects of N enrichment have been recorded. 
Interpretation of these effects is complicated because some workers failed to dis
tinguish between absolute increase in N and increases of N relative to carbon losses, 
which are characteristic of the initial phases of decomposition of most litter mate
rials (see Fig. 7). 

The study of Spartinadecomposition by Marinucci et al. (1983) also illustrates 
the point that the composition of plant tissues (including micr..oorganisms) varies 
with the growth conditions. This is generaily recognized for agricultural crop residues 
and is also a feature of -. :tural vegetation. BuL, in addition, it has been shown for 
forest trees (Vitousek 1982; Melillo and Gosz 1983) as well as marsh vegetation
(Shaver and Melillc, 1984) that the efficiency of nutrient withdrawal from senescent 
tissues is higher under conditions of nutrient stress. This nutrient translocation 
further reduces the resource quality inputs to the decomposer system and may
effect a negative feedback on nutrient availability through slower litter decompo
sition rates and immobilization of nutrients in soil organic matter (Melillo and Gosz 
1983). 

The presence of high concentrations of polyphenols in the leaves of woody plants
growing on low fertility soils probably reflects the sequestering of fixed carbon in 
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compounds that are not osmotically damaging to the cell when growth is nutrient 
limited. Phytoplankton apparently show a similar phenomenon, where the release of 
soluble carbohydrate relative to potential production varies from less than 1% in 
eutrophic waters to 40% under oligotrophic conditions (Fogg 1980). 

Modifiers 

The final group of resource quality parameters, the modifiers, are compounds that 
influence the rate or timing of animal or microbial activity on other resource com
ponents. Tannins, for example, are frequently invoked as modifiers because they
inhibit enzymes and deter feeding. But there is little good evidence for their role as 
major rate determinants in terrestrial or aquatic systems. This is mainly because high
concentrations of secondary compounds are often correlated with low resource 
quality set by other parameters (Swift et al. 1979). Some evidence showing that 
phenolic compounds may deter feeding is provided by Cameron and La Point (1978) 
who showed that although tannins leached from Chinese tallow (Sapihn? sebiferuln)
in temperate grassland ponds were not toxic to litter-feeding macro-arthropods, the 
animals suffered high mortality through starvation unless the leaves had been sub
jected to an extended period of leaching and microbial conditioning. Valiella et al. 
(1979) have also shown that cinnamic acids in the cell walls of Spartinaalterniflora 
inhibited feeding by salt marsh amphipods and snails until the material had been 
conditioned in the field for up to nine months. In both cases it is difficult to isolate 
the effects of the phenolic compounds from other biochemical and physical changes 
in the resource during the conditioning period. 

QUALITY OF MAJORt RiEsouizci Typi.:s 

From the preceding discussion it is possible to infer the relative decomposition 
rates of the plant tissues showl in Table 2, which foim allochthonous and autoch
thonous inputs to aquatic systems. 

Table 2. Major organic components (substrates) of some plant resource inputs to aquatic systems. 

Deciduous tree leaf Emergent
)eiduous (( trCussp.) Gra.s nacrophytes Submerged Benthic 

tr. wood (living) (dead) Straw klead) Scirpus/Typha macrophytes algae Phytoplankton 

Lipid (ether soluble) 2-6 8 4 1-3 2 0.5 -" 0.7-2 1.5-5.0 

Carbohydrate (water soluble) 1-2 22 15 1-6 13 53 30-70 36-44 30.50 

Cell wall: hemicellulose 19.24 13 16 36-39 2.1 
cellulose-
lignin 

45-48 
17-26 

16 
21 

18 
30 

.10-43 
13-1.1 

33 
14 

33 15-20 9-17 18 

Protein (N x 6.3) < 0.3 9 3 1 2 7 5-18 5-18 17-30 

Ash 0.3-1 6 5 - - 6.5 - - 5-, 
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Woody litter has the lowest quality but decomposition rates are also affected by 

the mass of the resource as well as the chemical composition. The size of woody 
resources also affects the overall chemical composition because the cambium tissues 
have much higher concentrations of N and available carbohydrate than heartwood. 
Twigs therefore decompose faster than branches. 

Terrestrial litter inputs to aquatic systems are generally in the form of dead 
materials that have lower resource quality than living tissues. Living tree leaves have 
a chemical composition closer to that of emergent macrophytes and decompose 
faster than litter from the same plant. 

Emergent macrophytes have a higher proportion of cell-wall material than sub
merged forms, reflecting the requirement of support tissues in the aerial environ
ment. Polisini and Boyd (1972) showed that in the progression from macrophytes 
with low to high standing crops (and more terrestrial life forms) there was a propor
tional decrease in noncell-wall mat3riai and protein content that reduced the poten
tial food quality of the plant to herbivores. Aerial leaves of macrophytes also con
tained higher tannin concentrations than terrestrial plants. The alkaloid concentra
tions of some aquatic plants, however, are within a range which has been shown to 
be pharmacologically active in terrestrial plants and serve as potential deterrents to 
herbivory (Ostrofsky and Zettler 1986). Phytoplankton and submerged macrophytes
have the highest resource quality of these plant types. Anderson and Seddell (1979) 
recorded decomposition rates for macrophytes of 50% per week. Both macrophytes
and phytoplankton lose 30 to 50% of their mass as soluble carbohydrates. However, 
particularly for phytoplankton, the mechanisms and timing of the release of this 
material will be very different to the leaching of terrestrial litter discussed earlier. 

Organisms 

A functional classification of aquatic communities is shown on Fig. 8. This 
illustrates the integration of decomposer and herbivore subsystems and the role of 
different groups of detritivores in determining the pathways of energy and nutrient 
fluxes through the :;ystem. 

Microbial colonization initiates the processes of decomposition. The relative 
importance of fungi and bacteria ismainly determined by the physical characteris
tics of the resource. 

The filamentous growth form of aero-aquatic hyphomycetes is adapted for 
growth on the surfaces, invasion of, and ramification through large plant resources 
such as leaf litter, whereas the unicellular thallus of many aquatic bacteria is more 
effective at exploiting particulate resources of less than 1 mm. Mason (1976) found 
that the decomposition of Phragmitesleaf discs was dominated by fungal activity in 
the early stages but after 122 days bacterial activity was higher than that of fungi. In 
contrast, funga! respiration was a negligible component of microbial activity in 
homogenized Phragmites leaves and bacterial respiration in leaf detritus and lake 
sediments increased as an inverse function of particle size (Hargrave 1972). 
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Fig. 8. Food resources and their utilization in aquatic ecosystems. 
(After Berrie 1976). 

Litter comminution influences, therefore, the subsequent pattern of microbial 
activ'ty, but the species of aquatic hyphomycetes and resource quality also determine 
the extent and timing of animal attack. Corsumption of leaf litter by larval Trichop
tera (shredders) was shown by Arsuffi and OSuberkropp (1984) to be unrelated to the 
fungal species on leaves or conditioning time alone, but was related to the interaction 
of these two factors. Tfhe most palatable leaves were those colonized by particular
fungi and showing maximum relative weight losses, softening of leaf tissues and a 
doubling of N concentrations in relation to uninoculated leaves. Leaves colonized by
Lemonneira aquatica were unpalatable irrespective of the degree of conditioning and 
Alatosposa acuminatawas the must palat,.ole. Some fungi are unsuitable as a "Ole 
food resource fo" Gainmaruswhereas other species promote rapid growth (B~irlocher
and Kendrick 1973). The assimilation efficiency of Gammans fed on unconditioned 
elm or maple leaves is about 10% (B~irlocher and Kendrick 1975) compared with 20 
to 35% on conditioned leaves (Berrie 1976). 
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The pattern of fungal colonization, therefore, influences the proportion of slow 

decomposing leaves which remain in the stream empoundment, and the amount and 
size of particulate organic matter which is exported downstream. This regulatory 
role of consumers for detritus production has been experimentally demonstrated by
the use of pesticides in streams (Wallace et al. 1982) and also by manipulating the 
invertebrate predators on the populations of shredders (Oberndorfer et al. 1984). 

Litter comminution by soil fauna (Anderson and Ineson 1984) or aquatic inver
tebrates (Hargrave 1976; Fenchel and J&rgensen 1977) enhances carbon mineraliza
tion rates by microorganisms, but this appears to be a transient phenomenon. The 
overall effect of fauna on carbon mineralization by microorganisms has yet to be 
demonstrated in the context of total C fluxes. The most significant effect in strears 
may be that transport of litter to more or less favorable environments for microbial 
decomposition and N uptake is facilitated. 

Similar considerations apply to mineral cycling. Macro-arthro, Dd feeding can 
disrupt the time course of microbial N mineralization and results in net N release 
from litter at a time when microbial immobilization of N occurs ;n the absence of 
fauna (Anderson et al. 1985). This may represent only a small rroportion of the 
total of N pool in the resource, but the location and timing vt this mineral N release 
might be important for the functioning of the system, as in the case of N and phos
phorus release by zooplankton for sustained phytoplankton production. The subse
quent rates of C and N mineralization by microorganisms from particulate organic 
matter may depend upon the availability of exogenous N sources; though this has 
vet to be demonstrated in terrestrial or aquatic systems. 

What is generally lacking is the integration of these microsite effects into the 
context of ecosystem processes. 

Physical Controls 

The main physical determinants of decomposition processes and nutrient cycling 
are temperature and oxygen. Water movements are the dominant physical factors 
influencing the location of the resource and modifying physical environmental con
ditions (Goldshaulk et al. 1977). 

Many species of aero-aquatic hyphomycetes have high lignolytic activity (Fisher 
et al. 1983) but lignin depolymerization proceeds more slowly by strains of Pseudo
monas,Flavobacteriumand Achromobacter (Ferjingstad 1975). These are all obligate
aerobes and if particulate organic matter enters anaerobic bottom sediments lignin 
decomposition is inhibited. Hence lignin constitutes 30 to 40% of these sediments, 
but cellulose continues to be decomposed by hydrolytic reactions. Conversely, in 
lakes comminution may slow settlement rates and facilitate the reworking of detri
tus particles. 

In stratified lakes, the decomposition rates of algal cells and macrophyte detritus 
are slower when they settle into the anaerobic hypolimnetic water (Goldshaulk et al. 
1977; Fallon and Brock 1979). Lake turnover returns dissolved organic matter to an 
aerobic environment and suspended organic matter for further reprocessing. As a 
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consequence of this recirculation, virtually all the primary production in mesotrophic
temperate lakes is decomposed with little permanent sedimentation of undegraded
particulate organic matter. As lakes (and rivers) become more productive, the effi
ciency or recycling the resistant fractions of particulate organic matter is overridden 
and permanent sedimentation rates then increase (Goldschaulk et al. 1977). 

Discussion: Detritus in Aquaculture 

Aqvaculture systems can be broadly classified into extensive and intensive sys
tems. 

The extensive systems involve exploitation of natural food resources at various
trophic levels and the main parameters that can be manipulated are the choice of the 
organism and the mode of placement; for example, fih cages in still or running
water and the transplantation of shellfish to favorable growing areas. The food 
resources are not usually manipuhted directly in extensive systems, but access to 
new feeding areas can be controlled by flooding. There is enormous aquaculture
potential in wetlands (Brinson et al. 1981 ) where water levels could be controlled to 
simulate the productive inundation forests (varzea) of Amazonia. 

The intensive systems range from the ranching of salmonids, caged in clean
natural waters and intensively fed with high quality foods, to the culture of carp,
mullet, tilapia and other herbivorous or polyphagous fish in highly eutrophic ponds.
This discussion of options for manipulating the detritus resource inputs to aqua
culture is mainly concerned with these pond systems and is based on the following 
conclusions from the previous sections: 

1. Yields of natural fisheries are sustained by the high efficiency of trophic links 
in the pianktonic food chain and the complex web of trophic interactions 
channelling carbon and nutrients in detritus through to exploitable trophic
levels. In pond aquaculture systems, the food chains are shortened to the 
algal-fish or detritus-fish links since zooplankton and macrofauna are largely
eliminated by intense predation (Schroeder 1978).

2. 	Microbial exploitation of dissolved organic matter represents a major carbon 
flux that drives algal production through carbon and mineral nutrient regenera
tion. There is negligible carbon transfer to higher trophic levels via bacterial 
production in the water column. 

3. Microbial biomass is not available to fish unless attached to particulate organic 
matter. 

4. Detritus is an inadequately defined resource comprising dissolved, colloidal and 
arbitrarily defined size fractions of organic matter that vary according to the 
parent material from which they were derived and the extent of animal and 
microbial reprocessing. 

5. 	The distinction between living material and detritus is arbitrary in many cases;
for example, senescing algal cells or green manures/feeds decomposing in pools, 



141 
impose an artificial distinction between herb.vores and detritus feeders. 
Thus microbial decomposition rates and the assimilation efficiencies of herbi
vores and detrivores will broadly show the same ranking algae > macrophytes 
> terrestrial forces > woody vegetation with respect to quality of the :?sources 
as defined by carbon and nutrient availability. 

Fish production in ponds is most commonly maintained by frequent inputs of 
terrestrial plant material, stock manure or human feces/sewage as nutrient sources 
for algal production, or fish feed, or both (see papers by Edwards; Wohlfarth and 
Hulata, this vol.). But despite the multiplicity of different fish culture systems and 
the vast cumulative wisdom of traditional management practices, there appear to be 
no farming systems in which the attributes of the detritus are specifically manipu
lated as a fish food resource. The practical reason for this is that the ponds are 
operated as 'black box' systems where the effects of inputs are assessed in terms of 
yields. Hence the relative contributions of algal and 'detrital' carbon and nutrients to 
fish production are not well known (Schroeder, this vol.). It is not known at what 
stage of lysis or decomposition the added plant materials are preferred as food, and 
the extent of detritus reprocessing by animals before residues are incorporated into 
sediments. 

The intensificaton of fish production, or any stock, involves increasing the food 
intake rates, consumption efficiencies (reducing food wastage) and assimilation of 
carbon and nitrogen from the food. In addition to nutritional quality the food must 
be readily available to the fish. The following considerations apply to food quality
because availability is more a function of behavior that can be manipulated by 
presentation of food and pond architecture. The first priority is for carefully con
trolled experiments to quantify carbon and nutrient flux pathways in aquaculture 
ponds. Until this is done the options for manipulating detritus pathways for fish 
production appear limited. But in the meantime it is necessary to consider some 
practieal options for utilizing plant materials a- a food resource, which are expressed 
as testable experimental hypotheses. 

MICROBIAL PRECONDITIONING OF HIGH QUALITY PLANT FEEDS 
IMPROVES NITROGEN CONSERVATION IN THE RESOURCE AND 

NITROGEN AVAILABILITY TO TIE FIsii 

Substantial soluble nitrogen and carbon losses occur from high quality food 
materials in the initial leaching phase of dead materials or during the death and lysis
of living plants added to the ponds. Controlled aerobic microbial preconditioning for 
a few days could convert carbon and nitrogen into available microbial biomass which 
would otherwise occur in the water column. Preconditioning can be combined with 
wilting treatments that are required to reduce the water content of aquatic macro
phytes used as feeds, such as water hyacinth (P. Edwards, pers. comm.). Microbial 
growth shows three characteristic phases: lag, exponential and plateau. Microbial 
respiration declines after the lag growth phase and feeds should be harvested before 
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peak respiration to avoid the formation of recalcitrant carbon and nitrogen com
plexes that occurs with time during composting (Biddlestone and Gray, this vol.). 

CONTROLLED COMPOSTING OF Low QUALIT'Y RESOURCES 
INCREASES AVAILABLE NITROGEN AND CARBON IN FEEDS 

Extensive research has been carried out screening basidiomycetes and ascomy
cetes to convert low quality food materials such as rice and wheat straw into edible 
protein for humans (fungal fruiting bodies) and higher quality ruminant feed that 
can also be used for monogastric animals. The yield and conversion properties
depend upon species buf 5 to 20% (w/w) of the straw can be converted into harvest
able fruiting bodies ana the remaining straw material can show an increase in in vitro 
digestibility of 40 to 80% against unconditioned straw (Zadrazil 1979). In Southeast 
Asia, Volvariclla volvacea could be used for rice straw processing and to provide har
vestable yields of up to 10 kg fresh weight of fruiting bodies per 100 kg straw. 
Further details of the biotechnology of straw utilization are reviewed in Grossbard 
(1979). 

MICitOORGANISMS CONDITIONING Low QuALIT REsoURCE-S WILL
 
IMMOBILZ ExoGENOUS SOURCES OF NITROGEN AND CARBON
 

This principle is commonly employed in ensilement or composting and could be 
extended to conditioning straw or other low quality resources in hypereutrophic 
ponds. The nitrogen enriched material would ultimately provide feed if left in situ 
but could be removed at an earlier stage for composting, as considered above. 
Various options could be explored for adding crop residues to the pond to improve
microbial colonization and uptake of nitrogen from solution, but a better knowledge
of aquaculture systems is required to ensure that such practices improve feed utiliza
tion by the fish. 
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Discussion 
GRAY: With regard to Steele's ( 197.1)* mclel, this is now 15 years old and we have progressed along way in this time. The plroblem with his model is that hc assumed that all phytoplankton areconsumed by grazers, whereas we know now that in must ecosystems only about 50V%, of phytoplankton goes to the grazers and tile r(s t sett Is out. The general trend, moving from the tropic
zone to the poles, seems to he a lack ot 
 coupling hteven primary production and secondary

production. An example of this is that ul) ii *he Barents Sea at 
 aboUt 2,000 indepth, there arepolychaetes full of' green phytoplanktonl which has settled out. The presence of phytoplthnkton inthe deep scea is puzzling )Ccause it shouuldn't sink fast enough to be there. If we look atCN ratios,we assume that plankton normAlty has a ratio :)fabout 9-i 0 C:N we have found in the sprinl, thatthis rises [o 11 and 12 and the in the suniner it goes tup to 19 or 20. The N is being siphoned offand the C is almost an unutilized wast, p oduct. We then get a little tC:N oulse in autumn after
which the benthic system is sustain,.,d. So 
the benthic systen; in fact mobilizes and keeps going on

these inputs. This is 
not the case in Steele's model. 

ANDERSON: Yes, Steele assumed that all non-Utilized material was an input into the be+nthicsystem. Iowever, I think the work that people like Golterman have done on stratified Likes and
 some of the work on permanently stratified 
areas of the oceans has shown that youtdo get eruilibria between production and recycling nutrient through grazing and decomposition in tle euphotic
 
Zone.
 

One of the major areas of controversy is the fate of the dissolved( organic carbon, 
the production of which appears to be a positive function of the oligotropjiic status of the system. Phytoplankton produce more soluble carhohydrates under oligotrophic conditions thati eutrophic
conditions, presumably because of N and P limitations to reproduction. Porter 1*has suggestedthat it is impossible for this dissolved organic carbon to be processed via micro-zooplankton
whereas others feel that this is a major route. Many of the tsumptions made in these models havenot been tested. I accept the points which you are making, .but the controversies rcmain despite along period of investigations since Steele's model was put forward. 

KIRCIIMAN: I have a comment about lignin degradation. It has been assumed that fungi are the 
predominate organisms degrading lignin. However, Ron Benner and Bob Hodson have been lookingat this and they found surprisingly that bacteria were niore important than fungi (Benner et al.1986).*** They have been doing experiments in both a salt marsh and an acidic freshwater swamp.
They use 1.1C-laielled lignin prepared from various grasses-only the lignin is labelled. 

ANDERSON: Well from the limited literature I have seen, the complement of iignin-degradingbacteria seems to be fairly small in aquatic systems. One should be careful in lignin degradationassays of the proilems of the properties of different lignins and of specifying the criteria fordegradation. All the synthetic lignins have a two-phase degradation pathway. There are some 
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relatively accessible components of these molecules and some extremely recalcitrant ores. It's the 
same as end-lahelled cellulose as opposed to homogeneously-labelled cellulose. 

I'm sure you're right about the relative importance of bacteria anJ fungi. However, the aero
aquatic hyphomycetes do not soiffer from many of the problerns which you put forward as affect
ing degradation by bacteria. SO I'm really promoting them as a possible nwans of exploiting 
agricultural residues rather than as a natural pathway. 

SRINIVASAN: I agree with David Kirchnian that iacteria are ver,; important in lignin degrada
tion. However, they r(tuire an alkaline environment. In acidic environments the fungi take over. 

WOIILFARTII: I was interested in your mention of a lack of'target animals' to utilize detritus. 
Could you please explain this'? 

P.NDEISON: I was thinking mainly of fish or molluscs or shrimps. 

WOLFAII'lI: But sonle of these can utilize det ritus. 

ANDEIRSON: My point is that while there, are' indeed large numbers of organisns that call do this, 
they may not be the ones which the a(lUacult urists ae-choosing to culture. There may be fish, for 
example, which can utilize detritus hetter tl . the common carp. The traditio lally cultured fishes 
were probably ehosen for other r ,i'stns thantlheir intrinsic physiologieal charicteristics. 

W\OItLFIAI'I: Well, the Common carp is regarded as more, of' a benthos fecder than a detritus 
feeder, hut some of th, t ilapias are very good at utilizing detritus. 

SC1ROEDEI: Yes, they hav a very lcidiC st(omach. 

ANDERSON: Well, perhaps I should ask yo the question. Do you think that culturists have 
already chosen the best species to utilize detritus? 

WOILFARTII: 'Well, the Chinese have chosen to culture mullets close to the coast. These are good 
detritus feeders. In more inland situations, they use the mnud caro (Cirrhimis nuolitorella) Also, 
some of the tilapias are st' -h versatile feeders thai they will eat almost anything. They certainly 
utilize detritus. 

SCIIROEDER'I lhe tilapias can vary their feeding hatltern ai'cording to the food that is available. 

PULLIN- Tie species in current use in aquaculture have been fairly well-chosen. We have available 
a good range of herbivores, detritivores and carnivores This is not to say that additioned useful 
Species will not emerge in the future. The crux of ine matter is, of course, the choice of the 
ultimate consumer which is man. Yoit could identify a superh new detritivore, but if nobody 
wanteti to eat it,, then it would not he cultured. 

I would like to stress again the feeding versatility of the tilapias. They will cross feeding n;ches. 
They will feed on plankton, detritus and a huge range of natural and Sutpllemental foods. These 
are tremendous attributes given our task of pumping more N into fish liesh by the most cost
efficient routes. 

BILIO: I would still like to know: When you speak of fish feeding on detritus, do you mean they 
are utilizing the detritus itself or the organisms associated with it? 

MORIARTY: We will consider this qoe:,tion after Dr. Bowen's paper. 

EDWARDS: You presented a table showing the major inorganic constituents of different sorts of 
plants in which there was a decline in the ratio between protein and structural carbohydrates from 
the aquatic to the terrestrial environment. The protein value you gave to phytoplankton was rather 
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low (17%). In view of your comment that N is so important and that we need to increase N inputs
to boost aquaculture production, I would like to pomn out that pla-ats growing in highly eutrophic
situations normally have a much higher protein content; for cya.-ple, it is usually about 50% for
phytoplankton and 25 to 40% for floating aquatic macrophytes.

Also in your suggestions for strategies to improve aquiculture production, you mentioned the 
use of rice straw as a fishpond input. This is used as a pond input in China. However, we shouldbear in mind the opportunity cost of inputs like this. Putting them into ponds may not he the best 
way to use them. In most Asian aquaculture, the fishpond inputs come from other agricultural

systems. Therefore, 
we must not just think of the fish and what they need to eat but rather of the
whole integrated farming system; for example, a crop-livestock-fish system. A better use
rice-straw would probably be to feed it to ruminant iivestock, perhaps mixed with urea, and 

for
then 

to use the livestock manure as a pond input. 

ANDERSON: It still all comes down to N balance. You cannot put all your terrestrial N into an
aquatic system unless the gains from raising fish are much better than those for raising crops and
livestock. In any case, you cannot just feed rice straw. There has to be N source as well. One other
consideration for such integrated farming systems is how to channel N back from the aquatic 
components to the land. Are such feedbacks used? 

EDWARDS: There are myriads of interactions in integrated farming systems. Regarding N path
ways, it all depends on local economic conditions, but from the point of view of maximizing

bilogical efficiency for the total integrated systems, it may be better to put the N on to vegetable 
crops and then put vegetable waste into the fishponds. 

StRINIVASAN: Unfotrtunately, rice straw and urea is not a particularly good feed for ruminants. 
Many people have tried feeding ruminants with urea-treated rice straw. It. satisfied the animals'

hotnger but was not very efficient. As Preston pointed out 
in a study about five years ago in 
Guatemala, it is essential to have a bypass protein along with the straw. The idea persists that straw 
treated with alkali and urea is a good ruminant feed, but really it is not. 

PRUDER: Most liscussions about aquacultu-e tend to discuss these possibilities of l)utting residues
such as straw and manure into ponds. However, we still know very little of what happens when we 
put a perfectly good feed such as a chicken feed or a fish meal-based feed into a pond. How
 
are such inputs )rocessed by the detrital food 
web and the grazing food web? This lack of under
standing is particularly serious in marine shrimp production 
where large quantities of feed are

given without knowing how these are partitioned and processed. So let us not try to tackle too
 
many problems here, but rather consider the situation of high quality organic material, which we
 
can select, coming into the pond. I don't think 
we even have the knowledge at present to manage

effectively a straightfcrward corn and soybean-enriched feed input to ponds. If we could first
 
work out how to 
use corn and soyhean inputs to maximum advantage, this would have a major
 
impact on aquaculture.
 

MORIARTY: Well, let us leave these discussions on culture systems for later and get back to the
 
more specific aspects of microbial ecology.
 

ANDERSON: Do the microbial ecologists have any suggestions for improving conversion efficien
ties? How 
can we manipula'e the processes involved in the context of aquacultare? 

BOWEN: We should consider the relationship between microbial production and fish production. I
 
suspect that there is 
not often a one to one relationship. 

*Steele, J.1t. 1974. The structure of marine ecosystems. tHarvard University Press, Cambridge, Massachu
setts. 128 p.**Porter, K.G. 1944. Natural bacteria as food resources for bacteria, p. 340-345. In M.J. Klug and C.A.
Reddy (eds.) Current perspectives in microbial ecology. American Society of Microbiology, Washington, DC.***Benner, R., M.A. Moran and R.E. Hodson. 1986. Biogeochemical cycling of lignocellulosic carbon in
marine and freshwater ecosystems: relative contributions of prokaryotes and eukaryotes. Limnol. Oceanogr.
31(1): 89-100. 



Session on Production and Characteristics of Detritus 
CHAIRMAN'S OVERVIEW 

M. BILIO 

In the earlier sessions, we have seen how much still has to be done in order to 
arrive at a basic understanding of the organisms and factors involved in the decom
nosition and recirculation of organic matter in the aquatic environment. We learnt 
about the advantages that the aquaculture environment offers to the natural recycling
of dead organic matter, as compared with the terrestrial one. The topics of the pres
ent session are intended to enlarge further the basis of an interdisciplinary under
standing of the potential role of detritus as fertilizer and feed in aquaculture. 

It is useful to distinguish the possible origins of organic detritus in aquaculture.
Table 1 distinguishes between "autochthonous" material derived from auto- and 
heterotrophic organisms growing in the aquaculture environment itself, and "alloch
thonous" material derived from organisms produced outside the aquaculture environ
ment; and further between material introduced in an uncontrolled (natural forces) 
or controlled manner (human forces). 

The first paper by A.J. Biddlestone and K.R. Gray, on "Production of organic
fertilizers by composting", includes a wide variety of compostible items introduced 
to the pond by humans (category B.2 of Table 1). The paper reviews all aspects of 
conveiting organic detritus of different origin into an easily utilizable conditioner 
and fertilizer of agricultural soil, improving above all soil structure and water-holding 
capacity. This synopsis of controlled terrestrial decomposition of organic matter is 
of double interest: 

* for comparison with the corresponding processes occurring under aquatic 
conditions; 

" for the application of compost as fertilizer and feed in aquaculture. 
However, while the effect of introducing compost into a terrestrial system is well 

known, this is hardly the case with its introduction into aquatic systems. So this 
remains a major point fur further discussion. 

The paper by V.R. Srinivasan on "Conversion of cellulosic and other organic 
wastes into microbial protein" draws upon very specific experience, as was consid
ered desirable in an earlier session. It concentrates on the controlled production of 
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Table 1. Origin of organic detritus in aquaculture. There is an increasingly "alien" character ofthe materials from top to bottom of the list below, and increasing need for their pretreatment toallow better utilization of nutrients and to avoid side effects. 

A. Autochthonous material (plant and animal debris) 

B. Allochthonous material 

1. Introduced by natural forces (wind, water, animals) 

-	 from aquatic ecosystems 
-	 from terrestrial ecosystems 

2. 	Introduced by man (as fertilizer or feed) 

- from natural aquatic or terrestrial environments 
-	 from agricultural production systems 
-	 from human settlements 
-	 from industrial production 

single cell protein (SCP) from several types of organic compounds that are usually 
among the last to be decomposed under natural conditions. These substances are
mainly derived from agricultural byproducts or residues. The products obtained can 
be included in artificially prepared feeds. 

S.H. Bowen's paper on "Composition and nutritive value of detritus" discusses
the nature of detritus and how it is decomposed by microbes. Bowen reviews 82 
papers on the subject and gives very useful summary tables. 

In 	SCP production, the process of deriving utilizable protein from a 	 detritus 
source takes place in a controlled system outside the aquaculture environment. The 
paper by G.L. Schroeder on "Carbon pathways in aquatic detrital systems" elabo
rates on microbial production utilizing agricultural detritus (manure) introduced 
directly into fishponds. The most controversial point of this paper will probably be
the statement of the author that anaerobic microbes produce mainly energy-rich
extracellular fermentation products, whereas aerobic microbes produce mainly cell 
biomass. 

At this point it seems appropriate to draw attention to some further aspects of
the utilization in aquaculture of detritus from various sources, thus providng
reference points for pertinent discussion at this symposium and perhaps in the 
future: 

" There are a number of factors which can influence the results of experiments 
on detritus use (Table 2).

* 	Controversial issues remain concerning the problem of dealing with anaerobic 
conditions due to excessive detritus inputs into ponds (Table 3).

* 	Various economic considerations must be taken into account (Table 4).
" There are potential health hazards, not only to humans but also to the aqua

culture organisms and the microbes themselves, from detritus use. Characteris
tics of these three levels of hazards are given in Table 5. 
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Table 2. Sources of diversity influencing the use of detritus in aquaculture. 

1. Detritus: origin, composition, treatment 

2. 	 Environment of application: temperature, salinity, pH, u 2 , nutrient concentration 

3. 	 Microbial flora and microfauna present on detritus and in the aquaculture environment 

4. 	 Feeding habits of aquaculture organisms 

5. 	 Production procedure: intensity, frequency of feed or fertilizer administi ition, wa',er move
ment and exchange, aeration and oxygenation 

Table 3. Excess detritus in aquaculture ponds: controversial solition.s o avrid or alleviate anaero
bic conditions. 

1. 	Ploughing and harrowing the pond bottom in submerged conditions 

2. 	 Draining and drying the pond bolitom in brackishwater conditicns 

3. 	Removal of pond dleposits for fertilizer in agriculture 

Table -1. Economic ,nsiderations of detritus use in aquaculture as a new production procedure. 

1. Economics of 	the procedure, including costs of material, transport, st.grge, pretreatment,
application, and removal of residues. Such costs should be monitored during the research and 
development phases 

2. 	 Economic advantales in the context of rural development 

3. 	 Acceptance of the procedure and product by target groups 

4. 	Economic potential for scaling-up 

Table 5. Potential hazards from detritus use in aquaculture. 

Level 1: Threat to vitality of microbial populations 

- from microbial contamination
 
- from inorganic contamination (heavy metals, etc.)
 
- from changing environmental conditions
 

Level 2: Threat to growth and survival of aquaculture organisms from the same sources as for 

Level 1 

Level 3: Health concerns regarding consumers of aquaculture products 

- from microbial contamination
 
- from inorganic contamination
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Abstract 
Composting is a process of microbial degradation that is of importance in the re

cycling of organic matter. A wide range of organic materials, crop residues, animal 
manures, sewage sludge, nightsoil and the organic part of urban refuse can be con
verted into a useful endproduct.

The principles of composting are outlined and the chemical and physical parameters
that need consideration in the design of a practical process are reviewed. A summary
of the important design parameters is given. The differing practical processes i. use are
described from the very simple heap system to the highly sophisticated mechanized 
urban system. 

Composting provides a means of obtaining a stable humified product that quicklyequilibrates with the ecosystem in which it is placed without causing the major disrup
tion associated with raw materials. 

Introduction 

Cornposting is an exothermic process of biological oxidation in which organic
matter is decomposed by a mixed population of microorganisms in a warm, moist,
aerobic environment. During the process putrescible organic substrate undergoes
chemical and physical transformation to give a stable humified endproduct. The 
product is of value in agriculture both as an organic fertilizer and as a soil improver.

Wastes amenable to composting vary from the heterogeneous organic/inorganic
mixture in urban refuse to the more homogeneous farm manures, crop residues, 
sewage sludges and nightsoil. During the composting process most of the oxygen
demand of the wastes is met, the organic materials are converted to more stab"' 
products, carbon dioxide and water are released and heat isevolved. Under natural 
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conditions the degradation process takes place slowly, on the surface of the ground 
at ambient temperature and mainly under aerobic conditions. The natural process of 
breakdown can be accelerated by gathering the material into heaps to conserve part
of the heat of fermentation so that the temperature of the mass rises and faster 
reaction rates are obtained. This accelerated process is composting. 

Principles of Composting 

The process of composting is a complex interaction between the organic waste, 
microorganisms, moisture and oxygen. The waste material will normally have an 
indigenous mixed population of microor.anisms present. When the moisture content 
and oxygen concentration are brout i suitable level microbial action increases. 
In addition to oxygen and moisture, the microorganisms require for their growth 
and reproduction a source of carbon, macronutrients such as nitrogen, phosphorus 
and potassium, and certain trace elements. These additional requirements are usually 
provided by the waste materials. In using the organic matter as a food source the 
microorganisms reproduce themselves and release carbon dioxide, water, other 
organic products and energy. Some of the energ.' released by the biological oxida
tion of carbon is used in metabolism, the remainder is given off as heat. 

The fina! product, compost, comprises the more resistant residues of the organic 
matter, breakdown products, the biomass of dead microorganisms and some living 
microorganisms, together with products from further chemical reaction between 
these materials. 

The overall process is iliustrated in Fig. 1. 

Heat 

Carbon Water Energy 

New micro-
I organisms 

OrganticLmata/ 
or 

compost 

Oxygen Water Microorganisms 

Fig. 1. The composting process. 
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BiocIIEFICAi. ASPECTS 

Organic waste materials, whether of industrial, urban or agricultural origin, are 
mixtures of sugars, proteins, fats, hemicellu~oses, cellulose, lignin and minerals in a 
wide range of concentrations as shown in Table 1. The fractions contained in plant 
material will depend upon the age of the plant, its type and environment. Fresh 
green material contains much water soluble matter, proteins and minerals. As the 
plant ages, minerals tend to return to the soil and low molecular weight compounds 
are converted to higher molecular weight compounds especially the hemicelluloses, 
cellulose and lignin. The composition of animal detritus will depend upon the type 
of animal and its feed. 

Table 1. Compjosition of organic matter. 

lraction % in dry weight 

tlot/(ol(l water soluble suv!ra, starches, amino
 
acids, UNea, anImniuT salts) 
 2 to 30 

Etherinicohol solubtle (fats, oils, waxes) 1 to 15 

Protein 5 to 40 

Hen ice!lu loses 10 to 30 

Cellulose 15 to 60 

Lignin 5 to 30 

Volatile matter 70 to 95 

Composting is both a building up process and a breaking down process. The cell 
wall of the microorganism attacking the organic matter is the significant factor. 
Simple, low molecular weight carbon compounds, such as soluble sugars and organic
acids, can pass through the cell wall easily and be metabolized and mineralized, 
providing energy and being built up into larger polymers. The longer chain com
ponents of the organic wastes cannot pass through the cell wall and cannot be used 
without being broken down into simpler compounds. This is accomplished by some 
of the microorganisms exuding extracellular enzymes that hydrolyze the long chain 
polymers into simpler compounds. Virtually all microorganisms present in compost
ing masses can assimilate the resulting fragments but only certain organisms can 
carry out the hydrolysis. 
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The extent of the biochemical changes taking place during compost ing is indicated 
by the results of Yung Chang an(l Iludson (1967) who composted wheat straw with 
added aunnoniuni nitrate. The sthaw had lost 501 of its dry weighi in 60 days with 
the majority of the loss in the first 34 davs. The loss of total dry, weight could be 
accounted for almost entirely by the loss in hem icellUloses aln( celloulosC. The greater 
rate of loss ocurred over the first five davs, averaging 2.7'; dax, as cinpared xvith 
an average of about 1 .3"; day over the tollowing 30 days. The hemicelllose ccontent 
declined steadily over the 3.-day period from 37 to I8T ot the initial dry weight.

Cellulose degradation slowed down during the middle 
of the cycle, prstinmablh

because the tungal population declinedias the temperature rose above 55 C. Ihe
 
cellulose conten! was 1(0 at commencement, falling to 125 of the it i 
 dry weight
after 34 days ot c(omposting. Ile ethanol sluble traction, Which contains the
 
simpler c; on comp 
 ulds, decreased very little being prob)ably cOntinually replaced
by the breadown ot longer chain pilyiners The most resistant traction, lign'in, is 
extremely resist ant tI) enzy me attack, he tegradation being rest rict ed tC) a limited
 
lIicrobinl grotup Ot 
 higher I'n (J. Ilowevr, du ring compost i t,'t lignin molecule 
does beconme modified, losint some rout hoxy grotups and aliphat iC side chains and 
gaiing carboxvl and phenolic hydroxyl 11rItps (Alexnlder 1977). 

(onposting is a dynamic microbial process brought about hy the activities of a 
st((Ces i(n ot various microbial grcups each cOt which is appropriate to an environ
ment of relatively limited turation. A list of th,,e main classes of organisns involved 
in the (onpost ing process is given in LAble 2. Thuse ccrganisms represent both the 
plant and animal kirngdoms.

There are mny different species, possibly 2,f00 )' bacteri;a and at least 50 of 
fungi, with in each ,enus. he species canT' be subdivided according to t he temperature 
rang es or their activityv. lslychrophiles prefer temperatures below 20 C, mesophiles 

TAth 2. ()rmninin s in m(imjisting ' 

Microloir 
(very sinall paInts) Bacteria, actinomycetes, fungi, imoulds, yeasts, algae, viruses 

Micro fa una 
(very sinall animals) Protozoa 

Mac co 11o ra 
(taNer pthnts) Fungi 

Macro fauna 
(small soil animals) Mites, springtails, ants, termites, millipedes, centipedes, 

spiders, beetles, worms 
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20 to 40'C and thennophiles above 40'C. The organisms that flourish during the 
final stage of composting are essentially mesophiles. 

Although the bacteria are present in large numbers, 10W to 109 per gran of moist 
compost, they are of very small size (1 to 8 pum) and form less than half of the total 
microbial protoplasm. Some species form endosperes, which can withstand consider
able heat and d essica'ion. 

The actinomycetes develop far more slowly ihan most bacteria and fungi and are 
ineffective competitors in the early stages of cowposting. They are more prominent
in the later stages of the process when they can become abundant and the white or 
grey color typical of these organisms is clearly visible some 10 cm below the surface 
of the composting mass. They are numlcrically less prominent than bacteria, being of 
the order of 105} to 10, per gram of moist compost.

Fungi are important in the decomposition of' cellulose and the environment of 
composting mi sses shou d he adjusted to optimize the activities of these organisms.
Temperature is an important consideratitn as Ihe fungi will die out as the tempera
tu re rises ahove 55 to 60 C, reinvad ing from cooler zones as tlhe temperature falls. 

Studies on the populations of bacteria, actinomycetes and fungi during compost
ing have been made )y a number of workers. Yu ng Ch ang and Iludson (1967) give
data on the changes in numbers oft all of these organisms during the composting of 
wheat straw. Iliayes and l i im (1979) also give experimental data on changes in the 
populations of these organisms during the coin p tst ing of wheat and rice straw for
 
mushroom production. At the commencement of composting they found that the
 
aerobic thermophilic bacteria dominate, while in the later stages 
 )acterial numbers 
decline and the actinomycetes population increases. Fermor and Wood (1979) and 
Atkey and Wood (1983) also provide information on the microbial succession of a 
wide range of species of mesophilic and thermophilic bacteria, actinomycetes and 
fungi during the composing of wheat straw to provide a mushroom substrate. De 
Bertoldi et al. (1983) have report ed the microbial changes during the composting of 
urban solid waste (60 ; ) with sewage sludge (40") in a static heap system with 
forced aeration. Over 50 days of composting they found an increase in cellulolytic
fungi and actinomycetes with a corresponding decrease in the numbers of bacteria. 
Fungi isolated from the static heap system included 14 thermophilic strains (at
500C) and 43 mesophilic strains (at 280C). The mesophilic strains were characterized 
according to their enzym:tic activity; cellulolytic (35), pectinolytic (3), amylolytic
(13) and ligninolytic (14). An increase in ligninolytic fungi was also reported and it 
is suggested that lignin decomposition is enhanced in static systems. Agitation of the 
material for other purposes disturbs the growth of hyphae within the mass. 

Viruses are organisms of considerable importance because they are responsible fo 
diseases of plants, animals and humans. They are noncellular organisms that are far 
smaller than the cells or filaments of bacteria and Protozoa. The virus particle
requires for its reproduction a viable host organism and various strains are specific to 
certain hosts. When diseased material is passed through a composting process the 
numbers of pathogenic viruses are greatly reduced, a predominantly temperature 
effect. 
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The Protozoa are the simplest form of animal life and are unicellular. Most soil 
Protozoa feed upon other microorganisms such as bacteria, algae and other strains 
of Protozoa. Only certain strains of bacteria are susceptible to attack; others are 
entirely unsuitable as are actinomycetes and yeasts. It is suspected that the Protozoa 
maintain a control on the expansion of the bacterial population. When environmental 
conditions, such as moisture and temperature, become unsuitable for growth, the 
Protozoa can enter a cyst form and withstand adverse conditions for a considerable 
time. 

As the compost mass cools from its peak temperature it. is accessible to a wide 
range of the soil macrofauna. These feed upon oth er animals, animal excreta and the 
plant remains. ''hey normdly require well aerated conditions, adequate moisture 
and prefer temperatures in the range of 7 to 13°C. Many of the soil animals make a 
major contribution to breakdown in the composting mass due to physical macera
tion; breaking the material into smaller particles exposes greater surface area for 
subsequent attack by microflora. They also make a contribution to the mixing of 
the various constituents. In temperate climates the earthworm plays a major role in 
the final stages of composting and in the subsequent incorporation of organic matter 
into the soil; in arid and semiarid climates this function is usually undertaken by the 
termite (Edwards 1974). The macrofauna build up tissues that are rich in nitrogen 
and are easily decomposed. With fairly short lives, their mass is a reservoir of nitroge
nous matter that is continuously replenished and broken down. 

TE;PI.rItAT\rUu. -TIM I: Pvr'ri N 

When organic wastes are gathered together for composting, the insulating effect of 
the materials conserves the heat released by biological activity and causes a rise in 
temperature. The subsequent compostiag process may conveniently be divided into 
four stages: mesophilic, thermophilic, cooling down and maturing (Fig. 2). 

At the commencement of composting the wastes are at ambient temperature and 
are slightly acidic. In the first or mesophilic stage, the indigenous microorganisms 
multiply rapidly, the temperature rises to about 40'C and the mass becomes increas
ingly acidic. The thermophilic strains take over as the temperature continues to rise; 
the pH turns alkaline as ammonia is liberated during the breakdown of protein 
molecules. When the temperatute reaches 60'C the thermophilic fungi cease activity 
and the reaction is continued by the actinomycetes and spore-forming strains of 
bacteria. The rate of reaction falls and the temperature peak is reached; the rate of 
heat generation then becomes equal to the rate of heat loss from the mass. This 
marks the end of the thermophilic stage. Very frequently, high temperatures have 
been considered a necessary condition for good composting. In fact decomposition 
is suppressed at excessively high temperatures because the growth of the micro
organisms is inhibited; only a few species show metabolic activity above 70C. The 
threshold of suppression is approximately 600C. Thus for rapid composting high 
temperatures for long periods should be avoided. A peak temperature of the order of 
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Fig. 2. Temperature and pH variations in a compost heap. 

60'C is useful in controlling thernosensitive pathogenic organisms but the tempera
ture should be kept to levels which encourage those organisms that are the main 
decomposers of long chain polymers. An optimum of 55°C is recommendca. It has 
been suggested (Finstein et al. 1983) that the problem of temperature control can be 
solved by using forced pressure ventilation throughout the process. A forced aera
tion system removes heat by evaporative cooling and Finstein et al. (1983) recom
mend a temperature feed back control system in which the air blow time is linked to 
a temperature sensor placed in the composting mass. Such a system facilitates water 
removal in high moisture content situations. 

When the composting mass has passed through the thermophilic stage the wastes 
have reached stability because the easily converted mAterials, carbohydrates, fats and 
proteins, have been degraded and most of the high rate of oxygen uptake has been 
met. The wastes are no longer attractive to flies and vermin and should not give off 
bad odors; the material may now be put into external heaps without causing major 
environmental pollution. 

During the cooling down stage, which follows the temperature peak, the pH drops 
slightly but remains alkaline. When the temperature falls below 60'C the thermo
philic fungi reinvade the mass and together with the actinomycetes attack the long 
chain polysaccharides, hemicelluloses and cellulose, breaking them down into 
simpler sugars, which may then be utilized by a wider range of microorganisms.
There may be some limited attack upon the lignin fraction. Following the break
down of these polysaccharides the rate of energy release becomes very small and the 
ter.perature of the mass falls to ambient. 
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The process now enters the maturing stage in which mass loss an] heat evolution 
are small. The macroflora and macr)fauna now invade the mass. As the food supply
becomes exhausted antajonism bet ween the organisms develops and antibiotics are 
produced. Complex chemical reactions occur between tihe lignin residues of theoriginal waste and tlie proteins from dead nicroorganisms to form Ilumic acids, the 
wastes will not heat Lip on turning, nor becom;, anaerobic in storage, nor rob nitrogen
from the soil when incorpo rated. The lmat(erial has become humus or compost. 

Process Factors 

The decomposition of organit1inner du ring the coimposting process is a dynamic
and complex ecological protes(s ill which temperatireT, p11 and food availability are 
constantly changing. The nlu mbers ;1nd species o'0 rgianisms presen, change markedly
during the proces,s. The rate of progress t Wirds ti le mat iire endprod uct is dependent
oti several illtrreilated prcwes factors. These include niu;rient supply, particle size,

moi,St LiHe lev,.l, H-ltrlCt dIrSt'ellgIlt, aerattont, agitation, p!H and size of heap. It is
 
Ie;ir'ble th( ad())t the most 
 suilable operating onditions wiiiin the prevailing

eC .,,mconsiit s.'llThecomplexil v oft lhe processing plant, and the quality of Lhe
final pm.lctl , will depend upon the nature ,)!'the organic matter to be processed and 
the level of investlien avyilable. 

SEPA iATI N 

It is in the interest of the satisfactory end use of a compost product that it should 
contain as high an organic matter content as possible and a minimum of nonorganic
debris. This is of particular importance when processing some wastes, particularly
from ulrban sources, the composts fromi which can contain significant amounts of 
trace metals such as copper, lead, nickel and zinc. Thus, with such wastes, it is desir
able to remove as much glass, metal, plastic and nonorganic debris as is economically
possible. On a very small scale such separation may be manually undertaken. On a
large scale a variety of devices are available for such separations; air classifiers,
rotodisc separators for p1astics and ballistic separators for heavy particles. Where 
sewage sludge is used it should be mainly from domestic and not industrial sources 
to avoid heavy metal contamination. 

P,,uCrmI.E SIzE 

The smaller the size of the particles of the organic matter, the greater is the
surface area exposed to microbial attack, thus theoretically allowing a higher rate of
reaction. Very small particles, however, pack tightly together giving rm.iterial with a 
high bulk density having narrow pores and channels within it. 
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This restricts the diffusion of air into the mass and carbon dioxide out of the 

mass, thereby reducing the rate of reaction. The high bulk density may cause exces
sive loads on mechanized turning equipment, particularly when the materials have a 
high moisture content. 

A compromise on particle size is therefore necessary. For mechanized plar: with 
agitation and forced aeration the particle size may be as low as 12.5 mm after shred
(ling. For naturally aerated static heaps and windrows a particle size of approximately
50 mm is appropriate. In large-:,cale plants particle size reduction nmay be achieved 
using hanner mills, raspers or by sell' abrasion in rotary drums. 

N LVIru II-N ., 

The composting process depends upon the activity of microorganisms that require 
a source of carbon to provide energy and material for new cells, together with a 
supply of nitrogen for cell proteins. There is also a lesser requirement for phosphorus, 
potassiuml, calciulin, sodiuimin, InMagnesium, sulfur, iron and traces o1 dher elements
such as cobalt and zinc. In mlost composting situations the requirenienl for these
 
1111trients is adequnately l1e1 from the original organic mat ter: oil-x 
 the carbon: ni1tro
gen (C: N) ratio and occasionally the phosphorus Concentration may need adjust,
ment. 

Chemical analysis of nicroorganisins established that on average they contained
 
50% caibon, 5 ,; nitrogen and 0.25 to 1 .0% phosphoru on a dry weight basis
 
(Alexander 1977). Approximately 50 to 60% of the organic caibon in the conmpost
ing materials is converted to carbon dioxide and thus an initial C: N ratio of about
 
25:1 shotIld be optimurn if no nitrogen is lost. A higher ratio involves the oxidation
 
of excess carbon, the organisms passing through many life cycles to achieve a final
 
C: N ratio of 10:1. With C: N ratios lower than 25:1, as in the case of sewage sludge

Fnd manures, nitrogen will be lost ats amnmonia, often in considerable anounts. The
 
loss of nitroge:i by volatilization of anmonia can be partially offset by the activity
of nitrogen-fixing bacteria. De Bertoldi et al. (1983) report the presence of N-fixing
bacteria during the composting of solid urban waste, mainly in association with 
mesophilic temperatures in the later stages of decomposition. It is suggested that 
biological nitrogen fixation is inhibited by the presence of ammonia and by high 
temperatures (De 13ertoldi et. al. 1982) and is thus associated with the later stages of 
the process. The uncertainty of nitrogen losses makes accurate prediction of initial 
C:N requirements difficult, but in practice a ratio in the range 25:1 to 30:1 is 
recommended. For low initia! C: N ratios the loss of nitrogen as ammonia may be 
partially suppressed by the addition of extra phosphate; this may not be practicable 
on cost considerations. 

ADDITIVES 

Various claims have been made as to the effectiveness of adding chemical, herbal 
or bacterial supplements to increase the rate of composting. Apart from the possible 
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need for extra nitrogen, most wastes amenable to composting contain a wide range
of microorganisms and all the nutrients required. There is some evidence that the 
onset of the thernmophilic phase could be speeded up by recycling some product 
compost to the feed. This was the case with a large-scale rotary drum system where 
no separation of material, except for removal of ferrous scrap .nd some textiles, was 
carried out. In a composting plant where pulverization was carried out prior to corn
posting, the recycling of actively composting materials did not have any significant 
effect.
 

Bulking agents are normally necessary to ensure an open matrix for air diffusion 
when composting finely divided organic solids, such as sewage sludge and animal 
manure slurries. W )od chips nave been favored as the bulking agent in aerated pile 
systems for sewage sludge (Epstein et al. 1976; MacGregor et al. 1981; Higgins 
1983b) proposed pulverized tyres as an alternative; Biddlestone et al. (1985) used 
straw when composting manure slurries, sewage sludge and vegetable wastes. 

MoIsTuRuE CONTENT 

Water is essential to the composting process as the nutrients for the microorgan
isms must dissolve inwater before they can be assimilated. At r. isture content 
below 30% on a fresh weight basis the biologic ' reactions slow clown marked!y. At 
too high a water content the voids within the matrix become waterlogged, limiting 
access of oxygen to the microorganisms. Some materials, such as paper, readily lose 
structural strength when very wet, collapsing into an impervious mass. Straw type
materials, however, can tolerate high moisture content. Thus, optimal moisture 
content varies and depends upon the physical state and size of the particles. For 
urban refuse the optimum moisture content lies in the range 50 to 60%. 

Water is produced during the composting process by microbial action and is lost 
by evaporation into the air stream. Where forced aeration is applied moisture loss 
can be excessive and it may be necessary to supply additional water to the compost
ing mass. This can be supplied by the addition of sewage sludge or other liquid 
wastes. Problems of water loss are naturally more severe in hot climates. 

Moisture content, particle size and aeration are interrelated in terms of the 
movement of air within the interstices of the composting matrix. Some materials 
amenable to composting contain lipids (fats, oils and waxes), that are liquid at 
composting temperatures and affect the void space. Wiley (1957) has 'uggested that 
the total liquid content should be used as a factor in place of the water content. This 
liquid content is given by: 

%liquid = 100 (% moisture + % lipids) ... 1) 
(100 - % ash) 

Lipids are determined by solvent extraction with diethyl ether, and ash by inciner
ating a dry sample at 450C. 
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FREE AIR SPACE 

A composting mass can simplistically be considered as a three phase matrix of 
solids, water and gas. The matrix is a network of solid particles that contains voids 
and interstices of varying size. The voids between particles are filled with gas (oxygen,
nitrogen, carbon dioxide), water or a mixture of gas and water. If the voids are 
completely filled with water then oxygen transfer is greatly restricted. It is an over
simplification to assume that there is a discrete water volume and gas volume within 
the void space but this is the traditional approach of soil mechanics and can be used 
to define a porosity and free air space for a composting matrix (Haug 1980). The 
porosity of the composting mass is defined as the ratio of the void volume to the 
total volume and the free air space within the matrix is defined as the ratio of the 
gas volume to total volume. 

The optimum moisture content for a particular composting mass varies and 
depends upon the physical state and particle size; thus, different materials can hold 
different moisture levels whilst still maintaining an adequate free air space. However, 
experimental work by Jeris and Regan (1973) on the effect of moisture content in 
various feed materials on free air space and on the oxygen consumption rate of 
mixed refuse samples suggests that a minimum free air space of 30% should be 
maintained for a wide variety of composting situations. 

AERATION REQUIREMENTS 

Oxygen is essential for the metabolism of the aerobic species of microorganisms
responsible for composting. Aeration is possible by natural gaseous diffusion into 
the composting mass, by turning the material regularly by hand or with a machine, 
or by forced aeration from a fan. Natural diffusion frequently fails to supply ade
quate oxygen in the early stages of the process, leading to anaerobic conditions in 
the lower central regions of the mass of material. 

Aeration has other functions in the composting process. A flow of air removes the 
carbon dioxide and moisture produced in the microbial reaction and also removes 
heat by evaporative heat transfer. The latter is particularly significant in high rate, 
mechanized, composting systems. Oxygen requirements vary throughout the process,
being low in the mesophilic stage, increasing to a maximum in the thermophilic stage
and decreasing towards zero through the cooling down and maturing stages.

The stoichiometric oxygen requirement can be determined if the chemical com
position of the organic matter and the extent of degradation during the process are 
known. For example, the oxidation of proteinaceous material may be represented 
by the following equation: 

C16 H24 0 5 N4 + 16.5 02 - 16 C0 2 +6 H2 0 + 4NH3 ... 2) 
352 528 + HEAT released 
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Thus, based on this equation 1.5 g oxygen will be required per gram of the material 
oxidized. This theoretical requirement N!1 vary from about 1.0 g oxygen/g organic 
material for highly oxygenated wastes such as cellulose, to 4.0 gig for saturated 
hydrocarbons. In practice the composting mass will c-)mprise a mixture of materials 
with differing theoretical oxygen demands and varying degradanility such that 
typically only 40% of the organic matter may be oxidized. Also in practice more air 
than the stoichiometric level should be supplied to ensure aerobic conditions through
out the mass. There may also be a controlling requirement in relation to heat and 
water removal in some composting situations. 

Wiley and Pearce (1955) recommended aeration rates to supply 6 to 19 mg
oxygen/hour/g volatile solids in the composting mass. An alternative rec(cmmenda
tion is that the oxygen concentration in the air flow within the mass should be 
maintained between 10 and 18,. In situ measurement of oxygen concentration 
presents difficulties and in practice it is more realistic to use an indirect ft.ctor to 
indicate that aerobic conditions are being maintained. In forced aerat:n systems 
temperature feed back control of the air supply is a possibility. 

AGIrATION 

In natufal aeration composting systems the lower central regions of the compost
ing mass may be deficient in oxygen because the rate of diffusion of oxygen into the 
mass is too low for metabolic requirements. In such cases turning the material by
hand or by machine allows air to reach these deficient regions. Agitation also helps 
to break up larger pieces of material, exposing fresh surfaces to microbial attack. 
Control of the agitation process ensures that most of the material is subjected to the 
high temperature of the thermophilic phase. However, too much agitation can lead 
to excessive cooling and drying of the composting mass and shearing of actinomycetes 
and fungal mycelia. Turning heaps of material can be expensive in machine or labor 
costs and the frequency of turning is a compromise between economics and the 
requirements of the process. Flintoff (1976) considers that turning a windrow 
heap three or four times should be sufficient. 

Agitation in mechanized plants is usually achieved by means of slowly rotating 
drums, augers, or specially designed arms similar to those in multihearth incinerators. 
These move through tiLe materials, turning and mixing. Excess agitation may also 
destroy the physical structure of the materials creating a wet impervious mass. For 
example, agitation of water melon waste for composting in tropical countries may 
have to be restricted to avoid this problem. 

Drums are generally rotated at 0.5 to 1.0 rev/min. continuously. Gray et al. 
(1971) suggest that in mechanized plants short periods of vigorous agitation should 
be alternated with periods of no agitation. 
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pH CONTROL 

Addition of chemicals to control the pH in a composting mass has generally 
proved uneconomic and is not normally recommended. The pH changes from 
acid to alkaline during composting as shown in Fig. 2. The initial low pH value is a 
consequence of th. activity of acid-forming bacteria which break down complex 
carbonaceous material to organic acid intermediates. As the temperature rises the pH 
increases because of release of ammonia. 

HEAT PRODUCTION AND HEAp SrzE. 

The various organic compounds present in composting masses each have a different 
value for the heat of combustion. Three materials commonly found, proteins, carbo
hydrates and lipids, have heats of combustion within the range 9 to 40 kJ/g. Lipids 
generally contain about twice the energy per gram as proteins or carbohydrates. This 
energy is released during the biological oxidation of the composting process. The 
stoichiometric chemical oxygen demand (COD) for thi3 oxidation, if the composi
tion of the composting is known, can be determined from the chemical equations.
For example, if the composting mass was proteinaceous, as represented by Equation 
(2) the chemical oxygen demand would be 1.5 g COD/g organic material. The heat 
release per gram of material can then be estimated because most organic compounds 
have a heat of combustion of about 14.2 kJ/g COD of the organic material. The 
total heat release would then depend upon the amount of material oxidized. 

It is difficult to estimate heats of reaction for composting masses because there is 
a heterogeneous mixture comprising the mass. However, if there is some knowledge 
of the major constituents, a chemical oxygen demand calculation could estimate 
possible levels of heat release. 

Heat production may also be determined directly by experimentation. Wiley
(1-957) studied the heat release when pulverized refuse was composted and con
cluded that, over 8 to 10 day cycles, it amounted to approximately 7 x 10 3 kJ/kg of 
initial volatile solids. Mote and Griffis (1982) determined heat production rates from 
composting two organic materials, obtaining values in the range 20 to 28 W/kg of 
initial dry mass. 

The amount of heat produced is sufficient such that in large composting masses 
high temperatures in the range 80 to 90'C can be reached (Spohn 1970). This is well 
beyond the optimum temperature of 55°C and forced aeration evaporative cooling 
may well be necessary in such cases. Small masses of material have high surface/
volume ratios and hence much of the material has to act as insulation. It is prefer
able to have at least 1 tonne of material to ensure that a reasonable proportion of 
the mass reaches a satisfactory temperature. For heaps composting under natural 
aeration conditions the material should not be piled over 1.5 m high or 2.5 m wide, 
otherwise diffusion of oxygen to the center will be impeded. The heap can be 
elongated into a windrow of any convenient length. 
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OvrIMUM PROCESS CONDITIONS 

There are now sufficient experimentally determined data in the literature on the 
microbiological, chemical and physical parameters of composting for reasonable 
process design of composting systems. A summary of the optimum values of the 
important parameters is given in Table 3. 

Table 3. Optimum composting parameters. 

Parameter Value 

C/N ratio of feed 25 to 30/1 

Particle size 12.5 :nn for agitated systems and forced aeration, 50 mm 
for windrows and natural aeration 

Moisture content 50 to 60% (higher values possible when u~ing bulking agents) 

Free air space about 30% 

3 - 1 - IAir flow 0.6 to 1.8 m air day kg ;volatile solids during thermo
philic stage, or maintain oxygen level at 10 to 18% 

Temperature 55'C 

Agitation No agitation to periodic turning in simple systems; short 
bursts of vigorous agitation in mechanized sysLems 

pH control Normally none desirable 

Heap size Any length, 1.5 m high and 2.5 m wide for heaps and wind
rows using natural aeration, with forced aeratiGn heap 
size depends on need to avoid overheating 
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historically practiced by the Chinese, is essentially a small-scale batch operation in 
heaps (King 1927; FAO 1977). Interest in the -cientific aspects of composting 
followed from the visit by King (1.927) to the Far East and the subsequent develop
ment of the Indore method of heap composting (Howard and Wad 1931; Howard 
1943). 

Recent interest in composting has been in response to the need to deal hygienically 
with large quantities of urban refuse and sewage sludge and the increasing need to 
recycle crop residues and animal manures in agriculture. 

For the composting of agricultural, horticultural and garden wastes relatively 
simple processing schemes are still employed. Agitation is rare but forced aeration is 
sometimes use( Widely varying inputs of capital investment, running costs and labor 
are to be found in a variety of processing arrangements. Because of the fairly low 
monetary value of composts, sophisticated processes cannot be afforded in most 
agricultural situations and process conditions frequently fall short of the optimum 
levels listed in Table 3. 

Durir- the past 40 years some 30 different processing schemes have been intro
duced for composting urban wastes, with varying success. Equipment for feed 
preparation and compost product finishing are similar to many of these processes. 
The decomposition stage, however, has varied widely, being aLtempted in pits, cells, 
silos, digesters and drums. Very recently large-scale mechanized systems with capaci
ties in the range 200 to 500 t of refuse/day have been installed in various countries. 
Tenders for 750 t/day systems are currently being invited and enquiries have been 
instituted regarding a 1,000 t/day operation. 

MATERIALS FOR COMPOSTINC 

A wide variety of organic materials that are suitable for compost production are 
produced by human communities and agriculture. Some of these materials are listed 
in Table 4, with very approximate values for their carbon/nitrogen (C:N) ratios. The 
C:N ratio of some materials, such as manures, is below the optimum (Table 3); this 
can lead to excessive ammonia loss during composting. These are best mixed with 
materials having a high C: N ratio such as straws and woody type wastes. Materials 
that have high moisture contents should be mixed with materials of low moisture 
content to give a material which will compost readily. This occurs with animal 
mai res and straw, sewage sludge and straw or woodchips, sewage sludge and refuse. 

In practice not all of the materials in Table 4 will be available in any given locality. 
In tropical situations fresh green material is short lived and is frequently used for 
forage, while dung is sometimes burnt for fuel. As a result, the available wastes tend 
to be those with rather high C:N ratios. It is important, therefore, to conserve liquid 
manure as this supplies nitrogen; it also contains potash and trace elements. If 
facilities are not provided for the collection of liquid manure, soil from the floors in 
animal housing should be collected from time to time and used for composting. A 
little soil is in fact a useful component of a compost heap; clay is preferable to sand. 
Clay has a high base exchange capacity and will help to hold any liberated ammonia 
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within the heap until the microorganisms can immobilize it, thus reducing nitrogen
losses. Although the availability of differing materials will vary, virtually any mate
rial which has once lived will compost, but crockery, glass, metal and plastics and 
man-made fibers should not be used. 

Typical anidyses or urban refuse from cities in different regions of the world are 
given in Table 5; considerable local variations are to be expected. In refuse only the 

Table -4.Approxinatt composit ion of iahtrials suitable for compostihg. 

Material 
C:N ratio 

Urine 
0.8 

Dried blood 
3 

Nightsoil, (lung, sewage sludgt- 8
 
Bone meal 


8

Coffee pull) 

8Farnyard manure 
4"I

Brevers wasies 
15

Water hyaciniths 
16 

Grass, weeds 
20

Refuse 
35

Leaves 
60

Pigeon pea stalks, millet stalks 70

Wheat straw 

so 
Itice straw 

100
Rotted sawdust 

200
Coconut fiber waste 

300Fresh sawdust 
500

Paper 
Infinity 

Table 5. Composition of urban refuse from different sources. 

% by weight 
(fresl weight basis) 

Far East South America Europe 

Vegetable and putrescible 75 55 16
Paper 2 15 '13
Plastics and textiles 4 10 7Glass 0 4 10
Metals 0 6 10Miscellaneous 7 10 1Inerts and rubble 12 0 13 

Approximate moisture content 
within the total 60 45 18 
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vegetable/putrescible and paper fractions are of value in compost, the other mate
rials being inorganic detritus. In the design of urban waste compost systems it is 
essential that a thorough analysis be made of the local refuse (Flintoff 1976).

Vast quantities of urban wastes, agricultural wastes and low value byproducts are 
available for composting. O1 a global scale some 4,000 x 106 t of cellulosic and 
livestock wastes are available annually. On a town!'city scale 100,000 to 250,000 t 
of urban waste may be generated annually by a single town/city. 

PR E'AR ATION ) F MATER IAL S2 

The pretreatment available in preparing the materials for the composting reaction 
will vary and will depend on whether the composting system is essentially small-scale 
and manual or large-scale and mechanical. 

In manually intensive systems various types of' material can be dilTerently pre
pared. Fresh green material such as weeds and vegetable trimmings can be used 
without pretreatment. If there is a rainy season some withering should be allowed. 
Coarse materials such as stalks of cotton, maize, millet and the pulses are best 
broken before use. This can be done 1) ' chopping with sickles or in a chaff cutter. It 
can also be achieved by using the materials as bedding in an animal house or laying 
them on farm roads to be broken up by passing transport. Leaves, rice bran and 
straws can be used without pretreat ment. Woody materials such as sugar cane trash, 
treebark and sawdust should be steeped in water for several days or placed in a pit 
with moist soil for several weeks. 

Urban refuse is suitable for composting after some degree of pretreatment. This 
usually takes the form of salvage recovery, a pulverization stage, magnetic recovery 
of ferrous metals, removal of plastics and textiles and adjustments to moisture 
content and C: N ratio. The order and degree of pretreatment varies according to the 
type of composting system used and the nature of the refuse. 

SM AL,,.SCA lFl SYSTEMS 

The composting of garden, small holding or nursery wastes is widely practiced, 
the system usually being a series of batch heaps handling 0.5 to 1.0 t of material/ 
batch. The major problem with such small batches is that of relatively high heat loss 
because of t.e large surface to volume ratio. It is preferable at this scale (Gray and 
Biddlestone 1976) to compost: 

(i) within a walled enclosure with some degree of insulating value; 
(ii) to cover the wastes with an insulating but permeable top blanket that sinks 

with the wastes; 
(iii) to arrange for air to permeate underneath the heap and percolate upwards 

by the 'chimney effect'; and 
(iv) to prevent rain falling on the wastes, thereby causing cooling and leaching of 

nutrients. 
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It is also recommended that the materials be collected and saved to build up thd
heap to a full height of 1.0 to 1.25 m in one operation, rather than in thin layers at 
perhaps weekly intervals. By construction in one operation, much higher tempera
tures are achieved and a greater degree of weed seed kill and pasteurizaiion results. 
Whenever possible the materials to be composted should be premixed thoroughly
before assembling the heap. 

Where temperatures of about 60'C are achieved and the heat permeates to the
edges of the heap because the side wafl is well insulated, then turning is not neces
sary. In two to three weeks the materials should have broken down significantly,
although maturing will take much longer. 

SIMiPLE. HEAP. AND WINDROW~ S1 wEMS 

In simple heap systems the prepared material is formed into long heaps known as 
windrows, either nianually or using equipment such as tipper lorries or front end
loaders. The height and width of the approximately triangular sectioned heaps can 
vary, but it is recommended as a general guide that simple heaps using natural 
aeration should be approximately 1.5 in high and 2.5 in wide. The windrows may be 
any length and are usually arranged according to the shape of the site. The windrow 
area should preferably be concreted in order to withstand the movement of vehicles;
however, such concreting may be expensive for low cost installations. The windrows 
may be left standing for several months, until the temperature begins to fall, or they 
may be occasionally turned. The aims of turning the heaps are to provide aeration,
reduce particle size, and to ensure that all material is subjected to the high tempera
otre of the thermophilic stage. The latter requirement is achieved by turning the
 
outer parts of the heap into the center of the reconstructed heap. Turning of wind
rows may be achieved in several ways with differing effectiveness. For very small
 
installations manual labor may be used, but more frequently tractor mounted 
bucket loaders are used. For larger installations specially designed mobile processors
that straddle the heap and turn, aerate, and, if necessary, add moisture may be used. 
Turning is a time consuming operation and in some simple systems stakes or bamboo 
poles have been used to create channels within the heaps to improve natural convec
tive aeration. 

Several simple, heap composting systems have been reported, for a variety of 
organic mrterials. In Europe and the USA, mixed farm systems involve the use of
front end loaders with forks and in some cases flat bed manure spreaders. The organic
material, usually from animal houses, is loaded into a flat bed manure spreader that
shreds the wastes, aerates them and throws them into a pile about 1.25 m high. The 
machine is gradually moved along to form a long heap. A series of vertical holes to
ground level and 1 m apart are next made through the mass with a 75 mm diameter
stake. Another section of heap is then made and aeration holes created. Where 
possible, some green vegetable material is added to the material in the manure
spreader. Such heaps have reached 70'C within a week and then cooled to 30'C 
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after a month, when they are turned with a front end loader. After two to three 
months the compost i, ready for use. In the USA, Demmel (1980) reports the
composting of animal manure bedding in windrows about 2 m wide by 1.25 m high,
with a turning machine passing through the heap several times a month. It is a
method that gives a good product, but consumes a lot of energy and space; the
turning machine handles 400 to 500 t/hour. Farmers in Europe are also using a'moving windrow' technique. A flat bed manure spreader with side belt elevator is
used to lay out a windrow up to 2 m high alongside the moving machine. In practice 
a small triangular shaped windrow is laid out first; this is readily permeated by
adequate air. After three to four days, when most of the high rate of oxygen demand 
has been met, a layer of new material is added to the side. The heap is not subse
quently turned. 

In the tropics the improved Indoce process is still remarkably useful. In this
technique the organic materials are composted in pits approximately 9 x 4.5 x 1.2 m
deep. Vegetable wastes are put on in 150 mm layers, followed by manure in 50 mm
layers and a sprinkling of earth, wood ashes and water. Layering is continued to a
height of 1.2 m and vertical aeration vents are made. The heap is turned by hand 
two or three times and further water is added as necessary. The method has been 
used in recent years with marked success by Daizell at Medak Agricultural Centre,
India (Dalzell et al. 1979). 

Organic waste is recycled in China by several techniques of composting (FAO
1977). Human and animal wastes are layered into a heap with chopped plant stalks,
similar to the Indore process. A typical heap comprises 40% crop stalks, 30% agri
cultural wastes/refuse and 30% animal manures, excreta or nightsoil. The dimensions
of the heap are 1 m high, 2 to 3 m wide at the top, 4 m wide at the bottom and 6 to 
7 m long. When the heap is built, sets of bamboo poles, 100 mm in diameter, are laid
horizontally every 1.5 to 2 m along the heap at a height of about 300 mm above the
base. Each set is connected with bamboo poles standing vertically to provide aera
tion channels. When completed the heap is covered with mud about 30 mm thick.
The bamboos are removed after 24 hours leaving airways for ventilation. After four 
to five days a temperature of 60 to 70°C is reached. Turning of the heap is practiced
after two weeks and the compost is used after two to four months. A similar ap
proach is reported for the composting of a mixture of nightsoil, water hyacinths
and leaves in Central Thailand (Polprasert et al. 1980). A method described as
'ground surface continuous aerobic composting' is used in which the three feed
materials are mixed and formed into heaps on a 2 x 2 m square base to a height of
about 0.5 m. Bamboo poles are used for aeration channels and rice straw as a cover
ing to control heat loss from the heap. The rate of composting is reported as being
most rapid when sufficient leaves are added to the nightsoil and water hyacinth mix 
to give an initial C:N ratio of 30. 

Many examples of simple heap systems have been reported in the literature.
Shuval et al. (1978) specifically considered nightsoil composting. Shea et al. (1979)
reported the composting of dewatered sewage sludge with compost product. Paatero
(1979) used a mobile mixing machine to compost dewatered sewage sludge with 
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wood chips, bark, peat or dried leaves; a double screw conveyor discharged the 
mixture to form a windrow. Hyde and Consolazio (1982) composted the wastes 
from various food manufacturing processes. Large particle materials from fruit and 
vegetable canning operations may possibly be composted alone whereas sludges need 
the addition of a bulking agent. Gaur (1984) reviewed composting in Southeast Asia; 
materials such as maize straw, rice staw, chicken manure and nightsoil have been 
used. Biddlestc ne et al. (1985) described experiments on the composting of animal 
manure slurries, dewatered sewage sludge and vegetable wastes when intimately 
mixed with straw, the straw being incorporated at a level of 5 to 10% of the total 
m ass. 

Acci:.-'idRATFII) WINDROW SYSTFMS 

In order to increase the rate of decomposition and to reduce or remove the need 
for turning, some windrow systems forcibly aerate the heaps from air channels or 
pipes beneath the windrows. The air m,,y be sucked through the heap and into the 
channels, or blown from the channels, through the heap to the atmosphere. There 
are advantages and disadvantages to both these methods of aeration. 

In the case Of a suction system the air is drawn downwards through the windrow, 
into the channels, and through the fan. It may be discharged directly to the atmo
sphere or pass through some form of odor control, usually a bed of mature compost. 
The disadvantages arise because the "tir being drawn through the heap becomes sat,
rated with moisture. This may condense in the lower regions of the heap causing 
anaerobic conditions and producing a very offensive leachate. A moisture trap must, 
therefore, be incorporated in tie suction line. Other compounds such as ammonia and 
carbon dioxide may also be drawn into the suction line causing corrosion. The outer 
layers of the heap may dry Out, particularly in dry warm climates. The advantage i3 
that the gases from the windrow converge into one outlet, enabling odor remova!, 
ammonia recovery or heat recovery to be carried out. 

Blown aeration systems move air under pressure from the base of the heap to the 
atmosphere. This avoids the problem of leachate and anaerobic conditions at the 
bottom center of the heap, but in this case, the moisture in the saturated air may 
condense in the outer layers of the windrow. This effect may be reduced to some 
extent by covering the windrows, when possible, with a layer of mature compost as 
insulation. In this method of air supply odor control cannot be carried out. 

Several forced aeration windrow processes have been installed in the USA for the 
composting of dewatered sewage sludge with wood chips as bulking agent. The 
Beltsville process (Epstein et al. 1976) uses sludge of 78% moisture content with 
wood chips in the volume ratio of 1 to 2. The combined materials are laid out in 
windrows on top of perforated pipes, covered with a layer of finished compose, and 
air is drawn through the perforated pipe. The heap is composted for four weeks, 
then removed and stored for a further four weeks. The wood chips are then recov
ered by screening. In order to achieve effective screening the moisture content of the 
compost needs to have been reduced to about 40%. Singley et al. (1982) have 
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produced a detailed design and operating manual for such a system. Finstein et al. 
(1983) compare two 36-t heaps of sludge and woodchips, one with suction aeration,
the other with blown aeration. Their recommendation is that a blown air system
with interactive feed back temperature control of the blower should bp ,,sed as the 
best means for preventing excessive temperatures being reached. 

De Bertoldi et al. (1982) composted a mixture of sewage sludge and the organic
fraction of urban refuse in three 2-t heaps that were identical apart from their 
aeration systems. The urban waste and sludge were mixed in the proportion of 60 
and 40% (w/w), respectively. The initial moisture content was 67%. Heap 1 was 
turned twice weekly. A vacuum induced aeration system was used for heap 2, the 
blower being activated by a timer providing 40 sec. suction every 13 min. Heap 3 
was a forced pressure-blown system with temperature feedback; the blower operated
for 40 sec. every 13 min. below 55-."and operated continuously above 55C. The 
conclusion reached from thc experimen:, was that the forced pressure-blown system 
was the most rapid of the thrce processes tested, and led to the production of the 
best product in terms of lower moisture content and a higher degree of humification 
and stabilization. 

In the absence of a forced aeration system, oxygen supply can become the limit
ing factor. We have carried out experiments on the composting of a variety of 
organic materials with straw. Fig. 3 shows the temperature profile of two 5-t heaps
comprising vegetable waste (leeks) with 5% by weight of straw. The forced aera
tion heap was blown for 7 min. every hour by a blower delivering 2.8 m3 /min. at 
160 mm water head. The heat release in the heap relying on natural aeration is 
significantly less than the forced aeration heap. 

5-t windrows 

70 - Forced aeration 
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Days of composting 

Fig. 3. Temperature time pattern when composting vegetable wastes (leeks) 
with 5% straw. 
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LARGE-SCALE MECHANIZED SYSTEMS 

The modern large-scale urban composting system usually comprises refuse storage
facilities, feed preparation equipment, a biological degradation stage and final 
product upgrading. Refuse collection vehicles discharge their refuse into deep
hoppers or onto flat concreted areas from where it is conveyed by moving floors,
overhead grabs or front-end loaders. The material is then prepared by size reduction,
separation of unwanted and salvageable materials and then adjustment of moisture. 
Size reduction can be carried out in wet pulverizers that consist of a slightly inclined 
drum, typically 3 m diameter and up to 10 m long, rotating at 3 to 10 rpm with a 
throughput of abou 10 t/hour. Alternatively, dry pulverizers can be used and these 
are either rasping or hammer mill types, although ball mills have been used in a 
few installations. The power requirements of pulverizers depend mainly upon
the fina' size of the outlet material; for reduction to 50 mm about 8 kWh/t. After 
size redt ction magnetic separators are used to remove ferrous metals, sheet plastics
and rags aie removed by rotodisc machines and screens remove oversized material. 
Prior to composting the moisture content of the material is adjusted, if necessary, by
the addition of water or sewage sludge. 

The biological degradztion stage is carried out in windrows/accelerated windrows 
or in more sophisticated mechanized units. Mechanized units vary from automated 
windrow systems with continuous automatic turning equipment, to totally enclosed 
silos which achieve extensive brealdown of the material within a few days.

In automated windrow systems the material is usually placed in troughs or between 
walls. The base of the Pomposting area has provision for blowing or sucking air. 
Agitation is provided by a turning device that moves along the walls on rails or 
wheels. The turning devices vary in design; some consist of large paddle wheels 4 m 
in diameter that pick up the compost and place it into a central conveyor that ejects
the material to form a new parallel heap. Other designs have screw conveyors or 
augers that gradually move the compost horizontally towards the final processing 
stage. The residence time in the heaps varies from 4 to 12 days depending upon the 
particular design. 

Rotating drum units basically consist of a cylinder up to 4 m in diameter and 40 m 
long, inclined slightly to the horizontai. R ise, usually without pulverization, is fed 
to the higher end. The refuse is physically broken down by attrition and abrasion as 
the drum rotates continuously at about 1 to 2 rpm. Various sizes of screen may be 
incorporated into the sides or the end of the drum to separate the material. The 
rejects may be separately disposed of or returned to the inlet of the drum. Some 
designs of drum include fans to provide forced aeration. The residence time in the 
drums is typically two to three days after which the material is usually put into 
windrow heaps for several weeks. 

Vertical silo systems may be circular or rectangular in cross section and may have 
more than one floor. The material passes through on a continuous batch principle.
The simplest form of circular silo is a single floor unit that holds one day's batch of 
refuse. A number of such towers are provided to give the required residence time of 
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four to five days. Air is usually supplied through a perforated floor. Agitation may 
be provided either by vertical screw or auger devices, or by horizontal rotating arms 
or ploughs. 

In multifloored silos, of typical size 8 m diameter by 12 m high, the refuse is fed 
in at che top in approximately 50 t batches and gradually moves downwards. The 
floors may be in segments that are hinged to open and discharge the material to the 
floor below. Some designs have perforated floors and rotating arms that force the 
composting material through the perforations to the floor below. A more sophisti
cated design has hinged trap doors in each floor that open at predetermined times to 
allow rotating arms to push the material through to the floor below. Ac .tion is 
provided either through the floor or through the rotating arms. 

A single silo may contain up to 200 t of material that can release substantial 
amounts of heat;this may raise the temperature beyond the optimum of 55 to 60'C. 
Excess air is often provided to effect cooling by evaporation of water into the air 
stream and, in order to prevent the materials from becoming too dry, provision for 
water addition on each floor is usually made. Aeration rate may be controlled from 
floor to floor. The extent of instrumentation and automation provided for silo 
systems varies according to the design. Residence times are in the range 4 to 20 days, 
eight days being most common. Some systems make provision for subsequent wind
rowing while others have a simple storage area of two to three weeks capacity. 

In multidecked rectangular shaped compost houses material is loaded into one 
end of the top floor and is moved along the floor either by a moving conveyor or by 
augers. The material then drops to the floor below making another pass in the 
opposite direction. Aeration i. provided through the floors. An alternative design 
uses pivoted sections of floor that turn over and drop the material to the floor 
below. Aeration is achieved as the material fells from floor to floor. Residence times 
are typically four to eight days usually f!lowed by a maturing period. 

Some recent schemes are offering a highly mechanized forced aerated composting 
unit with a short residence time of one to two days followed by a simple windrow
ing period of two to three weeks. The initial temperature peak with its high demand 
for oxygen and agitation occurs in the mechanized section. The cooling down period, 
which requires less aeration and agitation, takes place in the windrows, which can be 
made higher than normally recommended without the onset of anaerobic condi
tions. These windrows are not normally turned. Such a combination of mechanical 
and windrow composting reduces the land area requirement without the high capital 
investment of a completely mechanized process. 

PRODUCT UPGRADING 

Depending upon the scale of operation and the type of material being composted, 
there may be some degree of treatment before final use. Simple small-scale and 
windrow systems app-.opriate to small communities are likely to use the product 
after breakdown without further processing. Large-scale mechanized units processing 
mixed refuse are likely to have some form of upgrading before sale of the product. 
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In upgrading operations, rotary or vibrating screens of 25 mnn mesh remove mostof the remaining plastic and textiles that were not broken down during composting.
Large glass particles may be removed, together with any inert material. 'file material
less than 25 mm may be further screened, the finest compost below 8 mm being
classed as horticultural grade and the coarser being agricultural grade. This latter, 
coarser product, is also suitable for covering tips or for land reclamation.

The most common form of fini! treatment, after coarse screening, is to finely
pulverize the compost in a hammer mill. In this way glass fragments, often a cause of 
complaint, are reduced to sand like particles.

Experiments are being conducted by various manufacturers into the effectiveness
of a variety of separation devices. Ballistic separators use the different elastic proper
ties of the materials to achieve separation. Density separation employs a caLrrent ofair to remove light mateiials, a must recent example being the formation of a fluid
ized bed on a vibrating screen. It has also been shown recently that electrically heating the wire meshes o" screens allows finer screeninj!; this is because the moisture 
cont nt of the compost product is critical to screening and the heated screens 
cause surface drying Ot' the compost particles thereby allowing them to fall through 
more easily. 

Compost Yield 

Yield is the concept used to identify how much material leaves the end of a process in relation to how much material entered the beginning of the process. It is a
ratio of quantities and may be calculated on a wet weight basis or a dry weight basis. 
The dry weight basis calculation has the advantage of avoiding the complication of 
varying water content in feed and product.

The breakdown of organic material during composting results in the loss of

approximately 30 to 40% of the organic matter to carbon dioxide and water. Thts

the mass of compost product produced is significantly less than that of the raw
materials supplied. There may be additional losses from any separation piocesses.
Predicting yield is difficult. Only part of the organic matter will be degraded; any
nondegradable fraction in the feed will pass through tie process into the product
unless separated. The water content is difficult to predict. Water is required by the
microorganisms and is also lost by evaporation into the air stream. In dry climates, itis sometimes necessary to add water to maintain a sufficient level for microbial 
action. 

The fraction of organic matter that will actually degrade will depend upon theproportions of different compounds in the materials that are being broker.down.
Simple sugars have a high level of deg,;,adability, but lignified materials have a very
low level of degradability. The mixture of low and high molecular weight com
pounds in the materials for a given composting situation will have an intermediate 
degradability. 

An indication of yield for specific operations can be obtained from past experience. A simple pit system in the tropics for composting a mixture of crop/veget
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able wastes, manure, weeds, wood ashes and urine earth is likely to have yield of 
about 40% (on a wet basis). A single pit charged with approximately 18 t will 
provide about 7 t o,product. It is quite likely that water will have beer added 
during the turning operations. An urban refuse composting plant in Europe is likely 
to produce 40 t of product from 100 t refuse input, on a wet weight basis, but some 
organic matter in the form of sewage sludge is likely to have been added at the 
degradation stage. Urban refuse plants in seni-arid and tropical areas tend to have a 
higher proportion of degradable materials than European plants and can achieve 50% 
yields on a wet weight basis. Simple garden compost boxes containing garden and 
kitchen wastes typically have yields of 40-50'. 

This paper has been concerned exclusively with compost as the only product of 
value when organic matter is degraded. However, as shown in Fig. 1 and Equa
tion (2), the degradation of organic matter also gives rise to considerable amounts of 
CO,,, some NH 3 , much low giade heat and moisture. In recent years several research 
teams have started to study the recovery of these other products, with CO, being 
used for supplementing the atmosphere in greenhouses and heat from composting 
'heat heaps' being used for warming buildirgs and water masses. 

CoMP'osT Pito DuC'T COM I' SI I() N 

The composition of compost products varies widely and reflects mainly the 
composition of the organic materials used The range of compositions normally 
encountered is indicated in Table 6. Composts prepared from urban wastes tend to 
be lower in organic matter and the major plant nutrients than those made from 
garden/farm wastes. The concentration of the major plant nutrients, nitrogen, 
phosphorus and potassium, in composts produced from different starting materials is 
indicated in Table 7. The relatively high concentration of potassium in the first five 
examples is for compost produced in tropical conditions with careful conservation 
and inclusion of animal urine. 

Table 6. Composition range of matured composts. 

Composition range 
Substance % by weight, dry basis 

Organic matter 25.0 to 80.0 

Carbon 8.0 to 50.0 

Nitrogen (as N) 0.4 to 3.5 

Phosphorous (asP) 0.1 to 1.6 

Potassium (as K) 0.4 to 1.6 

Calcium (as CaO) 7.0 1.5to 
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Table 7. Composition of various composts. 

% by weight, fresh basisRaw materials N P K 

Cotton stalks and dung 0.40 0.13 1.,Vegetable wastes 0.49 0.12 0.9
Vegetable wastes and dung 
 0.43 0.10 1.0Mixed weeds and san hemp 0.41 0.11 1.7

Mixed weeds 
 0.40 0.12 1.3
Poultry dung and straw 1.1 0.9 0.8

Garden compost 
 0.4 - 3.5 0.3 -. 1.0 0.2 - 0.3Straw and sewage s!udge 0.5 0.15 0.12
Municipal compost 0.4 - 1.6 0.1 - 0.4 0.2 - 0.6Poultry manure and sawdust 1.0 0.4 0.46Pig slurry and straw 0.53 0.37 0.33 

Compo.ts from urban wastes can a!r'o contain significant quantities of trace 
metals zuc'i as copper, nickel, lead ar_ ic. The uptake by crops of these metals
from sois treated with such composts haz been examined in several field trials (Gray
and Piddlestone 1980). Although some of these trace metals are essential to plant
life, the concentration of heavy metal trace elements should be monitored to prevent 
a buildup of toxicity in the soil. 

Pathogens 

Pathogens are organisms that cause infections in man, animals and plants; most 
organic wastes are contaminated to some degree with pathogens. They may belong
to any of the main classes of microorganisms: bacteria, fungi, viruses and Protozoa, 
to the maciofauna: helminths, nematodes and intestinal worms. Most of these 
pathogenic organisms are adapted to the body temperatures of man, animals and 
plants and will die if exposed to higher temperatures for a long enough time. In a 
composting process, there are several barriers to the survival of pathogenic organisms;
the temperature/time relationship is a b.ilier and pathogens are also destroyed or 
controlled by competition for food with other organisms, antagonistic relationships 
and antibiotic or inhibiting substances such as ammonia. 

It is important to note that above a certain temperature level, thermal death is 
time dependent. A higher temperature for a short period of time or a lower tempera
ture for a longer duration can be equally effective. Based on known time/temperature
relationships, heat inactivation of most pathogens is normally effective under the 
conditions common to composting. Temperatures of 55 to 60C for periods of a few 
minutes to a few days are typically effective. However, although most disease and
parasitic organisms are killed, a few spore-forming bacteria, if present, can survive 
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temperatures in excess of 100°C. Examples are the aerobic spore-forming Bacillus 
species, notably that causing Anthrax, and the anaerobic-spore forming Clostridium 
species, which cause tetanus, botulism and gas gangrene. These organisms are likely 
to survive the composting process. 

It is quite clear that it is impossible to guarantee that a particular composting 
process will produce a product that is entirely free of pathogens. However, if com
posting is correctly effected a sufficiently hygienic product should be obtained. 
Totally enclosed. mechanically agitated systems may be more desirable in this 

c a mechanically agitated,, ect than the occasionally turned windrow heap. In 
tc ally enclosed digester the heat is spread fairly evenly throughout the mass, and 
thus there should be no major cool static pockets. In a windrow heap, however, 
there is a large variation in temperature and aeration. There are cool outer layers, 
cool pockets at the lower edges, possibly an anaerobic region at the center bottom 
and a high temperature region just above the middle. By periodic turning of the heap 
cooler areas may be brought into the hot center, but a number of turnings may be 
necessary to obtain the required degree of sterilization. 

A composting mass contains a very large population of indigenous natural organ
isms carrying out the process. There may be in addition pathogens present, but they 
will represent a numerically insignificant fraction of the total microbial population. 
Air passing through the mass will pick up organisms and their spores and eject them 
into the atmosphere. This is true of both pathogenic organisms and of the normally 
innocuous organisms. Under certain conditions, usually very high microbial con
centrations, some of the latter can cause allergic lung disease. Consequently, in 
composting plants it is advisable not to release dusty spore-laden air into enclosed 
working areas nor to carry out windrow turning operations in roofed buildings. 

A number of tests of pathogen survival in composting systems have been reported. 
It is evident that, in a composting mass that is well agitated or is turned fairly often 
or is well insulated, so that all the material is exposed to the higher temperatures for 
a period of several hours, all the common pathogenic organisms investigated are 
destroyed. Composting material is not the natural environment for pathogens and 
they will tend to be eliminated in such an ecosystem. In those situations in which 
highly resistant spore-forming pathogens may be found, the organisms are very 
likely to be present in the soil and there is no point in having a composting process 
that yields a sterile product, or lower numbers of those organisms than are present in 
the soil to which the product is to be applied. 

The literature on the presence and survival of pathogens in composting systems 
has been reviewed recently (Finstein et al. 1982; Higgins 1983a; Golueke 1983). 

Advantages of Composting 

The importance of recycling organic wastes is being increasingly recognized. At 
present many of the wastes available in tropical situations are poorly used. The 
addition of fresh organic wastes to any ecosystem can create problems because there 
is a high oxygen demand from the wastes, or because there is competition for 
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nitrogen, or there may be effects of intermediate compounds, or the release of 
ammonia. 

Composting provides a means for obtaining a stable product by biological oxidative transformation. The humified product comes quickly into equilibrium with theecosystem into which it is placed without causing the major disruption associatedwith raw wastes. It provides a means for combining together low value straw wasteswith human and animal wastes that pose a problem of hygienic disposal. At thetemperatures achieved in compo;ting there is a significant kill of pathogenic organ
isms.
 

Compost is primarily a soil conditioner and 
to some extent a fertilizer. Whenadded to the soil, it improves soil structure and water holding capacity. As a fertilizer, it may be added to an ecosystem as a means of supplying major nutrients aswell as minor and trace elements and a range of micro- and macroflora and fauna. 
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Discussion 

SCHROEDER: It is interesting that your analyses showed continued presence of solubles. Even 
though the microbial concentration and activity was high, the microbes did not immediately 
consume the solubles. A higher animal, . g., a fish, could feed on the compost and benefit from 
these soluhles. You had about 10% vheat solubles and that remained constant. I would have 
thought ttu t such solubles would be highly digestible. 

BIDDLESTONF: They are. Of course, they are consumed but during the composting process
hemicelluloses and celluloses are being broken down and constantly replacing them. Yung Chang 
and Hudson* found there was always a measurable level. 
SCHROEDER: This is very similar to the situation in a rumen. The amounts of solubles remain 

ratpher constant. 

BIDDLESTONE: But these would be different solubles. 
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SCHROEDER: Yes. 

FRY: Wouldn't it be better to conserve nutrients instead of losing some in lengthy composting 
processes and to have your microbial production as close to the fish as possible. 

BIDDLESTONE: Yes, I suppose so. Peter Edwijrds will talk later about feeding composts directly
to fish, but I would like to make two points here. First, there is the question of acceptable BOD ofpond inputs. Composts have quite low BODs. Second, and a point I have not addressed very fully,
is the question of pathogens. Salmonella and the infective stages of intestinal worms, for example,are dealt with very effectively by the temperalures achieved in compost heaps. Therefore, public.
health problems could be reduced. 

PULLIN: Whet about heavy metals and other toxic materials in composts? 

BIDDLESTONE: There has been a lot of work on heavy metals in composts. It is difficult to
generalize on this. If your starting material contained heavy metals, for example, sewage from anindustrial area, they will be in the composts. A lot of work has been done on lanid application of 
composts and heavy metal uptake by crops. The more alkaline the soil conditions, the less is taken 
u- iowever, if not taken up they build up in the soil -nd could eventually be released if acidic

conditions were to occur. There is a sort of barrier between soil concentrations of heavy metals
 
and the amounts taken up by plants quite apart from pH.
 

WOHLFARTH: To return to the question of whether we should compost organic materials at all
for pond application because of the losses of valuable nutrients, the Chinese use a whole range of

practices from having latrines over ponds and putting up in other raw organic matter to making

compost heaps. I suppose we could consider the pond itself as a type of compost pit when raw
 
material is put in.
 

BIDDLESTONE: You could call this liquid phase composting. 

WOHLFARTH: But why do you think the Chinese do all these things? 

BILIO: Let's postpone this general question for later discussion. 

COLMAN: I suppose there are two possible benefits from composting, an increase in mineraliza
tion and an increase in the protein content of the material, Also the BOD of pond inputs is very
important. If it is too high because of microbial activity, it (.an deplete the oxygen in the water.
But does the protein content increase with the composting piocess or is there just an increase in N. 

BIDDLESTONE: I am not sure how to answer. There is microlhial protein certainly. 

BJLIO: We can return to this question. 

KIRCHMAN: Concerning your comments on the import.nce of temperature in composting and
the inhibitory effects of high temperatures, would sv'.h temperatures tend also to reduce theactivities of other predator organisms grazing on bacteria such as Protozoa? If this grazing pressure
is reduced, it may also inhibit bacterial production. 

BIDDLESTONE: Yes, I believe so. 

PRUDER: Is industrial composting a consistent process which produces materials of faih,y con
stant composition from place to place given similar starting materials? 

BIDDLESTONE: Yes, there is consistency between the material produced from piles of similar 
material because ultimately you are getting down to the C:N relationship of the microorganisms
plus the nondegradable part. 

*Yung Chang and H.J. Hudson. 1967. The fungi of wheat straw compost: ecological studies. Trans. Br.
Mycol. Soc. 50(4): 649-666. 
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Abstract 

Some microorganisms among the bacteria and fungi have the pnovntial for convert
ing organic wastes with a high C: N ratio into animal feed with i ,igh protein content 
at a rapid rate. Recent advances in the knowledge of basic physiology of these organ
isms have led to opcimization and control of the environmental conditicns, resulting in 
increased productivity from fermentations. Carbohydrate wastes, especially of agri
cultural origin, provide a plentiful and renewable resource for the production of micro
bial protein. Most of the wastes require a physical or chemical pretreatment for making 
them suitable for microbial fermentation. Higher productivity of microbial biomass is 
generally obtained in submerged fermentation than in solid state fermentation because 
the environment can be easily controlled in submerged systems. Further studies on the 
mod(ification of controlled instrumented fermenters to suit the appropriate technology,
and development of inexpensive techniques for immobilization of cells to inert mate
rials, will make microbial proteins a highly desirable feed for intensive aquaculture. 

Introduction 

Aquatic animal husbandry may be practiced as extensive, semi-intensive or inten
sive cultivation. Extensive aquaculture depends mostly on the growth of a few com
patible specieg:. (polyculture) to make use of the nutrients present ir. a body of 
natural or rn. agad water in a pond. It has been shown that fertilization of the pond 
with inorga,-ic nutrients as well as organic residues increase the productivity (Van 
der Lingen 1959). Intensive aquaculture presently in the form of cage culture 

181 



182 

(aquatic counterpart of cattle feed lots or chicken batteries) is more capital intensive
and requires a knowledge of iie nutritional needs of the aquatic animal to be culti
vated in order to supply the animal with the necessary feed. Until recently, the
protein ingredients in the feed consisted mainly of plant or fish origin. However,
partial replacement or supplementation of algal or fungal proteins in the feed for
fish has shown favorable results (Yu and Sinnhuber 1983). Yeast has been included
in several test formulations in pelleted fish feed (Windell et al. 1974). "Pruteen"
trade name for bacteria (Methylophilus methylotrophus) grown on methanol, which
has been found to be an efficient protein feed for calves, has also been investigated
for its inclusion into diets of aquatic animals (Nell 1985). There is an additional
advantage in the use of single cell proteins (bacteria, fungi) as iugredients in aquatic
feed formulations, for microorganisms contain vitamins and other supplementary
growth factors. Thus microbial proteins may become more important as the develop
ment of intensive aquaculture progressfes. In this report is first a discussion of the"state of the art" in the production of single cell proteins from lignocelluose and
other organic wastes and then how present-day fermentation processes can be
 
modified to appropriate technology for their use in aquaculture.
 

Substrates for Microbial Protein Production 

Production of microbial protein involves certain basic steps: (i) addition of an

easily assimilable carbon source; sometimes it is necessary to pretreat the available

substrates physically or chemically to make the substrates susceptible to attack by
microorganisms; (ii) a suitable medium has to be prepared combining the substrate 
with sources of nitrogen, phosphorus and other factors for growth of organismsunder reasonably optimized conditions and ."ii) harvesting the organisms and post
harvesting steps such as drying, pelletizing .e. 

Although microbial proteins may be pr,.:Iuced from a variety of carbon sources,
carbohydrate raw materials, especially of aigricultural origin, are more pertinent to our discussion. Such raw materials fall into two major classes, mono- or disaccharides 
and polysaccharides. The polysacchar;des nay be classified further into two types:
starch and cellulose. Sources of available carbohydrates are presented in Table 1. 

Table 1. Carbohydrate substrates and for production of single cell proteins (fromsources Gaden
 
1974).
 

Mono- or Molasses - cane, beet, corn, citrus 
disaccharides Whey 

Sulfite liquor wastes
 
Fruit/vegetable packing wastes.
 

Polysaccharides Starch - grains, cassava, potato processing waste 
Cellulose  rice straw, wheat straw, corn cobs, sugarcane 

bagasse, feed lot waste. 
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Organisms 

A number of diff,,rent organisms have been investigated for their use in the pro
duction of microbi;J proteins (Porter 1979). Both pure cultures of yeast and mixed 
cultures of yeast, fungi and bacteria have been used to produce single cell proteins.
Yeasts such as Saccharonyces or Candidautilis have been known to utilize mono
and disaccharides very efficiently. Special strains of yeasts (suitable for food indus
tries) have been dcveloped and they have been grown on molasses as substrates in 
large quantities for food and feed supplements. World production of such yeasts ex
ceeds 300,000 t/year. Substances rich in starch can be converted to microbial bio
mass by pure oiganisms having enzymes (amylases) to hydrolyze starch into mono
or disaccharides. A few examples of organisms that are generally used belong to the 
genus A spergillus-A. orn'zae, A. niger, and A. fumigaius. A commercially developed 
process in Sweden for utilization of potato waste is known as the "Symba" process
which makes use of two yeasts--Endomycopsis filbuliger, an amylase producing 
strain, and a Candida. Residues from agro-industrial activities consist of mixtures of 
several compounds, some soluble and others insoluble. Soluble substrates are easier 
to handle whereas the insoluble residue, which is usually lignocellulose, is generally
recalcitrant to microbial atack. However, a pretreatment of such residues makes 
cellulose susceptible to enzymatic hydrolysis and faclitates the ,ro\th of a nu-nber 
of organisms. When the naturally occur ing cellulose is pretreated to make it, suscep
tible to biodegradation, there are several approache; to the production of microbial 
protein. A few of the approaches are sho,,:...2hematically in Fig. 1. In addition, the 
lignocellulosic compounas may be hydrolyzed by acids completely to monosaccha
rides; the well-known industrial processes can then be used to produce microbial 
protein as yeasts. Several excellent reviews on the microbial conversion of lignocellu
loses have been recently published (Tong and Cannell 1983; Phillips and Humphrey
1983). A few selected organisms that have applications in the production of single 
cell proteins are presented in Table 2. 

Cellulose 

Direct microbial Complete enzymatic Partial enzymatic
fermentation digestion digestion

I _I IAnaerobic Aerobic Glucose Improved feed 

Mane FFSingle stage Multistage 

PMethanol CJ Cellulolytic 

organisms 
+ 

"SCP - Single Cell Protein (microbial biornass). Yeast 

Fig. 1. Proposed methods for production of microbial protein from cellulose. 
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Table 2. A few selected cellulolytic microorganisms (from Srinivasan 1979). 

Fungus Trichoderma(viride) reesii 
Trichoderma lignorum 
PenicilliumJan thinellum 
Penicillium vericulosum 
Aspergillus terreus 
Aspergillus oryzae 
Chaetomiurn cellulolyticum 
Sporotrichumpulverulentum 

Actinomycetes Actinomucor sp. 
Streptomyces 
Thermornonospora 

Bacteria Cellulomonas 
Pseudornonas 
Celluvibrio 
Cytophaga 

Pretreatment of Substrates 

It is only the insoluble lignocellulosic residues that require rather extensive pre
treatment, although raw materials such as molasses are clarified by adjustment of the 
pH and removal of deleterious ions before they are utilized as substrates for fermen
tation. It is essential to lower the lignin content of the residues, either by physical or
by chemical pretreatments, to increase the rate of bioconversion. Lignin surrounding
the cellulose forms a physical barrier for microbial or enzy:ztic attack. Pretreat
ments disrpt the lignin st'. ture and increase the accessibility of cellulose to
enzymatic nydrolysis and -- enhance the rate of biodegradation. The different 
methods of pretreatment are summarized in Table 3. Milling and radiation treat
ments have been extensively studied and found to decrease the particle size, decrease 
the degree of polymerization, increase the surface area, and thereby increase the 
susceptibility of cellulose to microbial attack. Steam explosion of lignocellulose has
been developed as an efficient method for pretreatment by Saddler and his collabo
rators (Brownell and Saddler 1984). Treatments with sodium hydroxide or ammonia 
swell the fibers, solubilize lignin and hemicellulose and increase the digestibility of
cellulose to microorganisms (Wilson and Pigden 1964). Several methods for pre
treatment of agricultural residues for efficient enzymatic conversion have been 
experimentafly evaluated using wheat straw as a model substrate (Fan et al. 1981). It 
was found that physical pretreatments alone were ineffective in enhancing the rate 
of hydrolysis oi cellulose. "Caustic soda pre-treatment is a promising candidate for
large-scale application because of its excellent capability to increase the hydrolysis
rate and its low cost" (Fan et al. 1981). Our research activities centered around the 
use of nonwood plant residues such as sugarcane bagasse as raw material and we have
used primarily alkali pretreatment in our studies on the production of microbial 
proteins. 
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Table 3. Pretreatment methods to increase the rate of biodegradation of cellulose. 

Physical methods : Photolysis and radiation 
Ball milling (pot milling) 
Hammer milling 
Fiber explosion Steam explosion 

Freeze explosion 

Chemical methods Acid treatment Sulfur dioxide 
3ulfuric acid 

Alkali treatment 
'hosphoric acid 

:odium hydroxide 
Ammonia 

Organic solvents 
for lignin removal Ethylene diamine 

Ethanol 
Phi~nol 

Fermentation 

Submerged fermentations lend themselves to better optimization of the environ
mental conditions and thereby result in increased productivity. However, there have 
been several studies reported on the application of solid state fermentation to 
produce microbial biomass from feed-lot waste fibers and in crop residues such as 
w1'eat straw (Ulmer et al. 1981; Laukevics et al. 1984). Two examples of microbial 
"-._ss production will be reviewed here briefly: one from feed lot waste and 

another from corn stover, before a discussion of our investigations on the bioconver
sion of lignocellulose. 

Ulmer et al. (1981) conducted a series of investigations to improve the nutritional 
value and digestibility of pretreated feed lot fiber waste by solid state fermentation. 
Initially, the waste contained 25 to 30% w/w dry matter. The fibers were subjected 
to steam treatment by keeping them at 170'C for'10 min. under pressurized steam. 
Then they were supplemented with ammonium sulfate and urea to adjust the C'N 
ratio (by weight) to 9:1 to obtain maximal protein production. The subs ,e '.-as 
inoculated with a cellulolytic mold Chaetomium cellulosum and incubated at 37C 
for seven days. The results of a typical experiment are presented in Table 4. It is 
important to note that aeration during fermentation d:-reased the cellulose content 
by 28% in untreated fibers and 38% in steam treated wastes. 

A second example of a process of single cell protein production from waste 
biomass is the one developed by Moo-Young et al. (1979) as a submerged fermenta
tion. The raw material was pretreated with hot water or dilute alkali (NaOH or 
NH 4 OH), which enhanced the susceptibility of solids to attack by microorganisms
by causing swelling and/or partial delignification. The solid substrate was introduced 
in the form of a slurry into the fermenter with the addition of necessary nutrient 
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Table 4. Solid state fermentation of feed lot waste fibers. 

% dry weight of the productTreatment Crude protein TCA protein Cellulose 

Untreated 7.9 6.8 33.8Untreated and fermented 11.7 8.1 35.4 
Untreated and fermented 

with aeration 14.3 10.6 24.5Treated 7.8 5.9 32.2Treated and fermented 14.5 8.6 38.6 
Treated and fermented
 

with aeration 
 20.0 10.9 20.1 

supplements (N, P, K, etc.) derived from commercially available fertilizer blends.
Fermentation was carried out by a new strain of Chaetomnium cellulolyticum at atemperature of 37C with adequate aeration. The pH of the medium was maintained 
at 5.5 with a pH controller. The authors claim that the organism had a specificgrowth rate of 0.24 h- 1, which is one of the highest known for cellu!oly'tic fungi.
The amino acid composition of the single cell protein is similar to any other single
cell protein and the nutritional value of the product is comparable to fodder yeast.

We have been interested in the production of single cell protein from lignocellu
lose for the past several years, mainly from the point of developing a byproduct
industry for sugar refineries. If fermentation processes have to be developed on
native lignocellulo,e one has to deal with three different carbon substrates, namely
short-chain pentose polymer, a complex aromatic phenyl propane polymer of lignin,and a large molecular weight, linear polymer of cellulose. In general, microbial
growth on more than one substrate tends to lower the overall growth rate. Thus theproductivity of the fermentation may in all prcbability be lower on mixed substrates 
with a single organism than on different components used singly (Eriksson andLarsson 1975). However, the productivity on mixed substrates may be increased
with a system of severa' microbes whose populations can coexist commensally orneutrally (Thayer and David 1978). In early studies, we concentrated on the optimi
zation of bacterial degradation of alkali-pretreated cellulose by Cellulonionas, anisolate from the sugarcane fields of the University Agricultural Experiment Station.Initially, the isolate was found to double its population two weeks after inoculation 
on a cellulose substrate. The experiments were designed to increase the productivity
of biomass on cellulose in the following manner: (i) symbiotic growth of the organ
ism with other cellobiose utilizing strains; (ii) mutation of the parent strain bychemical mutagenesis; (iii) optimization of the environmental conditions for theorganism under continuous cultivation in order to promote maximum growth. These
experiments led to a simple technique known as gradient feed method for growing
microbial cultures with high cell densities (Srinivasan et al. 1977). The experimental
results are summarized in Table 5. 
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Table 5. Production of biomass during growth of Cellulomonas on cellulose in a batch fermenter 
(Srinivasan 1979). 

Carbon Volume of Fermentation Biomass 
Microorganisms source cultures liters) time (hours) g/l D.W.* 

CollulomonasATCC 21399 Cellulose 1 96 4.5
 
powder
 

Cellulomonas + Candida Cellulose 1 96 10.2 
powder 

LC-10 (mutant) Cellulose 5 36 15.0 

powder 

LC-10 Bagasse 5 36 18.0 

*D.W. - dry weight. 

On the basis of the methodology during our studies with Cellulomonas, we 
extended our investigations on the production of biomass by a thermotolerant strain 
of Aspergillus terreus The advantages of using fungi are: (i) they can be grown at 
low pH, thereby minimizing the problem of contamination; (ii) they can be har
vested more economically from the fermenter by filtration because they are large. 

Aspergillus terreus was grown in batch as well as continuous mode. A semi-con
tinuous fermentation (draw and replace) technique, which may be readily adaptable 
to a labor-intensive and low investment technology, was also investigated. Results of 
the continuous mode of operation as well as a semi-continuous mode are presented 
in Tables 6 and 7. 

Basic studies on the physiology of growth of microorganisms have led to the 
development of a rapid rate of bioconversion of cellulose under aerobic conditions. 
Optimization of nutrient environment is of paramount importance in the development 
of any successful fermentation as shown by tile A. terreussystem, which exhibits 
high cellulose utilization coupled with high productivity of protein due to rapid 
growth rates. At the present "state of the art" in lignocellulose conversion to pro
teins, submerged fermentation is the method of choice. Although several attempts 
have been made to develop solid state fermentation, there are a number of inherent 
disadvantages in the technique itself. Biomass generation by solid state fermentation 
is severely limited by the difficulty of regulating fermentation parameters such as 
moisture and aeration. A considerable portion of the substrate is spent on mainte
nance energy for the organisms in solid state fermentation, and the overall efficiency
of conversion to protein is rather low. In spite of all these shortcomings, solid state 
fermentation has been thought attractive as a low level farm technology. However, 
it gives a false sense of economy. Village or low level technology would be better 
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Table 6. Continuous cultivation of Aspergillus terrciis on cellulose (Miller and Srinivasan 1983). 

Iilution rate 	 % %protein
Experiment 	 hours- 1 utilization content in biomass 

1 	 0.10 78.0 35.3 
2 	 0.11 83.3 32.2 
3 	 0.14 82.0 35.0 
4 	 0.14 84.2 34.7 

Table 7. Cellulose utilization and protein content of the dried product during fermentation by
Aspergiltus terrcus in a semi-continuous mode (Miller and Srinivasan 1983). 

Fermentation % cellulose %protein
Experiment duration (hours) consumed in biomass 

1 30 	 84.3 30.0 
2 24 83.7 32.0 
3 24 	 83. 32.5 

Fermentations were uutcarried with 5% carbon source. In Experiments 2 and 3, 10% of the 
biomass was used as the inoculum from the previous experiment. 

served by adczpting the basic design of the process developed by researchers at Tate 
and Lyle Research for the production of protein-rich product by submerged fermen
tation for incorporation into aquaculture feeds, The plant consists of a substrate 
preparation vessel, a polyethylene fermenter of 10,000 liter capacity, a filter and drier 
(Righelato 1974). The original plant was designed for the use of soluble substrates. 
Nevertheless, with modification of the plant to accommodate its use for insoluble sub
strates and introduction of the technique of gradient feed for the growth of organ
isms, bioconversion of cellulose to microbial protein may be developed as an eco
nomical process for the production of supplementary feed protein for aquaculture. 
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Discussion 

EDWARDS: Rice straw is such a widespread resource. Do you see any scope for improving its 
quality as a feed for livestock or fish by any of the methods you have described, particularly for 
use on small-scale farms? 

SRINIVASAN: I would say that this would not be economical for separate small farms. If, how
ever, farmers could use together a ,lant of 10,000 to 40,000 liters capacity then this could be 
possible. If you ave going to use about 20 g/liter you must have available 20 t/day; that is about 
80 t of raw material. 

PRUDER: We have a process which we cal) semi-continuous harvesting, that is we harvest daily
about 90% of the algae produced in a reactor. We find that our cultures tend to lose vitality after 
7-8 days even wher. we i,taintain good nutrient inputs. We cannot get beyond 14 days without 
having to start izp the reactor again. Have you had similar experiences? 

http:Washing.on
http:Salizbt.ry
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SRINIVASAN: No, most cultures can go on indefinitely. Unfortunately, however, they usually donot, because of contamination. If you have near-optimal nutrient media and a 10% inoculum youcan keep a culture going for a long time even under nonsterile conditions. However after 3 to 4transfers you do get contaminants appearing, particularly flavobacteria. Interestingly, these flavo
bacteria may not grow at the pH of the medium (pt1 5.0 in our case), hut can grow in close proximity to the cultured organisms. There is probably a p-I gradient between the cultured organism
and the medium. Therefcre, contamination is the problem, not vitality, of the cultured organism. 

PRUDER: From what you say, our problems seem to be doe to contamination. 

WOIILFARTH: Following up Peter Edwards' question on the scale of economically viable unitls.
In Szechuan Prov!iice, there are said to be 5 million domestic scale biogas units ( Shian et at1979)*. These are often run b a single family and provide gas for light and cooking. The inputsare human wastvs and pig ianure. This seems very effiient since little or no transportation is
 
involved.
 

SRINiVASAN: I am familiar with these. Their rate of production would be considered too low for use in a developed eountry. Ihey suit the fan;-ly circtiistances in their locality, rather like grow
ing garden vegetables in America. I prefer to Conceptualize larger centralized ferrentoi- units for
feed production. If good quiaity feeds ire produced to satisfy a demand, the costs of installation 
and operation are not prohibitive. 

PULLIN: ',;ui original objective was to, manufacture a feed to be competitive witi soy protein? 

SRINIVASAN: Yes. 

PULLIN: How successful have you be,,1? 

SRINIVASAN: We have reached a competitive stage. We c:,n now grow the organism and with a
100,000 liter ferm(:nt or as an auxiliar'y unit to a sugai cane refinery we can produce fu:lgal bio
mass 
at $180 to $200/t. It is 30-35% protein. We had achieved this -1 5 years ago, but wtre faced
with the problems of' the costs of (isposing of the alkaline effluent. Hence, we have now developed
an anaerobic process and now we can run an anaerobic fei-mentation on hem i,,ellulose with 65%
 
methane coming out every four hu rs.
 

PIEDRAHITA: Were the figures you gave primarily for pure cellulose fermentation? 

SRINIVASAN: For bagasse, too. 

PIEDRAHITA: How much pretreatment is needed for a straw or bagasse? 

SRINIVASAN: First, it must be comminuted to a small siLe, then treated with alkali: 0.5 N

sodium hydroxide. Treatment must be at 
over 95"C. Below 90"C, it doesn't work so well. Treat
ment should be for about I hour. 

SCHROEDER: ICI, vorkng with microbial proteins, found some acceptability problems with 
certain target animals, tiave you found similar problems with fungal protein? 

SRINIVASAN: We have tested our fungal prot2in as 10% substitute for poultry rations. There 
were no toxic effects. The funei are rich in .itamins, so vitamin addition to the ration is not
needed. We also tested it on tadpo'c:,. That " as my introduction to aquaculture! 

EDWARDS: Dr. Tim Flegel is working in Thailand using water hyacinth as a substrate. He adds urea. He has isolated a whole range of cellulose and lignin-splitting fungi. Ile claims to be able toincrease the protein content of the substrate quite significantly by this relatively simple tech
nology, without pretreatment. 
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SRINIVASAN: I have strong reservations about this type of technology. Many people have tried 
this kind of solid state fermentation. It's just like composting. The problem here can be myco
toxins. These are produced by fungi, particularly at sporulation. They are not such a problem if 
the fungi remain in the phase of vegetative multiplication. Moreoever, such systems allow the
organisms to grow for a long time. This produces a lot of protein initially, but then you get species
differentiation of the fungi and a lot of protein is turned over (degraded) by these changes. So, 
your initial 30-35% protein content can go down to 10-12%. 

EDWARDS: But couldn't you stop the process by drying? 

SRINIVASAN: No, because the organisms will differentiate and form spores when you do this. 
This is a feature of solid state fermentation and is why I have avoided it. 

*Shian, S.T., M.L. Chang. Y.T. Ye and W. Chang. 1979. The construction of simple blogas digesters in the
province of Szechwan, China. Agr. Wastes 1: 247-258. 



Composition and Nutritional Value of Detritus 

STEPHEN H. BOWEN 

DepartmentofBiologicalSciences 
Michigan Technological University 
Houghton, Michigan 49931, USA 

BOWEN, S.H. 1987. Composition and nutritional value of detritus, p. 192-213. In D.J.W.

Moriarty and R.S.V. Pullin (eds.) Detritus and microbial ecology in aquaculture.
ICLARM Conference Proceedings 14,420 p. International Center for Living Aquatic
Resources Management, Manila, Philippines. 

Abstract
 
Beginning as soon as plants senesce 
or die, two different pathways are involved intheir progressive decomposition and modification. Soluble components lost from the

plants are acted upon by various physical, chemical and microbial agents, many ofwhich convert dissolved organic matter back into particles. Insoluble plant tissues areprogressively fragmented by the interaction of microorganisms, invertebrates andmechnical abrasion. In the course of this detritus processing, the more labile compo
nents are lost or bound into recalcitrant organic complexes, while the more refractoryorganic components accumulate. In consequence, detritus contains less digestible protein (amino acids) and digestible energy than other foods consumed by aquatic animals. Animals that feed successfully as detritivores possess various behavioral andphysiological adaptations that allow them to select the most nutritious detritus and 
efficiently digest and assimilate its nutrients. 

Introduction 

Detritus is dead organic matter. Although dead animals may make some small 
contribution, most detritus appears to be derived from plants (Parsons and Tinsley
1975). Individual detritus particles range in size from stumps and tree trunks that 
are measured in meters, to ultrafine particles with maximum dimensions of < 0.5 
pm. Detritus is found in all aquatic habitats. It accumulates as conspicdous organic
debris, makes up much of lake and stream sediments and is found as thin layers on
the surfaces of stones and living plants. In addition, a large portion of the particulate 
matter suspended in b ,th standing and flowing waters is detritus. Ecologists now
believe that particulate detritus is the food resource that supports (directly or
indirectly) well over half the animal production in most ecosystems. Although 
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herbivores in pelagic waters and grasslands are important exceptions, most animals 
wait until plants die and partly decompose before they use this material as food 
(Wetzel 1975). 

During the decomposition process, plant detritus is acted upon by physical, 
chemical and biological agents that continuously alter its composition and thus its 
nutritional value. The effects of decomposition processes on nutritional value are 
complex and depend on the type of detritus and the digestive abilities of the detriti
yore. Early in the process, the nutritional value may be increased by the decomposi
tion of compounds that are the remnants of plant defenses against herbivory. Later, 
selective removal of the more labile organic fraction may render the detritus less 
nutritional to detritivores that lack special adaptations for digestion of the refrac
tory residuum. On a biological time scale, the ultimate product of decomposition 
must have extremely limited nutritional value because detritus accumulates as 
sedimentary layers tens of meters deep in lakes and oceans. 

In this paper, the pathways of detritus processing as a context for the subsequent 
discussion of detritus chemical composition are reviewed. Against this background is 
also a review of current understanding of variables that affect the nutritional value 
of detritus and adaptations that detritivores have for using detritus as their principal 
food source. 

Pathways of Detritus Processing 

Detritus is processed along two pathways that diverge as soon as a unit of plant 
tissue begins to senesce and die (Fig. 1). Structural compounds such as cellulose and 
lignin are left behind in particulate form while soluble proteins and carbohydrates 
rapidly dissolve (Suberkropp et al. 1976; Goldshaulk and Wetzel 1978; Whyte et al. 
1981). insoluble particles are gradually broken up to produce progressively smaller 

0 

U PO 

FPOM 

CPOM 

Fig. 1. Diagrammatic representation of the two pathways 
of detritus processing, and their relationship to particle 
size. CPOM = coarse particulate organic matter; FPOM = 
fine particulate organic matter; UPOM = ultrafine particu
late orgalfic matter; DOM = dissolved organic matter. 
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fragments (fragmentation pathway). Soluble organic matter lost from autumn shed 
leaves in temperate streams ranges from 5 to 307c of total organic weight after only
24 hours (Petersen and Cummins 1974; Lush and Hynes 1978). Dissolved organic 
matter is acted upon by a variety of physical and chemical agents and microorgan
isms that convert it to a particulate form (dissolved organic matter pathway) (Dahm
1981; see Wooton 1984 for review). Thus, both pathways of detritus processing 
produce particles that are available as food for detritivores. 

The pathway in which insoluble plant structural compounds are gradually frag
mented to make progressively smaller particles is the more studied. Most of this 
work concerns decomposition of deciduous leaves in low-order streams, and man
grove leaves and saltmarsh grasses in coastal/marine habitats. Similar trends are seen 
in each habitat. Dissolution of labile components begins immediately and is soon 
followed by microbial colonization. In aerobic environments, aquatic hyphomycetes 
are dominant during the early stages of decomposition and may reach maximum 
biomass and activity in about 20 days (Arsuffi and Suberkropp 1984). The fungal
hyphae invade the structure of the plant matter and fungal exoenzymes break down 
the structural cellulose. This dramatically weakens the plant tissue and thus renders 
it more friable. Subsequent fragmentation may be due to the mechanical effects of 
turbulent water movement, abrasion by other particulate matter and the feeding of
"shredder" invertebrates that specialize in feeding on large particle size plant detri
tus (Cummins and Klug 1979). The microorganisms on fragments are typically
bacteria. Some types of bacteria may utilize some of the remaining particle, but 
others may depend on dissolved organic matter as their major nutrient/energy source 
and use the particle solely as a surface for attachement (see Kirchman and Ducklow, 
this vol.). 

The pathway in which particulate detritus is formed from dissolved organic
matter is less understood. Researchers have identified many different agents that 
convert dissolved organic matter to particulate organic matter. Bacteria appear to be 
some of the most important. In addition to production of new bacterial cells,
bacteria use dissolved organic matter to produce an extracellular organic matrix 
(Paerl 1974, 1978; Hobbie and Lee 1980; Costerton et al. 1981). The mass of this 
organic matrix can exceed the mass of bacteria many fold (Parsons and Dugan
1971; Paerl 1978; Rice and Hanson 1984). A host of physical and chemical processes 
may also convert dissolved organic matter to particles. Adsorption to both mineral 
and other organic particles, formation at the air-water interface, and precipitation by
multivalent ions, pH shifts and salinity changes have all been suggested as at least 
locally important in production of particulate detritus (reviews in Dahm 1981; 
Bowen 1984c; Wooton 1984). Although most workers seem to have concluded that
bacteria play the dominant role in processing dissolved organic matter, abiotic 
formation of particles can be so rapid that bacteria have little opportunity to utilize 
this material (Jensen and Sondergaard 1982). The relative importance of abiotic 
agents in processing dissolved organic matter probably differs from habitat to 
habitat, but little is known about this at present.

Samples of detritus collected from natural aquatic habitats typically contain 
particles from both pathways (Fig. 2). The larger size classes (roughly 2,500 to 
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Fig. 2. Light and scanning electron micrographs of detritus, a. Morphous detritus particles sepa
rated from finer particles using a 100 um sieve. These are clearly fragments of va. "ilar plants. 
SEM, Portage Lake, Houghton Co., Michigan, USA. b. Visculr, plant detritus coated with amor
phous detritus. Light micrograph (160x), Traprock River, H(,:'hton Co., Michigan, USA. 
c. Amorphous detritus and sand grains from the pyloric stomach of the detritivorous fish Prochi
lodus platensis. Light micrograph (160x), Riachuelo backwater, Corrientes, Argentina. d. Detrital 
aggregate: the aggregated mixture of amorphous detritus, algae and bacteria. Light micrograph 
(160x), Portage Lake, Houghton Co., Michigan, USA. e. Detrital aggregate as it commonly occurs 
enmeshed in filamentous algae growing on tile surface of a vascular aquatic plant. Light micro
graph (160x), Lake Valencia, Venezuela. f. Detrital aggregate coating the surface of a sand grain
from the pyloric stomach of Prochdodus platensis. SEM, Riachuelo backwater, Corrientes, 
Argentina. 
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250 mm) are dominated by fragments of insoluble plant tissues, whereas smaller size
classes (250 to 0.5 pm) are usually amorphous and appear to be derived from dis
solved organic matter (Bowen 1984c). Extraeellular organic matter produced by
both bacteria and algae adhere to other particles and tend to l)ind particles together
in heterogeneous aggregates of algae, bacteria, detritus and mineral particles (Seld
1972; Bowen 1978; Paerl 1978). On stable substrata such as stones and macro
phytes, this process results in organic coatings that are several millimeters thick
(Allanson 1973, Lock et al. 1984). Detritus in these coatings is almost exclusively of 
the amorphous type. El'sewhere, small amorphous detritus particles are found 
attached to larger plant fragments. 

Water movements and the effccts of substratum result in a nonu nif rm distribu
tion of different detritus types. In 10w order streams, stones, roots and wood in the 
channel retain large particles such as leaves and twigs whereas smaller particles are 
transported downstream (Wallace et al. 1982). Gradients of flow velocity and
turbulence further separate particles in flowing waters according to size and density
(Hynes 1970). In standing waters, the littoral zone is a site where inmuch detritus
 
enters the lake ecosystem as allochthonus Or au tochtIh onous V'asUar plant debris,

and as fine particles formed 
 from dissolved organic matter in iinterflow . Because
 
resuspension by wave 
action becomes less frequenlt with increasing depth, wave
action tends to transport littoral detritus down-slope (largrave and Kam p Nielsen 
1977). In littoral zones with relatively steep slopes, this process results in a gradient
of particles separated according to age: tile mean age of particles increases with 
increasing depth (Bowen, unpublished data ).Thus, interactions amnong the processes
of detritus formation, detritus aggregation and detritus transport result in a complex
distribution of heterogeneous detritus mixtures in the natural environment. 

Quantities of Microorganisms Associated with Detritus 

Detritus is rarely found without attached or embedded microorganisms. Before

discussing the chemical composition of detritus, it may be useful to consider what
 
contribution the microorganisms make to the organic matter of microorganism
detritus aggregates. Although there 
are several problems concerning the accuracy of 
various techniques, this problem has been studied from enough different perspec
tives that two consistent relationships are apparent. Firstly, fungal biomass is great
est during tile early stages of coarse particle (7-.1 mam) processing in the fragmenta
tion pathway. For example, Lee et al. (1.980) report that fungi colonizing coarse 
particles from Spartinaalternifloraleaves increased in dry biomass to a maximum of 
2.5% of the organic dry weight after two months, and then declined to less than 
0.3% after a total of seven months. Bacteria were much less important in this mate
rial comprising about 1% of Qrganic dry weight. Nearly identical results were obtained 
in independent studies of Spartinaalternifloraby Marinucci et al. (1983) and Valiela 
(1984). In contrast, bacteria predominate on fine particles (< 1 mm) and tend to be 
most abundant on the smallest particles (Wallace et al. 1982). Secondly, microorgan
isms make up a relatively small proportion of the organic matter in detrital aggre
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gates (Linley and Newell 1984). Most estimates place bacterial contributions to fine 
particle weight at less than 1%(Table 1). Similarly, algae made up of less than 5% of 
organic matter in detrital aggregates on living macrophytes (Bowen 1979b), and less 
than 1%of organic matter in benthic detrital aggregates (Bowen 1979a). Thus, the 
chemical composition of detritus is due, in large part, to the detritus itself rather 
than the associated microbial biomass. 

Table 1. Recent lilerature valueS f1r Microojial I)jomass associated with detritus from a variety of 
aquatic and marine habiats. 

Est imate' as '-

Biomnlass estimated Samnpl sou ioe organic mass Method Authority 

Total microbial 	 Stream, suspended 0.91 ATP Wallace et al. (1982) 
POMI1 -- (orgia 

Total microbial 	 Streamt, benthic 0.0o3' ATP Ward and Cummins 
PIOM -- Michigan (1979) 

Total microbial 	 Stream, leaf pIcks <5.0 a ATP Suberkropp et al.
 
- Nichiigan 
 (1976) 

Total microbial Salt marsh sediment <. ATP Rublee (1982)
 
(including
 
rauiofauna) -- North Carolina
 

Bacterial North Carolina <0.6 Direct counts Rublee (1982) 

Algal - North Carolina <0.. Direct counts Rublee (1982) 

Bacterial 	 Marine sedimnent 0.7 Direct counts Kepkay e! al. (1979) 

Bacterial 	 Suspended river <0.5 Direct counts Baker and Bradnam 
POM 	 (1976) 

aCalculated from authors ATP values (corrected for extraction efficiency) based on 286 mg bio
mass per ing ATP (1lolm-l1anson et al. 1966).

b POM = particulate organic matter. 

Nutrients in Detritus-Amino Acids and Energy 

The chemical composition of detritus has been examined to some degree on 
several scales, ranging from specific isotopes of a given element (e.g., 12C and 
13C), to colloids that make up the finest particles. A few of these studies have in
volved a search for very specific compounds that can be used as tracers in biogeo
chemical cycles. In most cases, the compounds studied have no identifiable connec
tion to detritivore nutrition and thus these studies are not considered here. The 
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present review will focus on those molecules that supply detritivores with amino 
acids and energy-the macronutrients that appear to limit detritivore growth (see 
"Nutritional Value" below). 

Amino Acids and Other Forms of Organic Nitrogen in Detritus 

QUALITA'TWV Aspi,:Crs 

Because nitrogen has a widespread importance as a limiting nutrient for the 
growth of both plants and animals, nitrogen dynamics are the most studied aspect of 
detritus processing. Plant amino acids are believed to be the original source of detri
tal nitrogen (de ]a Cruz ai d Poe 1975). Nearly all the organic nitrogen in living plants
is in the form of amino acids (Parsons and Tinsley 1975). Other nitrogen-containing 
compounds such as organic bases and amino sugars are functionally important but 
make up a small proportion of the total organic nitrogen present in plants. In the 
process of decomposition, plant proteins are variously modified and react with other 
compounds in the organic milieu, especially with phenolic coi.ipounds (Rice and 
Hanson 1984). As a result, it is the gradual modification of parent plant proteins
that determines the chemical form(s) ta:cn by organic nitrogen in deLritu,. s p.!: 
detritus is processed via the fragmentation pathway, much of the original protein
that is not lost to solution is gradually degraded to smaller amino acid polymers
(polypeptides), individual amino acids, and nonamino acid organic nitrogen (Odum 
et al. 1979). Nonamino acid nitrogen is frequently greater than 30, of the total 
nitrogen present (Godshalk and Wetzel 1978). These decomposition products form 
relatively refractory complexes with lignin, humin and other lignin-like compounds 
formed in diagenesis (Suberkropp et al. 1976; Odum et al. 1979; Rice 1982). Because 
they are refractory, these nitrogen-rich complexes accumulate in detritus relative 
to other more labile components with the result that the percentage organic nitrogen 
increases over time (review in Rice 1982). 

The fate of proteins and amino acids that dissolve into solution is less well known. 
Results of studies reported to date suggest competition for dissolved amino acids 
between the process of microbial mineralization, and processes leading to formation 
of particles. These compounds undergo complex chemical reactions similar to those 
described for particulate amino acids and tend to accumulate in large molecular 
weight "heteropolycondensates" (Degens 1970). Freshly extracted dissolved organic 
matter and dissolved organic nitrogen can be mineralized by microorganisms (Dahm
1981), but somewhat older, complexed dissolved organic matter and dissolved 
organic nitrogen are relatively refractory (Wetzel and Manny 1972). Thus, amino 
acids make up a very small part of the total dissolved organic matter (e.g., 0.7%, 
Bott et al. 1984), but make up a relatively large fraction of the complexed collodial 
fraction (12 to 22%, Sigleo et al. 1983; 4 to 13%, Means and Wijayaratne 1984). 
Experiments conducted in streams and anaerobic marine sediments suggest that 
conversion to particulate form rather than mineralization by microorganisms is the 
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more common fate of dissolved amino acids (Lush and Hynes 1.978; Rosenfeld 
1979), but more study of these two competing processes is ,ecess.-iy before general
izations can be made. In addition to their roles as minerali. , microorganisms also 
contribute to the formation of particles from dissolved amino acids. The absolute 
amount of nitrogen frequently increases during decomposition via the fragmentation 
pathway. This additional nitrogen must be derived from dissolved nitrogenous 
compounds by chemical condensation with particulate detritus (Rice 1982), or from 
deposition of nitrogen-rich exopolyiners dhat bacteria and fungi produce from 
dissolved organic matter (Fell et al. 1979; Rice and Hanson 1984). Thus, the effects 
of dissolution, decomposition and condensation result in a diverse array of nitrogen
rich organic compounds in particulate detritus. 

Q UAN TITA'r vi : AsiPI.:CTs 

The concentrations of protein or total amino acids in different types of detritus 
are given in Table 2. This table contains data only from studies in which protein or 
total amino acids were determined directly. Many protein values reported for 
detritus are based on the assumption that all nitrogen in detritus is amino acid 
nitrogen, and thus those estimates cannot be included here. In addition, the many 
estimates of protein or amino acid concentrations in suspended organic matter have 
not been included because it is not clear how much of the material is detritus and 
how much is living plankton. 

The available data indicate that detritus contains less protein and less amino acid 
than other foods. The 17 types of detritus in Table 2 average about 10% amino acid 
or protein as a percentage of ash free dry weight. Comparable values reported for 
other materials used as food by aquatic consumers include 1.7% for 32 species of 
aquatic vascular plants, 23% for 7 species of microalgae, 27% for phytoplankton, 
50% for zooplankton and 61% for 12 aquatic macroinvertebrate species (Boyd 1968; 
Mayzaud and Martin 1975; Yurkowski and Tabachek 1979). The low concentration 
of aniino acids in detritus is due to the more rapid loss of amino acids relative to 
other organic compounds from detrital particles during the early stages of processing 
(Tenore et al. 1984; Wakeham et al. 1984). Among samples of detritus formed in the 
fragmentation pathway, the concentration of amino acid in the parent plant matter 
appears to affect directly the amino acid concentration of the subsequent detritus: 
protein-rich plants make protein-rich detritus (Rice 1982; Rice and Hanson 1984). 

The specific amino acid compositions of various types of detritus and living plants 
and animals are compared in Table 3. As concluded by several other authors, com
parisons across broad taxa show that the specific amino acid composition of diverse 
plants, the animals that feed on them (directly or indirectly) and detritus derived 
from them are remarkably uniform (Boyd 1970, 1973; Cruz and Poe 1975; Tenore 
et al. 1984). 
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Table 2. Concentrations of amino acids and protein in dIetritus is percentage ash-free dry weight. 

AninoDetritus type Location acids Protein Authority 

Marine sedinivt Long Isanl Sntd, USA 17.04b Rosenfeld (1979)
(top I em) 
Marine sediment Florida Bay, Florida, USA 12 1ab
 
(top I emt)
 

Plant fragmntis aged/50 days Savannah, Georgia, USA Rice (1982)
Gruciluriafoiiifera 18.1
Spatoglossum schr, tderi 24.2 
Thalassia testudinum 11.5
Spartinaalterniflorn 2.9
Rhizophoru mangh, 7.7 

Freshwater epilithic detritus England 0-8.6% Calow (1975)

(6 samples)
 

Freshwatir sediment L. Sibaya, South Africa 5.9% Bowen (19 7 
9a)

(39 samples) (1.8-1.1.2) 

Periphytic detrital aggregate Lake Valencia, Venezuela 2. 6" Bowen (1979b)
(4t5 saunplts) (0.5-5.8)(30 samples) 14.6% Bowen (1980) 

(6.9-23.6) 

Deciduous leaves from Switzerland 6.3% Barlocher (1983)Riparian trees aged (0-15) 
1-180 - days 

Benthic detritus loughton County, 6.9 Bowen (unpub(total of 3.1 samples Michigan, USA (2.6-11.3) lished data)

from 3 lakesi)
 

Benthic detritus from Houghton County, 8.6 Bowen (unpub5 streams Michigan, USA (5.5-12.8) lished data) 

Detritus formed in situ Mississippi, USA tie In Cruz and Poefrom salt marsh plants 
(1975)

JUnicius roetcriamus 9.2
Spartina cynosuroides -1.8 
Scirpus ainericatrus 6.0
Distichlis spicata 7.2 

Assumptions: aAmino acids are 16% N by weight, bOrganic matter is 50% by weight, CLeaf dry weight 80% ash
free dry weight. 

ENERGY IN DETRITUS 

The energy density of biological materials is frequently reported using one of two
expressions: energy units per total sample weight (fresh weight or dry weight), and 
energy units per ash-free.dry weight (AFDW). The ash-free dry weight basis is of 
interest because it provides some insight into the basic biochemical makeup of the
sample. On average, lipids contain about 35.7 kJ/g AFDW, proteins contain about
23.3 kJ/g AFDW and carbohydrates contain about 16.9 kJ/g AFDW (Brett and 
Groves 1979). Thus, samples with high energy densities, say greater than 24 kJ/g 



Table 3. Concentrations of specific amino acids (mg/100 mg total amino acid) in detritus, plants and animals. 

Asp Thr Ser Glu Pro Gly Ala Val Met lie L.;u Tyr Phe His Lys Arg 

Periphytic detritus 
L. Valencia, Venezuela 

(Bowen 1980) 
14.5 5.8 6.2 15.9 5.6 7.6 8.9 4.2 1.5 3.2 7.2 3.1 2.7 1.7 5.4 6.9 

Ben'iic detritus
Portage L., MI, USA 
(Bowen, unpnublished datz) 

16.7 7.4 6.0 16.5 5.2 8.9 8.5 5.1 1.6 3.3 5.9 2.0 2.1 1.3 5.5 4.1 

Estuarine colloids 
Estuarine seston 

(Sigleo et al. 1983) 

11.6 
10.7 

7.3 
4.9 

6.4 
4.4 

11.4 
12.2 

3.0 
2.7 

7.9 
6.3 

9.3 
7.2 

6.3 
5.5 

1.6 
2.1 

4.5 
4.4 

7.9 
7.7 

3.6 
2.6 

5.4 
5.0 

-. 3 
3.0 

4.6 
6.1 

5.0 
5.9 

Salt marsh plants 
Salt marsh detritus 

(Cruz and Poe 1975) 

15.6 
12.1 

4.9 
6.7 

5.1 
5.9 

14.3 
12.3 

9.8 
5.9 

4.8 
7.9 

6.0 
7.8 

6.2 
6.7 

1.9 
2.2 

4.3 
4.8 

7.3 
9 2 

2.7 
2.0 

7.8 
5.0 

2.3 
1.6 

5.4 
4.5 

4.9 
4.9 

Freshwater algae. 13 sp. 

(Boyd 1973 
12.2 5.0 5.0 13.3 4.4 6.1 8.7 5.8 1.8 4.5 8.6 3.8 4.9 2.1 7.0 6.2 

Mean of 16 freshwater invert. sp. 
(Yurkowski and Tubachek 1979) 

LO.5 5.4 5.1 14.3 5.2 5.7 6.8 5.8 1.6 4.5 7.7 5.1 4.5 3.4 7.4 6.8 

Aquatic vascular plants, 11 sp. 

(Boyd 1970) 
13.1 5.2 5.4 12.2 5.1 6.4 6.5 6.0 1.4 5.1 9.8 3.9 5.7 2.3 5.5 6.1 

Marine invertebrates, 6 sp. 

(Phillips 1984) 
- 5.2 - - - - - 5.4 2.5 4.6 7.3 - 5.1 2.4 6.4 7.0 
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AFDW, are likely to contain a large proportion of lipid. Samples with energy densi
ties below 17.5 kJ/g AFDW usually contain significant quantities of plant structural 
materials such as cellulose and lignin. Energy densities expressed as kJ/g total weight 
are of interest. because they show the weight of material a consumer must handle in 
order to acquire a given quantity of energy.
 

Energy densities for detrit us and other organic materials used as 
food by aquatic 
consumers are listed in Table 4. In units of kJ/AFDW, the energy density of detritus 
is slightly less than thai of living aquatic plants. Most values for detritus are less than 
the average energy density of plant structural compounds, implying that decomposi
tion processes have released some of the original energy. On a kJ/g dry weight, basis, 
vascular plant fragments have vilues similar to those reported for plants, but fine 

Talble -1. Eiergy (hllsitY Inasurtid I'm.ii, ritus and comparable mattrials used is f(4(d by nualticn 

cOnslimerls.
 

Numbl)er 0f Mean kl NIan kJ
 
Material inilyzid obseval ions I g dry wIt. I g AI"I)W* 
 Authority 

Bienthic detritus 39 7.3 17.0 Bowin (I 979a)

Lake Sibaya, S.Alrica 
 (-1.0-9.G) (9.2-22.3) 

Benthic (letritus 4- (5.0-28.4) Ryhak (1969)
 
..1 Lakes, Poland
 

ELpilithic (hetritus 6 (14.3-19.7) Calow (1975) 
One Take. England 

Benth ic detritus 14 5.2 16.8 Bowen (unpublished
Gratiot !,ik,,. Ml, USA (3.8-6.1) (12.2-19.8) data ) 

Spar l i na det ritus 9 1-1.8 16.5 len re et al. (1984)(;,G-ciuz'ia detritus 9 14.1 15..1 Tenor. ei ;d. (1981) 

Aquatic ''ascular lants 32 15,5 17.8 Boyd (1968)
:32 s). (10.2-17.7) (16.3-19.8) 

Benthic detr itus 20 9.2 18.- Cummins and Wuy-
Lake sediments check (1971 ) 

Marine inacroalgat 74 12.7 18.6 Paine and Vadas (1969)
70 species (2.7-1.8.8) (13.5-22.A) 

Aqual icalgae 93 13.5 19.1 Cummins and Wuy

check (t971) 

Aquatic invertebrates 142 17.4 22.5 Cummins and Wuy
check (1971) 

Fish 13 20.9 21.8 Cummins and Wuy
check (1971) 

*AFDW = Ash-free dry weight. 
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benthic detritus that is mixed with inorganic sediment has a much lower energy 
density. Plants use carbohydrates for both structural and storage functions, whereas 
animals use energy ric, proteins and lipids for these purposes. Thus, energy densities 
reported for aquatic invertebrates and fishes are much higher than for plants and 
detritus. 

The classes of compounds in detritus that contain energy change during process
ing. Concentrations of proteins, lipids and soluble carbohydrates decrease, while con
centrations of lignocellulose and refractory products of diagenesis increase (Suber. 
kropp et al. 1976; Bowen 1984c). This appears to apply to detritus formed by both 
pathways. In consequence, most detritus is significantly less digestible than other 
foods (Fig. 3). Even thougi the energy density of detritus differs little from that of 
the parent material, availability of the energy to detritivores changes significantly 
du'ing processing (Tenore et al. 1984). 

47

32 
Consumers ieeding on: 

28 50 detritus 

I~ plants and bacteria 

i) 24 -- animals 
C 
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Assimilation efficiency (%) 
Fig. 3. Freque-ncy distribution of assimilation efficiencies 
reported for animals feeding on diets of animal prey, plant mat
ter and detritus ,ompiled from the recent literature. Herbivores 
that feed on Ai gle-celled algae, bacteria or yeasts are grouped 
in the low-r portion of the open bars. From Valiela (1984) 
with permission from Springer-Verlag, New York. 
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Nutritional Value of Detritus 

DEFINITION OF NUTRITIONAL VALUE 

The measure of general nutritional value used here will be the growth rate that
food is able to support when available ad libitum. Growth rate is a good approxima
tion of the contribution made by diet to adaptation fitness (sensu Calow and Town
send 1981; Werner and Hall 1976), and thus we might reasonably expect natural
selection to favor feeding behavior that tends to increase the nutritional value of the 
diet. This provides a firm ecological basis for interpretation of selective feeding by
detritivores. In addition, growth rate is immediately relevant to the goals of aqua
culturists. 

The effect of diet on the growth rate of a detritivore dpends on the quantity and
quality of nutrients obtained per unit time. This, in turn, depends (1) on the form
and concentration of nutrients in the detritus, and (2) on the abilities of the detriti
vore fo: handling, digestion and assimilation of those nutrients. Thus, consequences
of both nutrient content and detritivore trophic abilities are discussed below. 

GENERAL CONCEPTS OF DETRITUS NUTRITIONAL VALUE 

General concepts of detritus nutritional value have undergone considerable development since this question first became of interest to ecologists some 50 years ago
(Baier 1935). Three distinct concepts have emerged, and all three are potentially
useful in guiding development of detritus food chains in aquaculture. These concepts
have alternatively focused on microorganisms, energy and amino acids as the factors 
determining detritus nutritional value. 

Some investigators concluded detritus serves primarily as a carrier for attached
microorganisms, and that these microorganisms are the nutritional resource support
ing detritivores (Newell 1965; Ward and Cummins 1979). According to this perspec
tive, the detritus itself is considered largely invulnerable to animal digestive systems,
but the. microbes are efiicie.ntly digested and provide a nutrient rich diet. Thus
detritus nutritional value is proportional to the attached microorganism biomass.
Application of this concept must be limited to situations where detritivores consume
detritus exceptionally rich in attached microorganisms. The low biomass of micro
organisms in most natural detritus was discussed above. Recently, researchers have
concluded that the microorganism biomass consumed by detritivores accounts for
less than 10% of the detritivoie's growth and thus microorganisms are not the
principal food resource utilized (Baker and Bradnam 1976; Cummins and Klug 1979;
Rublee 1982; Bowen et al. 1984; Findlay et al. 1984). In aquaculture, however, it 
may well be feasible to manipulate conditions such that microbial biomass or the sum of microbial biomass and microbial excudates represents a major nutritional 
resource (Schroeder 1983; Ahlgren and Bowen, unpublished data). In this capacity,
microorganisms may be considered sources of energy and amino acids within the
framework of other nutritional value concepts discussed below. 
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A second concept of detritus nutritional value has emerged from studies of 

detritivores that feed on sediment (Odum 1968; Mattingly et al. 1981; Taghon 1982; 
Miller et al. 1984; Taghon and Jumars 1984). In addition to organic detritus, sedi
ment contains 80 to 99% inorganic matter in the form of clays, mineral grains,
carbonates, etc., which are expected to make no direct contribution to detritivores' 
nutrition. Because the rate at which a detritivore can pass food through its gut is 
limited (Brett 1971), inorganic matter in sediment reduces the consumers' energy 
assimilation rate and subsequent growth (Mattingly et al. 1981). Thus, the nutri
tional value of sediment may be expressed in terms of kJ digestible energy/g, and 
benefit to the consumer may be expressed as an energy assimilation rate (kJ assimi
lated/g consumer/time). This concept is equalky applicable to evaluation of detritus 
that contains a large proportion of indigestible organic matter such as cellulose, 
lignin, chitin and refractory products of organic diagenesis. Measures of detritus 
organic matter content and detritus digestibility have been used as approximations 
to energy assimilation rate (Odum 1968; Tenore et al. 1982; Lopez and Cheng 1982, 
1983). Although this concept of detritus nutritional value has been very useful in 
explaining detritivore food selection and growth in some cases, results in other cases 
have been equivocal (Lopez and Cheng 1982; Tenore et al. 1982). Either energy
assimilation rate is a correlate of detritus nutritional value, or additional factor(s)
combine with energy assimilation rate to determine detritus nutritional value. 

A third concept of detritus nutritional value is based on detritus amino acid or 
protein content. Amino acids linked together as proteins are the fundamental 
structural components of animal bodies. Unlike other nutrients, amino acids must 
comprise a large portion of the diet for the consumer to achieve maximum growth 
rate. Fishes, for examplc require about 45% of their diet as amino acids for maxi
mum growth (National Research Council 1977). At lower concentrations of amino 
acids in the diet, growth is proportional to amino acid content (Fig. 4). Although
different experimental approaches yield somewhat different estimates, it is believed 
that all animals have similar total amino acid requirements (Russell-Hunter 1970; 
Hainsworth 1981). In view of the fundamental similarity of animal biochemical 
structure, this conclusion is not surprising. The growth limiting effects of suboptimal
amino acid levels in the diet have been studied extensively in connection with human 
nutrition and animal husbandry, but application of these principles to wild popula
tions has been limited to studies of primates and a few ungulates (Coe 1983), ter
restrial insects (Mattson 1980), and detrii.ivorous fishes (Bowen 1979a, 1980, 1984a, 
1984b, 1984c). 

ENERGY-AMINO ACID INTERACTIONS IN 

DF'ERMINATION OF NUTRITIONAL VALUE 

Although biologists have usually treated these two variables as if they act inde
pendently (Tenore 1983 inter alia) amino acid concentration and energy assimilation 
rate must interact directly in determining the growth of detritivores. According to a 
simple yet accurate analogy, dietary amino acids provide the material whereas dietary 
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energy does the work of animal growth. In consequence, either may limit growth,
and thus determine nutritional value. As shown above, detritus is typically low in 
both energy and amino acids, and both nutrients tend to be bound in complexes 
that are difficult to digest. 
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Fig. 4. Growth response of groups of goldfish (Carassius 
auralus) to diets of different protein ricl i.:s fed ad libitt.im 
in aquaria. From Bowen (198-1a) with permission. 

At the physiological level, interaction between amino acids and energy in deter
mining growth rate is complex. Amino acids can be catabolized to provide energy, 
but energy cannot be used by animals to synthesize the 10 essential amino acids 
(Hainsworth 1981). Due to the metabolic complexities of this interaction, physiolo
gists are far from a general mechanistic explanation that can serve as the basis for a 
nutritional value concept (Sedinger 1984). As an alternative, interactions between 
energy and amino acids in a given diet can be evaluated experimentally. To simplify 
analyses, the apparent effects of interaction are reduced by description of the diet 
in terms of its protein: energy ratio. Thus, the protein:energy ratio provides a useful 
measure of diet nutritional quality (Fig. 4) (Bowen 1979b, 1984a). 

The protein:energy ratio may be especially useful in nutritional evaluation of 
plant matter being processed in the fragmentation pathway. With many plants, 
amino acid concentration increases while available energy decreases (Suberkropp et 
al. 1976; Tenore et al. 1984). Thus, there is likely to be some stage in the process at 
which the energy-amino acid balance has maximum nutritional value. 

There is no a priori reason why other nutrients (e.g., vitamin., ninerals, essential 
fatty acids) may not also affect detritus nutritional value (Phillips 1984). Preliminary 

http:libitt.im
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tests with several fatty acids failed to show these were limiting the growth of a 
stream detritivore (Cargill et al., unpublished data), but a comprehensive series of 
tests involving vitamins and minerals has not been attempted. In contrast to protein, 
vitamins are required at very low concentrations in the diet: typically in the range 
2 x 10-6 to 6 x 10-2 by weight (National Research Council 1977). Compared to 
higher plants and animals, microorganisms are very rich sources of vitamins. As 
suggested by Cummins and Klug (1979), the small quantities of microorganisms 
invariably attached to detritus may supply significant quantities of these nutrients. 
In addition, detritus itself may acquire significant quantities of vitamins through 
adsorption from overlying water (Wetzel 1975). At present, I am unaware of any 
evidence to suggest that a specific nutrient other than amino acids or energy limits 
the growth of an aquatic animal feeding on a natural diet. If a new specific nutrient 
deficiency should be discovered, it will necessarily operate within the constraints 
imposed by protein and energy in the diet. 

Adaptations for Digestion of Detritus 

Adaptations that enable detritivores to increase the efficiency with which they 
extract nutrients from detritus are described for both aquatic invertebrates and for 
fishes. Several invertebrates that graze on marine sediments increase the energy 
density of their diets by selectively ingesting the organic fraction of the sediment 
(Connor and Edgar 1982; Deans et al. 1982; Lopez and Cheng 1983). Mullet process 
sediment in their buccal cavities and selectively reject some of tie inorganic fraction 
(Odum 1968; Payne 1976). Orochromis mossambicus in alkaline Lake Valencia 
secretes gastric acid, which decomposes mineral matter in the diet of periphytic 
detrital aggregate, and this increases energy density by about 20% (Bowen 1981). 
Other adaptations increase the efficiency of amino acid digestion. The larvae of 
the cranefly Tipula abdotninalisfeed on large fragments of leaf detritus in streams. 
These insects have a gut pH as high as 11, which frees much of the detrital protein 
from phenolic complexes. Unusual proteolytic enzymes with pH1 optima of > 11 
are responsible for subsequent digestions (Martin et al. 1980). In 0. mossambicus 
gastric acidification similarly liberates complexed amino acids. In many cases, 
adaptations that increase the availability of one nutrient are likely to have a similar 
effect on the other. Tihe extremely long digestive tract in 0. nmossambicus, which is 
necessary for complete digestion of amino acids, but does not further the digestion 
of those compounds that provide dietary energy, is perhaps an exception (Bowen 
1981). 

Behavioral adaptations are also important in allowing detritivores to exploit 
detritus as a food resource. In many habitats, detritus of relatively high nutritional 
value is consistently found at certain locations. This makes it possible for large, 
mobile detritivores like fishes to select feeding areas that maximize their rate of 
growth (Bowen 1979a, 1979b, 1984b). Smaller invertebrate detritivores may be able 
to distinguish between individual particles on the basis of nutritional value, but this 
has not yet been tested. Other consumers may complement low protein detritus 
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with protein-rich animal prey. One stream detritivore, Gammarus minimus, feedsalmost exclusively on detritus when protein-rich detritus is available, but supplements
its diet with animal prey when protein concentrations are low (Barlrcher 1983).
Another species, Clistoroniamagnifica, feeds extensively on detritus but requires
animal prey to complete its life cycle (Anderson 1976). 

Conclusion 

The chemical composition and nutritional value of detritus change during diage
netic processing. Nutrients important for animal growth are lost more rapidly than
other components of the organic milieu. Over time, those nutrients that remain are
progressively more tightly bound into refractory organic complexes which are
difficult for detritivores to digest. Digestibility of nutrients in detritus depends on
both the form of the nutrients, and the abilities of a given detritivore to liberate 
them. Thus, it is not possible to write a single equation that describes the nutritional
value of detritus in general for all potential consumers. Nonetheless, predictible
changes in digestible amino acids and enery provide a valuable perspective to guide
future trials with specific combinations of detritus and detritivores. 
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Discussion 

GRAY: I don't think a measured low number or low biomass of bacteria means very much interms of their importance as food for detritivores. Because the bacteria are consumed, we must 
measure production. 

BOWEN: I understand your argument which is usually applied to food chains with different
trophic levels. lowever, an individual organism does not eat 'production', it eats standing crop. It
will consume, for example, a piece of detritus and the associated microorganisms. Moreover, it canonly consume :;o much per (lay. Therefore, if we know the amount of material it consumes and the
microbial contribution to that amount, the energy content of the microorganisms and the meta
bolic rate of the consumer, we can then determine what proportion of the consumer's metabolism
could be accounted for if it digested and assimilated 100% of the nicroorganisms. This is how 
we get our figures for 10% or less of nutrients. 

GRAY: To look at it the other way round, if you just determine (as most of us do) numbers or
biomass of bacteria and then try to interpret the data, you can come to false conclusions. We find,for example, in Oslo fjord, that there is no change in biomass or numbers throughout the year butin spring there is a tremendous increase in production which is when detritus and the bacteria on 
detritus are getting eaten in large quantities. 

BOWEN: That's certainly true. In such circumstances, there is a great increase in the transfer of energy from bacteria to their consumers. But in all cases where this has been measured, it is a

minute fraction of the total energy transfer being made. We have also measured, in a few cases,
the digestion and assimilation of the detrital component, compared to which those of the bacterial 
componen' are insignificant. 

MORIARTY: Whether you should measure bacterial blomass or production depends to large

extent on the nature of the consumers. For relatively small organisms like meiofauna, which
 
consume 
bacteria that are often dividing rapidly, then it is important to know the turnover rate ofthe bacteria. However, for a larger consumer like a tilapia, which takes in large pieces of material,
then biomass measurements can be adequate.

Regarding techniques, any preparative steps-for example, to get good clear imagcs for scanningelectron microscopy (SEM) or electron microscopy (EM)-involve great losses of materials from
the surface. If you try to avoid this, you get an image that is very cluttered by slime, etc. With
ordinary light microscopy and acridine orange staining, you can see lots of bacteria embedded inslime. For SEM/EM work you can, therefore, get a rather amorphous mess if the specimen is little
disturbed or a very clear image from which much has been lost. I recommend the acridine orange

technique, not EM.
 

I also think that ATP determinations are useless. There is a 
large variation in ATP content
between organisms. There are also great difficulties in extracting ATP quantitatively from natural 
systems like this. ATP determinations are only useful for pure cultures in which you know itsgrowth rate. ATP content varies tremendously with growth rate. We can forget ATP determination 
as an ecological technique and discount the data which have been published using it. 

ANDERSON: I agree. 

BOWEN: I am well aware of the multiple criticisms of ATP as measure, but I disagree that itshould just be thrown out. It can be an indicative measure. Chlorophyll is by comparison even 'essreliable. There are greater variations in chlorophyll:biomass ratios than in ATP:biomass ratios.
ATP can be a useful cross-check. There is a tendency to overestimate rather than underestimate
ATP. Corrections are made for empirically determined extraction efficiencies and generous allowances made for the variation in ATP:cell. mass ratio with growth rate, cell type and photoperiod.
Thus, estimates based on ATP content provide an imperfect yet useful measure against which we 
can compare other estimates. 
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MORIARTY: No. I disagree. I agree that with chlorophyll as well there is huge range, so that 
estimates of biomass based on chlorophyll determinations can be out by plus or minus allorder of 
magnitude. The same applies with ATP-based estimations. The most you can get is a very rough
idea. For your investigations in which you are trying to be fairly precise-saying whether you have 
5, 10 or 20% of detrital-aggregates microorganisms and is determining their importance for con
sumers--ATP determinations are not appropriate. You said that 10% of your material is amino 
acids and that these are important for the consumers. Now, ifthe total bacterial biomass is 1 or 5%, 
then obviously there must be other arnmino acids present than those present in the microorganisms. 
We are running here into the problems of defining 'detritus'. Detritus is so variable in composition. 
We need to define the source of any detritus and its composition in a given environment and the 
associated microorganisms rather than trying to generalize about the relative importance of living 
and nonliving components. So your comments need to be qualified as applying to the type of 
detritus which you studied, Potanmoge'totn for example: its source and composition. 

BOWEN: I have listed the source of the detritus in each case. 

MORL-IRTY: On coral reefs, bacteria comprise about 5% of the organic matter present, algae 
perhaps another 10%. The maximum contribution of microorganisms here is say 20-25% which is 
up to 5 times higher than the system you have described. 

BILIO: It is correct to emphasize this diversity. Dr.Bowen has done this in his table. 

MORIARTY: I think your Table 1 is biased towards low values for bacterial or microbial biomass. 
There are problems with all methods for measuring biomass. For example, ATP is difficult to 
extract completely and is susceptible to decomposition during extraction. With direct counts, cell 
sizes must also be measured and carbon content estimated; recently some workers have presented 
evidence to show that previously accepted values for biomass may be too low (e.g., Bratbak and 
Dundas 198-1)*. Other workers have published data showing bacterial biomass to be around 3 to 5% 
of organic matter, as for example, I have found for coral reef sediments and aquaculture ponds. 
Would you agree that in some environments or types of detritus, the propo-tion of bacteria to 
organic matter could be higher than you indicate? 

BOWEN: I agree that there are many problems with our current methods for estimation of micro
bial biomass, and expect the depth of our understanding will increase as methods become more 
accurate. With methodological difficulties in mind, I was somewhat selective in compiling Table 1. 
I included estimates from ATP only when the efficiency of ATP recovery was determined directly 
by the investigator. I also declined to include estimates for polluted waters (where anthropogenic 
microbial biomass is high) and microsites such as the surface of a decaying algal cell or micro
bial films on the surfaces of mineral substrates in the presence of abundant dissolved organic 
matter. Such microsites may be important food resources for invertebrate "sediment grazers", 
but they are unlikely to represent a food source for fishes that lack the ability to isolate efficiently 
the microbes from indigestible substrates. Nonetheless, the figures you quote of 3 to 5% lie within 
the range of values cited in Table 1. Thus, I believe that Table 1 offers a realistic summary of our 
current knowledge, and is not biased toward low values for microbial biomass. 

PULLIN: I was intrigued by the fact that you have not only studied what you called 'amorphous
detritus' but you have also 'made' it. Could this be synthesized for use in aquaculture as 'artificial 
detritus'. Iam thinking of controlled synthesis rather than the processing of orranic materials by 
composting, etc. which we have in present use. This would be a new direction. 

BOWEN: I thought for a while that this could be done. My graduate studeat, Molly Ahlgren and I 
spent a great deal of effort working with organic compounds leached from leaves and grasses. We 
worked a lot with lawn grass because of its availability and lack of toxic compounds. We tried a 
variety of techniques for making nutritious precipitates. We got positive growth feeding precipitat-s 
which had been made simply by autolaving the material. In other words, we had sterile precipi
tates produced when the tertiary structure of the macromolecules was wrecked by the autoclaving 
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process, Ve grew-tad poles on these precipitates'In paired treatment peptatshduneserl
Sconciond pr~cipitates coloniz~ed by bacteria, In all'such paired treatments, the microbially-Knlonl" t 

n 
u pnrecipitates ae probly morce as substrates for baci ay yo 

c Amicrobes atherthan detritus per setayto the fish, 

boa e w our conclusions However, we must distinguish
o , I yo' idcanges in the quaity ofVstreamsi ('and I amn e rinputs toextr~apolating hecre: fromh data 'for a'terrestrial situiation), you can study the N-) ~ cotn oftelevsn the availability of this N (through treatment with protease). With time,e t ies declines quite dramatically.So ifshreddingorgaisms, 

iiiadqaity Fwhic come r a eiyo.oside ch;itg~from precipitation may not be of suhjigh quality eymroThe ma ievolv~'4~recalitrnt complexes, Tese recipitates of finie particulate organic ma~tt'erwill, tb~reforcon-~ 
te highly available rndosomewhich is not, TheI e'thiig isthe feedingstratnegy ofeth conumers, For examle, the iicrhzodpnk c fe'ding mong the' sc'iietV',Sgrains can select bacteria, These are not really cietritivores. They, are better regarded as predators.


aredpickig out a highquality resource. Coi versel other animiials which are less selctive are
onsuming adiluted
eithra lower quality resource.corridor.,For a plant-feeding detritivore sensu 
e are two strategies here very narrow 

wh 
strictu, tibere is a veryshor period at an early stagethe timeframe of decomposition of thattresource when it can be said to be'feeding'on~origialmateial, This period is before the soluble organic compounds and soluble N have been lost'and 'the mnicrobial ativityha. coditioned thenmaterial to be highly'assimilable, If this period ismnissed , theesubsequenit materials comning from the disslved organic matter will be very diluted inquality by comparison wi'th the originalmaterial. Thus, there is a 

'4 

bi difference' between thle,
strategies employed by different organisms: fish or fine grain feeding invertebrates.
In sumimary, we have three variables: availability, the size of the resource and its qualitywhh >we ms-cnie.The options~ for utilizing detritus may be fairly limited, -' ' 

BILIO: Sol'ufollows that the stage at which a detrital resource is used is very important for different types of cultured animals. We should follow a strategy which brings'together the culturedanimal and the resource when thle latter is at the right stage. 

BOWEN: Yes, The cultured organism may require the original material or the opportunity to use apathway associated with some later stage. 

BILIO: And the loniger you wait, the more you lose with respect to utilization for aquaculture. 
FRY: The dissolved organic matter may be important for thle production of the detritus which we-- -find innatural ecosystems, but it is probably not important in the total processing of organicmatter through an ecosystem. Bacteria are very efficient at using low molecular weight carbon
cotnpo6unds at very high rates' The flux of these compounds through bacteria is enormnous,


-of 
so most
the carbon is processed by this route and not through synthesis of particulate organic matter.
 

S.-BPWEN: I know that's the dogma, but some work in the past few years (not my on a hw~'ysom~e different evidence. Certainly if you use specific substances like acetate or glucose in a coni~ -~trolled envirnet you -;Vjfind that many of these substances are lost from cells and thenyeactvery~ 
4 
rapidlly'in'the surrou~nding medium,-Observations by:Jen~en and Sondergaard** showe~d 'that com -"SKpou rds lost from -actively photosynthesizing algae resulted in, the formation of fiiue abiotic prticles~ ~ s~o rapidly that ,th~ie~was no chance of bacteria taking up these compounds. In other words, this ~fiutiimt orai matr was,-formed after a very, short 'dissolved organic matter phas. Y~-"S 

C-GRAY: What you mea-n by short?'1 
4;s~, 

BOW~EN: The experimnsi 'Irecallcorrectly, were of the order of minutes, One further comment
licre is that we should jperhaps be culturing herbivores rather than true detritivores Thle latter seek-

http:dramatically.So
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out sites at which relatively new detritus is formed from recently precipitated organic matter. The 
tilapia which we studied were, I think, taking in detritus produced on plant surfaces, the source of 
which was the tremendoas primary productivity in the overlying water. Benthic detritivores also 
feed at sites where detrital precip itationl has occurred. Strict detritivores in the natural environ
ment are thus highly evolved and specialized. Of course, some fish are facultative herbivores as 
well. Or'ochrinzisniossuinbicas ain( 0. n ilolicns have tremendous trophic plast!city and could
 
grow well in a heterotrophic or ;in autotrophic based system.
 

3ILIO: When we consiler the alternatives of plant feeding and detritus feeding, let us not forget

the basic philosophy of this conference which is that detritus is there. We are trying to optimize
 
utilization of a resource which would not otherwise be fully utilized. So, these 
are nut really
 
alternatives in the context of this conference.
 

BOWEN: My suggestion may lnot have been clear. I feel that herhivorous fishes might he better 
adapted to utilize the microorganisms tn: t grow on organic matter. 

WOILFAI'I'II: With regard to the choice of target animal and tIhetdynamic conditions in the 
pond, the choice is fairly olviOis to meit i a fishfarmer's point of view. The answer is not to 
sto)ck this fish or that, bit to stock both or to use iiiMyI' SIecieS ill polyculttire. The Chinc:;c have
 
been doing this for the last 3,000 years. Of coturse, you (ould manage sticI systems in many
 
way.- -for ex ample, stock one ,pecie-s il1 a pol'ctiture and then harvest it When its resource is 
no
 
hmrlg'er there;or leave it il anl (1(!1 onilv more of tle required resoturce.
 

BOWEN: Ihat wais tle idea belhin limy sugg(estiolln: that we look for animals to match available 

'l "IUDIIt Are le orgalisms associated with d(tritus conlsidteredl part of the detritus? It seems 
thlat we iiust cla:ify our concepts of grazing anld detrital foodwehs. OWe further point is that we 
can input very high quality materials to ponds, so detritus need not be derived from, say, ground
tup)leaves. VAe don't have to ili)tlt low quality reidlteS or V,astes. 

B1LIO: Your second point Vas nade ill ly overview ('lale 1). 

EDWARliDS: On Dr. Wolilfarth's comni1t, tIhe (tbiiiese do tend to use a large ".unher of species in 
polyculttorc, but I doubt that they understand well the pond dynamics. 

WOllLFARTH: I bet they do. 

EDWARDS: There ire nanagement problhms in ,.sing large numbers of species. You have to 
produce all the fry. This may be worth it if the n irkets are th:re. However, consider the case of 
T bwan. The Taiwanese started with a traditional Chiinese freshwXater polyctli ture system hut have 
now moved more mad more towards a system iii which the ma in cultured species is tilapia. I 
agree that We neet poilyctilttlre systenis, for example, we imustinclude a good herbivore to eat 
aqutatic macroplhytes and microphagouW, Specie. to use plankton and detritus but we should aim for 
a moire rationa! system, not just a tcatlitioi al mixture of lots of species. 

PULLIN: I agree. 

WOHLFARTII: Regarding the production of detritus in the pond, an obvious example is the grass 
carp (Ctenophar*ngodonidella). It is an inefficient converter of plant material. Its feces sink and 
become detritus. Hence, the Chinese claim, which no one has ever investigated, that if you feed 
one grass carp you are feeding three other fish. 

SRINIVASAN: The same thing happens in ruminants. You feed the treated straw and it has to be 
processed, then the organism gains weight. 
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SCHROEDER: Taiwanese ponds are rather a special case. They tend to be intensive and heavilydependent on supplied feed. About 10% of the water is drained every, day to try to get rid of someof the detritus. Hence, their tendency to monoculture and intensive feeding. 

EDWARDS: Such very intensive systems of tilapia culture in Taiwan are not common at all. Mostfreshwater polyculture systems in Taiwan are integratedwith liestock. Less vegetation is added tothe ponds compared to mainland China. Tie major inputs are delrital organic matter, principally 
animal manure. 

SCHROEDER: I think at Dor, Israel, we have tried 70-80% tilapia and 30% other species and
 
vice-versa.
 

WOHLFARTH: We never used 80% tilapia.
 

EDWARDS: 
 Tilapias are generally more tolerant of low dissolved oxygen than other species.Therefore, if you increase the proportion of tilapia, you should be able to add more organic matter
and get higher yields. 

SCHROEDER: Yes, provided that there are sufficient other species present to balance the eco
system.
 

PULLIN: Majy of the species used in polycuiture are probably far more versatile feeders ti-.anthey have ever been given credit for. There are trenendous overlaps between species with respect
to teeding niches. Tilapi-i 
 is the best example. It essentially eats what's there! It feeds in the watercolumn; it eats plankton; it feeds on the bottom ; it eats detritus; it eats supplemental feed; it haseven been entrained in some Systems to eat fresh vegetation (I am referring here o 0. nilotias,
not to any more specialized miacrophyte 
 feeding species). There are advantages in polyculture, butwhen it gets to the point of using six or seven,
culture), 

or even up to nine species (in Indian compositethis has little rational basis from critical experiments. Porhaps, ve should try taking out
some of tihe less marketable :stp 
 ies from such p)olycultures to see what h appens. Poly( .ture needsa rvwppraisal-on biological and economic grounds. 

WOHILFARTI-: Well, monoculture vs. polyculture is not really our topic. However, we did performone test comparing tilapia monoculture with what we think at Dor is a balanced polvculture. Thetilapia monoculture gave a lower yield and tlie monoculture pond had a bad smell. The net used

for seining smelled like a cowshed.
 

BILIO: Only the pond, or also the fish? 

WOHLFARTH: No, the fish were fine. This was an 0. niloticus x J. aureus hybrid: better than 0.ntoticus. They were obviously not using everything in the pond. However, this was only one
experiment. More work needs to be clone. 

*Bratbak G. and I. Dundas. 1984. Bacterial dry matter content and biomass estimations. Appl. Envi.on.
Microbiol. .18: 755-757.* Jensen, L.M. and N1.Sondergaard. 1982. Abiotic formation of particles from extracellular organic carbonreleased by phytoplankton. Microb. Ecol. 8: 47-54. 
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Abstract 

Organic matter enters detritus as added mano es or feeds, as precipitated algal cells 
and as dissolved organic matter formed when cell solubles leach from dead cells or are 
exuded by living algae. T:e products or microbial processing of detritus, and hence the 
paths of carbon flow within detritus, are largely determined by the local oxygen
regime. Theoretical calculations of the flux of oxygen into detrital mass and in situ 
measurements of oxygen uptake by fresh and saltwater sediments both indicate that 
half or more of the carbon that enters sediment detritus is fermented anaerobically. 
Detr;tus typically has low concentrations of bacterial cells and relatively high con
centrations of amorphous extracellular compounds. These extracellular products are 
held in a web of polymeric fibers produced by sessile bacteria and algae. 

The ratio of 1 3 C: 1 2 C (reported as 6C) c f zooplankton in manured ponds indicates 
that they take their nutrients from microalgae, with only small input from detritus. 
The flow of carbon in the aquatic detritus systems of fishponds appears to go from 
deposited organic matter to microbial slimes and then to harvesting by deposit feeding
fish. This carbon flow, in combination with directly harvested autotrophic growth, is 
adequate to sustain fish yields of 25 to 35 kg/ha/day. Based on relative delta C values, 
60 to 70% of this yield may originate with detrital feeding. 

Introduction 

The detrital system consistently appears as a major (and possibly the major) con
tributor to the total target animal yield in conventional (nonraceway) fresh and 
saltwater aquaculture. This is true for earthen environments with or without supplied
feeds provided there has been adequate fertilization. This conclusion may be based 
on fish gut analyses (c.f. Spataru et al. 1983 and references cited therein; Day et al. 
1973), on in-situ observations of fish feeding habits (Odum 1970; Day et al. 1973; 
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Bowen 1981; Bowen of al. 1984). on relative yields of fish from ponds receiving
chemical fertilization vs. yields fron parallel ponds recciving! ormnic niltires 
(Hopkins and (ruz 1982) and On comparisons of isolfopic comp,)sitions of' available 
foods with target animal flesh ( Fry i Parker 1979: Schroe(er 1983 ,tild unOpul
lished data related to milkfish: St ,n ,,' al. 1985 . for work in saltwater are! frsh
water with animals is diverse as carps, i;lkfish, mullet, tilapia, penaeids and Macro
brachi m. What makes Ilhe detrit al system a vigorous prodticer of target aninals 
appears to be its channe:1ing tf'initially unavilable energy sources and chemicals 
into a harvestable and assimilable roni PleX communitN' f a1.totrophic and hetero
trophic microorganisms, Iheir associated exudates or slimes, and tlie hosi of dissolved 
organic compounds trapped in their extracellulhr fibers. 

The fact that manured, nonfed fishponds have approxinately the same maxinlul 
fish yields, 25 to 35 kg fish growth/ha/day averaged over the growth season from 
fingerling to market size, in China (Shan et al. 1985), Israel (Moav et al. 1977;
 
Schroeder 1978), the Philippines (Hopkins and Cruz 1982), and tile USA (Buck et
 
al. 1978) implies that there is some 
naxinum rate at which a pond ecosystem is 
able to convert metabolites into matter that does not inhibit growth and/or to 
convert coarse organic matter into useful detritus-based foods. The importance of 
the manure organic matter to the detrital system, as opposed to the chemical com
ponents of the manure alone, has been demonstrated by the twofold increase in fish 
yield for ponds receiving pig or chicken manui-res as compared with parallel ponds re
ceiving only inorganic chemical fertilization (Hopkins and Cruz 1982). It is instruc
tive that adding grain to manurcd ponds increased total fish yield only by approxi
matelv 30 (Moav et al. 1977). I'n these ponds there was no evidence tha there
 
was a concurent increase in available natural foods when Ihe grain was added. The
 
limit of, fish yield may still have been the limit of nat Ural food avalilability.
 

Detrital communities arc ,ten considered to he a complex 
commu n ity of' hetero
trophs feeding on dead organic 111alt eIr These conmmnities ~la cnlltaill autotrophs,
especially algae and diatoms. Both produce extensive networks of' ext racell ilar fibers. 
These fibers are a means of attachment to host surfaces and may trap dissolved 
organic carbon compounds for subsequent assimilation (Costerton etlal. 1978; 
Costerton and Geesey 1979). Measurements of bacterial biomass indicate that 
bacterial cells contribute a small (: 5 taction of total organic weight in a variety
of freshwater and saltwater detrital slimes (Oduni 1970: Day etlal. 1973; Paerl 1978; 
Schroeder 1978; Bowen 1981; Moriarty 1982). 

Even though bacterial densities may be high (up to 10imi) ill sediments, cellular 
carbon probably contributes <5% of the mass of organic matter in sediments of 
typical fishponds (Schroeder 1978). Most of the organic matter is usually associated 
with an amorphous slime and with debris of algae and macrophytes. Epilithic slimes 
in the littoral, sunlit zone may contain 1,000 times more algal carbon than bacterial 
carbon simply because the mass of a single algal cell is orders of magnitude greater 
than the mass of a bacterial cell (Geesey et al. 1978). 

Organic matter enters the benthic detrital system of a pond as sedimenting algae
from the overlying water column, as unused portions of supplied feeds and manures, 
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and as organic matter washed or blown into the pond. With both liquid ccw manure 
and field-dried chicken manure, approximately 90, of the organic matter settles to 
the pond otom within two hours a fter appl wliion jo Ihe pond, Dissolved organic 
mailer in the pond water may be exuded from gr,',,'irig algae (ormay be leached 
Crom l.sed algae, bacteria and eIdher oranisms. 

In lhe malure-loaded ponds at l)or, on the comstal Ian o1 Israel, manure carbon 
is added atirat:s similar to rates of carbon fixa iOn h v net prinia roductlon 
(Schiroeder 1978L). omparison of the rat j s of the 1 stable is.,oppt. of carlm.
 
:;C: I"C (eportced C.see S( hroeder ( 19831 for ,: dct:iled (it'ussn,:.n the use
 

of A' in tracing lo wet abs) tlld in t n _'h
an the in;,ntres :ind algae wvitI of the
 
ptnd lsedineet meal t'r
orlganic work in prit:r.N; iodlicaie: that approximately half
 
of the c:,rlotn oriijiat es with the manure and half wit di
Ilie originally pelagic algae. 
Par ides of dci rius, i.., iton-livin organic mat Ici', al;t rapi(lI" cohnized and solu
hilizeil by bacteria and lrt ozoa. This is evident'ed by the high rate of weight loss of 
cot on Clo(h strip., placed it. fed anl 'Or nantlrcd fr,':;fl and sal; water ponds. These 
strips c insistently lose 30 to 50'; of 1heir otitginai veighdt otf tot tol inthe first, five 
days f ig. 1). This weipht loss was n'isu'fed afte Ih(' microbiai slime I at coats the 
S;rip was wahed oft. iottn is 997 crysiallim, lignin-free cell,,owe and stO is a'ces
sible i ,microbial action in (oxic ant anoxic e,,nir',ItinellS, i.e., above or within the 
sedimenlts. The part iaIl d 'ompcd ('1) tonoil containing the ,icrobialslime possesses 
10 t,2KW crue wrtein calculated as 3.25 x Kjeldahi N; Schroeder 1975). The 
volonizat ion of insoluble {el wall mat erial and subReque t leaching of soluble ell 
carbon by helerot(n)phic microorganisms is the initial pathwa by vhich carbon
 
enters ihe deirital food web.
 

Aerobic vs. Anaerobic Microbial A ctivities 

The charact ristics or the carbon ilow are strongly affected hy redox potential at 
the site of decomposi! ion. When oxygen is the electron acceptor in the microbial 
processing of organic matter, the main products are water, respired carbon dioxide 
(accountling for half or more of the original organic caron ) and bacterial and fungal
biomass (Tusnuem and Patrick, Jr. 1971). A common example of the pheniomenon 
of weight loss inaerobic microbial processing oi organic matter is the large reduction 
iil organic matter during (aerobic) compost ing. 

When the environment is anoxic, fermentation of de rital organic matter results in 
much of the original carbon being converted into extraeellular, low molecular weight
organic compounds (Van Soest 1.980). A cotmnion example of this is the production
of extracellular organic acids in (anaerobic) silage. These acids reduce the pH of the 
silage to levels of five or lower. WheT her the detrital system is a pond or the rumen 
of an animal, an anaerobic system of fermentation produces or) ' fic matter in the 
form of low molecular weight, organic carbon compounds. . .,e'robic processing 
retains more of the original carbon in the form of organic comp.r nds than does 
aerobic processing, provided that the energy-rich extracellular byproducts are not 
lost (Van Soest 1980). Had the rumen been aerobic, the host animal's survival would 
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Fig. 1. Rate of weight loss of cotton cloth placed in ferLin:zed, earthen 
fish pond vs. position of the cloth in the pond. Redox potential refers to 
redox at the indicated depth. Initial clot, density was 15 mg/cm 2 . The 
data were taken 30 days after filling and stocking the pond. Water tem
perature was 27 to 30'C. Cotton cloth is ipproximately 100% crystalline,
lignin-free cellulose. After 5 days resideiice in the pond flocculent zone,
the Kjeldahl nitrogen content of the res,dual cloth plus microbial slimes 
on the cloth was 2 to 3%. This represents a crude protein content of 
10 to 20%. The data presented in this figure were taken in a freshwater 
pond. Similar rates and patterns of cellulose microbial processing are 
observed in marine ponds (Schroeder, in Colwell et al. 1984). 

have been dependent upon bacterial cell production with all the carbon losses inhe
rent in maintenance of the cells. In the rumen, the extracellular compounds may
be absorbed through the rumen wall. In the detrital zone of a fishpond, these com
pounds may be harvested by target animals. Alternatively, if not harvested rapidly,
they may be converted to inorganic nitrogen and carbon compounds by anaerobic 
bacteria. 

Many bacteria, especially those associated with particulate matter, produce extra
cellular polymers in the form of slime or capsules. Factors affecting the amounts and 
composition of slime, and the role of the slime in aquaculture food webs require 
study. 
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ANOXIA AND ITS EFFECT ON AQUATIC DETRITAI, COMPosITIoN 

As mentioned previously, only a few per cent of detrital dry weight is composed 
of bacterial cells. Based on redox potential profiles, fresh- and saltwater sediment 
becomes anoxic in the first few millimeters of depth (Schroeder 1978; Howarth 1984; 
Blackburn, this vol.). In the organically rich silt of carp and tilapia pond bottoms 
on the coastal plain of Israel, the sediments become anoxic within 0.5 mm of the 
sediment-water interface. The redox potential drops from +250 my in the water 
column a few cm above the bottom to -150 my, 0.5 mm into the sediment (Fig. 1). 
Withiin slime layers on detritus, the transition from oxic to anoxic is even more 
rapid. Approximately 70 microns within a slime layer diffusion of oxygen is suffi
ciently retarded to cause anoxia (Geesey 1982). Because much of the volume of the 
zone where detritus settles is anoxic, fermentation and other anaerobic processes 
predominate in the decomposition of the detritus. Low molecular weight products 
of decomposition may be adsorbed to the extracellular polymers or to inorganic 
sediment particles and thus become available to large deposit feeders (e.g., tilapia). 

In nature, where nutrients are sufficiently scarce to warrant scavenging, bacteria 
produce masses of fibers, extending 50 microns or more from the cell. The fibers 
attach to organic films that coat most submerged surfaces (Costerton and Geesey 
1979: Geesey 1982). In addition to securely fastening the bacteria, these fibers act 
as miniature ion exchange systems, removing organic molecules from the surround
ing water and concentrating this dissolved organic carbon in the fiber matrix. Coster
ton and Geesey (1979) have noted in controlled experiments that the rate of slime 
formation is proportional to the concentration of dissolved nutrients in the water. 
Algal exudates may be a significant stimulant to slime formation in the eutrophic 
conditions of a fishpond. Although polymer fibers may not be easily digestible, the 
entrapped microbial cells and soluble and insoluble organic compounds may repre
sent a forn of concentrated food for deposit feeders. 

The abundance of this extracellular food may have been what caused Odum 
(1970) and Bowen et 1l. (1984) to conclude that the concentration o" microorgan
isms in detritus was insufficient to account for the nutrition derived by mullet and 
tilapia from the detritus. Geesey (1982; pers. comm.) noted that the extracellular 
polymers consisted mainly of polysaccharides and protein. In one instance, Geesey 
determined the composition ratio to be protein: carbohydrate : DNA = 1.5 : 1 : 0.1. 
This high protein concentration of the polymer mas, is consistent with Bowen's 
(1980) observation of an amino acid concentration ol 7 to 24% in the total detritus 
weight. Tusneem and Patrick, Jr. (1.971) noted in freshwater detrital systems that 
anaerobic fermentation of straw produced a higher rate ot accumulation of amines 
than did aerobic decay. More nitrogen was associated with amino acids than amino 
sugars. 

Nutrient Uptake by Attached and Unattached Microbes 

Several investigators have noted that both for ponds and rivers the number of 
bacteria/cm 2 of sediment is 100 to 1,000 times greater than the number of bacteria/ 



er nteovryn ae (Schroeder i9'78* Costertoiianid Geesey1979; Ladd etal.~1979 ).In typicaLp'MI .JQ~_2-in-depth -these data-implIythat-in-abso iite
theree-rh more bacteitmfiui b so'ciated with, the sediment thah in the total. aecolumitniiiiock and Haypes:(1076): observed that" dissolved organic. carbon was'~Sremovedr~afra waters, ourto five tilmesimor rapidly when over sedimentsthnw ioae rm the seiensW'e'uar 'oberv in aerated, manrd'~sunitW ac aria,.1a successionp during the 'first w~,eek of dominance fronm pelagiL; 't~o

sessile autotrojphs ~ad heterotrophis. 'T& fixed Aetrital layer appears to hva a oyex 'unat'tached organisms~ in"n'utrient, capture. The, advantg
'dvanitage 

ayb,related~to Ilut-riint trapping by the fibers used for attachment. When itiscnded~tha betwveen 10 and 160% of total photosynthate may be released as dissolvedorganic ,carbon byipliytoplarikton (Padrl 1978; Carlson anid Carlson 1984<hiite
~.adsorption of these soluble compounds by microbial fibers could be 'a rich source oforganic cairb'on flow into the detritus web. 
Evidence for the influx of organic matter to sediment detritus from pelagic algae,whether settlement of dead cells or as capture of dissolved 'compounds, is seen in the60 of the sediment organic matter. The 60 -values of the sediment are similar to theaverage for the 60 of the algae and the added organic fertilizer in the intensely'manured ponds at Dor (Tablib 1). Net primary production and added manure supplyS carbon to the ponds at similar rates in the pond managemient strategy used at Dor,each nominally at 3 to 5 g/M2 fday. 

" 

The Oxygen Regimen in Aquatic Detrital Systems 

'''' Steep concentration gradients across the 1diment/water interface of oxygen,ammonia and phosphatte imply nutrient uptake by a community active in the
Sinterface region. Concentrations of ammonia and phosphate drop from >50 bi M1
~-Ior 2 cm within the interstitial water of manured fishpond sediment to <1 ppm in
ith'e4 water I14cm above the bottom. Oxygen concentration~ drops from the pond water
 
~~d sdiment.~ueof' 
 ppntero 100 to 500 microns within the interstices of thee 

The'mass transfer of oxgnacross tesediment-water or d-trital siewtr'interface has an i',..port'ant effect on pathways of carbon flow within'detrital'systems,~~;~'Assume a uniform o~ne-dimnisional flux of oxygen, based on Fick's first law of 

whreJ s miass transfer (flui) by diffu~sion (in this' case, oxygen diffusing fro the
 
~ytent ~ie ed~ into der~~w~ei s~nue~yaerobic bacteria)funits
ar g oxy~en/m-/day D i 
 the oxygen diefiietonusrxmaey ~/~ er0 /sec'for, oxygen in water (Kni r16' a fa 'ta. 1984);O'Cis the oxygen concentration nd X isthe distance into the sediment of det'ritus. 

http:aria,.1a
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Table 1.Delta C (513C) values observed in manure-loaded fishponds. 

Manure type 
Liquid looso Dry chicken 

manure manure 
(<,()(5c)
 

Musch 01t"target aninal 

Common carp W(vpri is carpitj) -1 22 
Tilapia 1()'cechronisnilolic'os x (a.nrs hybrid) -20 -25 
Silver carp (ltypophthalui chhys molirix) -22 -29 

Natural foods aInd added manure 

Zooplank ton >150 microns -28 -34 
Algae <37 microns -28 -31
 
Seston <37 microns -25 to -28 -27 
 to -31 
Chironomids -21 -29
 
Littoral organic matter -23 
 -26 
Sediment organic matter -23 -25 
Added manure -13 -17 

Notes: 
1. (C valties are relative to the conventional PDB standard (Schroeder 1983).
2. Chironomids were found only in regions protected from fish grazing such as under rocks. 
3. More than 90"z of planktonic primary production was by algae <37 microns in size. 
41.Each datum rep rese nts ;anaverage of values for 3 (r more individual samples taken from each 

(if 2 or more replic:ae ponds. For each average, the range of viues was <1.2 hC units and 
the standard deviation was <0.8 MC units. 

5. Port ions of these dat a are adapted from Schroader (1 983). 

Assume that the oxygen concentration deooases from 5 ppm in the water above 
the pond bottom to zero over a diffusion distance of 200 microns: 100 microns 
of stagnant water above the sediment (Kanwisher 1963) plus 100 microns within 
the sediment or detritus (Geesey 1982). 

Substituting these values into Equation (1), after correcting for consistent units,
gives a flux (J) of 4 g oxygen/m 2 /day. Blackburn (this vol.) reported that the dis. 
solved oxygen decreased to zero over a depth of 2 mm into a marine sediment layer 
he was studying. When this value is substituted into equation 1, the predicted flux is 
0.4 g/m 2 /day. Values of 1 to 4 g oxygen uptake by sediments/m 2 /day have been mea
sured in fishponds, lakes and salt marshes (Teal and Kanwisher 1961; Day et al. 
1973; Schroeder 1975; Hopkinson et al. 1978; Revsbech et al. 1980; van der Laeff 
et al. 1984). The values for all the environments tested peak at 3 to 4 g oxygen
uptake/m 2 /day provided t,,at the measurements are made in situ, with undisturbed, 
submerged sediments. If the surface of the sediments was exposed to air and the 
interstices not flooded, the flux of oxygen was greater because the value of D in air 
is about 1,000 times greater than in water (Schroeder et al. 1965; Schroeder 1975). 
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The measured values of J, so similar to the predicted maximum value obtained in
Equation (1), reveal an important fact: the aerobic pathways of carbon flow in detritus 
are diffusion limited. All the oxygen that can diffuse into the detritus is used.
Beyond this, anaerobic processes dominate and alternative electron acceptors must 
be used.
 

Sources and Sinks for Detrital Carbon 

In salt marshos, suif' tp i,thc a " zna ,-r-t'.. :,,,,ptor, accounting for>50% of the total decay of organic matter (Howarth and Teal 1979; Hargrave and
Phillips 1981: lHowes et al. 1984). Estimates of total organic carbon fermentation in
salt marshes range from 2 to 5 g C'm 2 /lay. Based on a simplified statement of
 
carbohydrate oxidation;
 

CH.,O + 0., = CO.) + H,, 

3 g of oxygen (the maximum amount of oxygen that can diffuse into the sediments/ 
m 2/day) can account for the aerobic respiration of only about 1 g carbon. The
remaining 1 to 4 g carbon fermented must be consumed anaerobically.

In the freshwater fishponds at Dor, net primary production is 3 to 5 g C fixed in
algae growth/mi2 /(la (Noriega-Curtis 1979). Feed or manure, supplied at a seasonal 
average of about 100 kg dry weight, ha/day, adds about 3 g Cire 'day. Fish growth
(0.3 g C/m 2/day) plus respiration account for approximately 1.5 g C uptake/m 2 /day.

A total of 5 to 6 g Cim 2 /&ay settles to the sediments. In the 200-day growing season,

the influx of carbon would add about 1 kg organic matter/i1 2 annually were it not
 
for the decomposition.
 

There is strong empirical evidence that the main flow of carbon in pond detrital
 
systems takes place anaerobically. Fig. 2 shows a piece of cotton cloth after five

days in a manured, freshwater fishpond. The cloth extended from the water column
 
into the sediment. Note the nearly complete decay of the cloth a few millimeters
below the surface of the sediments. In the region of decomposition, the redox
potential was -150 my, i.e., anoxic and highly reduced. Similar patterns of decay
have been observed in saltwater marshes (Howarth and Hobble 1982) and saltwater 
fishponds (Schroeder, unpublished data). Based on measurements of the decay of 
cotton strips placed horizontally just within the pond sediments (as well as in the 
water column and 2 to 3 cm within the sediments where decay was 2 to 10 times 
slower; Schroeder 1978), cotton weight loss averaged 7 g C/n./day.

Extended microbial processing of the detritus can result in conversion of the
organic matter to the end-products of carbon dioxide, water and soluble organic
compounds. This is indicated in Fig. 2 by the total disappearance of part of the
cloth. However, slime accumulation is an intermediate phase in this total digestion.
This process is evident from the highly decayed, slime-coated portion of the cloth
adjacent to the region of total decay. It is this slime that may he harvested by fish. 



V 2. ,:'tt nutel h :ato" lwtnm Miff hlf v.rrilally fIr 5 tlays ill a fishponld rCeivili i'twd jwllhtii 
S, v I,.k, i l ltfo 'r,.Th, olth , .Lvllndd from the, wv.atr ito thhiplfit,)m ,li ltlvlws. Hihc, t,11U1 
wX foif ,u lh"I t" .l nofdfi t ,l l\i d',fiii il "I nI thoh fi pro)xllnftf lffi, ionI if Jlt i'Iwattr 

'k, i ;it lf-II I I. l , f . 1lt 1 iii'n \q h t. * -I ; v Ii . . lxinu ':: 

"1 ill IllIffil 1 d, V ;1) t ..I I10l it6l p filX1' ilI Ip l , liti;thl 

I -' irltkcbY t i r i ri-I I I I V tl It., i I in i~h ',tr- t ll V C, iq wm, , hirvl) 

:'dthough the (olltih use of colon decivs more rapidly in the anoxic detritus zone 
11hr ing livnin, such 

decay indica les the potential for arnaerobwi,microbial activity on crude fiber. Tile 
nature of the electron acceptors is not obvious in the freshwater ponds. In one 
experiment (Schred(r, unpublished ( ata) where superphosphate and ammonium 
sulfate were added dailv to a manured freshwater pond (30 days after the start of 
manuring, the rate of cotton weight loss increased approximately 5W,, This increase 
may have been attributable to the N and P supplying essential chemicals for micro
bial growth consuming the cotton. However, the sulfate may have served as an 
electron acceptor. The p'It of the sediment interstitial water of the freshwater ponds 
was 6.5. This is favorable for bacterial fermentation. 

th (obussfan tclt am as found in manures, the high rate of cotton 

Carbon Flow in the Trophic Levels Above Bacteria 

The trophic level above bacteria is usually considered to be protozoans (Fenchel
and Jdrgensen 1977). That, ciliates abound in anoxic media is clear from a casual 

su'ey of rumen fluids and from study of organic deposits in ponds (Schroeder 
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1980). In oxic media, larger zooplankton and protozoans eat bacteria or algae. Tile 
carbon isotopic composition (,%C) of zooplankton taken from pond water is can
sistently more similar to the C of microalgae than to the C of the pond detritus 
(Table I ). This implies that their feeding is based primarily on grazing of the algae.

In manured ponds stocked with one or more fish /2 in12 of pond area, the intense 
grazing on the natural foods lowers the standing stock of zoop!ankton to less than a 
few tenths of a milligram dry weignt'liter. As the generation time of most zoo
plankton is two or more days (see references cited in Schroeder 1978) and their C 
value is similar more t) microalgae than to dletritus 1%C values, the growth of zoo
plankton cannot account for a significant flow of' carbon out, of the detritus. 

Chironomids ingest particles in the size range of bacteria and inicroalgae. For all 
the pond trealm ents studied to date where the organic input was dry manure or feed 
pellets, the chir ) omid .Cmatched that of the microaligae ,'C. For ponds receiving
liquid manures, the ,(Cof the chironomids showed the inflUene t' the manure 
carb-on in their diet. These (lata indicate the origin o1f ti vir food web, but not 
whether they subsist on tbe food before or after bacterial processing. As with the 
zooplankton, th ianit of del rt al foods harvested by these zoobent hos is siall 
because in thiese fishponds stoked with one or more fish 2 in2. the number of 
chirononids i:s razed to only a few in 2 . 

Because the consunllptiOn ()' detrital carbon b zooplankton and zoobenthos 
is slight in fresh- and salt water 1(uaculture pon(s, it appears tham thle flow of carbon 
within the detrital systems of these ponds, prior to harvesting by depo)sit feeding fish 
and crustaceans, stops at the microbial stage. 

Microbial Paradox 

Bowen et al. (1984) and Odulm (1970) state thatimicroorganisis account for a
 
small per cent (,:5 
 of1) detritus organic weight. Yet deritus is consistently the main 
component in the guts (,f tlepuit, fi tl 'ish and crustaceans in inanured ponda,
(where fish yields reach :30 kg 'ha 'day ) and salt marshes where crustacean yields reach 
10 Ing/ha/day (Day et al. 1973). A food in which K5(. was assimilable by the con
sumer would not. seem able to support the high growth observed in these detrital 
feeding systems. As Bowen et ll. (1984) discussed, the rate of passage of ingested
material through the fish intestines is not, sufficiently rapid to enable the fish to 
consume adeqtiate quantities of the detritus to sustain the measured animal growth
if this growth is based on the 1 to 5' that is composed of bacteria. 

Although the standing stock of bacteria accounts for 1 to 57 of the detrital mass,
estimates of bacterial production based on oxygen demand in the detritus (see
discussion above) indicate a significant production rate: 1 to 4 g C fixed in bacteria/ 
m2 day. To take advantage of this rate of production in view of the low standing
stock of bacteria, the fish would have to select for bacteria among the total detrital 
mass. Observations by Bowen et al. (1984) of concentrations of bacteria in tilapia
gut contents indicate that tilapia do not select bacteria specifically. 
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The 6C of the tilapia grown in manure-loaded ponds indicates that >70% of their 

growth was associated with algal carbon webs (Table 1). Inspection of tiiapia intes
tines from manure-loaded ponds revealed the main component to be unidentifiable 
organic matter, visually quite similar to the organic matter of the pond bottom. 
Algal cells were rarely observed. The implication is that the algal carbon assimilated 
by the tilapia had been processed in the detrital system of the pond prior to inges
tion by the tilapia. 

Reviews of the use of manures in fish farming (Wohlfarth and Schroeder 1979; 
Schroeder 1980) revealed that when the manure was presented as a direct feed (i.e.,
incluled in a pellet) and not allowed to enter the detritus system, such as in the case 
in a cement tank that was cleaned daily, the yield of fish decreased with increasing
proportion of manure in the pellet. When the manure was allowed to enter the 
detrital web, as when the unused portions of the feed or manure remained on an 
earthen pond bottom, the yield of fish based on manure was quite similar to the 
yield based on standard feed pellets. Some processing of the detritus, but not neces
sarily a high standing crop of bacteria, is apparently essential for its assimilation by 
fish. 

Conclusions 

From the observations stated above, one may derive the following: manure and 
other forms of fiber-rich organic matter are poor fish foods at the time they enter 
fresh- or saltwater detrital systems. Microbial processing upgrades the quality to a 
good food, yet the concentration (i.e., the standing stock) of the bacteria is not 
sufficient to account for this quality. The rate of bacteria production in the detrital 
mass cn account for significant quality improvement. Because much of the micro
bial processing takes place anaerobically and because anaerobic fermentation pro
duces considerable amounts of extracellular, low molecular weight products, it is 
possible that organic matter resulting from bacterial processing, although not com
prising bacterial biomass, is nutritionally valuable fox detrital feeding animals. 

In addition to the actual products of fermentation within the detritus, the ion 
scavenging characteristics of the fiber mass produced by sessile microbes and the 
adsorptive potential of sediment solids have the potential to concentrate within the 
detrital layer the soluble exudates of the pelagic algae and bacteria. 

The contributions of algae and manure to the detrital food webs in manure-loaded 
ponds are evidcnt from the 6C of deposit feeding fish grown in these ponds. For 
ponds receiving daily inputs of field-dried poultry manures, >70% of the tilapia 
growth is based on food webs originating with algal organic matter. 

The intensely manured fishpond is a system to which mineral and fiber-rich 
organic matter is added frequently (often daily). In this system, wher. managed 
properly, grazing by the target animals is sufficiently frequent to harvest the web of 
natural foods generated from the added matter prior to its loss by mineralization to. 
carbon dioxide and methane. 
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Discussion 

MORIARTY: Regarding your comments on aerobic and anaerobic production, particularly your 
analogy of the pond as a 'rumen' in which anaerobic processes produce extracellular products
rather than microbial biomass, in aquatic ecosystems slime is usually produced when the C:N 
balance is wrong. That usually occurs when there is not enough N. Anaerobic actiity can be 
very high with little slime production. You said that. carbon was not lost in anaerobic processes. 
Carbon is not lost. ii anaerobic processes as long vs the products are small organic molecules like 
organic acids, but as soon as processes like nitrate or sulfate reduction are involved, then of course 
car t)on is lost. I feel you have oversimplified matters. 

On y.)ur cotton cloth method, your cloth (lid also lose weight in the water column as well as at 
the pond bottom. If you were to quantify this, perhaps more cellulose digestion in the water 
column volume is taking place than in the area of the thin upper layer at the water-mud interface? 

BILIO: Let us consider the cotton cloih method first. 

SCHROEDER: It is true that the cotton cloth has significant weight loss in the water column and 
none deep into soil. But .when you aid a dried or aged manure to the pond, over 90% of the 
organic matter settles out in less than two hours. So while there may be significant digestion of 
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cellulose (perhaps algal cellulose) in the water column, the bulk of the adde cellulose lies on the 
pond bottom. 

BILIO: Were your ponds and those mentioned by Dr. Moriarty comparable, particularly in depth? 

MORIARTY: Both are around 70 cm to I m deep. My main point is that just because you get a
higher weight loss in your cloth at the water-sediment interface does not mean that most of the 
processing of cellulose in the pond is happening there. 

SCHROEDER: But much of the added cellulosic material will be processed there, even if you do 
have carp disturbing the bottom. 

MORIARTY: If you quantify this for the sediment surface layer and the whole water column, 
how does it add up? 

SCHROEDER: To do this, I would have to quantify the cellulose present in the water column. 

KIRCHMAN: The wtter column is important, but there are roughly 10 bacteria per ml of water
compared to 109 per gram of sediment, so perhaps the process;ing at or in tie sediment is more
 
important. It really depends what your fish is going to do. If 
 it can feed more effectively on the
bottom, obviously pond bottom products are more important and vice versa. 

SCtHI OEDERH: I think that our isotope data define pretty well where the fish are feeding and our
results are usually confirmed hy gut analyses. In our l)onds, silver carp is a filter-feeder. Tilapia
and common carp are bottom feeders. Their delta-carbon values match those of the bottom

feeds almost exactly and are most unlike the values for water column feeds. The bottom 
 feeds are
the settled added manure and the algal 'rain'. The common carp appeiar to chew on the settled 
manure fragments whereas the tilapia vacuum tile pond and thus their deila-carbon matches that
of the whole substrate. Tilapia have bet'n observed skimming the pond bottom and even chopping
chironomids in half. We d;n't see this in common carl). We can surely all agree on where the 
available foods are. For example, the values for the filter-feIeding silver carp match those of the

microalgae almost perfectly. They wil 
 filter almost a;--lthing, bnt their delta-carbon values are 
most unlike those of the pond bottom. Now, when you add a fresh, highly locculent manure like
fresh pig or goose manure ratl 3r than a dried manure like drie d chicken manure (or an aged manure
like fragmented cow macUre) then the seston changes and there is more of the added material in
the water column. It would be nice if more of the dded manure remained in the water column,
 
but mos' settles to the bottom.
 

BOWEN: The cotton cloth nethod is a nice in situ technique, but all it gives its is a rate of activity.
We would have to muttiply this by the concentration of substrates available in the different partsof the pond to work out actual contributions to total production. It. is a good :ipproach to looking
for sites of cellulose breakdown. The rate is clearly greatest at the sediment-water interface. 

EDWARDS: A lot of organic matter does settle, but a pond is not such a ,continually static system.
Settled material is being resuspended not only by the activities of fish but also by diurnal changes
(stratification and destratification). There is a lot of mixing. 

SCHROEDER: I don't agree. If this were so, we would expect to see it reflected in our delta
carbon values, but we don't. 

COLMAN: You could probably chck whether you are in fact getting as much microbial process
ing at the water-sediment interface as you propose, by measuring oxygen balances. Granted the 
anaerobic processes will riot use oxygen, but the processing of their products will, onice these move 
to the water column. In this way, if we assume a relatively steady state, we can regard the anaerobic 
processes as using oxygen indirectly. Now, if you work this out for your ponds, I don't think youwill find enough oxygen demand in your system to account for the bacterial processing which you 
are proposing. 
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SCHROEDER: I know that there is a controversy at present, for between Howarth at the Marine 
Biological Labs at Woods Hole and Howes at Boston University. Iowes' paper said what you are 
saying, that the products of anaerobic process should move up and be oxidized. But consider 
ammonium ion NH and H.9S as typical products. These do not oxidize in the water column
 
despite all the activity aroun'd, neither does methane.
 

COLMAN: Methane would form very low in the sediments. 

SCHROEDER: I am just giving examples which run counter to the hypothesis that these highly
reduced endproducts are re-oxidized in the water column. I suspect the truth is somewhere in the 
middle between some reduced endproducts remaining in the sediments and others coming up with 
oxidization of some products following. 

COLMAN: I agree that NI 3 and H2 S would not oxidize exactly at the sediment-water interface. I 
don't think methane would he found very often, 

SCHROEDER: What about free fatty acids? These are the most important endproducts of anaero
bic processes in terms of their food value, just as in ruminant animals. Would these get oxidized? 
It is not clear to ie that they would. 

MORIARTY: Well certainly there is a balance between all these processes; free fatty acids are used
by the bacteria that produce methane and sulfide. If Nilt. does come up into the water column,
 
it will be oxidized by nitrifying bacteria. It's what they are waiting for!
 

SCIIIROEDER: But it may be used up first. 

MORIARTY: Well, it may he taken up by phytoplankton or hy bacteria that are degrading cellu
lose, but it is either oxidize(] or used up. Sulfide is oxidized 
by thio bacilli, etc., Beggialoa and
 
similar organisms. Therefore, we must distinguish here between measuring short-term and long
term processes. John Colman used the term 'steady state', but we are really faced with a 
dynamic

equilibrium of interacting processes. It is difficult, therefore, 
to make deductions concerning
 
oxygen demand. We need to understand the processes. Perhaps the balance is such that the system
 
can support the level of production that Dr. Schroeder is proposing. This is in fact what we need to
 
take from this conference. What levels of production 
can we get from these processes? 

BILIO: Then let us now leave this topic for a later general discussion. Are there more specific
 
questions for Dr. Schroeder?
 

PRUDER: In anaerobic processes, about 70% of the substrate conversion becomes usable biomass. 
However, to be used it must be oxidized by the users. Therefore, you cannot say that anaerobic 
production is advantageous because it does not consume oxygen. 

SCHROEDER: Not entirely. For example, if the target animal takes in a volatile fatty acid, it can 
convert it directly into a lipid or a carbohydrate. It is not necessarily oxidized. There is an oxida
tion step in such a conversion and some CO 2 is released, but most of the carbon stays in the 
animal. 

BLACKBURN: I agree that you do not often get a good balance between oxygen consumption 
and carbon dioxide production. In general, you get much more productionCO 2 than oxygen
consumption, the difference being due to anoxic processes that accumulate reduced products like 
ferrous sulfide or pyrite which are non-diffusible. These simply do not come up again. 

SCHROEDER: But you are talking about products at the far end of these processes. What about 
the beginning? What about free fatty acids? 

BLACKBURN: There is no buildup of free fatty acids! 
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SCHROEDER: I meant to say oligosaccharides. 

BLACKBURN: I don't think your analogy of the pond as rumen is a good one. 

SCHROEDER: Why? 

BLACKBURN: The main problem is then' time factor. The rumen turns over once every 2,1-36

hours whereas 
the pomd turns over every month (or yealr) and is nonmixed. By this I mean there is 
no output. "'herelore, the rum,.en has a fast fermentation which only goes pirtially to completion,
that is to ill(.volat ih,fatty acid.s. 'These are Ihen alsorlbed anild metal)olized in the ruminant's liver. 
They are rioved from (hi, system. By comparison, the pond is a closed system. In the rumen,
because ()t*th(' shorlt tulnover time, bacteria with long generation time , like the methanogenic
bacteria which ut ilia' ietate d(o not have time to grow. So acetate caintot he broken down into
methane in the ruinen. It can in a pond. Moreover in a pond, substrates like propionate and
butyrale wotuld he foriniltd fur'ther to acelate with the generat: a (f hydrogen, which could
 
then ie rimoved iy ,'tltantens aldl finally theiace'ate it.self
would he decomposed to methane 
and ('O,,. 'Ih'e llreii a IMIl v() would gt a Ierminal flermentation to nethale and CO 2 com
pared t a pa'tial t I'll)c t tiiin toivolatile fatty acids ill l.it rmn( 

SCHROEDER: Y(ou an, no)t till, first :) disagree, with my analogy. I accept what you are saying but
I don't think yiu can take such i static view of iapond. While it is true that we drain ponds say,
 
once every 120 (days, w( feed or f(ertilize daily or oice.every few days. If we input mutch less fre
quently, say every 
few weks kas usnd to be' the piractic(' in Israel), the plroductivity goes right

down. This says to me that something is happening 
in the ptond that has a time cycle of the order
 
of days. Whether it is two 0)rtour days is proh)ably not critical. Also, you mentioned 
removal of
fermi'ntationl products from tlhe rumen. In the pond, there is also removal by the fish. The fermen
tation is not ti'iminial in the pond (to CO, or mnethane) because it doesn't have time to get there. 

BLACKBURN: ''lhtt isstpposition. 

SCHROEDER: Except for the fact that it 'works'. 

BLACKBURN: It would still 'work' with the process going to terminal fermentation. 

SCHROEDER: No, if all the carbon went to CO2 and methane, w2 wouldn't get the production
 
that we do get.
 

BLACKBURN: But I am not saying that all the carbon goes to methane 1n ('02. What I am 
saying is that what is fOrmented goes to these endproducts. 

SCHROEDER: So you are saying this would leave the 'chopped up' polysaccharides, etc. for the
animals to cat.? 'iThe ainimals do not grow on manure. Remember if you only put chemicals in once 
a week and just grow algae, you get about half the fish production. If you only put manure into aconcrete-lined pond and clean the bottom every day, you get low production. If you feed manure 
pellets, the fish don't gro.;. The organic matter input to the pond is important. Something ishappening to it in the pond. I have demonstrated with isotope work that the carbon is used toproduce fish, but indirectly-not by direct feeding. So there is 'conditioning' of the organic matter
in the pond. This might be just microbial growth, although from Bowen's work the numbers look 
too low. 

BOWEN: The detritus that I work with is not comparable. 

SRINIVASAN: Even if you add manure daily, your pond is a batch culture whereas a rumen is a
continuous culture. The pond is analogous to a mixed batch culture. You are adding nutrients at
intervals over a 120-day cycle. You can have aerobic and anaerobic processing of accumulated orrecycled material. It doesn't really matter which. It is probably mostly the bacteria upon which 
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the fish graze. This may account for your increased production with manure as opposed to other 
inputs. 

BOWEN: It is clear to me that fish in ponds can derive a lot of their nutrients from direct digestion 
of microorganisms. It is quite conceivable that 10 or 20% of the organic matter in your ponds
could be microorganisms, which we know can be digested with nerar-100%efficiency. 

FRY: It serves no useful purpose to call the sediment a rumen. The contents of a rumen are 
completely mixed by muscular action. The pond sediment is always layered and has a complex and 
important spatial organization of microorganisms. By calling a pord sediment a rumen, you will 
encourage people to read up on ruminant, processes and apply their principles to ponds. This will 
create all sorts of misconceptions. 

ANDERSON: That's right, but we are getting caught in semantics. The original use of the analogy 
was to indicate increased availability of C and N through microbial activity. We need not throw 
away this analogy. In the rumen, of course, it. is mostly microbial protein and Protozoa which go
through to benefit the N requirements of the animal. This is a different pathway to the intake of 
fatty acids, but perhaps not unlike the pathways in the pond. 

BILIO: I would like to suggest we leave this topic. All such analogies have their limitations. 

SRINIVASAN: But we must be careful with the terms we use otherwise this will mislead micro
biologists and aquaculturists. 

ANDERSON: This is teleological. 

BILIO: If you specify the limitations to the analogy, I think it is all right. 

SRINIVASAN: Even then, I do not think you can say the pond can be compared to a rumen. All
 
that one can say is that there may be anaerobiosis in the sediments and what this may lead to. I
 
think this is a very bad comp;arison. 

WOHLFARTH: Perhaps I can make the closing remarks on this rumen story. If Dr. Schroeder 
wishe., to view the pond as a 'sunlit rumen' why should we spoil his fun? This is obviously seman
tics. A rumen is different to a fishpond. What Dr. Schroeder is really saying is that the fishpond is 
an extremely efficient converter of substances which are bad fish foods to substances which are 
good fish foods. The conversion efficiency of manure to fish is not as high as that for a high
protein feed, but it is considerably better than that for a grain feed. 

SCHROEDER: I have used the term 'sunlit rumen' not just 'rumen' in this context. 

BLACKBURN: I think there is a serious misconception here abouzt the role of anaerobic bacteria. 
There seems to be an assumption that they are going to create all sorts of useful compounds which 
will be available to other organisms. These are very 'hungry' bacteria! which can and do consume 
almost everything in reach. There is not going to be an accumulation of oligosaccharides or any
other tasty compounds for fish to come along and eat. Anything that can be hydrolysed and 
fermented is going to be used up. 

ANDERSON: That is a function of time. In the fishpond, you have serial inputs, therefore you 
must get partially degraded products appearing. 

SRINIVASAN: Dr. Wohlfarth referred to conversion of materials like cellulose in the pond. The 
horse does the same thing. It does not have a rumen. 

MORIARTY: Let's close this topic. Dr. Schroeder has drawn attention to the large amount of 
microbial activity at the sediment-water interface. What we now need is for microbial e,-ologists to 
investigate this in fishpands to quantify the various processes, both aerobic and anaerobic. I hope
that we can formulate some proposals for such experiments before the end of this conference. 
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BILIO: Because it is a controversial subject, let ts consider further the product:on and nutritional
value of CxtracelluItar products. Would ailyone like-to comment further on Dr. Seh roeder's state
ment that only It)C of the anaerobic microbial t,;
proluction is lin l.cells, the re,'t extracellular 
products. Isthis acceptable? 

MORIARTlY:l i'ou cannot easily gentralize on this. It depends upon the conditions, the nature ofthe su hst rat-s and the nicrooranisns present. It teed:; nuch more xI)erimentation. Fron the(
literature, you Call make Sone estimates of conversion efficiencies. I would like to discuss this
further in more dotail. It involves ith'' conversio efficiencies of the bacteria into cellular and extracellular produCts, their respiration, ec. This varies with the type of organism and the C:N ratio of
substrates. If there is a lot ()fN, they wilt pot inore into hiomass than into oxtracellilar products.
If, however, there is Ve(,r'YIclleN, tIhy do tend to, produce a lot of slime or itternal storage com
1)Oitlis like loly-0-iiyd roxyhult \I',lt which is a C'-I l-0 el0opOund. 'I'l short answer is, we cannot 
generalize. 

BILIO: This isa uLseful statentt n( v,'th, 

BLACKBURN: I would anticilate that the tontd bottom material derived from nanuure or feed
inputs wili have atreasonably high N:J ratio. Therefore, the anaorobic hacteria will trobably not

be starved for N. Rather they may be stiirved orm"
C. Bacteria which are starved for C?generally do
 
not pot ot itlot of compounds; they use wh i, thW 
 hyave for energy. 

KIRCIMAN: Even if such bacteria did ptt put a large amlotnt of lmlysaccharidc,, these would
 
probahly not be very digestible.
 

BILIO: Iet us now discu., the degree of confidence we caii place in the carbon isotope method. 

PULLIN: For those of us who are not experienced in using the carbon isotope method, could Dr.
Schroeder please coinnient on the confidence limits about his datitapoints and the significance of
differences between the values for different fish and feeds? How certain canl he be that a fish is
 
or is not ingest ing (and 4)f
coi i-se u tiliziiig) a given feed'? This is crucial to our discussions. especially

with respect to the whole rationale fmr polyculture. Ilow different do delta-carbon 
values need to
 
he before we can mike significant conclusions?
 

BLACKBURN: It is a very reliable nethod aid very useful in this context. It has been used very
successfully in following the food webs of seagrass comni ti,;.
 

SCHROEDER: We have very good data showing the basic reliability of the method, including
analysis of muscle biopsies from the same fish fed on different foods. The delta-carbon values of
the fish match those of the foods very closely. For such work ole should have at least a 10-fold
weight gain in the fish andor a 2-3 month residence time (considering the biological half-life of
carbon) so that the carbon in the fish's body i:, represventat ive of that of the food it is ea8-ng. Only
one set of data has consistently been difficult to interp ret : for prawns grown on soybea- cal. 
This is toasted soybean meal, so theie is no inhibition involved. The data for prawns and ;oybea ' meal liewell off the curve, which is a 150 line for allour other data covering a large ran1 ,e of foods
and terrestrial and aquatic organisms. Perhaps the reason is that soybean meal is about litf protein
and half carbohydrate, so the delta-carbon values of these fractions are different. The rest of thedata for the organisms we have looked at all fall within about ±1 or 1/mil. Their greatest deviation
from the foods is about -1 or -2/mil. This means that the animal's carbon is slightly heavier than 
that of the food, i.e., means less negative: it has more "C.heavier 


You just have to present a range of options. For example, two sources like a 
C3 and a C-1 plant
source are easily to interpret. However, a fish meal input would liebetween C3 and C-1. For an
animal offered all three sources, we would take its delta-carbon value and work out the worst 
possible combinations of inputs, then give a range of possible utilization of each. 
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COLMAN: But what if one or more of your three sources has different delta-carbon values within
 
it? For example, some work with kelp has shown differences as high as 15 or 10/mil in different
 
parts of the same kelp frond.
 

SClROEDER: We find this in alfalfa and corn, etc. also.
 

COLMAN: It has been suggf-sted that this is because different biochemical components hav
 
different delta-carbon values.
 

SCHlROEDEI: Yes, like muscle and fat, Lignin is very negative. Cell solubles are very negatlive.
 

C()LMAN: So, instead of three poinlts, yOUol' ty hav', say, :ix.
 

SCIROEDEI'i: 'es. It may be More. It lna be tel. Alfalfa has been 
 frctionatt'd into cellulose, 
henjicelulose, lqtin, to:lal cel wall, total cell ';olubhs ind say itt total Ifloteil anid total carbo
hydrates. Ilowever, the dl(lta-carll)n values of animals io latch those of the total foods they Cat. 
For a corn ei-, tile alut tntcles the total corn not the cell solubles or the cell wall. Whenl ,'ou 
consider digesti:o0, NI can tundrsioad why, because cell wall material is digest ed and utilized just 
about Is effieie.t!y solulihhs to the view that prevailed for a long time.,' c.11 )(.ontraiy 

BGWEN: The significince oI : It, (differene.', yoo bay,, presented between heIldtllaI-CIll'tIIn values 
of fish f!eslh at1id 0 hl' investigated bty it sitnille analysis of vaIriantc o" the datafetls could Jr0lallbly 

hehind your smitnliary graphs, lave you doe this?
 

SClIttR(EDE:: I have jkst calculated the .,lanuard deviations about Ilhe ntean,; of fish samples 
take'n front tlhtpotnds. 

BOWEN: \ simpleh anal ysis of vari-ince wouldIlgive you an antswer to the que-stions wtether there 
;ire real diffr'ences between dil'i'ellt treailnlets. You cln define 'treatnents' in various ways to 
Lest your hyothes(.s. Until you :Itke such Compar'isons 't, (:ln distini:sh 'betweonyour da'a 
and randomly ihstribuited o)selvati1)ns. 

SCHtROEDER: Oh. If yoIu look It the spread of tIhe dtitr, the significance is obviotts. 

BOWEN: No, you cannet say that !tt :ll. We have no basis for concluding that tny of your treat
merIts ae different Until such comparisons have been inade. 

BILIO: Wel, you have il idea if you have very small standard deviations. 

BOWEN: It can give yout an intuitive feel, hut I would feel much more comfortable with a stan
dard comparison. 

PULLIN: Only if the data do not overlap can you avoid doing significance tests. 

SCHROEDER: Let's pretend that there are no differences in the data. Then the animals don't 
look very different whether you put chicken ni:inure or pelleted feed into the pond. Chicken 
manure is working just about as well as pelleted feed to grow common carp, tilapia and silver carp 
and prawns; as far as the origin of growth is concerned. 

EDWARDS: As I recall, didn't you show by using this technique that grass carl) do not derive any 
nutritional benefit from grass'? 

SCHROEDER: No, if you read our publ;cations closely, grass carp in ponds where there is no glass 
present derive no nutritional benefits from grass. This applies to our ponds. Grass carp in China 
derive considerable nutritional benefits from grass. 

EDWARDS: I must hasve missed this point. 
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WOHLFARTH: Concerning statistical tests, could this not be approached equally well by ananalysis of . .rior. as by analysis of variance? Wouldn't proving that there is a significant regres
sion mean the same thing? Has it been done? 

BOWEN: This would seem appropriate' to me-if we are looking for significance of cause and 
effect. 

FRY: Analysis of regression is completely differen; from analysis of variance. To check whether 
two means are significantly different you Uoost do some sort of analysis of variance. If you have acomplex data table, such as we have seen, and want to pick out different values and test for
differences between them, you rust use analysis of var;-,nr. All tests for differences between
 
means are constructed in a similar way. You 
use tabulated values of functions which are multipliedby some functior of the variance. I don't hax6 :uch tables with me, but the values of such functions are often in die range 2 to 4t. Now from the tables presented, the standard deviations of the
delta-carbon values were usually about ± 1, your variances are also about I (i.e., 1 x 1) and your
functions will be (2 to 4) x 1 which = 2 to 4. Thus, two delta-carbon mean values will only besignificantly different if the means are different by more than 2 to 4. So I would say ycu could bein a marginal area with respect to the significances of some of the differences between your means. 
It is, therefore, vital that you do an analysis of variance. 

BILIO: Well, then let us recommend that analysis of variance be done on these data. We should alsonote Dr. Fry's eaution of' the dangers of making inferences from single meaisourements. Dr. Fry has
also stressed the complexity of microbial interactions. We must discuss this furthei when time
allows. We have now concluded our first round of discussions on basic aspects and can move
towards hearing about aquacullure in the papers which follow. I have several points to make here.
First, costs have been mentioned in passing. These are very important. When considering biology
and technology, we notmust forget economics. These are very important foi application and

extension of new production procedures (cf. Table 4tof my introttuctory overview). First, there
 
are the economics of procedures-t he costs of materials, transport., 
 storage, pretreatment, application, removal of residues, etc. These should be monitored at an early stage in res'earch :ild develop
ment and tested in a pilot phase. Second, there are various economic preferences in the context cf
rural development. Aquacultu re max be the best option for use of certain det rital resources but
this is not necessarily so. Third, there is the question of acceptability of the proteedures and their 
products by the target groups in the farm operators and consumers. Fourth, there is the question
of the different economies of operations of different scale.
 

Potential hazards are 
also very important (see Table 5 of my overview). On what we might call
Level 1, these may be a threat to the microbial populations themselves from c'hen. ' (such as

heavy metals) or microbial contaminants in pond inputs. Next, on 
Level 2, there may i- a threat 
to the growth and survival of the cultured organisms from changing environmental conditions;
for example, lack of oxygen due to decomposition processes. On Level 3, there may be health 
concerns for the consumers of aquaculture products from microbial and chemical contamination.

May I suggest the fov"wing question as an item for our later discussions on aquaculture.
What to do with excess detritus that accumulates in ponds?--This is a common situation. There areat least three possible solutions. 1. In traditional Italian vallbculture in brackisl coastal lagoons,
the pond bottom is sometimes plowed and harrowed in an inundated condition using a 'hydro
cultivator'. I have seen similar devices used in Taiwan on a smaller scale. 2. Draining and dryingponds is a well-known procedure in freshwater. However, in some brackishwater situations, likeItalian lagoons, drying would seriously disturb the life cycles of some of the principal food organ
isms of important cultured fishes; for example, bivalves and polychaetes, which are important
f,oods for Sparus aurata. Such ponds should not be drained and dried in an annual culture cycle.
'This. p;,i1 is only api icable for a cycle of more than one year- if ever. 3. The pond bottom
deposits can be removed and usea as a fertilizer in agriculture, but does this practice really produce
benefits? We have one experience from a GTZ-project in which even darkly colored pond bottom
sediments seemed to have almost no benefits as a land fertilizer. Or perhaps, the problem is the 
way that such sediments are applied. Perhaps direct application in horticulture and agriculture is 
too crude an operation. We can consider all these questions after the aquaculture papers. 



Session on Productivity and Detrital Food Chains 

CHAIRMAN'S OVERVIEW 

J.S. GRAY 

Coming from Norway where aquaculture is concerned almost solely with the 
raising of salmon and trout, detritus has a rather different role than that in tropical 
systems. The Norwegian aquaculture industr,' is in a phase of rapid expansion from 
a p'esent production of 30,000 t/year of salnon to over 120,000 t projected for 
1990. Salmon are raised largely in nets in tie sea and fed on pelleted food made 
from trash fish. Yet only 50% of the ford is calculated as being eaten directly by the 
fish, the remainder goes through the net meshes and causes eutrophication problems 
in the surrounding areas. Thus efficient ways of utilizing this high quality food 
would be of great benefit to the economics of Norwegian aquaculture. Yet the path
ways of detritus through the marine ecosystei are not well known and recent find
ings have radically altered our views on the structure of the system. 

Seele's 1974 model of the structure of marine ecosystems assumed that phos
phorus and nitrogen in the presence of sunlight allowed production of phytoplankton 
which was all consumed by zooplankton. Zooplankton feces sank to the seabed and 
was the principal food resource for the benthic system. Yet based on known stand
ing crop biomasses of fish populations and benthic fauna the system was not in 
balance as the food resources were in short supply. The model served to focus 
attention on poorly understood parts of the system-such as nutrient regeneration 
within the sediment ard water column and measurement of sedimentation rates. ir 
general, there was a lack of knowledge of the dynamics and fluxes of nutrients and 
energy through the system. 

New techniques have greatly advanced our knowledge in the last few yeazs. It was 
ge-ierally assumed that phosphorus recycled rapidly within the surface Jayers of the 
sea whereas the usually limiting nutrient nitrogen was recycled slowly. But studies 
of concentrations of nutrients alone cannot give information on dynamic aspects. 
With the application of 15N techniques it was shown that nitrogen in fact could be 
mineralized very rapidly so that even if concentrations of zero nitrogen were found 
plants could still be capable of growing due to the almost instantaneous uptake of 
nitrogen produced for example by zooplankton excretion. Similarly although 
phosphorus concentrations in the water may be zero, by mobilizing phosphorus 

237
 



238 

stores plants may still l)e able to grow. Thus studies of limiting nutrients for phyto
plankton growth are concentrating on fluxes of nutrients. 

Much debate centers now on whether it, is phosphorus or nitrogen that limits
primar" production in t he sea. Freshwater systlems are in general phosphorus limited 
whereas marine are nitro gen liited. Whlere the tlra nsition occurs from a freshwater
phosphorus to a seawater nit rogein controlled svst em has not been adequately

defined nor have the cir'u iistanes been (efined 
 under wIiichi marine systeiis at
times are phosphorus and not nit r,,gen linited. This debate is far trom academic 
as sewage treatment plants have ratitionallv been based on phosphorus remloval 
which i:; much cheaper than nitr)gei reniova! If nitrogen is generally limiting
phytoplankt on grmw Ih then, w here en I' ,phicat ion is a probvlem in th lemarine

environment tenclosed 
sea areas such as the Ballic and Mediterranean Seas and

fjords), great expenses is likely 
 be incurred in tontrolling pal lution. 

New findings oin Ohe role ()I' hcteria and bacteria-eating c)olrless flagellates

have completely clhanged omll" iew on tIhe sI rutclare of the suirface water systems.

Rather than being the most 
 imnpirtant inineralizers W"organic mater it is now
 
felt that bacteria may be inportant itimpet itors with phy-t oplankton for available
nuttrients. The bacteria are clSotiUied 
 by colorless in1eCYflagellates between 3 and
 
10 piin in size.Theimcinr)flagelltes i turn 
are ceinsuniel liv microzooplankton wiher(,
the primary minerialization is nm tl ought oThist tt)ccur. has been termed lhe
"Microbial 
 Loop" (Azain el al. 1983). Fig. I slimmarizes a generalized model of' 
recent Ideas on the feeding st ru cture ,of the water columni system. Z/oplanktoti
feeling on phytoplanklon is k.nown not to be very effient and results in rup1ture

of' cells and leak age of dissolved *organic matter in to 
 the water, termied -sloppy
feeding". Measui rement of sedimenlaton rales show that at. imost 50'( of annual
primary prolduction is in fact eaten in the wa!ter column by zooplankton, the rest.
 
sedimenting to the seabed. Ye( 
 the process i: not continuous and nearly all sedinen
tation in temperate a-eas otccurs in a limited period of time in spring and autuimn 
In polar regions, the coupling of' primary and secondary production in time is less

tight and a higher percentage sediments 
to the seabed in polar compared ' ith tem
perate regions. In tropical open ocean 
systems, phyioplankton and zooplankton

productions are 
probably lightly coupled throughout the year so that little material 
sediments to the benthos. 

Whilst our knowledge of' the water coltmn system his altered radically, little
attention has been given to t he sediment. It seems unlikely, from the admittedly
few studies that have been done, that colorless flagellates play the same role in sedi
ments that they do in tle water column. It is likely that in sediments ciliates and
specialized bacterial feeding rneiofauna are the important consumers of bacteria. 
The paper by Dr. Warwick addresses this problem.

Similarlydoes mineralization of detritus by bacteria and bacteL" '.consumers give
a potential foud resource for fish feeding in aquaculture ponds or is the energy con
version efficiency so wasteful that ciliates and meiofauna are undesirable competitors 
within the system'? 
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Are there organisms that by special culturing methods can be used selectively to 
increase the efficiency of detrital systems? Such aspects have been little studied and 
undoubtedly require more research, but will be considered in this session. 

100 ,rn 10 mm 1.0 m 

Microorganisms Zooplankton I Fish
'Microbial loop" 

Z'oponton/ - - Zooplankton Fith Fish 

Mineral 
cycling S/ 

/ orplonk,on Zooplankton Zooplankton Fsh - / ) 
"7-

.2 Organic
Flagellates Ciliotes Zooplanklon Zooplankton cycling 

0 
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Length; log mm 
Fig. 1. Semi-quantitatjve model of plankhnic food chains. Solid arrows represent flow of energy
and materials; open arrows, flow of naterials alone. It is assumed that 25% of the net primary
production is channelled through dissolved organic matter (DIOM and the "microbial loop", bac
teria, flagellates and other inicrozooplankton (e.g., ciliates): PIOM = iarticulate organic rnatter. It is 
further assumed that the most efficient predalor:prey size ratio is 10:1, hence the slope of the 
lines relating trophic st atus to log boly l(ngths is 1:1. 'Flie food chain base represents a size 
range over 3 orters of magnitude (smallest bacteria 0.2 pin, largest diatoms 200 pim; :1erefore, 
any trophic level will have a size-range factor of' 103 and conversely each size class of organisms
(100 p-m) will represent at least 3 trophic levels. The thickness of open arrows (left) represents
the approximate relative magnitude of minerals released in excretion at each trophic level; cor
responding organic losses (feces, mucus, etC.) are shown on the right hand side (from Azam et al. 
1983). 
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Abstract 

The fertilization of fishponds witb organic matter is a traditional method of raising
fish in Asia but it produces a large percentage of the yield of the world's farmed fish.
Methods of waste-fed aquaculture were developed empirically by farmers and have yet
to be subjected to the close scientific scrutiny which could provide ai, impetus for
their wider dissemination in developing countries. There is considerable controversy
concerning the relative importance of the various feeding pathways in waste-fed ponds.
The autotrophic pathway and the interdependence of the autotrophic and hetero.
trophic pathways are considered here. Various aspects concerning the autotrophic
pathway are reviewed: a historical perspective of algae in waste-fed aquaculture in
both East and West; gross and net primary production; pond fertilization; feeds of
filter-feeding fish, with emphasis oil phytoplankton; algal periodicity; fish kills; and 
pond balance and optimization. Filter-feeding fish are probably omnivorous but tilapia
and silver carp are able to filter and assimilate planktonic algae. Digestion in tilapia is 
especially adapted for blue-green algal assimilation. Since blue-green alg.e comprise a
better source of nutrition than other algae, it is suggested that studies be undertaken 
to stimulate the development of the blue-green alga Aicrocystis in waste-fed ponds

stocked with tilapia. Grazed or harvested algal communities exhibit positive net

photosynthesis, are net contributers to pond oxygen levels on 
a 24-hour basis and
could be used as biological aerators in ponds used to grow high market value species

of finfish, giant freshwater prawn (Macrobrachiuon)and penaeid shrimp.
 

Present address: U.S. Geological Survey, 102 E. Main Street, Urbana, IL 61801. USA. 

240 



241 
It is the custom c f those aiho write concerning the food of 
fishes, to confine themselves solely to a discussion ofanimal 
food ..... it is time that the primary links of the food chain 
receive due consideration. The algae, and the animals which 
feed directly upon the algae, should be studied with all possible 
care, both as a scientific problem and as a basis for practice. 

J.E. Tilden (1929) 

Introduction 

Traditional methods of raising finfish in Asia employ a wide variety of organic 
matter inputs as pond fertilizers (Ling 1967; Prowse 1967) and such methods 
produce a large percentage of the world's farmed fish yield (Wohlfarth 1978).

The practices of waste-fed aquaculture have been developed over a period of 
centuries by fish farmers by trial and error; although there is an impressive body of 
accumulated experience, particularly in China, the underlying mechanisms of opera
tion are still poorly understood. Detailed scientific study would explain not only
how such systems function, but in additiin, should enable substantial increases in 
yield to be made through their optimization. 

It is widely accepted that there are three basic feeding pathways by which pond
organic matter inputs provide nutrition to fish: direct feeding of fish on the organic 
matter inpu and feeding along heterotrophic and ailtotrophic pathways which 
develop as a result of the fertilization of the pond by the organic matter input.
There is a general consensus that all three feeding pathways are operative in a given
aquaculture system although their relative importance has been the subject of 
intense debate. The heterotrophic pathway in particular has received considerable 
attention and it has been stated that it is of greater importance in waste-fed aqua
culture than the autotrophic pathway (Schroeder 1977, 1978, 1980a; Wohlfarth 
and Schroeder 1979). T'o redress the imbalance in the literature, the autotrophic 
pathway is reviewed here in depth together with the interdependence of the auto
trophic and heterotrophic pathways and an assessment of how they can best be 
coupled Lnder the environmental constraints of the fishpond environment. 

A His'rolucA. PERtSPECTIV: ON 'THEiIMI'ORI'ANCE 

oiF ALGAE IN WAs'rc-FED AQuLACuLi'rt. 

There is a considerable dichotomy in both philosophy and pragmatism concerning 
the nutrient enrichment of waters in the East and West. There is a voluminous 
literature in the West on the eutrophication of water bodies (Anon. 1969; Likens 
1972a). The word literally means "becoming well fed" and eutrophication implies 
an enrichment with nutrients and a consequent increase in biological productivity, 
particularly involving the development of large standing crops of phytoplankton, 
which are considered to be a nuisance. The literature is replete with references to 
undesirable phytoplankton blooms which may have several adverse effects on the 
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water: increased treatment costs to provide domestic water; decomposition of algae
leading to unpleasant smells and occasional mass mortality of fish; the occasional 
production of toxins which kill birds and cattle, and which may cause gastroenteritis
in man; and decreased recreational value for swimming and boating (Fogg 1969;
Vallentyne 1974; Reynolds 1984a). At first sight it seems ironic that increased 
primary productivity of a water body would not be viewed as beneficial to fish, but
eutrophication is associated with species change: in northerly latitudes more com
mercially Valuable trout (salmonids) and whitefish (coregonids) are gradually re
placed by perch and carps of a lower market value, although tish productivity does
increase in response to eutrophication (Jlasler 1947; Opuszynski 1978; Willemsen 
1980). 

Eutrophication is regarded as a natural succession of a water body in geological
time due to weathering and nutrient buildup, but it is now recognized that the 
process has been accelerated considerably by man's influence, for which the terms
artificial (1-lasler 1947), or, more recently, cultural eutrophication have been coined 
(Likens 1972b; Reynolds 1984a). The ultimate cause of the present problem of
eutrophication in tie West was the decision in the mid-nineteenth century to adopt
a water transport system for toilet waste, which broke the cycle of nutrients between 
man and the soil and led to a unidirectional flow of nutrients to receiving waterbodies (Vallentyne 1974). The process has been exacerbated by the urbanization of
the last 100 years and the recent development of intensive livestock rearing in feed
lots, with associated substitution of inorganic fertilizers for organic manures in 
agriculture. Borgstrom (1973) has referred to these processes as "the breach in the
flow of mineral nutrients", and has emphasized the need to channel organic wastes
back into human food, with fish or livestock as an ultimate step; possible strategies

to achieve this have recently been reviewed by Edwards (19 80a).


In parallel with the increasing concern over eutrophication in the West, there has

been the development of the mass cultivation of' algae, which it was hoped would

become an important human supply of protein (Spoehr 1951; Milner 1953). Yields

of 20-25 g of dry algal biomass/m 2 !day (73-91 t!ha/year) have been consistently
attained over short periods of time, but because production costs are high, due
mainly to harvesting and processing the algal cells, the product cannot compete with
soybean meal; to date it is commercially profitable only as a "health" food and as an
ingredient for pet fish food (Goldman 1978; Soeder 1980). Oswald began the "green
trend" in sanitary engineering in the 1950s in which waste water replaced the
"clean" culture media in the mass cultivation of algae, but despite the simultaneous 
treatment of waste water, reclamation of water, and production of a high-protein
animal feed, harvesting and processing the algae in an economically viable way
remains a major bottleneck (Shelef and Soeder 1980). 

R, ther (1971 ) proposed to harvest the sewage-grown algae with a herbivore which
itself could be used directly as food for man and/or animals, because harvesting algae 
was expensive by centrifugation or flocculation from the Oswald high-rate sewage
stabilization pond. Rather surprisingly he wrote that "no such commonly used food 
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species exists in the freshwater environment", perhaps referring exclusively to the 
USA, but he considered bivalve molluscs as suitable herbivores for the marine 
habitat. Ryther and colleagues subsequently outlined the concept of "controlled 
eutrophication", an essential feature of which was the physical separation and 
compartmentalization of the producer and consumer levels (Ryther et al. 1972). They 
believed the separation was necessary because both primary and secondary produc
tion must proceed at constant and controlled rates, an impossibility for combined 
systems in temperate latitudes, where daily incident radiation varies by almost two 
orders of magnitude annually, and even da-ly by almost one order of magnitude, 
depending on the degree of cloud cover. Such perturbations would lead to wide 
variations in photosynthesis, upset the delicate balance between primary producti
vity and respiration, and even result in anoxia and mortality. 

A two-stage pilot-project was built in the tropics where fluctuations in primary 
productivity are less than in temperate latitudes; the algae-laden effluent from a 
sewage-fed high rate stabilization pond was pumped through tanks containing the 
herbivorous fish Oreochromis nifol icus Edwards 1980b; Edwards and Sinchum 
pasak 1981). Although a linear relationship was established between fish yield and 
mean phytoplankton biomass up to 70 mg dry weight/l, the production of algae in 
the high-rate pond and its subsequent utilization by the herbivore:; could not be 
optimized simultaneously and a significant phytoplankton biomass passed through 
the system in the effluent (Edwards et al. 1981a). Subsequent studies (Asian Insti
tute of Technology, unpublished data) have attempted to optinize fish production 
in a single, combined system consisting of an effluent-free pond modified for fish 
culture as well as for waste treatment, as recommeided by Edwards et al. (1981b). 

Eutrophication and aquaculture are intin:ately linked in many aquaculture 
systems in Asia; manures (livestock and/or human depending on the culture) com
prise basic organic matter inputs in most traditional systems (Prowse 1967; Wohlfarth 
and Schroeder 1979; Edwards 1980a) and fish may be the cheapest form of animal 
protein when grown in such a way (Wohlfarth 1978). The best-known Asian system 
is the Chinese system of polyculture (Hoffmann 1934), the evolution of which was 
facilitated by the zoogeographic advantage of China: an outstanding diversification 
of the carp family including two efficient filter feeders, the silver carp (IHypophthal
michthys molitrix) and the bighead carp (Aristichthys nobilis) (Kafuku 1966).
These fish were introduced to 5outheast Asia at least 50 years ago, particularly 
Malaysia, Singapore ano Thailand, and more recently have been widely disseminated 
(Welcomme 1981). Traditional fish culture in India is based on at least three species 
of fish that are to a large extent filter feeders: catla (Catla catla), mrigal (Cirrhinus 
mrigala) and rohu (Labeorohita).Ponds with a pronounced development of plankton
in Java are stocked with the filter-feeding tambakan (Helostornat2nmincki) as the 
principal species, but polyculture is usually practiced with the inclusion of one or 
more of the following species which also have some ability as filter feeders: common 
carp (Cyprinus catpio); tilapia (Oreochromis mossambicus); nilem (Osteochilus 
hasseltii);and tawes (Puntiusgonionotus) (Vaas 1954). The planktivorous tilapias 
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from Africa, particularly Oreochromis aureus and 0. niioticus,are most promising
fish for the development of detrital fed systems and are being introduced through
out the tropics (Bowen 1982). 

Aquaculture systems in the developed countries-in Europe, Japan and the USA
have evolved along different, lines. No European fish possesses the ability to filter 
phytoplankton like the Chinese silver carp and only a few species exist in the world 
fish fauna (Opuszynski 1978). According to Huet (1972), cultured herbivorous fish 
of European origin are practically nonexistent. The common carp, a major cultured 
fish in Europe (and in some parts of Asia), is basically a bottom feeder, although 
some varieties are reported to feed on ooplankton (Kafuku 1966). The food and 
game fish of North America do not generally live directly upon algae (Tilden 1929)
and there are no la'ge plankton-feeding carps (Kafuku 1966). In fact, phytoplankton
blooms are considered to have an adverse effect on cultured fish production in North 
America (Boyd 1979; Tucker and Lloyd 1984). There has been a developing tendency
in recent years for dry concentrated feed, particularly in pelieted form, to replace
fresh feed, and for an intensification of fish culture (Hickling 1971; Htuet 1972).
Methods now employed in developed countries resemble "feedlot" methods of rais
ing livestock (Wohlfarth and Schroeder 1979). Fish culture in much of continental 
Europe and Israel, however, has changed over the past two decades from a mono
culture of common carp to a polyculture of common carp and filter-feeding Chinese 
carps, and tilapia in warmer areas. With intensification of fish culture, filter-feeding
fish have been introduced to utilize the large amounts of phytoplankton that develop
which are not directly utilized by.common carp, and this has led to increased fish 
yields (Reich 1975; Spataru 1977; Opuszynski 1978; Dimitrov 1984). 

Primary Productivity 

IThe fish production potential of plant-based feeding pathways depends firstly on 
the rate of plant productivity possible in a pond environment and secondly or, the 
efficiency of capture and conversion of the plant material produced into fish flesh. 
Assessment of plant preductivity rates in fishponds entails measurement of photo
synthesis; simultaneous production of plant material and loss (through cropping,
settling and cell death) rule out productivity rate measurement by direct observation 
of plant biomass change (Ryther 1956: Hepher 1975; Lund and Reynolds 1982).

Unfortunately, quantification of aquatic plant production through photosynthesis 
measurements is not straightfonvard. Both of the commonly used aquatic photo
synthetic measurement techniques, "4 C and oxygen, are difficult to conduct correctly
(especially when spatial and temporal integration is iequired, as for their use in pro
ductivity assessment) and are complicated by errors whose significance is still 
debated (R ther and Vaccaro' 1954; Oglesby 1977; Marra and Heinemann 1984).

Besides having methodological complexities, photosynthetic rate measurements 
are not easily converted to algal productivity values. In fishponds, photosynthesis 
measurements have been made almost exclusively by the oxygen light and dark 
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bottle method or some variation thereof. As was outlined when initially described 
(Gaarder and Gran 1927), meas-urements using the oxygen method lead to three 
productivity parameters, related as follows: 

GPa =NPwc + Rwc ...1) 

where GPa is the gross productivity of the algae, NPw, is the net productivity of the 
water column and Rwe is the respiration of the water column. However, investigators 
of algal use in fish feeding pathways agree that the most appropriate measure of 
algae productivity is net algal productivity (McConnell 1963), 

Nla= GPa -]R, , ... 2) 

which is greater than NPwc by the amount of nonalgal water column respiration that 
occurs. Unfortunately, NPa cannot be directly measured using the oxygen method 
but in any case is not much different from NPwe when nonalgal respiration is small, 
as may be the case in some lakes, for instance. On the other hand, a large difference 
between NPa and NP c may be expected in fishponds receiving large loadings of 
organic fertilizer, which would increase Rwc.As seen from Equation 1, an increase 
in k, for a given level of GP, would cause NPwc to decrease. 

GRoss PRODUCTIVITY 

In part to avoid ambiguities associated with net productivity values, many results 
from fish-producing environments have been reported and compared simply on a 
gross productivity basis. Strong correlations have been found between fish produc
tion and gross primary nroductivity over a wide range of values (Melack 1976; Mc-
Connell et al. 1977; Liang et al. 1981), giving credence to the use of gross primary 
productivity as a measure of algal-derived fish food. 

The large range of gross productivities cited in these correlation investigations and 
from other fish-producing environments confirm observations from algal biomass 
culture regarding light and nutrient requirements formaximum productivity (Gold
man 1979) and from freshwater bodies in general regarding the importance of areal 
loading rates (Schindler 1978). Thus, Hepher (1962) found gross productivity in 
common carp ponds increased four to five times when fertilizer was added as com
pared to ponds with no addition. Hepher also reported that doubling the dose of 
fertilization did not increase gross productivity, presumably because of light limita
tion. Prowse (1972) found that gross productivity in five ponds stocked with tilapia 
and carp fertilized with phosphate (but not nitrogen) averaged 2.9 g C/m 2/day. In 
these inorganicadly fertilized ponds GPa is generally greater than in lakes, even 
especially productive ones such as tropical Lake Lanao in the Philippines, where 
gross productivity was reported to average 2.4 g C/m2 /day (Lewis 1974). 

The highest gross productivity levels have been reported from tropical and sub
tropical fishponds with organic fertilizer inputs. These include a temple pond, GPa 
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6-11 g C/m 2 /day, and a for, moat, GR, = 6.1-10.0 g C/m 2 /day, in Madras State, 
India (Srinivasan 1964a and 1964b, respectively); septage-fed experimental tilapia 
ponds in Thailand, average GP a = 6-7 g C/m 2 /day (Colman and Edwards, unpub
lished data) and investigations in Israel: in one, tilapia were grown with manure and 
inorganic fertilizer, GP, = 6.4 g C/m 2 /day (Noriega-Curtis 1979); in a second, with 
manure, inorganic fertilizer and pelleted feed, GP, = 5.5 -11.1 mg C/m 2 /day (Zur 
1981). 

On the basis of the deviation of his primary productivity data from previous
regressions (McConnell et al. 1977), Noriega-Curtis (1979) cnncluded that feeding 
pathways based on manure carbon were used in addition to fish feeding on algal 
carbon. However, the difference in algae to fish conversion efficiency between 
managed ponds stocked with herbivores as compared to less managed ponds with 
natural fry recruitment could also be important. Hecky et al. (1981) also reported
efficiencies comparable to those reported by Noriega-Curtis, but in which organic 
fertilizer was not a factor. 

It is possible, of course, for ponds with large standing crops of algae to have large 
gross productivity (GP) and small net productivity (NP1 or NPwc) if the algal
biomass were static and algal respiration were high. The true measure of hlgal pro
ductivity available for fish consumption is net algal rather than gross algal producti
vity (McConnell 1963). 

NET PRODUCTIVIrY 

Although net algal productivity cannot be directly measured using light and dark 
bottles, it is possible to estimate net algal productivity by subtracting from gross 
productivity values the 24-hour algal respiration, evaluated by the product of algal 
standing crop and respiration rate constant. In a series of 4-5 m 3 concrete tanks
 
loaded with septage between 6 and 9 g COD/m 2 /day, GPa was 7.1, NPa 
was 2.2 and 
NPw, was 1.2 g C/rn2 /day. Thus, tank values of NPwc underestimated net algal pro
ductivity by a factor of 1.8. Net productivity values were measured 24-hourover a 

period rather than only over the light period so that even NPa 
was only 30% of GPa 
(Colman and Edwards, unpublished data). 

As appears to be the case for GPa, NPa measured by the above method was found 
to be greater in tanks with both organic and inorganic inputs than in tanks with only
inorganic fertilizer (Asian Institute of Technology, unpublished data). Schroeder 
(1978) compared NPw, values in inorganically and organically fertilized ponds 
stocked with tilapia with ponds which received only inorganic inputs. Daily oxygen 
increases during morning hours, a measure of NPwc, between the two systems were 
similar, which he felt indicated that the net photosynthetic productivities of the 
systems were equal. He concluded that increased fish yield in the organic-fed system 
was supported by manure rather than algal carbon. However, the equal rates of 
oxygen increase imply that NPa of the manured pond was greater than the NPa of 
the pond without manure because one would expect the respiratory oxygen demand 
to be higher in the manured pond with more heterotrophic or,-nisms. 
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Where organic fertilizers have not been used, NPwe may approximate NPa. Hepher

(1962) and Prowse (1972) found NPa values of 2.9 and 2.5 g C/mZ/day for inorgani
cally fertilized ponds on a light-period basis. These values are considerably lower 
than the highest sustained NPa level found in a septage loaded tank, 4.0 g C/m2 /day, 
on a 24-hour basis (Asian Institute of Technology, unpublished data). Although this
value was by no means the theoretical maximum for net photosynthesis, which is 
15-20 g C/m2/day according to Goldman (1979), it may have approached the prac
tical upper limit. Indeed sustained yields from algal biomass culture systems are only
marginally higher, falling in the range of 5-10 g C/m2 /day (Goldman 1978). 

Pond Fertilization 

There is a voluminous literature on the fertilization of fishponds witi. myriad

conflicting viewpoints concerning the type of nutrients required, the amount of
 
fertilizer, the relative merits of inorganic and organic fertilizers, and the method and
frequency of application. This is reflected by the review of North American pond
fertilization by Gooch (1967), who concluded that "the art of pond fertilization is
in such a primitive state ... we are essentially no closer now to predicting results of 
fertilizer practices than we were 37 years ago". It is beyond the scope of this review 
to consider the various aspects of pond fertilization in detail, but a brief overview is 
germane to the subject of this paper.

It is now appreciated that both N and P need to be added to fishponds to stimu
late primary productivity for more intensive fish production in the tropics based on
natural food (Woynarovich 1975). The N:P ratio in phytoplankton may vary from 
< 1.5 : 1 in nitrogen deficient cells to > 15 : 1 in phosphorus-deficient cells by
weight, according to nutrient availability and species (Ryther and Dunstan 1971).
However, phytoplankton have a remarkable consistency in chemical composition,
measured as %dry weight, if nutrients are provided in excess and light is the growth
limiting factor: approximately 45-50% C, 8-10% N and 1%P, i.e., a C: N: P ratio of 
about 50:10:1 by weight (Goldman 1980). Many earlier studies in Europe and Asia
led to the conclusion that nitrogen was not necessary even though ten times more of 
it by weight than phosphorus is needed for phytoplankton growth. Only phosphorus 
was considered to be needed (Hickling 1971; Lin 196S), probably because the stock
ing density of fish in the pond was low and so little Pwas added that nitrogen fixa
tion by pond biota was sufficient to p'ovide the required need for nitrogen. Lin 
(1970) even went as far as to caution against the use of nitrogenous fertilizers 
because with their addition to the pond "blue-green algae will become lazy" and not 
fix nitrogen, and nitrogen added to the water would be lost through reduction by
bacteria. However, even in eutrophic lakes with an excess of phosphorus, annual 
nitrogen fixation rates extrapolated from relatively short periods of b!ooms of 
nitrogen-fixing algae were 44 kg/ha/year (Home and Viner 1971), 34 kg/ha/year
(Ashton 1979) and 5.9-130.5 kg/ha/year (Ashton 1981), an insufficient amount to 
maintain a relatively intensive plankton-feeding fish system. El Samra and Olah 
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(1979) did not consider nitrogen fixation to be significant in fishponds because they 
recorded a rate of only 5.7 kg N/ha/growing season. 

Relatively little attention has been given to carbon in fishpond fertilization stud
ies even though it is the most important nutrient by weight in phytoplankton. This 
is due to an overemphasis on NPK, caused by comparison with agriculture (in which 
CO2 is derived from the air) without consideration of the special conditions in the 
aquatic ecosystem (Woynarovich 1980). In view of the importance of carbon in fish
pond fertilization, Woynarovich (1956) referred to the addition of manure and the 
subsequent bacterial degradation with rele se of CO2 for phytoplankton growth as 
the "carbon manuring method". 

There is controversy in the literature cone ,rninr the relative merits of inorganic
and organic fertilization. During the 1960s fhL,, was a campaign to promote the use 
of inorganic fertilizers in Taiwan. 1z;ause they are easy to manage and hygie,,ic (Lin
1968; Lin 1970) but organic fertilizers are still used almost exclusively in fish 
culture on the island today, due to the relatively high cost of inorganic fertilizers 
following the increase in the price of oil, and a continuation of integrated livestock/
fish fanning. Although both inorganic and organic fertilizers are used in Israeli fish 
culture, it has been reported that yields with inorganiu fertilizers rarely exceed 10 
kg/ha/day compared to 30 kg/ha/day with intensive organic fertilization bicause,
the author believed, there is light limitation of phytoplankton that limits fish yields 
with the former, whereas with the latter filter-feeding fish can rely to a greater 
extent on heterotrophic organisms which are not light dependent (Schroeder 1.977;
Schroeder 1978). Hepher (1962) demonstrated the dependence of primary produc
tivity on both nutrients and light; in a "standard" fertilized fishpond primary pro
ductivity was highei than in a "double" fertilized pond because in the latter regime
higher concentrations of algae in the upper layers of water shaded the lower water 
layers, which led to a lower total water column primay productivity in the latter 
compared to the former regime. However, as pointed out by Reich (1975), a fertilized 
fishpond stocked with filter-feeding fish is a dynamic system; silver carp reduce the 
self-shading of phytoplankton by continuous filtration of algae, which allows light 
to penetrate to the deeper layers of the pond so that fertilizer can be utilized through
out the water column and in quantities which would not otherwise be utilized. 
Yashouv and Halevy (1972) obtained only small differences in the yield of common 
carp (Cyprinuscarpio) and tilapia (Oreochromisaureus) between weekly and fort
nightly applications of the "standard" fertilizer dosage but the yield of the phyto
plankton filter-feeding silver carp was increased by 27% with the higher dosage of 
inorganic fertilizer. Filter-feeding fish are able to feed on dense blooms of phyto
plankton in surface waters in heavily fertilized ponds, increase the light penetr tion 
into the water and thus stimulate both net primary productivity and fish growth.

Much of the apparently contradictory advice regarding fertilization can be attrib
uted to the variety of culture systems to which fertilizer inputs have been added. 
Fish not feeding directly on phytoplankton may require different fertilizer rates and 
el,,ment ratios than those which do. If it could be agreed that maximum algal produc
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tivity were the goal, then fertilization schemes already worked out in algal biomass 
culture could be implemented; some have already been adapted to utilize organic 
wastes commonly used in aquaculture, with inorganic supplements of nutrients where 
necessary (Becker and Venkataraman 1982). Primary production rates measured in 
many fishponds fall somewhat below those routinely achieved in algal biomass 
sytems, so that implementing the techniques of the latter could be expected to 
improve production rates in fisl ponds. However, some of the differences between 
algal biomass and fish culture systems must doubtles be retained. Fishponds must 
be deeper than those for algal biomass culture. Amounts and ratios of fertilizers may 
differ because in algal biomass culture the algae and their nutrient contents are 
entirely removed from the system at harvest; in contrast, nutrients in algae harvested 
by fish are partly recycled back to the pond through fish excretion. 

The problems that muds in fishponds are said to cause for phosphorus fertilization 
may be overstated. Earthen ponds with a history of phosphorus fertilization, given
initial K2HPO 4 doses of 12 g p/m 2/day and subsequent additions of 0.14 g p/m 2 /day, 
maintained water column concentrations of 5-10 mg/1 of soluble reactive phosphorus 
(Colman and Edwards, unpublished data). Investigators have reported variously that 
muds strongly absorb phosphorus (Boyd ;nd Musig 1981) or that muds can be a 
source of phosphorus for pond algae (Hepher 1966). In fact, whether pond muds are 
sources or sinks probably depends primarily on whether they are aerobic or anaero
bic as well as upon their past history of exposure to phosphorus. Holdren (1974) 
described the annual rise and fall of phosphorus concentrations in interstitial sedi
ment waters of lakes according to whether phosphorus-absorbing metal oxidt, were 
present, or whether these were dissolved under anaerobic conditions. Syers et al. 
(1973) showed that the type of absorption of phosphorus that occurs on muds is 
reversible, even at high interstitial phosphorus concentrations, i.e., it is not a chem,
cal precipitation by which phosphorus concentrations are lowered. Although move
ment of phosphorus to pond sediments inevitably occurs, it is probably caused by
settling of phosphorus-containing organic material rather than direct absorption of 
phosphorus onto the pond mud, at least in cases of ponds with histories of phospho
rus fertilization. Furthermore, as the organic material is remineralized at the pond
bottom, the contained phosphorus is released back to the water column. The remin
eralization and diffusion from interstitial waters and thence to the water column 
is incomplete. This explains, together with phosphorus being exported from ponds
in fish, why it has been found that highly productive fishponds require phosphorus 
addition even after many years of use (Metzger and Boyd 1980). 

Feed of Filter-Feeding Fish 

There is considerable confusion in the literature conLerning most aspects relating 
to the feeding of filter-feeding fish: the type of organisms consumed, the mechanisms 
of consumption of plankton and the digestibility and nutritive value of plankton. 
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TYPES OF ORGANISMS CONSUMED 

It has been the usual practice to divide fish into different types according to their 
natural nutritional habits, i.e., fish that feed on phytoplankton, or zooplankton, or 
benthic animals, or macrophytes, or detritus, but this distinction between the dif
ferent feeding habits may not be absolute. A certain species of fish may prefer a 
given type of feed if it is abundant, but be able to adjust to food from other sources 
if the amount of preferred food diminishes (Reich 1975; Schroeder 1980a). A study
by Spataru et al. (1983) elegantly demonstrated an inverse relationship beLwaen 
the type of plankton preferentially consumed and the predominant plankton type 
present in ponds stocked with silver carp (preferential phytoplankton feeder),
bighead carp (preferential zooplankton feeder), or their interspecific hybrid; the 
amounts of p' ankton and zooplankton found in the guts were 88-95% and 
4-7%, 0-2r and 75-95%, and 28-55' and 32-63%, for silver carp, bighead carp and 
their hybrid, respectively; the proportional anounts of phytoplankton in pond 
water Atocked with silver carp, bighead carp and their hybrid were 12-33".", 54-99%, 
and 17-77'(, respectively. 

There are conflicting reports in the literature concerning the selectivity of specific 
genera of phytoplankton by silver carp. Chiang (1971) reported that silver carp were 
selective about their food, favoring blue-green algae over green algae and showing an 
aversion to diatoms. However, Lin (1969) stated that while silver carp ingested

principally phytoplankton and detritus particles but very little zooplankton, they

did not appear to have a mechanism to select food but ingested whatever was 
available in the water, piovided that the sizes of the food particles were in the 
correct range; a bloom of three genera of blue-gree algae developed in one pond
and this was reflected in a higher percentage of these algae in the digestive tract at 
that time. This conclusion was supported by a study by Cremer and Smitherman 
(1980), who reported that although silver carp consumed primarily phytoplankton
(range of particle size 8-100 pm, majority 17-50 pm), the genera in the water samples 
were found in proportionate amounts to samples from the guts, indicating no selec
tivity for specific types of phytoplankton; seasonal variations in the genera were 
reflected in the gut contents, with the exception of the green alga Selenastrum, but 
its absence could have been due to its small size, usually less than 10 pm.

However, the potential diversity of the feeding habit of silver carp in the absence 
of the preferred phytoplankton diet has been reported by several workers. Accord
ing to Borucki (cited by Opuszynski 1978), detritus carried by the waters of the 
River Amur, the natural habitat of silver carp, in spring and early summer constitutes 
-nore than 90% of the feed of the fish; in summer during intensive blooms of algae
the amount rf d.tritus dec!ines and phytoplankton constitutes the basic feed com
p'.nent; but towards the end of September when algal blooms disappear, detritus 
again constitutes 60-100% of the feed of the fish. There are also several reports in 
the literature of the gut contents of silver carp from ponds consisting mainly of 
detritus (Opuszynski 1981; Bitterlich and Gnaiger 1984) and of containing signifi
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cant numbers of zooplankton (Lin 1969; Opuszynski 1972, 1978; Bitterlich and 
Gnaiger 1984). 

There are also reports of considerable latitude in the feeding habits of the herbiv
orous tilapias (Bowen 1982). Oreochromisaureus had guts full of the dinoflagellate 
Pcridinimcinctur during February to June when the phytoplankton was dominant 
in the water of the Tsalmon Reservoir in Israel, but from July to January, it fed on 
the bottom covered with inorganic sediments, organic matter, as well as diatoms and 
green algae (Leventer 1973). Spataru (1978) reported that the absence of a dense 
growth of aquatic macrophytes in Lake Kinneret, Israel, led to a change in the 
typical macrophyte feeding habit of Tilpiazillii; gut analyses revealed a great varia
tion in food, both animal and plant, from the plankton and the benthos. A recent 
study by Maitipe and De Silva (1984) demonstrated considerable trophic plasticity 
in Oreochromis mossarnbicus populations in twelve manmade lakes in Sri Lanka, 
involving feeding on phytoplankton, zooplankton and detritus. 

Detritus originates directly fron- plant biomass, or secondarily from animal feces 
which may comprise a large i:moui o,of undigested plant material, and is colonized 
by a community ot bacteria and fungi as primary degraders, and also Protozoa which 
consume the bacteria (Pomeroy 1980). Fish which feed on detritus presumably 
derive nutrition from the detrital community, including the bacteria (Bowen 1976; 
Kuznetsov 1977; Opuszynski 1981). 

MECIIANISMS OF (ONSVNIVI IN O) PLANI'ION 

There is conisiderabie confusion in the literature concerning the size range of 
plankton that can be consumed by filter-feeding fish, due in large part to our incom
plete knowledge concerning filter-feed~ng mechanisms. This has had important reper
cussions on attempts to optimize fish production in waste-fed systems. Schroeder 
(1978, 1980b) and Wohlfarth and Schroeder (1979) stated that silver carp were 
unable to harvest 905 of the primary productivity in Israeli fishponds because the 
phytoplankton were too small to be harvested by the gill rakers of the fish. They 
hypothesized that the direct consumption of phytoplankton by fish can account 
for only a small fraction of the fish production in a manured pond and that most 
phytoplankton must be "recycled to increase its size to a harvestable dimension" 
(Wohilfarth and Schroeder 1979). They reported various minimum particle sizes as 
filterable by silver carp (20-50 pm, Schroeder 1978; 30-40 pm, Schroeder 1980a; 
20 pm, Schroeder 1980b; and 40 pm, Wohlfarth and Schroeder 1979): all at odds 
with the conclusion of Spataru in a paper cited by the above writers, who wrote that 
"the special pattern of its gills, which are adapted to retain suspended organisms and 
particles of sizes less than 20 pm, enables silver carp to filter enormous quantities of 
phytoplankton and organic particles" (Spataru 1977). However, in a later study of a 
fish-prawn polyculture system receiving manure as the only pond input, Schroeder 
(1983a) attributed 60-80% of the growth of tilapia and 100% of silver carp to the 
photosynthetic food web. 
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There are various references in the literature that si!vcr carp filter nanoplankton.
Lin (1969) reported that silver carp is most likely to be capable of filtering particles
less than 10 pm with its broad, sponge-like gill plates. Yashouv (1971) demonstrated 
in aquaria that silver carp fingerlings were able to filter nanoplankton very effectively.
Reich (1975) also reported that the anatomical structure of the gills enables silver 
carp to filter nanoplankton. However, Januszko (1974) and Spataru et al. (1983)
both commented that it was difficult to appreciate how silver carp could filter 
Chlorellaminutissimna with a cell diameter of 3 pm and Chlamydomonassp. with a 
cell diameter of about 10 pm, respectively. 

Despite several studies on the structure of the filtering apparatus of the silver carp
(Boulenger 1901; Fang 1928; Verigin 1957; Zarnbriborshch 1957; Wilamovski 1972) 
our knowledge of the functioning of the filtering apparatus is still incomplete
(Cremer and Smithe-man 1980; Jirasek et al. 1981/82). Kuznetsov (1977) has sug
gested that the labyrinthiform organ (suprabranchial organ) of the fish produces 
mucus to which small particles, even isolated bacteria and small bacterial aggregates
adhere, and that these are then aggregated into larger masses, and then swallowed; 
microscopic examination of the silver carp guts revealed large quantities of bacterial 
aggregates, and those in the foresection of the guts were almost invariably' surrounded 
by slime. Plankton-feeding tilapias appear to filter particles by a combination of
 
physical filtration involving gill rakers and fine teeth 
on the pharyngeal bones 
(Bowen 1982) and entrapment of particles in mucus (Greenwood 1953). According 
to Greenwood (1953), suspended phytoplankton are drawn into the buccal cavity
where they become entangled in mucus secreted by cells in all areas of the oral and 
pharyngeal epithelium, the dorsal bucco-pharyngeal cavity being thrown into low 
folds to increase the surface area; mucus and food aggregates are carried posteriorly
but the gill rakers prevent them from escaping with the outgoing current. 

The milkfish, Chanos chanos, is another species of fish in which a lack of apprecia
tion of its ability to filter plankton may have limited its exploitation as a food fish. 
Traditionally it has been cultured in shallow brackishwater ponds and encouraged to 
browse on benthic algal pastures (Chen 1976). Chacko (1945) reported 40 years ago
that milktish fingerlings collected from estuarine waters in India and stocked in fresh
water and brackishwater ponds and reservoirs, fed on plankton (based on gut conteri 
analyses), but only during the past decade has a significant method of culturing the 
fish based on its plankton feeding mode been developed, the milkfish pen system in 
the shallow waters of Laguna de Bay, Philippines (Pullin 1981; Delmendo 1982).
Early studies on the mechanism of feeding in milkfish revealed that it has gill rakers 
and an epibranchial (suprabranchial) organ lined with an epithelium containing 
mucus cells (Chacko 1945; Kapoor 1954). The function of the epibranchial organ in 
digestion has been confirmed by more recent studies (Bertmar et al. 1969; Kapoor et 
al. 1975). A system of milkfish culture in "deep" freshwater ponds has recently
been developed in Taiwan but is based on pelleted feed (Su and Ting 1980; Horng
1981); neither farmers nor fish biologists in Taiwan apparently believe that milkfish 
are able to filter phytoplankton, although it is likely that the fish do derive some 
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nutrition from the phytoplankton in the "deep" water ponds because the water 
color is indicative of significant phytoplankton biomass (P. Edwards, pers. obs.). 

NUTRITIVE VAIUE AND DIGESTIBILITY OF PLANKTON 

Although fish may directly consume some of the manure added to ponds, it 
has been shown that it is a poor feed due to relatively low contents of metaboliz
able energy and true protein, but the nutrients and organic carbon contained in the 
manure lead to the production of natural food (autotrophic and heterotrophic organ
isms) of high nutritional value (Schroeder 1977; Wohlfarth and Schroeder 1979; 
Schroeder 1980a). The relative nutritive values of the various types of plankton, par
ticularly phytoplankton, have given rise to a great deal of controversy, and several 
major questions still remain to be resolved. Initially it was believed that certain 
species of phytoplankton were indigestible to fish and frequently emerged from the 
alimentary canal alive and moving or that they could be cultured after passing through 
the fish (Fish 1951; Prowse 1961). The cell contents of diatoms were reported to be 
digested by nearly all plankton-feeding fish, including silver carp and Oreochromis 
mossambicus, because the diatoms have cell walls with series of perforationsa 
through which enzymes can penetrate easily, but planktonic green algae, euglenoids, 
and most blue-green algae including Anabaena, Microcystis and Oscillatoria were 
reported to be indigestible (Prowse 1961, 1966a, 1966b). Prowse (1969) believed 
that besides diatoms, plankton-feeding fish could freely digest any cells which break 
open easily, such as the dinoflagellate Ceratium, but not phytoplankton with copious 
mucilage (blue-green algae), cellulose walls (green algae), or firm periplasts (eugle
noids). Prowse (1966a) did not recommend the traditional use of sewage or manure 
in fishponds because he believed it led to blooms of indigestible algae and considered 
that the development of such algae made it necessary to provide supplementary feed 
in Chinese carp polyculture (Prowse 1966b). 

The myth that blue-green algae cannot be digested by filter-feeding fish was 
finally laid to rest by an elegant study using 1-1 C on the assimilation of carbon from 
phytoplankton by herbivorous fish (Moriarty and Moriarty 1973); during a study of 
the productivity of Lake George, Uganda it was found difficult to reconcile the high 
productivity of herbivorous fish with the dominance of blue-green algae in the lake. 
It was shown that tilapia were able to lyse the cell walls of blue-green algae by rela
tively low gastric pH values of less than pH 2 (Moriarty 1973; Moriarty and Moriarty 
1973). However, good fish growth in waters dominated by blue-green algae had been 
recorded previously in India (Ganapati 1940; Srinivasan 1964a. 1964b), Sri Lanka 
(Mendis 1964) and more recently in Laguna de Bay, Philippines (Delmendo 1974; 
Lee et al. 1983). Analyses of successive portions of the guts of Tilapiazilli in Israel 
revealed that it had the capacity to disintegrate gelatinous colories of blue-green 
algae, especially Microcystis, and thus feed on them (Spataru 1978). Recent work in 
China has indicated that tilapia can digest both green and blue-green algae (Zhang 
Zong-She, pers. comm.). 
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The literature on the digestibility of phytoplankton by silver carp is somewhat
 
confused. In Russia, diatoims were found 
to be the most preferred and easily digested
algae, followed by the eu glenoid Euglena and the green algae Coclastrum and Pedias
trum, but blue-green algae such as ..Anabuena, Coclosphacrium, MerismopL'diaand 
Oscillatoriawere considered to be indigestible; the fish were reported to tend to spit 
out filtered material consisting mainly of blue-green algae (Savin, cited by Lin 1969). 
Silver carp were reported to grow more slowly in a pond with abundant blue-green
 
algae than in one with more abundant green algae and d iatoms (Lin 1969). Sparatu

(1977) 
observed that only organic particles and the green alga Scvncdesmus quadri
cauda were food for silver carp and that ingested euglenoids E!ilena and Phacus 
remained whole and retained their pigmentation throughout tie gut. According to 
traditional Chinese experience, the suitability of ponds for raising fish is basd in 
part on the color of the wat-.r: the best is brown due to the cryptomonad Crypto
monas, foliowed by green water caused by green algae such as Scencdesmus and the
 
euglenoid Euglena; diatoms are also considered to be good feed for silver carp but
 
are not abundant in fertilized ponds. Blue-green water due to the growth1 of blue
green algae is regarded as too fertile, possibly because of the danger of low dissolved 
oxygen concentrations at night, ratIer than a belieff that bhe-green algae are indigest
ible (Zhang Zong-Slie, pers. comm.).
 

However, there are reports in the li erature that silver carp consume 
blue-green as
 
well as green algae. Chiang (1971 ) reported that silver carp digested Alicrocystis and
 
green algae more easily than diatoms, based on an analysis of gut contents. Ghosh et
 
at. (1973) analyzed the gits of silver carp raised in a sewage-fed pond in India and
 
reported that the gul contents were dominated by blue-green algae (61r) and
 
organic detritus (1 5%); the cell contents of the blue-green alga Oscillatoria, which
 
was predominant in both the water and the guts, were observed to be completely
absorbed in the po:Aerior gut. Mimcyst is was also dominant in plastic -nclosures in 
a eutrophic pond and in the gut contents of silver carp stocked in the enclosures
 
(Kajak et al. 1975). Recent data from China indicate that silver carp can digest and
 
absorb Scencdesmus, Eugh'na and Microcystis (Zhu 
 1982; Zhu and Deng 1983). 

There is a general consensus of opinion that fish can digest zooplankton but our 
knowledge is far from complete concerning the digestibility of bacteria and phyto
plankton. Both Kuznetsov (1977) and Opuszynski (1981) reported that silver carp 
consume bat,:terioplankton, but the mechanism of digestion remains obscure because 
vertebrates lack gastric enzymes capable of attacking the prokaryotic cell wall 
(Bowen 1982). Moriarty ( 973) first described the role of gastric acid in the lysis of 
blue-green algae (cyanobacteria) in Oreochromis niloticus and Bowen (1976) demon
strated ii vilro that the same mechanism allows Orcochromismossambictus to digest
bacteria associated with detritus. However, it is not yet known how silver carp can 
digest bacteria and blue-green-algae, nor how silver carp and tilapia can digest green 
algae with cellulosic walls (Fish 1960; Stickney and Shumway 1971)

There are relatively few quantitative data concerning digestibi' y ,"algae by fish, 
and most relate to feeding dried algal meal. Nose (1960) fed goldfish (Carassius 
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auratus)diets containing various ratios of the green alga Chlorella and potato starch 
and estimated that about 48% of the protein of the alga was digested. Channel cat
fish (Ictalunspunctatus) fingerlings fed on a diet containing 25-75% of five algal 
genera (green algae Chlamydornonas,Chlorella, Chlorococcum and Chlorogonium 
and the euglenoid Euglena) gained as much weight as control fish fed a 100% com
mercial feed, although larger fish of 20-25 cm fed the algae-supplemented diet gained 
less than control fish in 10 weeks (Reed et al. 1974). Diets enriched with the green 
alga _Senedcsmus led to better growth than conventional fish diets at levels up to 
50% and 80% for fingerlings of common carp (Cyprinus carpio) and grass carp 
(Ctenopharyngodon idella), respectively (Meske and Pfeffer 1978). Apparent protein 
digestibilities of algal meal (green algae Ankistrodesmus, Oocyslis and Scenedesmus 
and the euglenoid alga Euglena) by common carp, Gyprinus carpio ranged from 69 
to 85%, lower than for fish meal but similar to that of oil meals (Sandbank and 
Hepher 1978; Hepher et al. 1979). According to Hepher et al. (1979), the use of 
algal meals in fish diets will depend only on its cost of production, harvesting and 
processing. 

Since the mass cultivation of algae as feed has yet to be demonstrated as economi
cally viable, data concerning feeding fresh algae to fish are of greater interest. Stanley 
and Jones (1976) fed wet concentrates of the blue-green alga Spirulinacontaining 
96% water to bigmouth buffalo (Ictiobus cyprinellus) and tilapia (Oreochromis 
aureus) in aquaria and obtained a relatively low food conversion ratio of 2.0 (dry 
concentrate:wet fish weight gain). However, the ingestion and assimilation efficien
cies of algae fed to fish as concentrates may differ from those for algae filtered from 
the water naturally by the fish. Moriarty and Moriarty (1973), using 14C, determined 
the assimilation (apparent digestibility) of carbon by Oreochromis niloticus and 
reported maximum values ranging from 67 to 82% for the blue-green algae Anabaena 
and Microcystis and 78 to 81% for the diatom Nitzschia but lower values ranging 
from 45 to 52% for the green alga Chlorella.Mean daily assimilation efficiencies 
for blue-green algae and diatoms in the lake water were in the range of 45 to 60% 
(Moriarty and Moriarty 1973). Edwards et al. (1981a) reported food conversion 
ratios (dry weight algae:fresh weight fish basis) ranging from 1.3 to 2.5 at maximum 
fish yields for Oreochromis niloticus raised in outdoor concrn'te tanks through wbich 
the algae-laden effluent of a sewage-fed high rate stabilization pond was pumped. 
The ratios were computed using the phytoplankton biomass retained in the tanks 
(the difference between the b'omasses in the influent and effluent) and were rela
tively crude estimates, because algal productivity, predation by zooplankton and 
sedimentation rate were not determined. Furthermore, the fish may have derived 
nutrition from detritus remaining in the high rate stabilization pond effluent. 

These experimental constraints have been overcome to a large extent by the 
simultaneous culture of phytoplankton and tilapia in water enriched with inorganic 
fertilizers in outdoor concrete tanks. It was necessary to introduce organic carbon 
initially to induce the blue-green alga Microcystis to grow, but it was calculated that 
the organic carbon was not very significant in fish growth (Colman et al., unpub
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lished data). Feeding rate was estimated from tile sum of ,gai disapp-arance during
the fish growth period (57 days) and the computed net algap productivity, NPl.
Cultures in which either Microcystis or Sccncdesnu,3 predominated were established,
three tanks tor each algal genus with adequate water quaility foy fish growth. Fish 
biomass increase was 3.7 g/m2 'day (wet weight) in the Microcvslis-do mited tanks, 
more than three time. he rate of increase of only 1.1 g/m 2/day in the Sceiwdcsius
dominated tanks. Feed conversion ratios for the Microcvstis-dominated tanks were a
low mean of 2.0 (dry weight algae: fresh weight fish basis); the feed conversion ratio 
for the Scenedesmus-dominated tanks could not be calculated because the formation
of oxygen bubbles in the water precluded the measurement of primary productivity 
(Colman et al., unpublished data). 

Algal Periodicity 

G:NERA INVOLVFD 

An appreciation of which phytoplankton genera are likely to predominate in
waste-fed aquaculture systems is a prerequisite to the optimization of fish produc
tion because of evidence that the digestibility and nutritional value of algae may
 
vary. In contrast to higher plants, freshwater phyl oplankton generally have a cos
mopolitan or ubiq1 uitous distribution with many species fond in all parts of the

world in a variety of habitats from polar to tropical regions (Smith 1950; Whit ford

1960; Reynolds i984a, 1984b). No correlation has been reported between which

species became dominant in sewage oxidation ponds and their geographical location
 
(Fitzgerald and Rohlich 1958).
 

The composition of phytoplankton communities often undergoes continuous

changes, which operate 
over much shorter time scales than in terrestrial environ
ments. The term "periodicity" is preferable to "succession" when applied to seasonal

phytoplankton community changes because in plant ecology the concept of com
munity succession (which may include an aquatic phase) embodies a more or less
unidirectional change from a "pioneer" through a distinct series of successional 
stages to a "climax" community (Reynolds 1984a). The terrestrial stages of succes
sion are characterized by increasing species diversity and biomass but declining
productivity (Odum 1969; Reynolds 1984a), whereas a change from an oligotrophic
to . eutrophic water body is more likely to involve decreasing species diversity
associated with both increasing biomass and productivity of phytoplankton.

The seasonal changes in abundance and composition of phytoplankton in tem
perate lakes, during which the biomass may change through six to nine orders of
magnitude as a response to seasonal changes in daylength, light intensity and thermal 
structure of the water column, as well as nutrient availability and the abtlndance of
herbivores, are well known. Although there are numerous variations in phytoplankton
periodicity, in more productive temperate lakes the spring and early summer diatom
populations are progressively followed by maxima of green algae (Eudorina,Pan
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dorina, Volvox), filamentous blue-green algae (Anabaena,Aphanizornenon), and 
ultimately by large standing crops of the dinoflagellate Ceratium and/or the blue
green alga Microcystis (Reynolds 1984a). In shallow water bodies in temperate lati
tudes that receive high and continuous nutrient loads, such as sewage oxidation 
ponds, phytoplankton growth continues throughout t!e year and the community is 
most likely to be dominated by green algae (Ankistrodesmus, Chlamydomonas,
Chlorella, Micractinium, Pyrobotrys, Scenedesinus) and the euglenoid, Euglena
(Silva ahd Papentuss 1953; Allen 1955; Fitzgerald and Rohlich 1958; Raschke 
1970). However, in warmer latitudes during the summer, blue-green algae may be 
dominant. In Texas, USA, in a warm temperate latitude, green algae dominated a 
sewage oxidation pond during most of the year but during the summer, when 
temperatures were elevated, the blue-green algae Oscillatoriaand Microcystis were 
dominant (Wiedeman 1965). In warm temperate Florida, the unicellular blue-green

alga Synechoeyslis was reported to have a competitive advantage in summer, under
 
unmixed or intermittently mixed conditions, over the green alga Chlorella and the
 
yellow-brown alga Monodus which 
were dominant at other seasons (Lincoln et al. 
1984). Eutrophication has led to major changes in the structure of the phytoplankton
community in the shallow Lake Dong Hu, Wuhan, China, with an increase in the 
abundance of phytoplankton by an order of magnitude and the previously dominant 
diatoms and cryptomonads gradually replaced by green and blue-green algae; the 
summer maximum of blue-green algae was also more predominant and lasted longer
than before (Jao and Zhang 1980). 

Some of the large and nutrient-deficient lakes in th, tropics maintain relatively
small algal communities, including diatoms, but the shallow a--! more productive 
lakes where the physical constraints of temperate lakes are absent may support
persistent blooms of blue-green algae, particularly Microcystis (Ganf 1974a; Rey
nolds and Walsby 1975; Reynolds 1984a, 1984b). There are several references in the 
tropics, particularly from India, of small water bodies such as temple tanks, fish tanks, 
fort moats, and sewage stabilization ponds, that contain more or less permanent
blooms of blue-green algae (Ganapati 1940; Singh 1955; George 1962; Srinivasan 
1964a, 1964b). Microcystis is the most common bloom-forming genus in India, but 
in addition the following genera of blue-green algae have been reported to form per
sistent blooms: Anabaena, Anabaenopsis, Aulosira, Gylindrospennum, Gleotrichia, 
Oscillatoria,Raphidiopsis,Spirulina and Wollea (Singh 1955; Jayangoudar and 
Ganapati 1965). The eutrophic Beira Lake situated in the city of Colombo, Sri 
Lanka, has dense year-round standing crops of phytoplankto usually blue-green
algae (Mendis 1964; Costa and de Silva 1978). However, it should be noted that 
other algae may predominate in shallow eutrophic ponds in the tropics. Rao (1980)
listed common phytoplankton genera recorded from stabilization ponds in India; 
in addition to the blue-green algae Merismopedia,Microcystis, Oscillatoria,Spirulina
and Synechococcus, he feported the green algae Chlainydomonas, Chlorella, Pan
dorina and Scenedesmus, and the euglenoids Euglena and Phacus. Green algae were 
most frequently the dominant algae in an experimental sewage-fed high rate stabiliza
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tion pond in Thailand although blue-green algae, particularly Microcystis, were 
dominant during about one-third of the observations made (Edwards and Sinchum
pasak 1981). 

It may be desirable to cultivate a certain species of herbivorous fish in a pond
with a given genus of nutritious phytoplankton, but despite an enormous accumula
tion of knowledge concerning phytoplankton periodicity over the past 50 years) our 
ability to control phytoplankton periodicity in nature is rudimentary (Reynolds 
1984b). 

An understanding of r- and K-selected algal species may lead to the development
of technically feasible strategies to select for either green or blue-green species in 
waste-fed ponds. According to Reynolds and Walsby (1975), the dominant algae at 
high natrient loadings are likely to be those with the fastest rates of growth, such as 
the small green algae Chlorella and Scenedesmnus, with a higher productivity than 
Microcystis. Uhlman (1971) described models of phytoplailkton growth which 
indicated that small green algae are able to dominate at high nt-trient loadings and 
short retention times due to their rapid growth rates. Blue-green algae have been 
observed to dominate eventually in experimental static water ponds loaded with 
organic matter at the Asi-in Institute of Technology, but months may elapse before 
the blue-green bloom occurs in cases in which greens have become dominant first 
(Colman and Edwards, unr ,blished data). 

It is possible to overcome the advantage of r-selected species in newly established 
culture systems by seeding with Microcystis. Attempts to seed Microcystis at the 
Asian Institute of Technology in sixteen 4-5 m 2 concrete tanks and twelve 200 r 2 

earthen ponds in which organic fertilizer had been applied resulted consistently in 
massive Microcystis blooms in two to three days. However, the blue-green algal
inoculum died when seeding was attempted with only inorganic fertilizers added to 
tanks. 

Since phytoplankton are normally heavier than water, bloom-forrliog genera have 
evolved mechanisms to reduce their density and avoid sinking out of the euphotic 
zone, e.g., small size, cellular appendages, ability to swim, or provision of gas vacuoles 
(Reynolds 19 84a). Shallow tropical water bodies, both lakes and fishponds, have 
been reported to be thermally stratified during the middle of the day under still, 
windless conditions and to "overturn" due to wind action and/or cooling during the 
night (Ganapati 1940; Singh 1955; Ganf 1974b). Microcystis in tropical Lake George,
Uganda, were reported to be usually evenly distrib'ited during the night and cdrly
morning and then to sink during mid-day to avoid prolonged exposure to potentially
damaging high light intensity (Ganf 1974b). There is evidence that light intensity
provides the basis for the control of the gas vacuoles in blue-green algae and their 
ability to migrate (Ganf 1974b; Reynolds 1984b). Such diurnal migrations enable 
Microcystis to obtain optimal light intensity for photosynthesis and may also be a 
mechanism by which it competes with other potentially faster-growing species
(Reynolds 1984a). The dominance of the unicellular blue-green alga Synechocystis 
sp. in summer in a high-rate stabilization pond in Florida occurred only under un
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mixed or intermittently mixed conditions; continuous flow-mixing at 20-30 cm/sec 
was effective in suppressing the alga and led to dominance of green and/or yellow
brown algae (Lincoln et al. 1984). A list of the six major dominant algal genera in 
sewage-fed high rate stabilization ponds in Israel did not include a single blue-green
algal genus (Azov et al. 1980), possibly because the contents of the ponds were 
usually mixed. However, as noted earlier, blue-green algae, mainly Microcystis, were 
dominant during about one-third of the observations made of an experimental sew
age-fed high-rate stabilization pond in Thailand (Edwards and Sinchumpasak 1981). 

FACTORS INVOLVED 

Diatom biomass usually declines following silica limitation in lakes, and waters 
that are so shallow and turbid, that diatoms rapidly sediment into aphotic sediments 
are inimical to dihtom growth (Reynolds 1984a). Stratified water columns may be 
unfavorable for diatoms. Major shifts in dominance from diatoms to green algae and 
to the blue-green alga Microcystis occurred in experimental enclosures in which 
approximately constant concentrations of dissolved nutrients were maintained by 
fertilization (atomic ratios 26Si :33N :2P), whereas mixing of the water column led 
to a renewed growth of diatoms (Reynolds 1984b). In a Pnlish fishpond stocked 
with silver carp, the sudden change in dominance of diatoms after spring and early 
summer to green algae did not take place and diatoms were numerous to the end of 
the growing season, although the euglenoid Euglena and the cryptophyte Crypto
monas were also abundant (Januszko 1974); a possible reason for the maintenance 
of the phytoplankton in an earlier stage of periodicity was considered to be the con
siderable acceleration in the circulation of matter in the water due to the presence of 
the silver carp (Opuszynski 1978). 

Dense water blooms of phytoplankton are dependent on light and nutrients. The 
relative dominance of green algae and blue-green algae may be related to different 
evclutionary adaptations to °tplanktonic existence: "r-selected species" versus 
"K-selected species", a concept which is well established in theoretical ecology. Green 
algae and euglenoids are probably "r-selected species", i.e., pioneer or colonizing,
opportunistic species with rapid growth that may later be displaced by blue-green 
algae, "K-selected species" which grow more slowly but which can make better use 
of available resources and operate more closely to the environmental carrying 
capacity of the system. Microcystis, which has the ability to form permanent blooms 
in shallow, eutrophic water bodies, may be an extreme example of a "K-selected 
species" (Reynolds 1984a). Although the shortest doubling time recorded to date 
for any alga is about 2 hours for the blue-green Synechococcus (Anacystis nidulans), 
the mean doubling time for Microcystis is about 2.1 days at 20C under optimal 
conditions, much more than that of several small green algae which often dominate 
eutrophic ponds (Chlamydomonas,Chlorella,Scenedesmus), the optimum doubling 
rate of which may be less than 9 hours (Reynolds and Walsby 1975; Reynolds 1984a). 
Allen (1955) reported that the green algae Chlorella and Scenedesmus were dominant 
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due to their high growth rate in sewage oxidation ponds in California where active 
oxidation of the zewage was taking place. Rao (1980) was able to demonstrate a 
definite pattern of periodicity in the growth of algae on sewage in India; the lower 
the BOD (biochemical oxygep demand) of sewage, the faster was the change from 
green algae to blue-green algae as final dominants. The nature of Microcystis as a 
"K-selected species" nay explain what is regarded as a paradox: blue-green algae are
characteristic of highly eutrophic waters, but these algae develop in temperate lakes 
after the initial spring bloom when concentrations of inorganic nutrients such as
nitrates and phosphates are relatively low (Fogg 1969; Reynolds and Walsby 1975).

It is often stated that blue-green algal blooms are stimulated by organic matter 
(Ganapati 1940; Reynolds 1984a), but no specific requirement for an organic sub
strate has been demonstrated for freshwater blue-green algae (Reynolds 1 984a). The 
role of organic matter in promoting blue-green algal growth remains unclear but may
be nothing more than the well-known symbiotic relationship between bacteria and 
algae in stabilizing organic matter in which oiganially bound carbon, nitrogen and 
phosphorous and perhaps other elements are metabolized by bacteria and made
 
available for algal growth in exchang 
 for oxygen (Reynolds and Walsby 1975).

Microcystis also has a requirement for a 
high pi1, greater than HH 9 (Gerloff and 
Skoog 1954; Shapiro 1973). Shapiro (1973) reported that both green algae and blue
green algae responded to high nutrient levels but that at high pH, blue-green algae
predominated because they were more efficient than green algae in obtaining CO,
from low ambient concentrations. However, this hypothesis was discounted by Gold
man (1973), who pointed out that only the total inorganic carbon concentration in 
water is important for the growth of algae and that blue-green algae thrive at high
pH due to factors other than low CO, concentrations. Microcystis has also been
reported to tolerate low concentrations of dissolved oxygen and be able to withstand 
periods of deoxygenation (Reynolds and Walsby 1975) which may help it to com
pete in waste-fed fishponds. 

Fish Kills 

WATER QUALITY 

Fish selected for waste-fed systems must be able to withstand wide fluctuations in
dissolved oxygen. Chervinski (1982) described tilapias as very tolerant to low dis
solved oxygen concentrations, even to early morning concentrations below 1 mg/l,
when they may use atmospheric oxygen. The Chinese carps require higher concentra
tions of oxygen; bighead (Aristichthys nobilis), grass (Ctenophaw-ngodon idella),
mud (Cirrhinusmolitorella), and silver carp (Hypophthalmichthys molitrix) grcw
and develop normally when the dissolved oxygen conce;;tration is above 2 mg/I and 
the higher the oxygen coticentration of the water, the more food is taken. When the 
dissolved oxygen concentration falls below 2 mg/I, the fish have a poor appetite,
below 1 mg/I they stop feeding, and if the concentration drops below 0.2-0.5 mg/1 
the fish asphyxiate and die (Anon. 1980). 
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Large-scale fish mortality or "fish kills" have been reported in lakes, ponds and in 
waste-fed aquatic systems, and have been attributed to various causes. Bh'. kraran 
and Hora (i952) reported a large-scale mortality of fish in the Hanakhali szwage 
fishery near Calcutta which he attributed to overapplication of wastewater, which 
presumably led to a decrease in water quality. Krishnamoorthi (1976) reported 
acute mortalities of fish, common carp (Cyprinuscarpio) and rohu (Labeo rohita) in 
fishponds fertilized with stabilization pond effluent at Nagpur, India; blue-green 
algae, particularly Microcystis, were dominant and dissolved oxygen concentrations 
were reported tr drop to critical concentrations at night. It has been known for 
many years that phytoplankton blooms can cause sudden fish kills and these have 
generally been attributed to the oxygen demand of decaying algae causing the 
depletion of dissolved oxygen (Tilden 1929; Olson 1932; Smith and Swingle 1939; 
Boyd et al. 1978). The cause for the sudden death of most or all the phytop~ankton, 
which typically involve blue-green algae such as Microcystis or Anabaena, hut some
times the green alga Trachelomonas and the dinoflagellate Gymnodinium, is not 
known (Swingle 1968; Boyd 1979). The collapse of blue-green algal blooms may be 
associated with large increases in buoyancy due to inability of the alga to control its 
gas vacuoles, resulting from deficiencies in N, P or CO 2 (Reynolds and Walsby 1975; 
Healey and Hendzel 1976). At Auburn, Alabama, die-offs of blue-green surface 
blooms usually occur during calm, clear, warm weather in lkte April to early May
(Boyd 1979). Excessive rdiation may damage the algae and may be the ultimate 
cause of death (Reynolds and Walsby 1975; Reynolds 1984a). According to Swingle
(1968), the presence of a surface bloom may lead to total depletion of dissolved 
oxygen in the lower water layers because there the lack of l:ght prevents photo
synthesis. However, there may still be adequate dissolved oxygen for fish in the 
upper 0.3-1.2 m. The problem for fish arises when there is an overturn or upwelli-ig
of deoxygenated water to the surface caused by a sharp drop in air temperature (for
example in late summer or early autumn) by heavy winds blowing the surface water 
to an opposite bank, or by heavy cold rains falling on the water. Mendis (1964) 
reported that occasional mass mortalities of tilapia in a highly eutrophic Microcystis
dominated lake in Sri Lanka nearly always occurred after heavy overnight showers. 
Asphyxia of Chinese carp in South China usually occurs between summer and 
autumn due to heavy downpours of rain which cause the humus on the pond bot
tom to be stirred up by the sudden fall in temperature and sinking of the surface 
layers of water, with an increased consumption of dissolved oxygen in the water 
(Anon. 1980). Sudden mortality of mullet and carp in fishponds in Hong Kong was 
correlated with the collapse of algal blooms, resulting in oxygen depletion and an 
increase in ammonia (Sin and Chiu 1982). The collapse of a bloom of the blue-green 
alga Aphanizomenon in southern France caused mortality of carp due to the disease 
known as infectious dropsy of carp (IDC); the pathological symptoms of the fish 
carp following the collapse of the bloom were caused by NH 3 poisoning, with con
centrations of unionized ammonia estimated to have reached a maximum of 0.30 
mg NH 3/1 (Seymour 1980). 
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Toxic BLUE-GREEN ALGAL BLOOMS 

There is a considerable body of literature on the production of toxins by bloom
forming blue-green algae (see Carmichael and Gorham 1.980; Codd 1984; Skulberg e
al. 1984 for recent reviews), a topic of some concern in view of their potential adverseeffect not only on fish cultured in waste-fed systems but also on humans who may
consume such fish. Of the three common bloom-forming species of blue-green algae,
Anabaena flos-aquae, Aphanizomenon flos-aquac and Microcystis aeruginosa, the 
last is frequently dominant in waste-fed fishponds.

Most reported cases of poisoning have involved livestcck that have drunk from
bloom-infested waters. Livestock poisonings have been reported with the greatest
frequency from western Canada and the midwestern USA but also from similar

geographic regions in Asia, Autralia, Europe, South Africa and South America.

Most cf the blooms of the potentially toxic bloom-forming species are nontoxic but
the environmnntal conditions leading to toxicity are not known. Toxic and nontoxic
strains cf particular species exist but there may be complex mosaics of varying
degrees of toxicity within a single bloom. The wide range of toxicological signs
reported for affected animals-poisoning and tissue darn ige to cardiovascular, gastro
intestinal, hepatic, neuromuscular and respiratory systems-implicate different types
of toxins. Some toxins are fast acting and are or may be alkaloids whereas others act 
less rapidly and are or may be peptides.

Despite the significance of the presence of potentially toxic blue-green algae infishponds, there is a dearth of critical literature on the subject; most of the reports
relating fish mortality to blue-green algal blooms may be explained, with a lack of
evidence to the contrary, by anoxia or by algal decomposition products (Prescott
1948; Ingram and Prescott 1954; Schwimmer and Schwimmer 1968). However,
there are reports that implicate blue-green algal toxin in fish mortality. In a study
reported by Kun,Teplyi and Astakhova in 1961 (cited by Schwimmer and Schwim
mer 1968), carp (species not given but probably common carp, Gyprinus carpio)
injected intraperitoneally with a sterile infusion of Anabaena,Aphanizomenon and
Microcystis exhibited erratic behavior, labored respiration, convulsions and finally
mortality: similar results were reported from feeding a mixture of live Aphanizb
menon and Microcystis to the fish. Gentile and Maloney (1969) reported that intraperitoneal injections of extracts of Aphanizomenon flos-aquae lead to mortality of
Cyprinodonvariegatusand Fundulusheteroclitus;and in the same paper, the authors
reported mortality of the golden shiner, ANotemigonus ciysoleucas, when the ex
tracted toxin was added to the water. A pure ,train of Microcystis aenginosa(toxic
to mice) was nontoxic to rainbow trout immersed in a culture for 10 days, although
an intraperitoneal injection of Microcystis aeruginosacaused an acute toxic response
with 100% mortality withl 36 hours (Phillips et al. 1985).

There are no published ( -ta on Microcystis toxicity to filter-feeding tilapias, but
in a recent series of experiments with Nile tilapia, 0, tochromis niloticus, there were 
no significant mortalities in a tank containing Microcystis (toxic to mice) compared 
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to a control tank containing a nontoxic strain of Microcystis over a period of 10 
days; the fish filtered the algae out of the water in both tanks (M.J. Phillips and G.A. 
Codd, pers. comm.). The absence of reports of tilapia mortality in many lakes, e.g.,
Lake George in Uganda and in waste-fed fishponds dominated by Microcystis in the 
tropics, is encouraging but the potential danger should not be ignored. The Micro
cystis toxin isheat labile so proper cooking of tilapia raised in Microcystis-dominated
ponds should render any toxin accumulated by the fish harmless to humans (B. 
Hepher, pers. comm.). 

Pond Balance and Optimization 

There are two types of balances of concern in waste-fed fish culture-organism
balance and chemical balance-and the two are closely connected. The metabolic 
products of respiration, some of which are toxic to fish at elevated concentration, 
are produced on a net basis by the nonphotosynthetic biota, such as bacteria, zoo
plankton and fish. These materials provide nutrients for algql growth. The algae
in turn produce oxygen required for respiration. A number of modeib of fishpond
dynamics have been developed to attempt to simulate conditions in pond culture 
(Romaire and 3oyd 1979; Talpaz ani Tsur 1982; Svirezhev et al. 1983/1934; Wolfe 
et al., in press) but none has yet been used to determine optimal management 
practices for commercial operations, and probably for good reason. Even if all 
possible means and costs of manipulating pond biology and chemistry could be 
coupled to a pond dynamics computer model to optimize fish production on bio
logical and economic grounds, the effort involved in computing would be very large
and the rewards in terms of fish culture possibly too small. Because the conditions 
or optimal balance may change continually, it is not certain that rule-of-thumb 

guidelines for pond management practice would be forthcoming from such an 
analysis. An alternative approach, shown below, is based on the observation that 
several potentially production-limiting factors (including rates of natural food 
production and oxygen generation) can reach their optimal values for fish produc
tion simultaneously. The conditions necessary for simultaneous optimization, which 
concern primarily rates of productivity and destruction of pond algae, determine the 
limits to the output that can be expected from waste-fed aquaculture, as well as 
limiting values for system segments such as primary productivity, heterotrophic 
productivity and fish stocking density. The case for simultaneous optimization of 
productivity-limiting factors is based on the literature on organism and chemical 
balance reviewed below. 

ORGANISM BALANCE 

Optimal population densities of phytoplankton, heterotrophic bacteria and fish in 
pond culture remain to be specified; there are merely suggestions in the literature 
that these various groups should be in balance (Hoffmann 1934; Tang 1970). 
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Balance of the herbivorous fish-algae interaction shouid be relatively simple as this 
follows the dynamics of a two-level food chain (Fretwell 1977), in which greater 
grazing pressure reduces plant biomass and lesser pressure allows more growth. The 
implication is that the cultured fish alone are responsible for cropping the algae. 
Indeed, in several investigations of planktivorous fish in culture tanks, the zoo
plankton were quickly cropped off when fish were added so that the subsequent 
effect of zooplankton on the phytoplankton was greatly reduced (Wolfe 1981; 
Costa-Pierce 1983; Elliott et al. 1983; Smith 1985). 

Investigators of algal growth in light-, as opposed to nutrient-limited, systems have 
presented models (Goldman 1979; Laws and Malecha 1981) and experimental data 
(Goldman et al. 1975; D'Elia et al. 1977), which show that net primary productivity 
has a maximum value, as a function of algal standing crop, at an intermediate stand
ing crop density (Fig. 1). Standing crop is in turn regulated by "harvesting rate"-the 
rate of flow-through in algal biomass culture (Goldman 1979) or, in static aqua
culture systems, by the combined grazing and algal death rates. Thus, standing crop 
i,at a maximum, determined by a balance between available iight for growth aind 
respiration and death of the algae, when the harvesting rate of the algae is zero. As 
harvesting rate is increased from zero, the standing crop decreases and not produc
tivity increases. The maximum net productivity occurs when the harvesting rate 
(algal capture) equals the maximum possible rate of algal productivity. This system 
is stable as long as phytoplankton biomass is larger than the value, X', corresponding 
to maximum net productivity. There the effect of increased cropping rate caused by 
an expanding biomass of planktivorous fish would cause a drop in algal standing 
crop and an increase in net productivity (Fig. 1). Thus, the increased demand for 
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Fig. 1. Generalized relationship between algal productivity and 
algal standing crop. P', maxi.num algal productivity; X', maxi
mum algal standing crop. 
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algae would be met without a major change in the system, such as an algal popula
tion crash. However, if the harvesting rate "ncreased enough to push the standing 
crop below X', stability would be lost because continued decrease of standing crop 
from increased harvesting would result in lower net productivity. The lower produc
tivity A ould increase the rate of algal biomass decline, resulting in still lower produc
tivity, and so on, causing a precipitous drop in algal standing crop. 

In waste-fed systems in which phytoplankton are food for filter-feeding fish, it 
would be desirable to adjust the fish grazing pressure to maintain the phytoplankton 
standing crop at density X', corresponding to maximum net productivity of algae, to 
exploit the algal food source to the fullest possible extent. Actually, a slight com
promise of net productivity using phytoplankton standing crop somewhat above X' 
would be best, in view of the system stability. Although the relationship described 
above has been shown to be valid for algal biomass culture, in which mechanical 
harvesting is employed, it has yet to be adequately demonstrated whether fish crop
ping of algae can be substituted for mechanical harvesting in otimizing algal produc
tivity. Evidence for equivalence of these processes would be a decrease in algal stand
ing crop as herbivorous fish stocking density increased, an increase in algal net pro
ductivity with an increase in fish stocking density and a precipitous decline in both 
alga! biomass and productivity at very high stocking densities. 

Reich (1975) may have been the first to appreciate these relationships between 
algal biomass and productivity and fish stocking density, although he did not present 
any supporting data. According to him, intensive grazing of algae by silver carp leads 
to a decrease in algal biomass but an increase in primary productivity. He also believed 
it possible to increase the number of fish in the pond to such an extent that the rate 
of grazing exceeds the reproductive potential of the algae with concomitant decreases 
in both primary productivity and fish yield. 

In recent work at the Asian Institute of Technology, four 4-5 n 3 concrete tanks 
were stocked at 4 fish/m2 with 70 g Nile ti!apia, Oreochromis niloticus, and fertilized 
with septage and inorganic fertilizer and fish biomass increased at rates of up to 4.6 
g/m2 /day over a 62-day period. Algal biomass was lowest and net primary produc
tivity le.vels were highest in the tank with the fastest-growing fish. Nitrite concentra
tions in the tanks were inversely correlated with fish growth. If we assume the slower 
growing fish were cropping less algal biomass, these results demonstrate that fish can 
increase net primar, productivity through decreasing algal standing crop (Colman et 
al., unpublished data). In a second tank experiment in which Microcystis dominated 
all concrete tanks, fish stocking density with 44 g Nile tilapia varied from 0.5 to 10 

2fish/rn . Initially fish grew best (biomass increased up to 6 g/mt/day, average of three 
replicates) at the higher stocking densities but by the third measured growth interval 
(day 27-41), treatments with lower stocking density showed better fish growth. No 
correlation was noted between fish stocking density and chlorophyll a concentra
tion, but a change in algal dominance from Microcystis to Scenedesmus was found at 
the highest fish stocking rate. Rather than cause a precipitous decline in algal stand
ing crop, high harvesting pressure by fish may simply cause a shift in dominance to 
those algae that are too small to be filtered or too indigestible to be assimilated. 
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Several investigations that have indicated a shift to small, relatively indigestible
(compared to blue-green algae) green algae in the presence of herbivorous fish have 
been undertaken in translucent tanks using inorganic fertilizers and high fish stock
ing rates (Wolfe 1981; Pierce 1983; Elliott et al. 1983; Smith 1985). These systems 
may in fact favor faster growing green algae over slower growing blue-green by a 
mechanism that would not occur in earthen ponds. Light penetration through the 
sides of translucent-sided tanks might remove the competitive advantage of blue
green algae, of positioning themselves through buoyancy regulation in optimal light
intensities at or near the surface and thus shading and outcompeting green algae
(Reynolds 1984a). If this factor does operate and leads to the development of less 
_:gustible algae in fish tanks compared to ponds, it could help to reconcile results 
from food pathway investigations of these systems using the delta carbon (5C) tech
nique: Oreochromisaureus which were raised in tanks and given complete pelleted
feed, but which were found also to graze algae, had apparently derived their food 
entirely from pellets (Schroeder 1983b); but in earth ponds stocked with tilapia
hybrids at a density of 0.75/M 2 with organic manure, algae and pelleted feeds 
available, the ratio of carbon isotopes in the fish bodies suggested strong reliance on 
"natural foods of photosynthetic origin" (Schroeder 1983a).

Attempts to control algal blooms by adding herbivorous fish to culture systems
have sometimes led to dramatic increases in algal standing crop; for example, when 
silver carp were added to ponds stocked with common carp (Opuszynski 1972).
Addition of herbivorous fish may have the unintended consequence of removing
zooplankton predators of phytoplankton, thereby reducing the predation on phyto
plankton (Kajak et al. 1975; Opuszynski 1978; Elliott et al. 1983). 

The relationship between fish stocking density and cropping of algae may depend 
on the species of fish cultured. In ponds stocked with silver carp, zooplankton were 
apparently more efficient croppers of the algae than the fish because the algal bio
mass increased following stocking of fish that also consumed zooplankton (Opus
zynski 1978). However, the increase in algae may also have been facilitated by
increased nutrient recycling caused by the stocked fish, i.e., the ponds stocked with 
silver carp may have been nutrient-limited rather than light-limited before the addi
tion of the silver carp. Perhaps algal dominance in carp ponds shifts to less easily
grazed species as the silver carp stocking density is increased. Whether and at what 
fish stocking density earthen ponds dominated with Microcystis might shift to 
other species because of tilapia grazing, have yet to be shown. However, in earthen 
ponds seeded with Microcysti: and stocked with tilapia at 1 fish/m 2 , Microcystis
remained dominant for over three months (Colman and Edwards, unpublished data).

There is little literature regarding organism balance where the heterotrophic
bacteria in culture ponds are concerned. Productivity measurements have been 
carried out by Schroeder (1978) and Rimon and Shilo (1982) but the results were 
preliminary. The mathematics of bacterial doubling times and removal rates have 
been carefully considered in waste water biological reactors (see Benefield and 
Randall 1980), but because detrital-bacterial interactions are complex and rates 
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and processes of bacterial removal by fish are uncertain, more research is needed 
before bacterial growth and grazing can be successfully quantified or modelled (see 
Moriarty, this vol.). For the purpose of optimizing heterotrophic productivity as a 
natural food source in aquaculture, it may be sufficient simply to optimize the 
supply of oxygen to the system. 

CHEMICAL. BALANCE 

The goal of chemical balance in aquaculture should be to generate a sufficient 
supply of oxygen for growth of the cultured species and their natural food organ
isms while minimizing the buildup of toxic metabolic pro:'ucts. Whereas other 
chemical requirements of pond culture such as sufficient supply of nutrients to 
provide natural food production in the ponds and maintenance of pH at appropriate 
levels are normally met by pond inputs, the provision of oxygen and removal of 
metabo'ites are not. Except on an emergency basis, direct aeration or pumping 
oxygenated water from outside the pond to boost pond oxygen concentrations is 
normally too expensive (G.R. Pruder, pers. comm.) as are most water treatment 
procedures for removing toxic metabolites such as ammonia. 

Chemical balance in ponds is generally regulated by adjusting pond organism
balance because most of the important chemical transformations that occur are 
biologically mediated. In the case of oxygen, the biological regulation is between 
the photosynthetic producers and the respiratory consumers and the goal of manage
ment strategy is to produce as much oxygen as possible in the pond so that the con
sumers, including the cultured organisms, have an adequate supply. Any oxygen not 
used directly by the fish and other macro- and meiofauna is available for hetero
trophic productivity, a potential feeding pathway in a waste-fed system. Indeed, the 
amount of oxygen available determines to what extent the heterotrophic system can 
operate. 

The phytoplankton-cropping feeding pathway may be the most efficient way to 
raise fish because net photosynthetic oxygen evolution is proportional to net algal 
productivity, and thus generation of both algal feed and oxygen reach a maximum 
value at the same time. Since the limiting factor in heterotrophic productivity is 
oxygen availability, the implication is that both heterotrophic and autotrophic 
pathways could be maximized at the same time. Thus, even in aquaculture systems 
with target species feeding in the heterotrophic food chain, maximum net algal 
growth to supply oxygen to the heterotrophic productivity should be sought. 
Harvest of the algae, necessary for the maximum net oxygen production in a pond, 
is not of course dependent only upon fish; any algal harvesting technique from 
zooplankton grazing to flushing algae out of the pond by water exchange would 
suffice to bring the algal crop to the level of maximum net productivity. Oxygen 
production by algae in a shrimp pond, for example, could be maximized by harvest
ing algae through herbivores in polyculture, by water flow-through at an appropriate 
rate or both. 
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Because there is a close association in the aquaculture literature between algal

productivity and oxygen depletion (Smith and Swingle 1939; Boyd et al. 1978;
Romaire et al. 1978; Hopkins et al. 1983), a recommendation '() run ponds at maxi
mum net algal productivity may seem at odds with currently accepted knowledge of
aquaculture systems. However, this can he resolved by maintaining a distinction
between harvested and unharvested algal biomass. Maximum net algal productivity 
occurs only when the algal standing crop is reduced from maximum possible densi
ties by harvesting (Fig. 1). 

More factors need to be considered than simply the net oxygen production occur
ring at various phytoplankton cropping intensities. The dawn oxygen concentration 
of the diurnal oxygen regime is the critical parameter for many cultured species.
This parameter is influenced by consumption of oxygen by algae as well as nonalgal
biota and exchanges of oxygen between the air and water. Computer simulations are 
most useful to realize the summed effect. A computer study indicated that at a net
algai productivity of 4 g C/m'2-/day, perhaps approaching the practical upper limit for 
fishponds, the maximum oxygen available for heterotrophic productivity would be 
4-5 g O,/m 2 !'day assuming that the average dawn oxygen concentration did not fall
below 2 ng 0,1 (Colman and Edwards, unpublished datta). This reveals the basic 
constraints to the food chains: the autotrophic food chain is limited by light and 
nutrient availability, the heterotrophic chain by oxygen and organic substrate 
availability. Nutrient and organic substrate requirements can be met by pond inputs
and oxygen can be supplied as a byproduct Of' the autotrophic productivity, but 
only to the degree allowed by available sunlight and harvesti;ig regulation of the 
algal biomass. Schroeder (1978) attributed an increased production of 15 kg!ha'day
of tilapia in ponds that received organic (and some inorganic) fertilizer inputs, com
pared to ponds with only inorganic input, to feeding on heterotrophic bacteria that
developed in the organically fertilized ponds; he believed that the photosynthetic
feeding pathway wls light-saturated. His estimate of the required 10 kg/ha/d bac
terial carbon productivity at 355; conversion efficiency from manure would require
5 g 0.,/2-/day to produce. If this estimate were correct, heterotrophic productivity
would already be at the limit that could be supported by photosynthetically pro
duced oxygen. In fact, the measured uptake of oxygen in ponds with similar organic 
manure application was calculated to be about 0.4 g O,'/m2,'right or 1.2 g 0, /m2 /day
(Schroeder 1975), which indicates that there was less feeding through the hetero
trophic route than originally calculated. 

Discussion and Recommendations 

With the emphasis in developed countries on raising fish on pelleted diets in a
similar way to "feedlot" methods for raising livestock, it is not generally appreciated
that most of the world's yield of farmed fish is in fact ra-sed in manured ponds
(Wohlfarth 1978). The lack of appreciation in the West of the positive benefits of
eutrophication in culture ponds probably results from the lack of economically 
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important fish that can filter phytoplankton in Europe and North America (Tilden
1929; Opuszynski 1978). Instead, attempts to recycle nutrients contain-' ;n organic 
wastes in the West have included the mass culture of algae as animal feed, although
there are problems in harvesting and processing the nhytoplankton in an economi
cally viable way (Shelef and Soeder 1980). Ryther (1971) suggested that a herbivore 
could be used to harvest waste-grown phytoplankton and proposed the concept of 
"controlled eutrophication" with physical separation of primary and secondary 
productivity levels (Ryther et al. 1972). However, the most widely used technique 
to recycle organic wastes, the traditional waste-fed fishpond, is still poorly under
stood and considerable benefits to aquaculture would accrue from the optimization 
of a single stage, e'fluent-free pond modified for both fish culture and waste-treat
rmenf (Edwards et al. 1981b). 

The data ir the literature concerning the feeding of filter-feeding tilapias and 
silver c irp are ,ighly contradictory. This is hardly surprising considering the variabi
lity in tine type and relative amounts of suspended particles present in the pond 
when the studies were conducted (phytoplankton, zooplankton, detritus) and the 
various methods used to study the feeding habit (analysis of gut contents; assimila
tion; fish growth). However, there is a considerable body of data that suggests that 
filter-feeding tilapias and silver carp are not strictly herbivores but feed on whatever 
particles are suspended in the water. Since such "phytoplanktivorous" fish appear to 
be opportunistic microphagous, or even omnivorous species, it may be more appro
priate to distinguish only between fish species that have a strictly carnivorous diet 
and those that feed on less valuable feed (Bitterlich and Gnaiger 1984; Bitterlich 
1985). According to Hickling (1971), fish are more or less omnivorous and consume 
a wide range of supplementary feed, so there is no reason why the feeding latitude 
of filter-feeding fish should not be rationally exploited in detrital-fed aquaculture 
systems. Schroeder (1977, 1980b) stressed the importance of using the pond not 
only as a medium in which to grow the fish but also as an "external rumen" in 
which nutrients bound in a relatively indigestible form could be released by micro
bial activity and provide substrates for both heterotrophic and autotrophic produc
tion that could subsequently serve as high protein natural food for the fish. 

There is also considerable confusion in the literature regarding the size of particles 
that filter feeding fish can remove from the water and their digestibility, but it does 
appear that milkfish, silver carp and microphagous tilapias do infact remove nano
plankton from the water, possibly involving entrapment by mucus. Our knowledge is 
incomplete concerning the digestion of phytoplankton by fish but the acid hydrolysis 
of the blue-green algal cell wall by gastric acid in tilapia has been well documented 
(Moriarty 1973; Bowen 1982). Despite the fact that Reynolds (1984a) concluded 
his scholarly treatise on the ecology of freshwater phytoplankton with the sobering 
statement, "it is humbling to realize that all our acquired knowledge scarcely allows 
us to make valid predictions about when and what species will be abundant in given 
waters", it is fortuitous that shallow eutrophic water bodies in the tropics, including
fishponds, are likely to be dominated eventually by more or less permanent blooms 
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of the blue-green alga Microcystis. With increasing eutrophication, diatoms tend to
be replaced by green and euglenoid algae, which in turn are replaced eventually by
blue-green algae. The dominance of blue-green algae in waste-fed ponds stocked 
with tilapia in the tropics is highly beneficial, in stark contrast to the low regard in 
which they are held in the West, as eloquently expressed by Goldman and Home
(1983): "Like thistles left alone by cows in a grassy field, blue-green algae are weeds 
among the more nutritious populations of diatoms or green algae". Ryther and 
Officer (1981) ranked major taxonomic groups of phytoplankton as food organisms
for herbivores according to their decreasing value to man and blue-green algae were 
ranked bottom of the league of seven groups. However, the ability of tilapia to
exploit blue-green algae grown directly in fishponds may lead to the development of
badiy needed, more cost effective aquaculture in developing countries (Bowen 1982).

The relationship between alga.e and dissolved oxygen concentrations in fishponds
is poorly understood because no distinction is made between harvested and unhar
vested algal biomass. If maximum net algal productivity were achieved by the addi
tion of sufficient nutrient inputs to make the algae light-limited rather than nutrient
limited, and by sufficient grazing of algae by filter feeding fish to reduce the algal
standing crop to the optimal density for net productivity, there would be maximum 
net generation of oxygen by the algae. In fact, algal populations in any ponds exhib
iting positive net productivity Values on a 24-hour basis are net contributors to
 
oxygen in the water. In aquaculture systems in which phytoplankton are a feed for
 
fish, maximum net algal productivity would also lead 
to maximum exploitation of

the algal food source. In contrast, unharvested algal biomass may lead to the devel
opment of the maximum algal standing crop at which net productivity approaches
 
zero, with concomitant advers;: effects on 
the oxygen regime of the system.


The supply of oxygen determines how much heterotrophic productivity 
can occur
because the most efficient heterotrophic productivity uses oxygen. At the maximum 
net primary productivity rates that have been achieved in aquaculture (4 g C/m 2 /day),
the amount of oxygen available for heterotrophic productivity, after subtraction for 
oxygen lost to the atmosphere and lost to fish respiration, would be 4-5 g 0,)/m2 /day.
To avoid oxygen depletion in ponds, the rate of oxygen consumption by thie hetero
trophic system would have to he limited to a value lower than this. This is true un
less artificial oxygen-ition of the water were economical, for example, by mechanical 
aerators or by water exchange as occurs in raceway culture, in ponds with tidal ex
change and in cage culture. 

Considerable increases in the yield of tilapia should be possible in waste-fed ponds
by promotion of the growth of the readily digestible blue-green alga Microcystis.
Studies should be conducted on the feasibility of seeding Microcystis into ponds to
increase the degree and frequency of dominance. To obtain maximum fish yield,
maximum net alga productivity needs to be maintained to provide maximum supply
of feed and adequate oxygen for the fish by an optimal rate of cropping algae by
tilapia. The optimal biomass of tilapia to maintain maximum net algal productivity
would be difficult to achieve, let alone maintain, in a freely breeding population of
tilapia with continual recruitment, but the balance between fish biomass and algal 
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biomass would be easier to maintain with a monosex culture of male fish. Studies 
are required on the loading rates of various types of organic manures, possibly with 
supplementation by inorganic fertilizers in the case of nutrient-poor organic matter, 
to produce the requisite nutrient-saturated and light-limited algal population. The 
technique of algal tissue analysis, similar to plant analyses employed in agronomy, 
may be used to determine whether the algae are nitrogen- or phosphorus-limited at 
any stage during the culture period (Gerloff and Skoog 1954; Colman and Santha, 
in press). 

Therefore, phytoplankton have the potential to be managed as highly cost-effective 
"biological aerators" in fishponds. Alicrocystis couid also be tried in this vole in 
culture systems in which it is not a direct food organism of the principal target 
species; for example the culture of freshwater prawn Macrobrachium and freshwater 
fish in which nutrition is derived from either the consumption of pelleted feed. or 
cropping from the heterotrophic food web or both. Blue-green algae do develop in 
such systems and may build up to dangerously high biomass densities because they 
are not cropped by the target species; the algal standing crop may reach the maxi
mum light-limited density at which net algal productivity is low or even zero, with 
potentially disastrous effects on the oxygen budget of the pond. However, the algae 
could be used to generate oxygen for pellet- and detritu.s-fed systems if an algal
cropping fish species were introduced to reduce the algal biomass to the density at 
which maximum net productivity and maximum net generation of oxygen1 occur. 
Such fish may need to be confined to pens or cages to prevent consumption of 
pelleted seed meant for the target species. 

Since ail the above-mentioned systems develop phytoplankton naturplly, it would 
be worthwhile to consder seeding with Microcystis, a species that is known to be 
readily cropped by filte -feeding fish. A second beneficial attribute of Microcystis is 
its tendency to float, on the surface and be blown by the wind to the down-wind side 
of the pond where it could be cropped by fish in pens or cages. 

The same principles using brackishwater phytoplankton could be applied to 
penaeid shrimp culture, using either a herbivore to harvest the phytoplankton, or 
water exchange. Although water exchange is an inefficient means to transport 
oxygen to a pond, the stimulation of net algal productivity and oxygen production 
caused by washing out part of the algal standing crop could be substantial. Either a 
once-through or a recirculating system could be employed; the latter would draw 
water from a location in the pond with the highest algal biomass and remove the 
algae by passing the algae-laden water through a fast-flow sand filter before its return 
to the pond. Ten per cent water exchange removing 10% of a phytoplankton crop of 

225 g C/m 2 would generate 6.67 g O/m ai the crop grew back to 25 g C/m 2 . If the 
removal and grow-back occurred on a daily basis, the algae would supply 6.7 g 
0 2/m 2 /day, enough to eliminate the oxygen problems of most shrimp culture system.,. 
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Discussion 

SCHROEDER: Have you tested Spirlina or Oseillatoria as far as feeding is concerned? 

COLMAN: It's very hard to run the experiments. You need species which you know will dominate. 
For example, we have got Microcystis and Scencdesnius to dominate; not much else. 
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SCHROEDER: Not Oscillatoria? 

COLM, ,,: No, not for long enough to make any conclusions about feed conversion. 

SCHROEDER: We have had some blue-green dominated ponds in which there is a shift fromblue-greens to greens as the fish biomass grows. We assume that this is because the fish are overcropping the blue-greens. The greens then get an advantage. The different generation times are alsoimportant. With our delta-carbon work, tilapia, silver carp and common carp values do not matchthose of the blue-greens. The silver carp gut contents had a delta-carbon value which matched thatof a mixture of blue-greens talen from the water. The mixture included Oscilla,oria,SpirulinaandMicrocystis (Icannot say which was dominant). The delta-carbon value of the silver carp flesh was 
very different.. 

BILIO: How do you interpret this? 

SCHROEDER: I cannot make conclusions at this stage. The silver carp is obviously ingesting thesealgae, removing them from the wateir column, but perhaps not digesting them. The greens latertook over. As I have said tie delta-carbon value of the silver carp gut contents matched exactly
that of the algae inthe water, but the delta carbon value of its flesh 
was very different: a 5/mldifference. The gut contents of the tilapia and common car had flesh delta carbon values verysimilar to those of their gut contents and the pond bottom. Has anyone here observed silver carp
to ingest olue-greens but not digest them? 

EDWARDS: There is literature cited in the paper presented here by John Colman and myself(Chiang 197 1;(Ghosh et al. 1973; Zhu 1982; Zhu and Deng 1983) which shows that silvqr carp candigest blue-greens. Empty cells were found in the hind-gut. There may be other contrary evidence. 

SCHROEDER: Were the types of blue-greens described in tnlis work? 

EDWARDS: Yes. 

COLMAN: Well, we have pretty good evidence for the utilization of Microcvstis by tilapia-in onecase a conversion ratio of 2; that is dry weight Microcyslis production: wet weight fish flesh
 
production. Surely this *6'Jear evidence?
 

SCHROEDER: Certai:,r. I would not dispute this. Was this in tanks or ponds? 

COLMAN: Tanks. 

SCHROEDER: Then the available food was almost all Microcystis. 

MORIARTY: Tilapias have no problem digesting any blue-greens which they can ingest, irrespective of species. They cannot easily digest greet: :lgae. I have shown this with Chlorella.They caneasily digest diatoms. Therefore, if you have significant quantities of blue-greens in a tilapia pond,the fish will surely use them. If the delta-carbon data suggest otherwise, then I would like to lookat hlow this can be. But let us consider the broader question of how to manipulate the speciescomposition of the plankton in a fish pond; for example, ?ncouraging blue-green algae fo: tilapia,zooplankton for a zooplankton feeder, etc. Dr. Colman mentioned some problems in sustaining
Microcystis dominance. Perhaps pH is a factor here. Blue-greens prefer a high pH. 

COLMAN: I only had trouble in tanks when there were no organic inputs. I never had any difficulty in sustaining Microcystis dominance aiponds or in tanks with organic material inputs. 

MORIARTY: I can't think why you had this problem in the tanks. Alicracystis does not need such
organic material or the presence of bacteria. 

COLMAN: I don't understand why. Anyway organic inputs are simple and convenien. 
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MORIARTY: Still this problem should be investigated further. 

COLMAN: In algal succession patterns, the r and k characteristics of the different species are 
probably very important. if you wish to sustain a fast-growing species, it might be desirable to
have a fairly fast water exchange. For example, in sewage oiidation ponds that have a flow
through of water, fast growing green algae tend to dominate. In our more stationary ponds, Micro
cysti might take a long time to become dominant (two months in some cases) but thereaftei it 
stays. Therefore, I have suggested an inoculum of Microcystis l)e added at the beginning of a tilapia
culture cycle. However, we don't yet have enough data to know if this method would result in 
early Microcystis dominance. 

WOIILFARTtl: Regarding y u r conments on fertilizer inputs, [Hepher (1962)* showed that
increasing fertili:er inputs beyond a certain point ceases to yield any benefits. This was done using 
a monoci!ture of common carp. I do not know of any other similar investigations. 

EDWARDS: There is Israeli work (Yashouv and Hlaevy 1972)** which has shown that by stocking 
a filter-feeding fish like the silvei carp, the rate of fertilization can he increased and that conse
quent yield of fish is higher. This work was discussed hy Reich (1975)*** and is further reviewed 
in my paper with John Colman. 

PULLIN: Dr. Colman's work has shown that phytoplankton are very efficient biological aerators,
but they can let you down. Let us not lose sight of the fact that mechanical aeration is in current 
use in some highly viable aquaculture production systems. 

COLMAN: This probably applies only to inte.'-ve aquaculture, not to semi-intensive systems. 

PULLIN: Well, many ponds have aerators which are used for some of the time. We can argue about 
definitions of intensive vs. semi-iiitensive,.)ut at the end of the day many culturists require safe
guards against their risi- ",ing through lack of oxygen and also need to avoid sublethal effects such 
a;.%;with depression. 

EDWARDS: Such farmers give large qucntities of supplementary feed, either agricultural byprod
ucts or feed pellets. Waste-fed ponds may not need these safeguards because of the oxygen supply 
from the phytoplankton. 

COLMAN: The more intensive systems have different economics. Waste-fed pond culturists may 
not he able to afford aerators. 

PULLIN: Well, if you want to push a waste-fed pond to maximum productivity, it could be good 
to have emergency aeration kept handy. 

GRAY: We must discuss this further in our general discussion. 

*Hepher, B. 1962. Primary production in fish ponds and its application to fertilization experiments.
Limnol. Oceanogr. 7: 131-136.

**Yashouv, A. and A. Halevy. 1972. Experimental studies of polyculture in 1971. Bamldgeh 24(2): 31-39.***Reich, K. 1975. Multispecies fish culture (polyculture) in Israel. Bamidgeh 27: 85-99. 



MeiofaLuna: Their Role in Marine Detrital Systems 

R.M. WARWICK 

NERC Institule for Marine Environmnental Research 
ProspectPlace, The Hoe 
'lnvouth11I'Ll 3D1, UK 

WARWICK, R.M. 1987. Meiofauna: their role in marine detrital systems, p. 282-295. 
In D.J.W. Moriarty and R.S.V. Pullin (eds.) Detritus and microbial ecology in aqua
culture. ICLARM Conference Proceedings 1-1, ,120 p. International Center for 
Living Aquatic Resources Management, Manila, Philippines. 

Abstract 

Detritally enriched marine habitets are characterized by high densities of meiofauna 
which are generally confined to a f-!%v taxa: nematodes of the genera Rhabdilis,Diplo
lairnella and Diplolaitnelloidesanu copepods of the genus Tisbe, the latter often in 
multispecies guilds. All species are opportunistic with the ability to utilize a wide 
variety of food sources, a high reproductive potential and rapid rates of population
growth. The nematodes are bacterial f.,ders and convert detrital to nematode bio
mq-s with an efficiency of about 1% in a simple two-step food chain: their presence 
, '! ices the rate of bacterial decomposition of the detritus. The feeding behavior of 
c.. ds of the genus Tisbe is more complex and they may oct!ipy several trophic
levels. Meiofauna, particularly copepods, are the main dietary item for the juvenile 
stages of many commercially important marine food species including fish and crus
taceans, and they therefore play a crucial role in the rearing of such species in aqua
culture systems. 

Introduction 

The meiofauna can be defined as an assemblage of small benthic metazoans,
ranging in dry adult body mass from about 0.01 to 50/pg and having a coherent set 
of life-history and feeding characteristics which sets them apart as a separate evolu
tionary unit from larger macrofauna (Warwick 1984). Arranged roughly in order of 
numerical abundance, the meiofauna consists of nematodes, copepods (principally
harpacticoids), turbellarians, gastrotrichs, tardigrades, kinorhynchs, gnathostomulids,
small annelids, hydrozoans and in addition some aberrant members of other phyla 
which mainly comprise larger organisms. 
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When considering the role of rreiofauna in detrital systems, in the particular 
context of aquaculture, three main questions seem important: what kinds of meio
faunal organisms are generally associated with detritus both in natural and culture 
systems; what is the role of the meiofauna in the breakdown and mineralization of 
the detritus and is the presence of meiofauna detrimental or beneficial in aqua
culture systems which use plant detritus as the primary food source? In attempting 
this review it has become abundantly clear that there is a dearth of published infor

.mation on thes3 topics and it is obvious that much more research needs to be done. 

Meiofauna Associated with Detritus 

The meiofaunal taxa which favor habitats which are highly enriched with organic 
detritus are remarkable in two respects, first they are virtually confined to a few 
restricted groups cf nematodes and copepods, and second these same groups are of 
ubiquitous occurrence in such situations, at least in temperate latitudes where they 
have been most studied. 

Nematodes are found in very high densities in decaying plant material derived 
from both macroalgae and terrestrial macrophytes. For example, Odum and Heald 
(1972) found nematodes in "extremely high numbers" in decaying mangrove leaves 
and suggested that they 'play an important role in the decomposition process". 
Koop et al. (1982) similarly reported "large populations of nematodes" associated 
with beds of decomposing kelp. I have examined nematodes collected from South 
African kelp beds described in this last paper, and found that the community is 
dominated by a single species, Rhabditis marina. This species has a cosmopolitan 
distribution (Inglis 1966) and is commonly associated with stranded decomposing 
algae. Inglis and Coles (1961) consider that it is a typical member of the beach fauna 
and is not a truly marine species: indeed it belongs to a large class of nematodes, the 
Secernentea, only two species of which have been found as free living organisms ill 
the marine environment. 

Detrital systems where marsh vegetation or mangrove leaves predominate are 
usually dominated by two closely related genera of the nematode family Mon
hysteridae, namely Diplolaimellaand Diplolaimelloides (Lorenzen 1969; Hopper 
1970; Hopper et al. 1973). These two genera are ,le, ,qssociated with high-shore and 
brackishwater environments and may not be truly marine. A particular feature of 
these three genera of nematodes which are prevalent in detrital systems is their ease 
of laboratory culture in comparison with truly marine forms, and they have been 
used extensively in experimental studies (Tietjen et al. 1970; Tietjen and Lee 1975; 
Tenore et al. 1977; Milton 1981; Warwick 1981; Findlay 1982; Findlay and Tenore 
1982; Pamatmat and Findlay 1983; Alongi and Tenore 1985). 

A wide variety of environments enriched by particulate organic material are also 
characterized by the predominance of a limited number of copepod species, notably 
members of the genus Tisbe (Fava and Volkmann 1975). This genus comprises a 
number of very closely related and morphologically similar species (Volkmann 
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1979) which are often found in the field in multispecies guilds (Bergmans 1979):
the maintenance of this diversity probably results from behavioral adapiations for
spatial resource partitioning (Marcotte 1984), or it may be that a temporary super
abundance of food obviates interspecific competition for resources. Tisbe species are
again noted for their ease of culture and many species, particularly the scavenging
T. gracilis group, are frequently found in neglected aquaria in large numbers (Volk
mann 1979). In controlled experiments in which sublittoral muddy sediments were
enriched with powdered Ascophyllum, Gee et al. (1985) found that the enriched 
sediments became dominated by a guild of five Tisbe species. There is no doubt that 
these copepods are fully marine, and they appear to be favored in relation to nema
todes in sublittoral habitats which are detritally enriched. 

Common features nf both the nematode and copepod components of the meio
fauna of detrital systems are their opportunistic characteristics. Both the nematodes 
(this paper) and the Tisbe species (Berghe and Bergmans 1981) have ti eapa:,ity to
utilize a wide variety of food sources. They also both have a high reproductive

potential and rapid rates of population growth as indicated by Warwick (1981) for
 
the nematodes and by Battaglia (1970) and Bergmans (1981) 
 for Tisbe. These
characteristics enable them to exploit the highly unpredictable environment that
natural detrital systems offer, depending as they do on the occurrence of storms or 
other climatic events. 

Role of Meiofauna in Detrital Systems 

It can be deduced from the struc'ture of their buccal cavity 'Wieser 1953) that the 
main nematode taxa associated with detritus are selective bacterial feeders. They all
have simple unarmed buccal cavities capable of processing bacterial sized particles:
for example in Rhabditis marina the buccal cavity is about 1.8 pm wide (Inglis and
Coles 1961) and in Diplolaimelloidesbruciei about 1.5 pm wide (Hopper 1970),
whilst the larger benthic intertidal bacteria are usually 1-1.5 pl in diameter (I.R.
Joint, pers. comm.). 

Findlay (1982) showed that the nitrogen content of plant detritus was the best 
m..asure of nutritional quality for Diplolaimellachitwoodi. Population growth rate
(r) and carrying capacity (K) were measured in laboratory culture using different 
types of plant detritus. Population growth was scarcely affected by tle nature or
quantity of the detritus except in a few isolated cases, but K was strongly affected 
by both the food quality and ration. I have done some similar experiments with 
Diplolairnelloidesbrucieiwhich largely confirm these conclusions. Freeze-dried and 
ground material of three brown algae (F'ucus, Pelvetia and Ascophyllum) and two
salt-marsh phanerogams (Halhnione and Spartina) from the nematode's estuarine
habitat were added to 50 ml Qf 26 ppt autoclaved seawater in 100 ml conical flasks. 
Three ration levels, 25, 50 and 100 mg per culture, for each food source and five 
replicates for each treatment were used. The cultures were innoculated with 1 ml of 
a suspension of D. brucieicontaining a mean of 16.6 nematodes m1- 1 . The flasks 
were stoppered with cotton wool and incubated in the dark at 20C. After various 
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intervals of time the population density was estimated by withdrawing 1 ml aliquots 
and counting the nematodes on a Hawksley eelworm slide. Population growth rate
 
and maximum population density were compared with control cultures containing
 
50 mg of ground baby foo, (Gerber mixed cereal) (Fig. 1) on which the stock
 
cultures had been maintained.
 

The initial exponential increase is represented by a straight line oil the graph of 
log abundance against time, with slope r. It can be seen that this slope is very similar 
for all food sources except that it is rather greater for Spartina. Final population 
density varies both with the ration and with the food type, being lowest for Spar,"na. 
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Fig. 1. Population growth of' the marine nematode Diplo laim elloides bruciei cultured on different 
detrital sources at three ration levels. 
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The carbon and nitrogen content of the detrital sources, and the values of maximum 
population densfty achieved, are given in Table 1. Linear regression of the maximum 
l-opulation density attained (numbers per ml) against the carl )nration (Fig. 2a) 
and nitrogen ration (Fig. 2b) indicate a much closer correlation with the nitrogen, 
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Fig. 2. Maximum popu1lation density of the marine nematode Diplo
lauinelloides bruciei attained on different detrital sources and rations 
(from Fig. 1 and Table 1) regressed by the method of least squares
against the carbon ration (a) and nitrogen ration (h). Broken lines 
.,re 95% confidence limits of the regression lines. 
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confirming Findlay's (1982) observation that the nitrogen content of the detrital 
source is the best measure of its nutritional quality for nematodes. 

By converting maximum population density in Table 1 to biomass, it is possible 
to calculate rouh conversion efficiencies (nematode weight/food weight). Warwick 

=(1981) found that these cultures comprise 8.91% adult males (body volume 0.319 
ni), 4.69% adult females (b.v. =0.411 nl) and 86.4'r juveniles (b.v. = 0.0217 ni): an 
average nematode thus has a body volume of 0.06645 ni, and assuming a specific 
gravity of 1.13 and dry/wet weight of 0.25 (Wieser 1960) this gives a dry weight of 
0,0188 pg. Conversion efficiencies of about 1M are normal (Table 1), but mean 
values are slightly better on algae (Fucus 1.20%, Pelvetia 1.17%) than on phan ro

gains (Spartina0.62%, Halimione0.88%), although the conversion efficiency on the 
alga Ascophyllum (0.87%) is comparable with that of Halimione. Interestingly, con
version efficiencies oni baby ce,'eal (I .19w;), which hras a high C and N content and is 
balanced with vitamins, are no better than )n brown algae. 

Newell (1982) has reviewed evidence that the conversion of boh algal de'ris and 
of detritus derived from salt-marsh plants to bacterial biomass has an efficiency of 

approximately 10%. In laboratory microcosms, in the absence of meiofauna, coloni
zation of such debris follows a characteristic successiov of bactelia, followed by 
flagVlI';tes and ciliates which utilize the bacteria with an efficiency Aso 1ound 10%, 
so that the overall incorpo.ation of detritus into Protozoa is about i%, This figure is 

= Table 1. Conversion efficiency (C.E. dry weight of newn-atodes/dry weight of food) for Diplo
laitt 'loides bru ciei fed onl d iffirent types o f detritus at t hvec ration levels. 

Ration Max. neriat ode 
-Detrita; type rig D.W. nig C mg N density (11 1 ) C.E.(%M) ean C.E. 

Ascophylhuin 25 S.34 0.455 232 0.87 
50 16.68 0.910 .t88 0.92 0.87 

100 33.36 1.821 87.4 0.82 

Fucus 25 9.06 0.643 292.8 1. 10 
50 18.13 1.285 832 1.56 1.20 
-0 36.26 2.571 1,006 0.94 

Pelvetia 25 9.04 0.641 251.4 0.94 
50 18.07 1.203 686 1.28 1.17 

100 36.15 2.565 1,370 1.29 

Halimione 25 '.8, 0.558 258.4 0.97 
50 17.73 1.116 402 0.75 0.88 

100 35.46 2.231 972 0.91 

Spartina 25 10.56 0.421 153.8 0.58 
50 21.12 0.842 292 0.55 0.62 

100 42.23 1.683 785 0.74 

Mixed cereal 50 21.47 1.4,'3 b34 1.19 
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the same for meiofaunal nematodes, suggesting that they are indeed primary con
sumers of bacteria: if they incorporated plant debris directly, conversion efficiencies 
an order of magnitude higher would be expected, as are found in the macro-con
sumers in such systems (Cammen 1980; Newell 1982), and if they were secondary
consumers of Protozoa the conversion efficiency would be an order of magnitude
lower. The relative development of meiofauna and Protozoa in the potentially com
petitive situation of natural detrital systems has not been investigated.

As bacterial consumers, nematodes may play an important role in the decomposi
tion of plant detritus. Gerlach (1978) postulated that a large part of the bacterial
population is in the stationary phase: grazing by neiolauna stimulates active metabolism and rapid duplications, and this enhanced bacterial productivity is important
for the breakdown of organic matter. In sediments, this was shown to be the case by
Milton (1981 ), who found that Dipiolaimellashiwoodi enhanced bacterial numbers(determined from direct acridine orange counts) in freeze-thawed sediments. How
ever, the evidence is still equivocal as Pamatmat and Findlay (1983) found thatDiplolaimellachitwoodi inhibits bacterial imetabolism as measured by heat production in sand samples. In detrital sN ::enis, however, the effect of nematodes on the
mineralization rate is significant. Findlay and Tenore (1982) labelled Gracilaria(analga) and Spartia by growing them in the presence of '"CO., and measured the

mineralization rates (organic "'C mineralized to 1 CO.,) withf and without Diplolaimella chitwoodi. They found that, at natural nematode densities, mineralization 
rates of Gracilariawere enhanced by 300%, but of Spartina by only 50%. Thisincrease in mineralization by neniatodes would reduce the overall standing stock ofdetrital carbon for macro-consumers, but concurrent changes in microbial biomass
and/or production might increase the nutritional quality of the detritus.


The trophic position and role of tie copepods in detrital systems is more prob
lematical and probably more complex. Harpacticoids may graze bacterial cells off
detrital particles or ingest some detrital fragments whole. The mucilage released

from macroalgal detritus, with its associated microbiota, may also be an importantresource (Hicks and Coull 1983). Members of the Tisbidae may be c.itured in the
laboratory using a wide variety of plant and animal food soumes (Hicks and Coull
1983), but the exact method of utilization of the resource 
is often unknown. i'isbe
holothuriae ingests ciliates of the genus Urcnema (Rieper and Flotow 1981), but
the extent to which predation on ciliates occurs in nature is als:) ;.inknown. Tisbe
furcata has been known to attack both larval fish and nematodes (Garstang 1900),
and there is indirect evidence that its predation on nematodes might be quite significant: Marcotte (1977) noted an inverse density relationship between T. fw:'cata and
nematodes, and it certainly appears to be the case that detrital systems either become
dominated by nematodes or Tishe spp., but rarely by both. Ciliates and flagellates
may be important in this relationship: nematodes may outcompete Protozoa for thebacterial food supply -,nsome situations so that if Tisbe fed primarily on Protozoathis inverse relationship would become apparent. Alternatively, the inverse relation
ship may simply be due to conditions of the physicochemical environment, nema
todes being fa,-ored by brackish intertidal situations and copepods by marine sub
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tidal ones. Such mechanisms are, of course, pure speculation. Much more work 
needs to be done cn the succession of microbial and animal communities on fresh 
plant detritus of different kinds under differing environmental conditions. 

Meiofauna in Aquaculture Systems 

Dense populations of meiofaunal nematodes and/or copepods are likely to develop
naturally in aquaculture systems which utilize plant detritus as the primary food 
source, but the question arises as to whether such development is beneficial or det
riniental to the production of the target species. Do meiofauna compete with the 
cultured organisms for the detrital food source and its associated bacterial flora, con
stituting an energy sink, or are they a crucial step in the transfer of energy up the 
food chain to the target species? 

If the cultured species does not utilize meiofauna as a food source at any stage of 
Aits life-history, then the presence of meiofauna could be detrimental to its growth 
rate. Alongi and Tenore (1985) have shown that, in the presence of both Diplolai
mella chitwoodi and Tisbe holothuriae, the weight specific growth rate of the 
deposit-feeding polychaete Capitellacapitatawas reduced when mixed cereal and 
red seaweed detritus were used as food sources. On the other hand, Tenore et al. 
(1977) showed that the presence of meiofauna enhanced the rate of incorporation
of aged Zostera detritus in another polychaete Nepthys incisa. The influence of 
meiofauna in such cases is unpredictable, and clearly not well understood. Of course, 
neither CapitellanorNepthys are likely candidates for aquaculture, but such expe
riments serve to illustrate the regulatory role of meiofauna in detrital food chains. 

Howeve, many food species reared under aquaculture feed on meiofauna, espe
cially in their juvenile stages. Gut content analysis of the larvae and juveniles of 
many commercially important species of bottom feeding fish have shown the domi
nance of harpacticoid copepods in their diet (review by Hicks and Coull 1983), in
cluding various species of flatfish (Castel and Lasserre 1982; de Morais and Boudiou 
1984) and salmon (Kaczynski et al. 1973; Feller and Kaczynski 1975; Sibert et al. 
1977; Sibert 1979). It is probably true to say that harpacticoids are a crucial dietry
item in the early life stages of these species. Gut content analyses reveal that nema
todes are much !ess important, although they do not have such permanent exo
skeletons and are likely to be more rapidly digested than copepods, so that their 
importance may have been underestimated. Hofsten et al. (1983) fed four species of 
nematodes to the fish Danio sp. and no identifiable nematodes were found in the gut
when the digestion period was 3 hours or more. However, copepods in detrital 
systems are usually larger and more active than nematodes, and are often brightly
colored, and so would be much more attractive to predators foraging visually. With 
regard to crustaceans, J.M. Gee (pers. comm.) found that harpacticoids comprised
the major item in the diet of shrimps (Crangon) foraging over sand, and in young
individuals (15-19 mm in length) they represented virtually the entire gut content. 
Bell and Coull (1978) showed experimentally that shrimp populations regulated 
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meiofaunal densities, and Gerlach and Schrage (1969) showed that shrimps consumed 
nematodes under laboratory conditions (when given no other choice). Juvenile crabs 
are also significant meiofaunal predators (Scherer and Reise 1981). 

The evidence therefore suggests that the presence of meiofauna is essential in 
bringing many commercia!ly important marine food species through their early 
developmental stages. In general, harpacticoid copepods seem to be the favored 
resource. In pilot studies, Tisbe species and several other harpacticoid copepods have 
been reared in mass culture on a variety of vegetable and other food sources (Kahan 
1979 and references therein) with a view to using them a food source in marine fish 
hatcheries. Kahan et al. (1982) dcvised a iethod of presenting the naupliar larvae of 
harpacticoids to very young hatchlings by culturing them in floating net-bottomed 
trays with a mesh size of 80-100 pr, through which the older copepods could riot 
pass. Whether nematodes might outcompete the copepods in such systems in the 
longer term is not known. I have alluded earlier to our lack of knowledge about 
what conditions favor the relative development of copepods or nematodes in detrital 
systems, and research into this field is required urgently in order that the conditions 
favoring harpacticoids can be reproduced. Such research may be crucial in the
 
development of many detrital systems for aquaculture.
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Discussion 
ANDERSON: In Dr. Gray's opening comments, there was reference to a 'microbial loop'. If youuse Steele's figures foi organic carbon transfer, i.e., with 10% conversion efficiency from one levelto another, you find that the transfer of energy to zooplankton, is negligible. They appear as a verysmall energy compartment. Dr. Warwick has shown us that the biomass of the nematodes is clearlyrelated to the N-content of their food resources. I would say that when we consider transfers, as 
energy or carbon transfer, we are missing the point of transfer of protein across trophic levels. We
 saw 
from previous papers that the food quality (protein quality) of letritus is very important.
Have you looked at N transfer efficiencies? Perhaps many of the organisms that we classify as
detritivores or even some herbivores and omnivores are using a lot of this animal protein. Many
herbivorous or omnivorous animals can cope with 
a large intake of animal protein if such is available, for example, consumption of the placenta after parturition hy ruminants. The capacity to
 cope with digestion of animal protein is there. Some of our definitions may be somewhat artificial. 

WARWICK: Well, the meiofauna are really best considered as predators on bacteria. I have notlooked at N transfer efficiencies. I have only measured transfer efficiencies in terms of biomass-a 
very crude measure.
 
ANDERSON: But an animal feeding on 
detritus could be taking in lots of valuable protein from 

bacteria and meiofauna. 

WARWICK: Yes. I am sure it could. 

ANDERSON: In that case, an N-transfer budget would show much higher efficiencies than those 
which you have measured. 

MORIARTY: This is very important. If the conversion efficiency of available food to meiofaunareally is say 0.5 or 1.0%, then they are not beneficial to aquaculture systems. However, it is the 
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step between the detritus and the meiofauna which is important, namely the bacteria. We must 
find out what they are doing in the detritus and their conversion efficiency not only in terms of C 
but also in terms of N. If the :acteria are converting detrital N into protein which is then available 
for use by the mciofauna and higher organisms, then this is a key point for our discussions. Only 
then can we work out how to utilize detritus to maximum benefit. We need to get the best pos
sible conversion efficiencies from the bacteria to meiofauna or high organisms. 

WARWICK: T,,en perhaps we should avoid the ineiofaunal step in aquaculture. T-.ey may compete 
with fish for the detrital resource and the bacteria. 

MORIARTY: But the meiofauna can be important mineralizers of N and P. In a fertilized pond in 
which there is a rich layer of organic material on the bottom, perhaps a rich meiofaunal population 
could help to mobilize dissolved nutrients for algal production. 

WARWICK: Meiofauna also excrete lots of ammonia. 

MORIARTY: We need to look at all these options and then build systems for specific purposes. 

SCHROEDER: Let us reconsider the question of transfer and losses: the idea of a 1% efficiency 
with respect to carbon fixation in meiofauna. If this is so, the system could not supply enough 
carbon to produce meio fauna and still support fish production as well. However, for every 100 g 
food consumed, perhaps about 90 g is released to the system by excretion and respiration. All of 
this is not lost. If say 20-40 g go off as CO, still say 40-50 g are recycled to the system in other 
compounds. So, the real efficiency may he much higher. 

ANDERSON: This is why decomposers are so effective. There is continuous recycling. There are 
feedback systems. 

GRAY: I did some m-asurements on ammonia excretion by meiofauna in Australia. Their input is 
very significant and could be taken up by bacteria. 

WARWICK: We must not think only in terms of conversion efficiencies. The target species must be 
able to grow and complete their life cycles. 

BILIO: What evidence is there that nematodes are consumed by fish, young fish for instance? 

WARWICK: They are consumed by fish and shrimp. Work done by Gerlach and Schrage (1969)* 
has shown that laboratory cultures of shrimps canl be sustained by nematodes alone. However, this 
was in the absence of other food items. Copepods are usually the preferred item for fish. Many 
Tisbe spp. in detritus are brightly colored-reds and blues--and are easy to locate. 

BILIO: What about the digestibility of nematodes'? They have a strong cuticle. Wouldn't they be as 
resistant or more resistant to digestion than copepods? 

WARWICK: Maybe. I don't know of any work on this. 

BILIO: I suspect this from my observations on nematodes ingested by Turbellaria. 

WARWICK: The copulatory apparatus of nematodes, particularly spicules, should be good indi
cators of their digestion. These should remain very prominent in the gut of consumers. 

BILIO: Yes. There was once a new tubellarian species described in error because of the presence of 
a nematode spicule. 

SRINIVASAN: When considering digestibility, we should not forget that some bacteria are also 
chitinoplastic. 
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PULLIN: You did not mention rotifers. These are important in aquaculture, particularly in hatchery and nursery systems. Perhaps they are best defined as zooplankton, not meiofauna. In carp
hatchery ponds, one technique used is to develop a rich mixed zooplankton and then to apply an
insecticide which selectively kills the arthropods. A 'bloom' of rotifers then follows to provideexcellent food for carp larvae. Are any rotifers important Components of the meiofaunal systems
which you have discussed? 

WARWJCK: Certainly not in marine btenthic sit(u1ti)ns. Rot iifers are present hut they are very 
uncommon. 

BILIO: They can become abundant in some special situations, for example, in littoral pools. 

PULLIN: What ahout freshwater ecosystenis?
 

WARWICK: I really do not 
know. P4ohahly they are nio re important. I would not like to speculateon their importance in systems with rich hit ritus. I (10111)t that meiofauna could he important
foods, say for fattening up tilapia. Ilowever, Ihey may he useful foods during the early life history 
stages of some fish. 

SCIHROEDER: Yes. The earlv life hisiory re lih high animal protein food
like zooplankton.
 

WOIILFARTIt: Larval feeding nay*v imhed he tile tst critical part of the grtwth cycle for fish.
David Kahan in Israel has nitss-cutIh rIed 
 lenatiolhs and c:opeptods for feeding fish larvae and fry

and is now att the stage (Of setting up ;t pilot flal"It for ]larhiact icoid copepodi culture.
 

WARWICK: Where is this work in p rigress.'
 

WOILFARTt: 
 The IIehfrew University ofJerusalem.
 

MORIArY: irliig the need 
 for a link to tho lieteriitrotphic food weh to generate nutrients,
what about the Protozoa? Would they he the main regulhtors of bacterial production, by grazing
on bacteria in the sediments. Certainly, as Dr. Gray has pointed out in the water column, the
microflagellate Protozoa have an important role in limiting hacterial production and bir)mass.Fenchel and ,hirgensen (1977) in their review suggested that Protozoa were the main controllers ofbacterial production in the se(ments, but I know of no clear evidence for this. What do you think 
are the relative roles of Protozoa and meinfauna? 

GRAY: My feeling is that in most sediments the Protozoa play a minor role and the meiofauna are
the major bacteria grazers. liwever, it may he different in highly flocculent material. lere, there
 
may he large ciliate poputations. These are very difficult to study.
 

WARWICK: I agree. I don't think the Protozoa are as important as the meiofauna. Fenchel
(1969)** found that they were important in so-called capillary sediments, that is, sediments likemuddy sand with a definite pore structure. In most muds and detritus, they are not important

bacteria grazers compared to meii fau na.
 

MORIARTY: Which meiofauna? 

WARWICK: Nematodes, which are overwhelmingly ahundant. 

BILIO: On part of the seashore, where plant detritus accumulates and there may be anaerobic 
conditions, you can also find large populations of ciliates. 

GRAY: Yes, where you get a mass macroalgal debris you can find this, but not say, on the floor ofa fjord. So, it depends upon conditions. However, what we can say is that microflagellates are not 
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important in the sediments. Their role, as performed in the water column, is taken over by meio
fauna and sometimes perhaps by ciliates. 

BILIO: There is obviously a need for more work on the nematode meiofauna and the ciliates in 
fishponds and natural systems. 

*Gerlach, S.A. and %I.Schragt. 1969. Freilebende N ematoden als Nahrung der Sandgarnele Crangon 
crangon. Experinentelle Untersuchungen uber die Bedeutung der mciofauna als Nahrung fir das merine Makro
benthos. Oecologia (Iler,) 2: 362-375. 

** Fenchel, T. 1969. The ecology of marine microbenthos. IV. Structure and function of the benthic eco
system, its chemical and physical factors and the micro fauna communities with special reference to the ciliated 
protozoa. Ophelia 6: 1-182. 
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Abstract 

A review is given of the energy flow in semi-intensive aquaculture systems. Such 
systems require external sources of organic carbon, nitrogen and phosphorus. The roles 
of photosynthesis and the detrital food chain in semi-intensive aquaculture are dis
cussed with reference to water quality and pond management. 

Introduction 

Most aquaculture systems throughout the world produce fish and are characterized 
by annual yields of approximately a few hundred kg/ha. These "extensive" systems 
are almost wholly dependent upon natural production and receive little, if any, feed 
supplements. At the other extreme are "intensive" systems yielding tens of thousands 
of kg/ha annually. Such systems, raceway trout and shrimp production for example, 
are dependent upon high-quality, nutritionally complete, manufactured feeds. Inten
sive systems require very high water turnover rates, frequent cleaning and auxiliary
mixing and aeration in order to maintain acceptable water quality conditions. 

Currently receiving worldwide attention are "semi-intensive" systems, which yield
from several hundred to several thousand kg/ha. Semi-intensive systems are depen
dent upon the addition of organic materials, such as feed or waste products, which 
are seldom nutritionally complete. Here, the target animals are partially dependent 
upon "natural" feeds (microorganisms and/or detritus) to satisfy their nutritional 
needs. Natural food chains and microbiological processes could be enhanced to 
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increase yields and lower costs of aquaculture products. Yet, little is known concern
ing the productivity and relative importance of various food chains. The proceedinv
of the Second International Conference on Aquaculture Nutrition: "Biochemical 
and Physiological Approaches to Shellfish Nutrition" (Pruder et a!. 1983) did not 
include a single paper acknowledging the potential importance of detritus and asso
ciated microbes and food webs based upon this energy sonrce. 

According to Slobodkin (1970) and Rheinheimer (1980), 80-95% of the chemical 
energy bound in living creatures may be lost in the transfer from one trophic level to 
another. If this be the entire issue, it is difficult to envisage large gains in yields being
derived from lengthening food chains in aquaculture ponds. Certainly, there are 
benefits to be derived or the whole notion would have been abandoned. But surely
the potential benefits are not fully appreciated. Research to control and manipulate
food webs (algal and detrital) is underway in the United States at the Oceanic Insti
tute, the University of Hawaii, the University of South Carolina, Texas A & M 
University and Auburn University. This research is as much motivated by needs to 
minimize microbially-induced variation in water quality as to improve nutrition. As 
will be shown, water quality and nutritive quality are interdependent in semi-inten
sive aquaculture systems. 

There is no shrimp farming technology practiced anywhere in the world that 
would be commercially viable in the United States, competing in the world shrimp
market. The development of a viable US marine shrimp farming industry is currently
constrained by low profitability and high risk (Pruder et al., in press). To date, we 
have been unable to develop acceptable combinations of yield, reliability and cost. 
However, innovative methods, including some to exploit natural food webs, are 
under development. If successful, the resulting technology will be available for 
application to a wide range of production systems throughout the world. 

Aquaculture development in tie United States has been slow and high expecta
tions remain largely unrealized. Contributing in part to this state of affairs is terres
trial bias: bias towards the application of agricultural principles and methods. This 
bias has impaired our ability to recognize inherent differences in chemistry and 
physics between terrestrial and aquatic culture processes (Pruder 1983). Schroeder 
(1978), describing the autotrophic and heterotrophic production of microorganisms 
in intensely-manured fishponds, triggered interest in natural food webs relevant to 
aquaculture. Progress in unraveling the mechanics of differences between "good"
and "bad" ponds has been slow. At the Oceanic Institute, research is under way in 
eight replicate ponds to study pond-to-pond variation. We are monitoring physical, 
chemical and biological factors, seeking to identify combinations of factors that 
support good growth, conversion efficiency and survival. 

It is important to recognize that we know so very little of the workings of semi
intensive production systems. Can we answer the following questions? What, specifi
cally, is offered by the detrital based food web, or the algal based food web? Is 
there any part of what is offered that may be of significant value to aquaculture? 
If so, how do we develop the technology and/or management strategies to exploit 
potential benefits? 
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Energy Flow in Aquatic Systems 

This analysis is developed from the perspective of semi-intensive aquaculture
production systems which yield thousands of kg/ha. What follows is a review of 
some work on algal and detrital food webs. A diagram showing the heterotrophic
conversion of carbon from primary production was selected from Newell (1984), 
where he considers algal and detrital food chains, points out their inherent inter
actions in shallow water and makes reference to aquaculture. 

In this herbivore dominated pelagic system, 62% of the carbon from primary
production, directly or indirectly, enters the detrital food chain (Fig. 1). This may 
represent a minimum contribution because under other conditions, a greater portion 

Herbivores 
Grains Carbon Can voes

Oxidized /Primary production Pa3i 

8.5 30 1.8 
tozoo
 

Thermocline 
Primary production 

Settlementflfrom photic zone 

Bacteria[ 

,.. 81 Oxidized carbon 
Protozoa 

Fig. 1. Schematic flow diagram showing the heterotrophic conversion ofcarbon from primaryproduction in a herbivore dominated pelagic system.
Of the 100 g carbon from primary production, 80 g is assumed to be 

consumed directly by herbivores, 10 g of the nongrazed particulate matter 
sinks below the thermocline and 10 g is decomposed in the surface layers.
Absorption efficiency of the herbivores is assumed to be 50%, and that of 
the carnivores 70%. Bacterial carbon conversion of plant detrital material 
is 23% whilst the efficiency of transfer from bacteria to flagellates is 27%. 
It will be noted that the feces have been assumed to decompose in the 
surface waters, but it is recognized that a variable proportion of the fecal 
material may sediment below the thermocline. C in the figure = con
sumption; R = respiratory losses; P =.production; and F = feces. 
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(more than 90%) of the primary production could flow directly to the detrital food 
web (Mann 1972). Note that the biomass production of Protozoa through the 
detrital food web (3.45% of primary production) is greater than the biomass produc
tion of first-order carnivores in the algal food web (2.0% of primary productivity).
In both food webs, the bulk of the carbon is oxidized and recycled in subsequent
photosynthesis. Preference for one food web over another must be based upon the 
relative nutritive quality of various carbon forms to the feeding organisms of interest. 

The Aquaculture Case 

Perhaps tlb.d simplest example of high-yield aquaculture is the raceway production
of trout. Iore, the nutritive needs or the fish are met through nutritionally complete,
manufactu red feeds. Environmental water quality is maintained by high water turn
over rates vhich remove fish vaste and uneaten food, dilute wvaste metabolites and 
supply the necessary oxygen. Photoautotrophic and heterotrophic microorganisms 
and microbial food webs do not play significant roles in this process. This produc
tion techniqtie is site specitic , requiring dependable, large supplies of high quality 
and low cost water. 

Shigueno (1975) d(evelolped an intensive system for the I)roducti(n Of min ne 
shrimp in Jalan. Ils system also was dependent u pon high quality feeds, frequent
cleaning and high water turnover rates. AltHough the system wa:; technically feasible, 
it provided eocnom ically marginal retLurns, eveu when shrimp were sold for over 
US$30 "., ligueno has rec,_ntly turned his attent ion to earthen pond marine shrimp 
prodt,:ti,., using high quality feeds, but giving special attention to maintenance of 
desirable algal blooms through bottom cultivation and pond mixing (Shigueno 
1984). 

A raceway system for producing marine shrimp is operated for economic evalua
tion by Marine Cult ure Enterprises, Kahuku, Hawaii. It is somewhat, dependent upon
in situ microalgal photosynthesis. It is not clear whether this dependence upon
primary product ion is related to improved water quality or the production of vital 
nutrients. 

Aquacultu re in the foreseeable future is likely to remain largely dependent upon
semi-intensive systems in earthen ponds. It is unlikely that water turnwer rates will 
exceed 10% of pond volume due to pumping costs and 'or insufficient water quality 
or availability. Neither is it expected that nutritionally complete feeds will be avail
able or economically justifiable. Other means than those discussed above are required 
to deal with animal waste, uneaten food, water quality and vital nutrients. Inter
actions between photosynthetic and beterotrophic microorgqnisms, including
algal and detrital based food webs, can supply vital nutrients and help m""'-tain 
acceptable water quality. 

Simplified diagrams of probable material flow atJ interactions between microbes 
and target animals for various hypothetical, semi-intensive aquaculture systems are 
presented in Figs. 2 to 6. These systems depict the polyculture of marine shrimp and 
bivalve molluscs. Possible similarities and differences between these hypothetical, 
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Fig. 2. Diagram of material and gas flow in a semi-intensive aquaculture system. 
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Fig. 3. Diagram of material and gas flow in a semi-intensive aquaculture system, assuming high
quality feed and animals feeding on organics, algae and bacteria. 

semi-intensive aquaculture systems and a typical herbivore dominated pelagic system
(Fig. 1) are now discussed. 

The target animals in the aquaculture model, shrimp and bivalves, feed on algae,
detritus and associated microorganisms. All diagrams depict algae and consumer 
feces entering the detrital food chain marked heterotrophic bacterial degradation in 
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Fig. 4. Diagram of material and gas flow in a semni-intensive aquaculture system, assuming low
quality feed and animals feeding on algae and bacteria, etc. 
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Fig. 5. Diagram of material and gas flow in a semi-intensive aquaculture system. 

the aquaculture diagram. All diagrams reflect output from the detrital chain flowing 
both to consumers and to support further photosynthetic biomass production. 

Newell's diagram shows primary production as the base of both algal and detrital 
food webs. In contrast, semi-intensive aquaculture systems are dependent upon 
organic material (feed or waste) input that serves as tl-e oase of both food webs. 
These organic materials are either consumed directiy 'y the target animals or enter 
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Fig. 6. Diagram of material and gas flow in a semi-illt~nsive Mtluaculture systern, assuming CO 2and fertilizer input (inorgnic) and target animals feeding on algae. 

the detrital food web or both. Oxygen is consumed and carbon dioxide and inor
ganic nutrients are produced. The carbon dioxide and inorganic nutrients are then
recycled through algal photosynthesis, which produces dissolved oxygen and algal
biomass. The algae produced serve as feed for the target animals or enter the detrital 
food web. Photosynthesis, although not the base of the food web, is nonetheless 
of critical impcrtance in semi-intensive aquaculture systems where algal and detrital 
food webs vre interdependent. 

Aquaculture ponds have characteristics similar to eutrophic waters where produc
tivity is often light-limited and oxygen depletion is a threat. The system depicted by
Newell is more often nutrient-limited and dissolved oxygen and dissolved carbon 
dioxide seldom vary outside acceptable limits and are seldom considered limiting 
factors. 

As most aquaculturists appreciate, oxygen necessary for aerobic metabolism 
should not be taken for granted. Cassinelli et al. (1979) have shown that net photo
synthesis supplies the bulk of the oxygen to seni-intensive pond systems. Algae,
although not the base of the food web, are nonetheless essential for providing 
oxygen (Pruder and Bolton 1980; Pruder 1981, 1983, in press)..The oxygen supply
role leads into suggestions concerning exploitation of the detrital food chain, which 
will be discussed below. 

The rate of oxygen transfer through the air-water interface is often insufficient to 
meet the pond's oxygen demands, making in situ photosynthesis essential. Net pri
mary production becomes dependent upon in situ production of nutrients released 
during aerobic respiration of organic matter. In semi-intensive aquaculture, primary
production and respiration are coupled. Photoautotrophs and heterotrophs are 
interdependent. 



303 

An average net photosynthetic rate of 2 g C/m 2/day, would require a surface area 
of 50 m 2 to produce 100 g C. At a nominal animal loading of 1,500 kg/ha, a 3% by 
body weight feeding regime and a 50% carbon content in the feed, the feed carbon 

2required per day for an area of 50 m , is 112 g. The natural phytoplankton produc
tion, if directly consumed by the animal, could satisfy the animal's carbon needs. 

If the input feed itself is nutritious and acceptable to the target animal and is cost 
effective, food web decomposition and conversion would be wasteful and should be 
repressed. if, however, inexpensive and nutritively poor materials can be converted 
to nutritious feed by microbial processes and/or provide nutrients for algal photo
synthesis, the food web should be exploited. 

It is necessary to realize that nutritive quality and photosynthetic enhancement 
are of equal importance to a consideration of carbon and energy flow. Phillips 
(1984) discusses the role of different microbes and substrates as suppliers of specific 
essential nutrients to marine detritivores. I am pleased to second his recommenda
tion that, "studies of nutritional values of detritus and factors affecting trophic 
transfer consider the importance of animal requirements for specific essential 
nutrients, as well as energy and protein ". 

Summary 

For all practical purposes, semi-intensive aquaculture technology must include, at 
least, but is not limited to: 

1. An external source of organic carbon, most likely of terrestrial origin 
2. 	An external source of nitrogen, phosphorus, etc. 
3. 	A system of decomposers to make the nutrientr ;ivailable for primary produc

tion, maintain water quality and provide nutritive feed materials 
4. 	A system of primary producers to provide oxygen, maintain water quality and 

provide nutritive feed materials 
5. 	A population of desirable target animals. 
The relative importance of algal versus detrital food chains depends upon the 

nature of the input and the requirements of the target animal. Food web inter
actions should be considered and exploited. 

It is the aquaculturist's responsibility to identify the nutritional and water quality 
requirements of the target animal and tle relative cost and availability of input 
materials; then, working with microbiologists, ecologists and nutritionists, tc devise 
the most cost-effective pathways or food webs and finally, working with food tech
nologists and engin. ;,.s, to devise the delivery and control technology. 

Lastly, we must not underestimate the importance of timing in management 
strategy. A pond's capacity to jroduce oxygen is fixed by the day-night cycle. Maxi
mum biological oxygen demand should occur concurrently with the maximum 
photosynthetic activity using as much of the water column as possible. Corresoond
ingly, minimum biological oxygen demand should occur during the dark hours 
especially just before dawn. 
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Discussion 
EDWARDS: Please do not forget in your definition of aquaculture that not all aquaculture products are "for sale". In developing countries, family consumption i:, extremely important. 

http:317-3.13
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PRUDER: I agree. However, the products still have 'value'. They must have to be worth the effort 
of production. 

SCHROEDER: Your discussion on the integration of marine bivalve and crustacean production 
points up a problem of marine aquaculture as opposed to say a balanced pond culture in fresh
water. Your bivalves can be the equivalent of a filter-feeding fish in freshwater polyculture. There
fore, you can have a better balanced system than with crustaceans alone. 

SRINIVASAN: You have made a valuable contribution by drawing our attention to the inorganic
cycles in aquaculture and in particular to carbon, the importance of which has often been over
looked. Carbon availability for plankton growth, etc. may be a major limiting factor. 

One further general point is that we must consider water 'quality', that is how the water chem
istry affects the animals, before getting into the more detailed biology and biochemistry of produc
tion processes. We must consider bu ffering capacity, alkalinity, etc.-the total water chemistry. 

FRY: When photosynthesis ceases at night, your plankton will change from important producers 
of oxygen into consumers. In marine systems, high in sulfate, if oxygen is no longer available, 
H2 S will be produced and will come out from the sediment into the water column. 

PRUDER. Ryther's group, which I joined for a while, used secondarily-treated effluent. In other 
words, it was rich in N and P but had already been stripped of a lot of carbon. The results would 
probably have been better using the effluent just after primary settlement. However, even in the 
summer months, the group was able to sustain a diatom bloom. The species was Phaeodactylum 
tricornutum. This is a 'weed' diatom. It never seems to dominate in nature-only in manmade algal 
ponds! It is no good as a feed fov" bivalves. We looked at possible limiting factors to phytoplankton
succession, such as silicate. When we grew Phaeodactylurn in comparison with Thalassiosiraand 
Skeletonerna in laboratory culture, it gave no clues as to why it should outrun these species in the 
ponds until the pH went to 9.3 and the oxygen to about 200% saturation. The work of Ryther's 
group was fine, given the state of knowledge at the time. In retrospect, we could probably do 
much better now by not going for a tertiary level of production. Remember as well that whereas 
mussels eat almost anything and clams are intermediate, among the bivalve filter feeders the 
oysters require algae almost exclusively. 

In summary, oysters could be a useful component of a tropical marine polyculture. We grow 
then in our shrimp pond outfalls in Hawaii. We do not know what the effect would be of putting 
them in the ponds. Hard clams (Mercenariamercenaria)will grow in shrimp ponds. 

EDWARDS: Are diatoms always present in the water, as well as greens? 

PRUDER: Usually when the ponds are productive, diatoms are present. We don't always have that. 
have that. 

BLACKBURN: The balance of CO 2 fixed to 02 produced is a 1: 1 ratio in a coupled system. So I 
fail to see how a large phytoplankton biomass in pond can do anything but cause you trouble by 
producing large swings in oxygen concentration. Why not have dark ponds? 

PRUDER" I have considered this. The phytoplankton do have a beneficial effect on water quality. 
For example, they take up ammonia. Light appears to be essential. 

BLACKBURN: But they in turn are broken down and producemore such endproducts. 

PRUDER: True, but the system is not entirely based on primary production. We are adding other 
materials which are also being processed. 

COLMAN: The phytoplankton effectively-store organic matter so that it does not become an 
immediate oxygen demand to threaten the fish. 
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BLACKBURN: Yes, I can see that this aspect of oxygen demand will be out of phase, but ulti
mately you will reach some sort of balance. 

PRUDER: If your target. animals consume and oxidize the algae, this is a short, efficient food 
chain. 

BLACKBURN: But, as I understood it, your first objective was to use the phytoplankton asincidental oxygen producers in a high energy-in)lut system. 

PRUDER: Well, suppose I have no phytoplankton and I use Dr. Schroeder's feeding rate of 5
g/m2/day, the system will not run for lack of oxygen. 

BLACKBURN: If you are producing 2 to 3 times oxygen saturation during the clay, this is veryhigh production. You must lose a lot of oxygen. 

PRUDER: Yes, and we must find out how to improve matters. Most ponds are managed so thatmaximum oxygen concentrations are around 12-13 mg/l. I have never seen ponds go to 30 mg/I as
mentioned by Dr. Schroeder. 

BLACKBURN: Well, you could limit this by encouraging lieterotrophic production. This would
 
create an oxygen demand. Is this what you want?
 
PRUDER: It could be if the quality of the material produced is higher than that of the added
 

materials. 

BLACKBURN: Has anyone ever tried a dark fishpond? 

WOHLFARTH: Yes, by overproduction of duckweeds (Lenina, etc.). There was close to total fishmortality. It stopped oxygen from being produced in the water column. It also of course stops
diffusion of oxygen. 

SCHROEDER: On dark systems, when Coca-Cola and W.R. Grace were developing highly intensiveshrimp raceway culture, they got vastly increased survival and production in outdoor as opposed
to indoor systems with all other factors kept constant. 

SRINIVASAN: The phasing of all this is important. By using the phytoplankton you arc 'buyingon credit', removing some of the BOD, but the reckoning will come later. One solution is to 
remove some of the phytoplankton. It can then be regenerated. 

BLACKBURN: I don't think the fish biomass is significant in terms of the overall carbon and
 
oxygen budgets.
 

ANDERSON: Your models showed some interesting feedback effects. The higher the quality of afeed that you give to an animal, the higher the BOD that it will create through its feces, etc. I likethe concept of producing oxygen by phytoplankton. However, your system also has a spatial problem because your target organism is a bottom feeder. You need to maintain'acceptable oxygenconcentrations at the bottom, which is difficult. If you add a spatial dimension to your models, onthe one hand, settled organic material can create anaerobic bottom conditions whereas dissolvedorganic matter can give rise to oxygen deficits in the upper water column. Could you grow yourshrimps on a false bottom-a mesh which would keep them off the anoxic s-diments and wouldallow for the diurnal swings in oxygen concentration in the water column while still keeping themin tolerable conditions? In other words, could you take -advantage of a stratified system? 

PRUDER: It may be possible, I'm not sure it would be desirable. Shrimp do not just crawl aroundthe bottom. Also they are not simply carnivores. The problem with our current strategy is thatmost of the oxygen is in the upper third of the wat(r column and much is lost to the atmosphere. 
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It would be good if we could devise a stable lower density phytoplankton-based system with light
penetration to greater depths. We could then produce oxygen by day throughout the water column. 
Thereby we could avoid putting any energy into mixing. 

WOHLFAR'Fri: A mesh above the bottom would not be a good idea to keel)Macrobrachiunm off 
the bottom in this way. This is a bottom-living detritivore. 

ANDERSON: Could you not arrange a mesh size that would allow waste materials to fall through
the mesh to the bottom-there to be processed and to enhance production through the dissolved 
organic carbon route-while the target animal feeds on the mesh in better quality water condi
tions? 

WOIILFARTIt: In our polycul tures, .1acrohruchiun eats (hetritus on the bottom, rather than 
supplemental feed. 

PRUDER: It may be different for penaeid shrimps. We (ho't know very much about their feeding 
habits and preferences. We are L,'ying to analyze these at present. Dr.Warwick's idea is just an 
indication of how we sometimes wish we could take the ulpper waters of a pond down to tile 
bottom and '-ice-versa. Although maybe Dr. Schroeder would not agree. 

SCHROEDER: I can agree that there are aerobic and anaero!)ic bacterial processes which are both 
important. 

PULLIN: Let's get back toioxygen. Low early morning dissolved oxygen is common in tropical 
waste fed ponds, but some of the cuttured fish, particularly tilapia, are very tolerant to this. In our 
manured pondtl experiments with Central Luzon State University, we had early morning DO's (]own 
,) zero, but the tilapia survived. lHowever, sublthal effects are important. It is particularly impor

tant, to have enough oxygen for growth. 
Pe,'haps some of the variability in yields between po)nds is caused by variability in available 

oxygen for finfish, if not for shrimp ats well. 

EDWARDS: At AIT, we have collected some data on the sublethal effects of low oxygen oil 
growth. We used increasing loadings of septage (cessp)ool slurry) to tanks. The algal populations 
built up but they were stale and there was a corresponding relationship between dawn dissolved 
oxygen and septage loading. We (lid get down to zero oxygen at dawn for some tanks. The fish 
grew very fast at first and then growth tell off' and we got some mortality. This may have been due 
to low oxygen and/or increased concentrations of nit rite (and possibly ammonia). I must empha
size that this was under conditions ot stable not collapsing algal populatons. 

ps.,bii: tuhave 
light penetration for the algae to produce enough oxygen and use enough CO., to stay in balance 

PRUDEIt: Itis, a healthy algal population of density such that you get just enough 

with the bottom. You can have an algal popthation which is producing essentially nothing and is 
stable; just recycling CO 2 . Stability is not the important point. It is the net production of oxygen 
that is important. 

COLMAN: In terms of using the algae to get net production of oxygen, some cropping of the algae
by fish is probabily a good thing even if the amount of production of these fish is small. The stand
ing algal crop is reduced by such fish and the diurnal oxygen swings are smaller. If this is not 
sufficient, then some of the algal-rich water can be removed and replaced with new water. I have 
always been struck by how great the algal production of oxygen is when a pond is first set up and 
the algal population is growing rapidly. Perhaps we could envisage systems of removing algae-rich 
water for stocking new ponds to be topped tip with new water. 

BILIO: That is what the Japanese do in eel farms. They have a well-developed system of water 
exchange and dilution. 
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COLMAN: You need not throw away the water removed. It can go to other ponds, for example. 

WARWICK: You recommend having food chains as short as possible. I am sure that this is right foran aquaculture system in which you are adding food to fatten animals. However, for a self-sustaining aquaculture system in which the animals are reproducing, you would have to consider also therequirements of the early life history stages. We discussed this after my paper. In nature, fish nursery grounds are very different habitats from adult feeding grounds. Can you envisage a com
promise system in which fish can be bred and fattened? 

PRUDER: Well, I did say the shortest food chain possible. For most aquaculture operations, it hasbeen found mosf efficient to separate hatchery, nursery and growout procedures. 

WARWJCK: Isn't that very labor-intensive? 

PRUDER: I wouldn't like to exclude any possibiiities. If a long food chain appeared a viable 
proposition, we could use it. 

PULLIN: Hatchery, nursery and grow-out procedures are usually separated in developing and 
developed countries. 



Session on Manipulation of Detrital Systems for Aquaculture 

CHAIRMAN'S OVERVIEW 

R.S.V. PULLIN 

The title of this session is optimistic. Although many aquaculture researchers and 
producers use detrital food chains to produce fish, their understanding of the flow 
of nutrients in their systems is very limited. Culture installations and cultured fish 
are often regarded as 'black boxes': the inputs being water, feeds, fertilizer and solar 
energy and the outputs fish, sediments and effluent water. A greater understanding 
of the chemical and biological basis for fish production in such systems is an essen
tial prerequisite to manipulation of detrital food chains. 

It is clear from the papers to be presented here and from our discussions so far in 
this conference that the most interesting and productive culture systems that involve 
detrital food chains are fisliponds for which the major or the sole inputs are organic 
wastes. The more intensive tank or cage systems in which large amounts of supple
mental feed are given are also interesting because fish feces and unconsumed food 
particles enrich detrital feeding niches. These contribute significantly to production, 
especially in systems in which detrital substrates are resuspended by aeration, agita
tion and fish movements. However, it is the waste-fed pond that contributors to 
this conference have found the most appropriate system for study and discussion. 
Here, as in the well-established principle of recycling organic wastes in agriculture by 
land application, the term 'waste' has no derogatory connotations. 

Admitting that our knowledge of how waste-fed pond systems work is poor, 
let us first consider how good existing practices are in terms of fish production. I 
would say that they are not bad. We can produce about 30 kg/ha/day over say a 300 
day growing season in the tropics, i.e., about 9 t/ha/year. Yields of five to eight 
t/ha/year are more usual in production ponds, but yields of 10 t/ha/year and more 
have been achieved experimentally, even without inorganic fertilizers and feeds to 
supplement the organic waste inputs. This is impressive animal protein production 
by any terrestrial comparisons. However, one must conpider the resciurces (energy, 
land area, labor, water, etc.) necessary to produce the organic wastes inputted to the 
pond, not just the pond area, when comparing terrestrial and aquatic food producing 
systems. This requires a resource economics approach which is outside the scope of 
this conference. 
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In this, session, we will consider how to increase yields beyond those presently

achieved.The carryingcapacity of a pond is a 
useful concept here. It can be increasedby using expensive inputs such as high quality feeds and aeration, but can we find
other more cost-effective routes? We know how to 'green tip' ponds for herbivorous
fishes, but not how to manipulate t-c pond's autotrop)hic and heterotr,phic food
webs to channel more nutrients inio fish flesh. Our knowledge of how to manipulate
the detrital food web is almost zero. It is to he 1hoped that this session will frame the
questions which must be answered 1)V future research and will also consider the prac
tical options which could be test ,.d in the near future, such as improvements in 
waste handling, waste loading cci nhiq ues, waler management and quality contr-Al 
and associated fish h usibandry p ra ices. 

The papers t) be presented arc widenging ard interest ing. Dr. Peter Edward's
contribution em pha1sizes the great potential of herbivorotus fish as producers of
animal protein from low grade veget able inputs. The trass carp c'tcnopharvngodonl
idclla is by far tile most impo)rtant species, although (thersonme cyprinids and

iilaj)hl rendalli merit much greater study. From the work (lone 
 \- )r. Edwards
and his colleagues at the Asian Institute ot'Technology, Balnkokl. 'hle production ot
5-6 t of tilapia ha year ori nightsoil waer hyaciit coimpost is pirticulrlv impres
sive. 

The paper by )rs. Piedrahita an(d Tchobanoglous offers a new perspective on
health risk assessments for sewage wastew ater fish (culture. This renmains a co nt rover
sial topic. The key concept here is 'reasOlableness of' risk balanced with dem onstable
benefits.' Public health is the most imIport ant issue in this se(tor of waste-fed aqua
culture and this paper is most welcome. it will help those who wish to establish
practically attainable :standards of safety, similar to those applied to other food
 
producing systems.


The paper by 1I)rs. Wohlfart 1iaild tHul; a reminds 
us again 0t' the high yields
attainable from wast e-fed s st ems: up to 50 kg fish ha day from static wvat er ponds,if supplemental feed is given as well is inorganic and organic fertilizers. These
authors point out that we (o not understand how to increase these yields either in
absolute terms or in terms of economic efficiency. They emphasize the lack of
critical experimentat ion oilthe chemical and biological bases of tis',i production in
ponds. Very little critical work has been done apart from the programs of AlT,
ICLARM and Israeli groups. We must therefore define research needs for the future
with a view to improving the biological and economic efficiency of fish production,
keeping the best aspects of traditional and current practices and testing new ideas.
The suggestions for practical manipulation of pond systems will likely be the most 
important output of our conference. 
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Abstract 

There is a need to promote fish culture for small-scale farmers in developing coun
tries to augment decreasing supplies of wild fish, the traditional source of animal pro
tein in many Asian countries. The use of terrestrial vegctation and aquatic macrophytes 
by herbivorous and detritivorous fish that feed low down on the food chain may 
provide the requisite low cost, low energy technolovy. Various aspects concerning the 
use of both terrestrial and aquatic macrophyts in aquaculture are reviewed: charac
teristics of herbivorous fish; traditional macrophyte-fed ac-aaculture systems; cultiva
tion of aquatic macrophytes as fishpond inputs; simultaneous pond culture of fish and 
macrophytes; use of green manure and compost, eP'.sentially manmade sources of 
detritus; and rotation of fish and plant crops. It is recommended that the principles of 
Chinese integrated aquaculture be more widely r.pplied in developing countries and 
quantified under tropical conditions. Herbivotous fish are relatively efficient grazers 
of macrophytes but are inefficient assimilators and accelerate the recirculation of nu
trients which stimulate the development of plankton; thus to optimize a macrophyte
fed aquaculture system a polyculture of macro- and microphagous fish is required. Be
cause there are constraints to the use of grass carp in the tropics, the "central" species 
in Chinese carp polyculture, other macrophagous fish such as the t ilapia, Tilipiu 
rendalli, and the tropical carl), Puntius gonionolus, require evaluation in polyculture 
with microphagous species such as Nile tilapia, O'eochromis niloticus. 

Introduction 

A recent FAO study has predicted that by the year 2000 a world population of 

more than six billion will need an agricultural output of 50-60% greater than 1980 
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and that the demand for food and agricultural production in developing countries 
will double (FAO 1979). Fish protein forms only about 5% of the total protein
available to man (Pimentel et al. 1975), but in much of Asia fish have a much more
important dietetic role and comprise more than 50% of the total animal protein
supply in many countries in East, South and Southeast Asia (Josupeit 1981).

Although aquaculture has a history of s-veral thousand years in Asia (Tubb 1967)
and Asia is still by far the major producer of farmed aquatic products (Pillay 1979),
it is only within the last two to three decades that aquaculture has gained momen
tum in tropical Asia. Most operations are conducted by entrepreneurs to supply
urban markets. In contrast to the generally held supposition that, "in general, all fish
culturists are farmers and all farmers cultivate fish" (H-uet 1972), small-scale farmers,
with few exceptions, have yet to become widely involved in aquaculture (Edwards et
al. 1983a). The traditional source of fish in most of Asia is "wild" fish caught from
natural water bodies, but recent shortages, due mainly to rapid population growth
and concomitant overfishing, have led to widespread protein-energy malnutrition in
rural areas, particularly among infants and preschool children who derive insufficient 
protein from the rice based diet (Edw;irds 1983).


In developed countries, fish farming methods used that are 
based to a large extent 
on high protein pelleted feeds are energy intensive (Purdom and Preston 1977;
Weatherley and Cogger 1977) and are not suitable for small-scale farmers in the
tropics (Edwards 1980a). Hickling (1971) listed several advantages of the increasing

tendency to feed fish dry pelleted feed: the formula can 
be varied as required; the
feed can be blended in bulk and therefore provided cheaply and in reliable supply;

and the dry feed is compact and easy to transport, store and dispense. However,

small-scale farmers with a mean 
farm size in Asia of only 0.67 ha in 1970 (FAO1979) and limited purchasing power, are hardly likely to be able to benefit from the
convenience of commercially produced pelleted feed and alternative strategies are
required for the single most populous group in the world. It has long been appre
ciated that fish production is highest. for ponds with short food chains i.e., those
with herbivores, omnivores, plankton and detritus feeders (Huet 1972); thus it is
logical to focus attention on aquaculture systems involving such fish. 

The various ways in which terrestrial and aquatic macrophyte vegetation may be
used in fish cUlture are reviewed in this paper. Vegetation may be consumed directly
by herbivores, but the role of detritus in fish production, a topic that has received 
scant attention to date, is considered also. In many natural ecosystems, up to 90%
of the primary plant production is not directly consumed by herbivores and Enters
the detrital food web (Pomeroy 1980). Because most detritus originates from plant
biomass in natural ecosystems, vegetation and the detriial food web hold promise as
the requisite inputs for low cost, low energy aquaculture system appropriate for the
small-scale farmer. The integration of fish with rice cultivation is not discussed but it
has been reviewed elsewhere (Ardiwinata 1957; Coche 1967; Huat and Tan 1980; 
Ruddle 1980). 
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Herbivorous Fish 

Woti.u DIsritIBU'rION 

Cultured herbivorous fish of European origin that feed on macrophytes are 
practically nonexistent (Huet 1972) but in Asia and Africa there are many commer
cially important herbivorous fish (Hickling 1971 ). According to Nikolsky (1963), 
there are no herbivorous fish in high lattu(les because the growing period for vegeta
tion is short. At lower lat ;' iles, there are facultative herbivores such as the silver 
crucian carp (('arassils clrassius) and roach (Rutilus rutilus) which do feed on 
vegetat ion, althoug'.. anim als comprise their main food Source. Plants come to play 
an increasingly important role as fish feed in lower latitudes with more continuous 
vegetation+ growth thiri)u l1ut the year and here there are fish that feed entirely onh 
plants. 110wever, despite the presence of' a wide range of herbivorous species in the 
iropicS (lickling 197 1:Edwards 1980b), their potential remains to be fully exploited. 

Asia has (he widest range of commercially exploited herbivorous species. The best 
known aquaculture system is the Chinese carp polyculture, the development of 
which was made possible by an outstanding diveisification of carps in China (Kafuku 
1966). The system has been described in detail by various auithors (l-loffmann 1934; 
Anon. 1973., 1980; Edwards 1982). The grass carlp (Ctcnopharvngodon idella) is 
generally the dominant species in areas with abtidant vegetation (Lin 1954), but in 
some areas the herbivorous Wuchang fish (Alcgalohratiarunblyccphala) (Anon. 1980; 
Edwards 1.982) or the Chinese bream (Parabramispekinensi') (Aton. 11973) may 
also be included in the polyculture. The mud carp (Cirrhinusmolitorella), which is 
usually a major species in the polyculture in South China, feeds on higher plant 
detritus (Anon. 1980). The Chinese carps are now cultured outside China, starting 
about 60 years ago in Malaysia, Singapore and Thailand (Lin 1.954). More recently, 
they have been widely disseminated, for example, to India (Chaudlmi et al. 1975) 
where the indigenous Indian major carps catla (Cal/a catla), rohu (Labeo rohita) 
and mrigal (Cirrhinustrigala)may feed to a certain extent on either fresh or decom
posing higher plants (1-ora and Pillay 1962; Huet 1972), although much less vora
ciously than grass carp. Common carp (Cyprinus carpio) has been reported to occa
sionally feed on macrophytes (Huet 1972), but normally it is not a herbivore and 
consumes vegetable food only when very hungry (Chen 1934; Lin 1935). The 
inhibitory effect of common carp on the development of aquatic macrophytes in 
fishponds has been attributed to its feeding habit of digging into the bottom mud 
and increasing the turbidity of the water, thereby impeding the penetration of light 
and the growth of aquatic macrophytes (Huet 1972; Crivelli 1983). 

The culture of herbivorous macrophyte feeding fish is also a traditional practice in 
West Java, Indonesia, in which the following fish are usually raised in polyculture: 
gourami (Osphronemusgottramy), nilem (Osteochilushasseltii)and tawes (Puntius 
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gonionotus) (Vaas 1954; Hora and Pillay 1962; Ling 1967; Huet 1972). Gourami
and tawes may also he raised on a small scale in other countries in Southeast Asia(Kong 1966; Huet 1972). Pangasiusspp. (catfish) are mainly carnivoous in openwaters but can be fed soft vegetation when cultured in Kampuchea, Thailand andVietnam (Thiemmedh 1961; Hora and Pillay 1962; Huet 1972). Grey mullet (Mugilcephalus) raised in freshwater as well as brackishwater ponds in China, Hong Kong,India and Israel feeds on decaying macrophytes (Hora and Pillay 1962; luet 1972).Snakeskin gouramy (Trichogastcrpcctoralis)has been fed soft aquatic plants anddetritus in ponds in several countries in Asia (Hora and Pillay 1962; Huet 1972),but is now a major cultured fish in a recently developed detrital system in Thailand(see section on Siniult uneous Pond Culture of Fish and Macrophytes). The pearl spot(Etroplus su raI'nsis), indigenous to southern India and Sri Lanka, feeds on aquaticmacro)phytes and detrit us (ltora and Pillay 1962; IIuet 1972), and is considered tohave potential as a farned species in Sri lanka (De Silva and Perera 1983; Du Silva 

et al. 1984).
The tilapias froin At'rica and the Levant arc mainly herbivorous and membersof the genus '1 sparrinaniiand 7'. zillii feedI on macrophytesi) ia; I'. rciinlli, T'. 

(Meshkat 1967: Semlatlila and Malkoro 1967; iulet 1972; 3owen 1982; Trewavas
1982). in cotrast to he inicropihagcus tilapias belonging to the genus Oreochron is,relatively few attempts have been made to cultu .'e the macrophagoius tilapias outside
their native range; recent attempts have been niade in Cent ral and South America(Hepher and Pruginin 1982: Ralos-llena) and Corredor 1980). Cult ure of' herbivo
rous tilapias has been reviewed by Pullin ( 19 83a).

There are additional fish species that may have potential as cultured heribivores,but these remain to be ad(equately assessed; for example, certain spccies from theAmazon River basin: silver dollar fish (Aetynnis roosecelti, Ilylssoma arg-cnteumn),
pirapitinfza (.1ylossomia bidews), and tamnbaqui (Colossomna bidens) (Edwards 1980b). 

STR .rC'rtV.AI. ATl.) .\'i'ils'r i DII' 

Herbivorous fish that feed on macrophytes have anatomical adaptations for their
diet. The grass carp, like other cyprinids, has a toothless mouth but has strong and
specialized pharyngeal 
 teeth arranged intwo tows, those on the lower row withdoubled and flattened serrated cutting and rasping surfaces. The grass carp has nostomach and the gut is only two to three times the length of the fish, exceedinglyshort for a herbivore (Ilickling 1966). The macrophyte-feeding tilapias have bicuspidand tricuspid teeth on the jaws and small, sharp pharyngeal teeth that shred vegetation and rupture some of the cells (Trewavas 1982). The Nile tilapia, Oreochromisniloticus, which is usually regarded as only a microphagous species, has pharyngeal
teeth almost as stout as some macrophyte feeders as well as a relatively high countof fine gill rakers (Pullin 1985). However, in contrast to the grass carp, the tilapiashave long coiled intestines up to 14 times the body length (Trewavas 1982; Bowen1982). There appears to be a correlation between the length of the intestine and thefeeding habit of fish with the relative gut length increasing gradually from about 1.6 
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for strict carnivores to up to 18 for typical herbivores with omnivores in an inter
mediate range; however, extremely long digestive tracts may be restricted to micro
phagous fish because grass carp has a relative gut length of only 2 to 2.5 (Bitterlich 
1985). 

TYPE O, MACROPIYTES CONSUMED BY HEiRBWmVnous Fisii 

Herbivorous fish do not consume all species of terrestrial and aquatic macro
phytes, and even plant species that are eaten are not taken with equal relish because 
the fish have distinct preferences. 

There is a voluminous literature on the grass carp because it is the most voracious 
feeder among herbivorous fish and there is worldwide interest in its use as a biologi
cal means of aquatic weed control (Anon. 1979; Edwards 1980b; Pierce 1983; Shire
man and Smith 1983; Zonneveld and van Zon 1985). Like most cultured fish, the 
grass carp is omnivorous (Hiclding 1971), and will feed on almost anything of animal 
o plant origin when adult: macrophyies, insects, earthworms, small fish, silkworm 
pupae and even decayed cloth and old shoes thrown into the pond (Chen 1934; Ling 
1967). However, there are certain broad feeding preferences concerning the con
sumption of macrophytes by grass carp (Edwards 1980b). The most favored macro
phytes are soft plants such as filamentous algae, submerged aquatic macrophytes, 
duckweed, and soft leaves of terrestrial plants such as herbaceous plants and vegeta
bles, and grasses (Lin 1954; Anon. 1980). Among the least favored are fibrous and 
woody plants such as rushes and sedges and also larger floating aquatic macrophytes 
such as water lettuce (tistiastatiotes) and water hyacinth (Eichhorniacrassipes) 
(Singh et al. 1967; Alabaster and Stott 1967). Although grass carp do prefer the 
more soft and succulent macrophytes, taste may be also involved because in a list of 
16 plants eaten by grass carp in approximate order of preference, the fairly succu
lent water cress (Rorippanasturtium-aquaticum)was the 14th spec:es listed (Cross 
1969). 

Other herbivorous fish species do not seem able to consume such a wide range of 
plants as the grass carp. Macrophyte-feeding tilapias have been reported in Africa to 
feed mainly on the leaves of cultivated plants such as banana, cassava, papaya and 
sweet potato and on grasses and herbaceous plants (Meschkat 1967; Semakula and 
Makoro 1967; Huet 1.972). 

FEEDING EFFICIENCY OF HERBIVORES 

Herbivorous fish consume relatively large amounts of macrophytes, due in part to 
the high water content of the ingested material (Edwards 1980b). Bhatia (1970) 
reported that grass carp of 1.00 to 1.25 kg in weight consumed 100 to 174% of their 
body weight/day of certain species of aquatic macrophytes. Venkatesh and Shetty 
(1978) reported the consumption by grass carp of 100 and 125% of their body 
weight/day of the submerged aquatic macrophytes Hydrilla and Ceratophyllum, 
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respectively. A 1-kg grass carp was reported to eat its body weight of grass/day 
(Anon. 1980). 

There is considerable variation in the literature concerning the feeding efficiency
of herbivorous fish, which is hardly surprising when it is realiz. d that feeding trials 
were conducted in containers of various sizes from aquaria to ,:'nds, under varying
environmental conditions, with different species and sizes of fish, fed macrophytes
of various species, which themselves varied in water and nutrient content, the latter
ranging widely in a given species depending on the fertility of the environment 
(Edwards 1980b). Grass carp is notable for its low conversion late of food into fish 
biomass which may be due to the inefficient trituration of plant material and the
exceedingly short gut for a herbivore (Hickling 1966). Estimates of digestion effi
ciencies (apparent assimilation efficiency) of plants by grass carp ranged from 50 to
70% (Hickling 1966; Shireman and Smith 1983) although Law (1978) reported a
digestibility of napier grass (Pennisetumpurpureum) by grass carp of only 19.7% 
on a dry weight basis; however, 65.5% of the protein was extracted by the fish. Law 
(1978) attributed the low digestibility of napier grass to its more fibrous nature than
the guinea grass (Panicummaxitnuin) used by Hickling (1966). Van Dyke and Sut
ton (1977) reported relatively high apparent digestibilities of 53 and 80% for the 
dry matter and crude protein of a mixture of the duckweeds Leinna minor and L. 
gibba by grass carp, respectively. The macrophyte-feeding Tilapia rendalli was esti
mated to have an assimilation efficiency of 47.8 to 58.7% when fed the submerged
macrophyte Ceratophyllum demersum, which was considered to be very good for a
macrophagous herbivore, due to successful trituration and efficient pre-assimilatory
processing of food (presumably by low gastric pH) (Caulton 1982). The utilization
of crude protein in the duckweed, Spirodelapolyrrhiza, and the submerged macro
phyte, Elodea canadensis, by the macrophyte-feeding fish 'Tilapia nelanopleura'

(probably T. rendall', see Trewavas 
 1982, for discussion on nomenclature) was
 
between 47 to 57% for both species (Mann 1967) but was 86% in a hybrid of the

normally microphagous hybrid Oreochromis niloticus x 
0. aureus fed the duck
wed Lemna gibba (Gaigher et al. 1984).

Food conversion ratios for macrophytes in the literature expressed on a wet
 
weight basis normally range from about 30 to over 200 (Edwards 1980b; Shireman
 
and Smith 1983), but much of the variation is due to the higher water content of
aquatic compared to terrestrial macrophytes, e.g., Venkatesh and Shetty (1978)
reported food conversion ratios of 27.0 for hybrid napier grass and 128.4 for Cerato
phyllum, but the food conversion ratios expressed on a plant dry matter basis are 
narrowed to only 4.6 and 10.3, respectively. Very low food conversion ratios of less
than 2 on a plant dry matter basis have been reported for duckweeds, which have a 
relatively low fiber and high protein content (Edwards 1980b; Shireman and Smith
1983). These low food conversion ratios are comparable to grass carp fed commer
cial pelleted feed (Huisman and Valentijn 1981). Gaigher et al. (1984) reported a
food conversion ratio of 1 for the hybrid Oreochromisniloticus x 0. aureus cultured 
at high density in an experimental recirculating unit even though natural food due to 
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fertilization by uneaten feed and fish feces was not allowed to develop due to pos
sible adverse eff: -s on water quality. Although the growth rate of the fish was 
relatively slow, tl,. duckweed was readily ingested and efficiently utilized by ,he 
tilapia hybrid, which indicates the potential of duckweed in feeding tilapip. 

A major reason why the feeding efficiency of herbivorous fish is usually low is 
that fish do not produce cellulases directly, nor do they have a significant symbiotic 
gut flora capable of hydrolyzing cellulose (Fish 1960; Hickling 1966; Stickney and 
Shumway 1974; Buddington 1980). Celiulolytic activity determined in the guts of 
fish is positively correlated with the amount of processed plant detritus in the guts 
and is presumably attributable to the bacteria and fungi colonizing the detritus 
(Prejs and Blaszczyk 1977; Buddingtoil 1980). Microscopic examination of gut con
tents in grass carp showed that only those cells that were rasped away or ruptured 
and exposed by cutting during mastication appeared to be digested and large areas of 
leaf passed through the gut intact; the digestive enzymes were reported to have little 
lytic effects (Hickling 1966). In contrast, tilapias have both morphological and 
physiological adaptations to a piant diet; like grass carp they have pharyngeal teeth 
to triturate plant matter but also gastric acid secreted to an unusually low pH, fre
quently less than pH 1.5 which can lyse the prokaryotic cell walls of bacteria and 
blue-green algae (Moriarty 1973; Moriarty and Moriarty 1973; Bowen 1976) and 
which may aid in the denaturation of eurkaryotic cell membranes and thus expose 
the cytoplasm to intestinal enzymes (Bowen 1982). In the grass carp, the gut cun
tents were reported to be nearly alkaline to alkaline throughout, with the pH highest 
at 7.4-8.5 in the anterior part, 7.2-7.6 in the middle part and 6.8 in the posterior 
part (Hickling 1966). 

Traditional Macrophyte-fed Systems 

The traditional Chinese system of polyculture comprises a variety of carps with 
different feeding niches and receives a variety of organic inputs: macrophytes, 
manure (livestock and human) and agricultural byproducts (oil cakes, rice bran, 
silkworm pupae). The grass carp is often a major component species and in most 
cases grass is cut on the pond dikes and in nearby areas as feed. Aquatic macro
phytes are also collected from adjacent canals and lakes and in vegetable growing 
areas waste vegetables are purchased from vegetable gardeners (Hoffman 1934; 
Lin 1940; Ruddle et al. 1983). When the pond becomes shallow through silting, the 
soft bottom mud is removed and placed on the pond dikes where mulberry trees or 
vegetables are grown (Lin 1954). 

The main reason that the grass carp is a major species is according to Chinese 
tradition "by taking care of the Ctenopharyngodonidella, the rest of the species 
will take care of themselves" (Chen 1934); there is a Chinese proverb, "one grass 
carp supports 3 silver carps" (Lin 1982). Due to the inefficient feeding efficiency of 
the grass carp, about half of the plant material which is broken into fragments less 
than 3 mm 2 in area "passes out as feces which may support, directly or indirectly, 
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an equal biomass of other species of fish including plankton-eating cyprinids" (Hick
ling 1966). In fact,, the grass carp has been referred to as a "living manuring machine"
(1-lickling 1971). The grass carp is rather suscLptible to disease and if it were notraised in polyculture with filter-feeding fish, the water would become too fertile for
the grass carp to thrive (Anon. 1973, 1980). According to Chen (1934), such traditional beliefs are not supported by scientific data, 01t. are tlhe results of thousands of years of experience. The statement is still valid today because there have been relatively few studies on aspects of the dynamics of Chinese carp polyculture. Fischer
(1970) reported that the assimilation efficiency Of grass carp fed only plant food 
was low, an average of 13.', and that it played an important role in fertilizing water
bodies.Shireman el al. (1977) were f'orced to use a rapid water turnver in fiberglass
tanks for grass carp fed the duclkweed 101 1M lhin ?a t)satiation, due to high fish
excretory rates. Stanley (1974) report e(l tha! lhe pnncipal impact of _rass carp fedthe suhnmerged macrophyte lEgVeria densa in tanks was to increase the rate of re
cycling of nitrogen and phosphons. Rather surprisingly, Terrell (1982) did 
not
obtain the expected shift. from "desirable to tunidesirable plankton" species as a result
of eutrophication in acidic ponds stocked wit Ii grass carp to) cot rol aquat ic nacro
phytes; macrophyte growth was controlled but ponds stocked vith fish c(ontained
fewer individuals, genera and orders of plankton than control p)olds, presunably
because veget at ion was not added to Ihe ponds, whitchl remained relatively infertile.


There are few data froi China oin the efficacy Of grass carp. 1u (1955) rcported

a net yIeld of 3,000 kg 1f fish 'ha year in 
a pond stocked with a polycult,,re ofChinese carps f'ed exclusvely with aquatic plants. A second Chinese study obtained ayield of 6.112 kg fish ha year wit h green fodder as the main pond input (9).3",

green fodder and 0.7"; animal manuie) with a food conversion ratio of,26 3 (Anon.

1980).
 

The principle of' polyculture of iacrophyte and filter-feeding fish is also utilized
outside China. According to Lin (1954), Chinese carps used to be among the trincipal fish reared in Malaya (Malaysia and Singapore) and Thailand with lthe grass
carp the most important species clue to the abundance of grass in the humid tropics.
Meschkat (1967) reported that a polyculture of'macrophagous and inicrophagous
tilapia had become popular in many areas of Africa for better utilization of natural
food in the pond. A study by Sen et al. (1978) in India demonstrated that the
fertilization of the water by grass carp excreta may enhance the growth of native
Indian major carps to about the same extent as fertilization by the addition of live
stock manure. 

The traditional Chinese polyculture may still be observed in Asia but the moreprogressive farms have intensified fish production or have changed to other aqua
culture systems that are not dependent on macrophytes as pond inputs. In mainlandChina more and more supplementary feeds are being used in fish culture, including a
wide range of both terrestrial and aquatic macrophytes that are cultivated on or nearthe farm and which may be added directly to the pond, fresh as green fodder or 
green manure, or after mechanical or biological processing (Anon. 1973, 1981).
Various types of pasture grasses, a member of the Borraginaceae family, sweet 
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potato and various types of cabbage are cultivated as fish feed (Anon. 1973, 1980,
1981; Ruddle et al. 1983) (Plates 1 and 2). Although Chinese cabbage forms a
"quality fresh feed for herbivorous fish" (Anon. 1981), it is likely that only waste
leaves are fed to fish (Ruddle et al. 1983). The cultivation of aquatic macrophytes is
treated separately below. Mainland China appears to be the only region that has 
recently promoted the cultivation of macrophytes as pond inputs. In other areas 
with traditional Chinese carp polyculture systems such as Taiwan, Thailand, and
Malaysia, there has been a tendency to decrease macrophyte inputs to the pond
and increase the amount of livestock manure, waste food, agro-industrial byprod
ucts and pelleted feed, although these are all used in mainland China. However, the
potential importance of macrophytes as a potentially low cost, low energy input to
fishponds as demonstrated by the Chinese experience should be fully explored,
particulariy in the humid tropics with such luxuriant vegetation growth. 

Plate 1. Cultivation of elephant or napier grass, Penniseturn sp. as green fodder for fish on 
pond (likes in Guangdong Province, China. 

Cultivation of Aquatic Macrophytes 

Aquatic macrophytes are cultivated in mainland China as fishpond inputs. The
duckweeds Wolffia arrhiza, Lemna minor and Spirodelapolyrrhiza are cultured in 
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Plate 2. Cultivation of a member of the Borraginaceae family (foregroun1d) and rye grass,
Wiwn pereine as green fodder for fish on pond dikes in Jiangsu Province, China. 

small shallow ponds fertilized with manure (livestock or human) as feed for grass 
carp fry and fingerlings in nursery areas. Initially the fry are fed the .,fnallerWolffia,
the smallest? flowering plant in the world, but when they reach 6 to 7 cm in length
they are fed the larger Lemna minor and Spirodeiapob'rrhiza(Anon. 1973, 1980).
Wolffia was also reported byf-offmann (1934) to be cultivated by Chinese carp fry
dealers in Singapore based on a paper by Corner (1930), but rather surprisingly he
did not observe it in Kwangtung (Guangdong) Province, The cultivation may he

localized in mainland China since according to Anon. (1.973) it is carried out particu-

S larly in Chekiang (Zhejiang) ProvinceLemna and Wolffio are also cultivated together
* in Taiwan (Chen 1976; Edwards, pers. v,'Ss.) (Plate 3). In mainland China, Wolffia 

vas reported to be harvested for five months from April to September in Kiangsi 
.
Jiangxi) and Chekiang (Zhejiang) Provinces with an extrapolated annual yield of 14 
to 17 t dry wt/ha/year, assuming year-round growth (Anon. 1973). This corresponds
to the extrapolated annual yield for the mixed cultivation of Wolffia and Lemn.n 
reported by a farmer in Taiwan (Edwards, pers. 'tbs.).Extrapolated yields of about 
20 t dry wt/ha/year of Spirodelapolyrrhiza were obtained in a series of 200-r 2 
earth ponds on the campus of the Asian Institute of Technology using septage
(cesspool slurry), but a longer experiment of six months duration tle mean extra
polated yield was reduced to about 9 t/ha/year due to insect, infestation (Edwards et 
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Plate 3. Cultivation of the duckweeds Lemna and Wolffia as green fodder for fish in 
Taiwan, China. 

al. 1984). Trials are currently under way -it the family level in villages in Thailand in 
which duckweed raised in a septage fed pond is harvested and fed to the tilapia 
Oreochromisnilotlcus in an adjacent pond. 

The water hyacinth (Eichhornia crassipts), a serious pest in water bodies through
out much of the tropics due to its prolific growth (Edwards 1.980b), is cultivated 
in mainland China, as are two other aquatic macrophytes, water lettuce (Pistia
stratiotes),and alligator weed (Alternanthera philoxeroicles), which are known as the 
"three aquatic weeds" (Anon. 1973, 1981). The plants are usually cultivated in 
rivulets, small bays, or swamps to avoid taking up land and are usually fed to pigs,
but can be fed to fish after processing because water hyacinth in particular is not 
readily eaten by fish (Edwards 1.980b). 

Simuhaneous Pond Culture of Fish and Macrophytes 

At first sight it would seem logical to attempt to develop an integrated aquatic 
macrophyte-herbivorous fish system in which the Pquatic macrophytes, the fish 
feed, were actually cultivated simultaneously with the herbivorous fish in the same 
pond. However, in practice it would be difficult to optimize such a system to obtain 
significant fish yields. To provide an adequate supply of plant food for the fish using 
submerged aquatic macrophytes, it would be necessary to fertilize the pond to 
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stimulate macrophyte growth but there would be competition with phytoplankton
for nutrients and light. Phytoplankton are normally able to outcompete submerged
macrophytes, mainly due to shading effects, and eliminate them (Hasler and Jones1949; Vaas 1954; McNabb 1976; Edwards 1980a). The addition of fertilizers to fish
ponds has actually been recommended in the USA as a means to control submerged
weeds by the stimulation of filamentous floating algae and phytoplankton (Swingle1967; Blackburn 1968; Lawrence 1968). A report from Michigan where secondary
sewage effluent pumped to artificial lakes led to sig.ific:,nt ciops cf the fi!acntnus green alga Cla(nhora /'racta and the submerged macrophyte Elodea canadcnsis,
which were harvested, would seem to he an exceptional case (BIahr et al. 1977).

The addition of fertilizer to an integrated system irvolving a floating aquatic
macrophyte such as duckweed would lead to the desired increase in growth of themacrophyte and competing phytoplanktion would be reduced through shading.
Hickling (1971) reported that the growth of duckweed may keep pace with therate of removal of duckweed by young giass carp stocked in well-manured duckweed
production ponds if the pond were not stocked too heavily with fish. However, such a system would be difficult to optimize in praclice for good fish production becausenormally, fish growth would soon outstrip the growth of duckweed and eliminate
the production of feed in the system. If the cover of duckweed became complete itwould lead to a lov',er concentration of (Iisst)lved oxygen and an increase in the free
CO 2 concentration in the water column with a concomitant fish kill (Edwards
 
1980b).
 

In actual practice fish and aquatic macrophytes are rarely raised together in the same system. Hoffmann (1934) reported that a farmer reared fish in the same pondas the lotus (Nclunbo nucifera) in China, but with only 50"'/ of the usual number offish because they grew more slowly than when raised alone. Djajadiredja and Jangkaru (1978) described the cult ivation of two aquatic macrophytes as vegetables for
human consumption (Ipomoea aqualicaand Limnocharisflaca) in the same pond

with common carp (C',prinus carpio). However, 
 in both the above examples the space in the pond was effectively the main shared resource, and the fish probably
derived little or no direct feed value from the macrophytes.

There is a remarkable system, the culture of the snakeskin gourami (Trichogaster
pectoralis) in converted paddy fields in Thailand, in which the only nutrition provided to the fish is derived from aquatic macrophytes grown in the same system asthe fish (Boonsom 1981; Indrambarya 1.981). The Department of Fisheries in
Thailand attempted to promote rice/fish culture in the 19 50s and was not success
ful, but its attempts led to the development of this unique aquaculture system in an area of about 20,000 ha of relatively saline soils, which formerly gave poor rice yields
(Edwards et al. 1983a). The dikes of the former rice fields have been raised and aperipheral ditch 3-4 m wide and 0.75 m deep constructed. A wide variety of emer
gent aquatic macrophytes (major species: Eleocharis equisetides, Hymnenachne
myurus and Paspalum conjugatum) grows naturally on the shallow central platformand is cut at biweekly intervals, manually or by mechanical cutters on boats, and
scattered or piled to decompose to provide food for the fish. The potential of the 
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system for other tropical countries may be limited due to the relatively large size of 
the farms (range 3 to 20 ha) and fairly low yields of 450-1,700 kg/ha/8-10 month 
growing period, although yields have recently been doubled in experimental trials on 
one farm from 1,000 to 2,200 kg/ha/growing season by the application of 156 kg 
chicken manure/ha/10 days for two months during the fry rearing period which led 
to greatly increased survival (Boonsom 1981). 

Green Manure and Compost 

The use of green manure and compost, essentially artificial or "man-made sources 
of detritus" (Edwards et al. 1983b) are traditional practices in several Asian coun
tries. Because certain species of macrophytes may not be readily consumed even by 
herbivorous fish, they must be processed in some way before addition to the pond. 
Furthermore, it may be desired to use macrophytes as green manure to stimulate the 
production of plankton and other natural food organisms in the pond for filter- and 
bottom-feeding fish rather than as green fodder for herbivorous fish. However, 
because there is a plethora of complex interactions in tile pond ecosystem, it is 
frequently difficult to separate the eiffects of macrophytes, fresh or processed, as 
supplementary feed and as green manure. 

There are sporadic references in the literature to the use in fishponds of green 
manure and compost, which invariably were regarded as pond fertilizers. Schaeper
'laus (1933) reported a 50C increase in fish yield by fertilization of ponds with 
30 kg of P20 5 /ha but a 100% increase in yield when a double quantity (presumably 
60 kg/ha of wet material) of decomposed submerged aquatic macrophytes was 
added. The growth of planktor was stimulated in Israeli fish ponds by the applica
tion of farmyard manure and compost (Hickling 1948). Singh (1962) reported that 
compost was added to fishponds as an organic fertilizer to raise the production of 
plankton. Hickling (1971) also r.eported that green manure was placed in heaps on 
the pond bottom or in wicker cages so that the vegetation would rot slowly, give off 
nutrients at a slow but steady rate, and prevent widespread deoxygenation of the 
water. Hickling (1971) also pointed out that the rotting manure was a good sub
strate for living organisms, which the fish could eat directly. Huet (1972) considered 
that the best manuring results were obtained with cut submerged aquatic macro
phytes, but that young emergent macrophytes could be left where thby were cut or 
heaped up to decompose slowly; manure could also be made with cut cultivated 
plants. 

Much more detail concerning compost. and green manuring was given by Marty
shev (1983). Compost is prepared by the usual agricultural methods in Russia and 
well decomposed compost is not considered to be inferior to fresh dung in its action 
and superior to dung from sanitary and hygienic points of view. The compost is 
reported to be applied by being placed in small heaps along the pond margin or 
uniformly throughout the pond, or stored in wattle enclosures on the dike. How
ever, Martyshev (1983) considered that compost will never be widely available for 
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fish farms bpzause it is labor intensive to prepare. He believed green manure (agri
cultural crops or grass cultivated on the bottom of the pond or cut terrestrial and
 
aquatic plants added 
to the pond) to be more economically profitable, although it is
difficult to appreciate how green manure could significantly increase the fish yield
because most of the plants were reported to have been collected from the pond 
itself. 

There is considerable information regarding green in anure and compost from 
China. There are several references to the use of strongly odorous plants like goat
weed (Ageratum conyzoides, Compositae) and some mints (Labiatae) and also mem
bers of the Gramineae and Leguminosae being cut and stacked fresh in the corner of 
the pond with the heap being turned every 1-2 days until the plants have decayed,
with the roots and stems resistant to decay being later removed from the pond (Lin
1954; Anon. 1973, 1980). Lint (1954) reported that 100 tatties (60 kg) of green 
grass would lead to tile production of three 3 catties (1.8 kg) of fish. In Hong Kong,
weeds of the Compositae and Labiatae were reported to be mixed with clung before 
application to the pond (Lin 1940). Tat.ao is the Chinese term used to refer to
 
plants of tile Compositae family with low 
 fiber and high nutrient content, which
 
readily decompose in water. With the rapid development of fish culture and con
comitant increased demand for pond inputs, vegtable waste and other wild plants

with soft stems and leaves are a!so reported to be used to fertilize the water. Tatsao
is applied by being heaped in the water along t he banks with abouL 150 kg/pile and
 
after 3-4 days of fine weather it s;tarts to decompose and the water gradually turns
 
greenish-brown. The heaps repeatedly
are turned to spread decomposed organic

matter throughout the water. Seven to 10 days later, undecayed plant remains may

be removed from the pond (Anon. 1980). Tatsao is mainly used to rear fry and

fingerlings in China, in addition to inorganic and organic manures, and compost
 
(Anon. 1980). 

In recent years in China, several types of compost have been developed for fish 
culture involving various ratios of green grass, various types of l;t(ck and hunan 
manure, and slaked lime, depending on locally available materials. The various ingre
dients are placed in a fermentation citch in layers and the ditch then filled with 
water until the contents are submerged and then sealed with a layer of soil. The mix
ture is loaded into a boat on completion of fermentation and are best applied by
swirling the compost in a strainer in the pond so that only the soluble portion of ti-e
fertilizer is dispersed in the water. The insoluble portion is retained and used as a soil
fertilizer (Anon. 1973). According to another Chinese source, compost is prepared
in apit for addition to fry rearing ponds using a 1: 1 ratio of grass and animal manure
with quicklime added at 1% of the total weight, with the grass and manure in layers
after which water is added to the pit to soak the manure and then the pit is scaled 
with mud and decomposition allowed to take place. Compost is added 1-2 times 
at the rate of 0.5 kg/m 3 of water, 4-5 days before stocking fry and at 0.1-0.2
kg/m 3 of water after stocking 1-2 times/day depending on the water quality. The 
compost is added directly to the water along the pond margins. The advantage of 
compost is the decreased oxygen demand compared to the direct addition of the 
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composted raw materials, but the method requires more labor and there is some
 
volatilization of nitrogen following the opening of the pit (Anon. 1980).


During a study of various strategies to treat and recycle human excreta in fish
 
culture, nightsoil was mixed with chopped 
water hyacinth and composted above 
ground by the Chinese method of continuous aerobic composting (Edwards et al. 
1983b). The mean extrapolated yield of Oreochromis niloticus in ponds fed only 
with compost was 3.6 t/ha/year, with a maximum yield of 5.6 t/ha!year in two 
ponds. Much of the nutritional value of the compost was undoubtedly due to its 
fertilizer effects but fish were observed to consume compost, although much less 
voraciously than conventiona, feeds. The mean food conversion ratio was 7.4, only
slightly higher than that reported for cereals (4 to 6), assuming a comparable feed 
moisture content. It suggested that the acid hydrolysis of compost by the low 
stomach p1-I reported for tilapia (Moriarty 1973; Bowen 1976), may have enabled 
the tilapia to digest significant amounts of nonliving amorphous detritus (Bowen 
1981, 1982). 

Water hyacinth was applied to ponds whole as a feed and fertilizer in China, but 
the fish were reluctant to take it, it took a long time to decompose, and the rate of 
utilization was low (Anon. 1980). Ling (1967) reported that water hyacinth and 
water lettuce were chopped into small pieces and used to feed grass carp and com
mon carp. The so-called "three aquatic weeds" (Anon. 1981) are now more likely to 
be processed before addition to the fishpond. Alternantherais usually cooked and 
mixed with rice bran and is reported to be taken by all important cultured carps
(Ling 1967; Anon. 1973). Water hyacinth and water lettuce were reported to be 
processed either mechanically (soaking, mixing, cutting, or grinding) which formerly 
was labor intensive but which has now been mechanized, or biologically. The latter 
involved green storage and fermentation in ditches, tubs, or barrels under anaerobic 
conditions at 65-75% moisture after cutting into 6 cm strips and sealing by a 15 cm 
layer of dry grass topped by a 15 cm layer of moist soil; if the material was too 
moist it could be sun.dried or mixed with dry hay before sealing (Anon. 1973).
Good results have also been reported by composting water hyacinth with silkworm 
feces (or animal manure) and quicklime, or composting the chopped water hNyacinth 
with a small amount of salt or :accharified yeast (Anon. 1980). 

Experiments have also been carried out at the Asian Institute of Technology with 
the use of water hyacinth alone as a fishpond input. Good growth and feed utiliza
tion efficiencies were obtained with the incorporation of up to 75% composted 
water hyacinth in a conventional pelletpd tilapia feed in a simple displacement (of
the pellet ingredients) procedure using Oreochromis niloticus (Edwards et al. 1985). 
Water hyacinth was also added to a series of earth ponds stocked with Oreochromis 
nilotic'is in three forms: fresh whole plants that decomposed beneath the water in 
situ, ireshly chopped water hyacinth spread on the surface, and composted water 
hyacinth; similar extrapolated yields of 5 to 6 t/ha/year were obtained with all three 
treatments at the same dry matter loading rate of 200 kg/ha/day, or about 3 kg total 
Kjeldahl nitrogen/ha/day (Asian Institute of Technology, unpublished data). A wide 
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range of yields has been reported in the literature (Edwards 1980b; Reddy and Sut
ton 1984), but if a reasonably conservative potential yield of 100 t dry wt,'ha/ycar 
were taken for a well managed cultiVa! ion system in fertile water in the tropics, it
would require 0.73 ha to provide the 200 kg dry matter/ha/day in the experiment
described above on an annal basis, a value that indicates that a water hyacinth-fed 
aquaculture system may be feasible. 

Freshwater crawfish (crayfish), the red swamp crawfish (IProrumbarresclarkii) and
the white river crawfish (Procambartsa(iCttus aculus), which feed on plant detritus, 
are cultured in the southeast United States (Huner and Barr 1984; fluner 1985).
Sexually mature adults are stocked in ponds in mid- to late spring after whili the 
water is gradually lowered to dry the pond by early summer. Mated Crawtisii survive 
in burrows and begin to reproduce. Vegetation is aliowed to grow on the pond
bottom during the summer, e.g., grasses, sedges and all igator weed (. Iterianthcra 
philoxeroides). The annual vegetation starts to die as the pond is refilled in late 
summer to early autumn and provides not only detritus used b. the crawfish as food
but also the €talks of plants which enable the crawfish to crawl to the water surface 
and o)btain atmospheric oxygen, hvlich the a:imal is able to utilize when the dissolved 
oxygen concentration falls I)eiow 2 mg/l due to the oxyglen de'mand of the decaying
vegetation. The crawfish are harvested with traps, and vhen the ponds are drained
slowly in late spring, the surviving crawfish burrow to repeat the cycle. Yields in well 
managed ponds range from 500 to 2,500 kg/ha but introduction of the crawfish to areas outside its range could h.tve a serious ecological impact, possibly including the 
elimination of native crustacea'i species (Huner 1981). 

Rotation of Fish and Plant Crops 

The rotation of fish and plant crops developed out of the need to drain and dry
the bottom of fishponds periodically. The reasons for draining the pond as enimer
ated by Hickling (1971.) are: to harvest all the fish; to kill off harmful insects, para
sites awI pathogenic bacteria; to allow time for routine pond maintenance; to control
the density of stocked fish; and chiefly, according to Hickling, to restore the fertility
of the pond by aerobic oxidation of organic matter, which accumulates and decays
slowly under the anaerobic conditions of the pond bottom. Because the growing
period for fish in Central and East Europe is only about 180 days, ponds are normally
drained at the end of the growing season and lcft empty throughout the winter. 
Because it is not always possible to dr, the pond bottom effectively during a single
winter, crops are often planted for one or more successive years to improve the fer
tility of the pond bottom and at the same time provide terrestrial crops (Schaeper
claus 1933; Hickling 1971; Huet 1972; Martyshev 1983). Fish production is stimu
lated on refilling the pond after the cultivation of the plant crop as a result of the 
advantages of the dry period listed above, and also because any plant residues left in
the bottom rut and provide a source of fertilizer, which may have been augmented
further by manure from livestock allowed to graze on the dry pond bottom (Hick
ling 1971; Martyshev 1983). Such a practice is still conducted in eastern Europe in 



327 

large ponds of many hectares, e.g., in Hungary where it may involve a three phase 
rotation involving integrated-duck fish farming for 4 to 5 years, forage crop produc
tion for one year, followed by rice production for 3 years (Miller 1978). 

However, as pointed out by Wunder in 1949 (cited by Hickling 1971), the profit 
from raising fish is usually much higher than that from raising agricultural crops, so 
rotation can only be justifiable to the extent that it improves the efficiency of the 
pond for fish culture. Sarig (1956) advocated the culture of carp throughout the 
winter in Israel because the climate is warmer than that in Central and East Europe 
and considered that a 10-day exposure of the pond bottom during harvesting was 
probably a sufficiently long dry period. Hickling (1971) reported that the pond mud 
cracked open in dry weather in the tropics (Malaysia) after being left dry for several 
days. 

The alternation of fish and plant crops was considcred to be a good practice in 
China with about a 1,000)year history (Hoffmann 1.934). The organic matter left on 
the pond bottom was thought to be an excellent fertilizer for plant crops and after 
the plant harvest, the crop residues were left in the pond as green manure. Further
more, rotation of fish and plant crops gave the farmer two chances to speculate on 
the market rather than one, should a loss be sustained in one of the two ventures. A 
wide variety of aquatic plant crops was commonly grown: water chestnut (Elio
charis plantagenea), arrowhead (Sagittariasagittifolia), !otus (Nelumbo nucifiera), 
rice (Oryza sativa), water caltrop (Trapa natans or 7'. chinensis), water cress (Rorip
pa nasturtium-aquaticum), water spinach (Ipomoea aquatica),wild rice (Zizania lati
folia), or various vegetables. The fish used in rotation vith plant crops were stocked 
large and were purchased when fish were cheap. The fish were well fed and sold 
when the price was at its highest, usually (luring Chinese New Year in January or 
February. Sometimes however, the fish gained little to no weight and the pond 
served primarily as a "storage" place but profit was made on the increase in price 
(Hoffmann 1934). The practice of rotating fish with plant crops appears to have at 
least declined considerably in China since it is not mentioned at all in recent texts 
(Anon. 1973; Anon. 1980). This is supported by the comment made by Hoffmann 
(1934) that it was more profitable to raise fish year-round, which was possible in 
deepwater ponds that are typical in China today. 

Although rotation of fish and agricultural crops is still practiced in Eastern 
Europe (MUller 1978; Martyshev 1983), it is done much less frequently now due to 
the wider use of fertilizers (Huet 1972), and presumably also supplementary feed. 
Furthermore, the minimum size of a 1 ha pond (optimum pond size 30-50 ha) 
considered to be necessary for the "aquacultural rotation" in Hungary (Miller 
1978) hardly conformns to the typically small farm holding in most developing 
countries. 

Conclusions and Recommendations 

The developing world is facing the major challenge of how to increase the pro
ductivity and welfare of the single most populous group of people in the world, the 
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small-scale farmer. Iraditional sources of wild fish, the main source of animal
protein ill much of tropical Asia, have decreased mainly due to overfishing from
increased population growth in recent decades. Becau.e small-scale farmers have few
available resources, an attempt should be made to apply the major principles of
Chinese fish culture to tropical developing couitries. The development of integrated
farming in China was probably not accidental, but a response to a large populalion
living off a relatively small amount of arable land, a characteristic of most develop
ing countries today. An atlt empt needs to be made to quani ify the wealth of Chinese 
integrated fish farminrig inmethods under tropical conditions. 

There is at need to quantify terrestrial aid aquatic lacrophytes, fresh aid pro
cessed, as fish pond inputs because the limited data available ff r1m ('i na and else
where indicate that yields as high as 5 to 6 t ha,'year are possibl, withI macroplh tes 
as the sole pond input (Mat hiieu 1960, 1961; Anon. 1980; Asian Inst ittit of Tech
nology,,unpu blished data). tropiclal past tire crops, green cr)p residuties ari(1 aquatic
maerophytes have potential as pond inlputs. The Chlinese riotl Nhharvest lacro
phyt,.s from lakes but cultivate them for fish ('ullutr. In other parts ofthe world
there ar inuimerablh, waterIlo(lies inftested with aqtiatcinacrophyl es, which are 
not utilized for tquaCult tile (°Junk 1977 l"ernaimdo 1980) (Plate 4). )uclweed,
which is cultivated in China fior aquacuLt rite, appears to have great potential through
out the humid trtopiCs (Gaigher et al. 1984 ). Water hyacinth, the most prolific
aquatic macrophyte, needs to be processed prior to its use as a fishpond input 

- '., - .--. 

Plate -1. Catching wild fish in Bung Boraped, an aquatic macrophyte infested lake in Nakorn 
Sawan Province, Thailand. 



329 
because it is not readily consumed by herbivorous fish, but the best method to
 
achieve this remains to be ascertained.
 

Because herbivorous fish are relatively efficient grazers, but inefficient assimila
tors, they have a limited ability to convert macrophytes into fish tissue, but acceler
ate the recirculation of nutrients (Prejs 1984). The central species in the Chinese 
system of carp polyculture is the grass carp, which like most herbivorous fishes, is an 
inefficient feeder, but due to large amounts of partially and undigested finely divided 
plant matter is able to also support the growth of filter-feeding planktivorous fish. 
The grass carp may not be the ideal species for many countries because it is not easy 
to breed and succumbs easily to disease in fertile water (Lin 1954; Anon. 1980). 
Furthermore, the Chinese carps are less tolerant to low concentrations of dissolved 
oxygen that occur in highly fertile ponds than the tilapias, which may have a greater 
potential in the tropics. Meschkat (1967) reported that macrophagous and micro
phagous tilapia have been raised in polyculture in Africa, and this system should be 
studied in more detail (Pullin 1982, 1983b). The microphagous tilapias of the genus
Oreochromis have been widely disseminated, but much less is known about the 
performance of the macrophagous Tilapia rendalli, alone or in polyculture. An 
evaluation of a polyculture of the microphagous tilapia Oreochromisniloticus and 
the macrophagous tropical carp Puntiusgonionotus, which are frequently cultured 
together in Thailand, should also be conducted. 
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Discussion 

MORIARTY: Presumably the vegetation which grass carp eat has a high C: N ratio. They then use 
as much of the N as possible, so their feces have an even higher C: N ratio. Are they then such a
good fertilizer source for generating food in the pond for other fish like the filter feeders? 



334 

EDWARDS: Well, grass carp have quite a varied diet and a large throughput of material. They eat
for long periods. The C:N ratio of the feces m-iy not be s) high. It. depends upon the C:N ratio ofthe food and the completeness of digestion and assimilation. The N-content of the feces may be 
low, but remember the Chinese proverb. 

PULLIN: The gras~s carp is one of the world's fastest growing freshwater fish, but it does have a 
very low assimilation efficiency relatisv to the vast aimoliits of food it consume:;. 

MORIARTY: So they rely mainly on a triturating process for dealing with vegetation? 

PULLIN: Yes, to a large extent. 

BILIO: When extrapolating from te results of! naill polnds to yields/ha, we must be careful. Thedifferent economics of different scal. operations should also he taken into account. For some
operations, I size less th;.. 200 m" may not be economically viable. 

PULLIN: This is important. In fact, the extrapolit ion of data from small tanks to yields/ha has alot of pitfalls. For example, thire is the 'edge effect'. The epipihytes growing on the walls of small
tanks may he all import ant food resource. Htowever, a 200 1112 POIld appears to be a useful size for 
experimentation. 

EDWARDS It can also he :a ri-asnmthile sizi, for ;asmall-scale farmer. With a duck-fish integrated
farming teel.niqlue in Thailand, we obtailid in ext'-itolateil annutl yield of 17G kg of fish from a2200 m family pond (Edwards 19,:1 . This is sufficient to supply the aniall protein neleds of it
family of five-assuming that they derive a third of their total protein from animal sources. I
regard such poi(l. as pilot Scal, lrduict iu units. I mily extrapolate to yields/ha for collarison
 
with other lierat u re.
 

BILIO: I was just saying we should ie careful with extraptolltion. It would not even help if we said
the yield was per m 2 not per ha. The context is impoirtant. For example, GTZ has a research
project in Colombia dealing with the economics of fishpondI culture in associiation with agricultural
producLion, e.g., coffee growing. There the minimum econimically viable pond size is 200 m 2 . 

WOIILFA RT i: I have several comments. First, I agree with l)r. Edwards on th i instability of theduckweed-fish system. Second, oil extrapolation, whether we ext ralolate yields to p- ha per

year or intrapolate to per m2 per day, 
we are making the same calculation and can easily fool
ourselves. Third, on the pondl size, we have used mainly .100 In 2 for our experimental work. I am
not at all su. that we can make vali(d extrapolations from data from these ponds of relevaince

Israeli prodaction ponds, which 

to
 
are hectares in area. For examphle, no farmer has vet been able to 

repeat on11 Lxperimental production successes with .l1Jcrobraciiurn. The problem lhere is survival:
80-90% in our ponds compared to 0-50 on farms. I don t think we treat our animals ay dif
ferently. The difference is in the pond conditions anm'ii whicl poid size is definitely a variable. 

BILIO: So, in addition to a yield per unit area, one should indicate the surface area from which
 
the data were obtained.
 

EDWARDS: My main interest is deveioping systeins for the poor small-scale farmers in developing
countries. Our production data don't really need extrapolation. I know we all make ei.trapolations 
for comparative purposes. 

BILIO: As soon its you move from suchi a small-scale nackyard operation to a larger operation, lielabor costs (e.g., for putint wastes into the pond) must be accounted for. So the economic 
situation changes. 

BIDDLESTONE: In your compost heaps, did you always have to incorporate a relatively dry
carbon source, like leaves or straw? You mentioned night-soil and water hyacinth. Was there a 
third component? 
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EDWARDS: In our initial studies, we included rice straw. However in later work, we just used 
water hyacinth. We dried a certain proportion to ambient (normally about 15% moisture) and then 
used a formula to mix this with freshly chopped material (ahou t 93% moisture) to arrive at what
ever mix we wanted. 

In an earlier discussion, Dr. Wohlfarth asked why the Chinese use composting when 50% of the 
dry matter is lost during the process. The answer, I think, is that most of the loss is carbon. The N 
is conserved in aerobic composting. In China, th',y use everything because of pressures on land use. 
Most of their compost is apl)lied to the land. The loss of carbon is not a serious loss there. I have 
never seen Chinese use of compost in aquaculture. I don't think it is used in China in growout 
ponds. The major inputs to prowout ponds in China are fresh macrophytes, human exereta,
animal manure and now grains and ptlleted feeds. According to tile literature, the Chinese do 
apply coniposts to green-up fry and fingerling production ponds. For this, compost is produced on 
land or dumped in tile ond in piles. The latter method is l)rohably not very efficient because it 
can easily go partly anaerobic. 

PULLIN: I agree, manure use(d to be applied to fishponds in heaps. A better p ractice is to broad
cast it daily. 

SRINIVASAN: Trace elements are also conserved in composting, in adition to N. rhis could be 
important. They may be lacking in other inputs. 

SCHROEDER: In short-term composting, tile cell solubles (or in other words the 'leachate') may
he lost. We heard after Dr. Bowen's paper that precipitates, etc. formed from the leachate were not 
very nutritious (at least for tadpoles). Perhaps the bacterial colonization of compost makes it 
better nutritionally. 

BOWEN: The tadpoles grew better when the material was colonized by bacteria. I thought one 
rationale for composting was t) gt*t over the oxygen demand produced by the buildup of microbial 
populations on tie land, before adding the mi, robially-rich compost to the water. This avoids a 
reduction in water quality which ;ou would get with decomposition in the pond. 

EDWARDS: I don't think this has ever been a problem with small-scale farmers. You are correct 
theoretically.; hut I think that deoxygena'ion problems ire more common in intensive aquaculture
in which the inputs and feeds are of high energy. Small-sceae farmers are usually constrained by
both quality and quantity cf feed/fertilizer inputs to their ponds so deoxygenation of the water 
is probably seldom of concern. 

PULLIN: These problems of lack of oxygen are likely to be more serious at higher temperatures.
Perhaps there is a difference here between tropical and temperate systems. 

BIDDLESTONE: Are fish fry particularly sensitive to l-,v oxygen? 

PULLIN: Yes. We should return to discuss this further. 

*Edwards, P. 1983. The future potential of integrated farming systems in Asia. Prey. V World Conf. Animal 
Prod. 1: 273-281. 
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Abstract 
Aquaculture with human wastes has a long history and, curren:ly, is used exten

sively in China and several other Asian countries. Widespread use of human wastes and 
sewage in aquaculture is, at present, limited by the real and perceived public health
risks associated with this method of fish farming. Although much is known about the 
health risks associated with pathogenic organisms, the use of human wastes in aqua
culture has not been subjected to a rigorous health risk assessment. Because of the 
significant potential for the production of animal protein using human wastes arid 
sewage, greater emphasis should be devoted to the delineation of critical health risks
associated with this practice. Given the existing data limitations, an extrapolation
method known as "Probability Matrix Technique" is suggested as a starting point for
assessing the risks. The results of individual risk assessment can also be used to rank 
alternatives and to establish research priorities. 

Introduction 

The practice of using human wastes in aquaculture is probably as old as aqua
culture itself. The principal reason for using human wastes and sewage in aquaculture
is to harness the nutrients contained in the wastes for production of a usable protein
food. A recent development is the use of aquaculture as a waste treatment method 
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for the removal of contaminants pxior to release into :he environment. Although the 
use of aquaculture for waste treatment is of interest, the primary purpose of this 
paper is to examine the use of human wastes and sewage for the production of fish 
and the factors limiting expansion of this practice. The topics to be considel,-d 
include a brief review of current waste aquaculture practices, characteristics of 
huran wastes, health risks involved in the use of human wastes, a meLhodology for 
assessing the risks where human wastes are used, and the opportunities available for 
risk management. General practices have been reviewed in detail (Allen 1969, 1972; 
Tsai 1975; Allen and Hepher 1979). In the following discussion, the term human 
wastes is used to denote wastes collected directly from pit and bucket latrines; pour 
flush, composting and vault toilets; and septic tanks. Nightsoil is another term com
monly used to describe the material. The term sewage is used to denote the mixture 
of human, industrial and other wastes collected in sewerage systems. 

UsE OF HUMAN WASTES AND SxWAGE 

FOR THF PI)uCTIO oF Fisii 

Current practices range from the use of subsistence ponds, where toilets are 
located over the ponds, to managed aquaculture facilities where fish are grown in 
ponds enriched with human wastes or sewage. Where human wastes are used, they 
are often brought to the pond site in carts or trucks and subjected to some process
ing before being added to the ponds (Edwards et al. 1984; Feachem et al. 1977; 
Polprasert et al. 1982). Where sewage is used, it is usually pretreated and diluted. In 
all cases, the underlying principle is to recycle and utilize the nutrients and organic 
matter contained in the wastes for the production of animal protein. Management 
options typically include the selection of the fish species and density, and control of 
the waste loading rate. The types of fish cultured include the carps and tilapias 
(primaily Oreochrornisniloticus). Reported fish 3ields from aquaculture ponds fed 
with human wastes are given in Table 1, Part A. 

Based on a review of the available information concerning the use of human 
wastes and sewage for the production of fish, it can be concluded that this practice 
is feasible, but largely empirical. This situation is similar to that in the field of com
mercial aquaculture. A scientific basis for pond management, based on a fundamental 
understanding of pond dynamics, is needed (Lannan et al. 1986). 

Although operationally and technically feasible, the widespread use of human 
wastes and sewage for aquaculture has been limited 1) by the health risks identified 
with this practice and 2) by religious and social constraints. Health risks are con
sidered in detail later in this paper. Consideration of religious and social constraints 
are beyond the scope of this paper. 

USE OF AQUACULTURE FOR WASTEWATER TREATMENT 

The use of aquaculture for the purpose of treating wastes and for improving the 
quality of sewage effluent prior to its release to the environment has been practiced 
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Table 1. Fish yields from aqu..'ulture ponds fed with sewage. 

Waste
pretreatment Location Fish Yield Reference 

A. Ponds used primarily for fish production
 
Diluted septic tank water Indonesia Cyprinus carpio 
 3,000 kg/ha/yr Vaas (1948) 

Primary settling, aerated
 
lagoons, diluted with
sea water USA Oncorhynchus up. 0-11 kg/baid Allen and Dennis (1974) 

OxJation pond India Cyprins, carpi. 3,200-7,700 kg/halyr Jhingran (1974) 
Feachem et al. (1977)

Unspecified India Oreochru mis sp. 9,100 kg/ha/yr Srinivasan (1979)
Cyprinus curpio Ilepher and Pruginin 

(1981)
Treated sewage (treat- Poland Cyprinus corpio


ment unspecified) 
 Klekot (1979)
Ctenopharyngodon idelila 
Ilypophthilmichthys 

n olitrix 
Untreated sewage Taiwan Oreochrnmis sp. 6,500-7,800 kg/ha/yr Chen (1976)
 
Untreated sewage 
 Thailand Oreochromnis nilolius 6,000 kgila/yr Edwards et al. (1984) 

B. Ponds used primarily for wastewater treatment 
Primary settling West Germany Cyprinus carpio 400-1,000 kg/ha/yr Nee (1949)
 

Bardach et al. (1972
Primary settling Poland Cyprinus curpir, 1,300 kg/ha/yr flepher and Pruginin 

(1981); Wolny (1962)
Secondary (method

unspecified) England Cyprinus carpio 300-500 kg/hatyr Noble (1975) 
Primary settling and USA Oreochronjis niloticus - Carpenter et al. (1976)aerated lagoons Ictalurus punciatus 

Notemigonus crysoleucaw 
Pimphalespmrnclas

Untreated sewage India Cyprinug carpio 900 kg/ba/yr Feachem et al. (1977) 
Untreated sewage Israel Cyprinus carpio 2.800 kg/ha/6 mo. Schroeder and Ilepher

IIypophtlahtchthys (1979)
motitri-v 

Orcochronis aureus 

for a relatively short time, Perhaps the best known example of this practice is the
culture of carp (Cyprinuscarpio) in wastewater ponds in Germany (Metcalf andEddy 1935; Bardach et al. 1972; Allen and Hepher 1976). In the United States,
Carpenter et al. (1976), have reported significant reductions of organic matter,
nutrients and suspended solids using a series of waste treatment ponds stocked with
fish. Fish yields obtained in ponds designed for the purpose of improving the quality
of sewage are reported in Table 1, Part B. Although the reported yields are signifi
cant (compare values reported in Table 1, Parts A and B), this method of waste
treatment has not gained wide acceptance. Health concerns have been a major
impediment in the United States. 
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Important Considerations in the Use of
 
Human Wastes for Aquaculture
 

Important considerations in the use of human wastes for aquaculture are related 
to the chemical and biochemical characteristics of the waste material, the presence 
of pathogens in human feces, and the presence of anthropogenic compounds (manu
factured chemicals) in sewage collected in sewerage systems. The role of pretreat
ment is also examined. 

CtAIACTI,:IlSTICS OF HUm.AN WASTES AND SIWAGF 

In comparing aquacultural practices that utilize animal wastes with those that 
utilize human wastes, it is important to recognize the different characteristics of the 
wastes. Production rates and composition of human and animal fecal material are 
highly variable; thus, generalized values such as shown in Table 2 should only be 
used for comparative and illustrative purposes. Humans produce approxdmatoly one
third the amount of waste produced by domestic animals per kg of biomass (see 
Table 2). In addition, five day carbonaceous biochemical oxygen lemand (CBOD5 ) 
to chemical oxygen demand (COD) and nutrient ratios ave different in human wastes 
from those in animal wastes. The higher CBOD 5 to COD ratio in human wastes as 
compared to animal wiastes can be taken as an indication that human wastes are more 
readily biodegradable than animal wastes. Nitrogen to phosphorus and nitrcgen to 
potassium ratios are also higher for human wastes than for other animal wastes. 

a ' 
Table 2. Characteristics of human and animlal wastes. b. c 

Constituent values, gkg snin//dayd 
Waste Moisture Total 

production content ' Kjeldahl Total Tot..Totsl Volatile 
t 

n/kg animnal/dayd % CODe COD slihs solids nitrogen phosphorus potassium 

Dairy cattle 82 87 1.7 9.2 10.4 8.6 0.41 0.07 0.27 
(2.1) (11) (13) (10.5) (0.5) (0.1) (0.3) 

B1ef cattle 60 88 1.6 6.6 6.9 5.9 0.34 0.11 0.25 
(2,7) Ill) (12) (9.8) (0.6) (0.2) (0.4) 

Swine 65 91 2.0 5.7 6 0 4.8 0.45 0.15 0.29 
(3.1) (8.8) (9) (7.4) (0.7) (0.2) (0.4) 

Poultry 63 75 2.5 8.4 13.4 9.4 0.50 0.20 0.20 
(4.7) (16) (26) (18) (0.9) (0.4) (0.4) 

Man 
North America, 
Eurype 19 92 0.4 0.7 1.5 0.2 0.03 0.03 

(2.1) (3.7) (8) (1.0) (0.2) (0.2) 

Rural develop
ing country 22 92 0.5 1.0 1.8 0.2 0.04 0.04 

(2.3) (4.5) (8) (0.9) (0.2) (0.2) 

alum wastes after Feachem et al. (1980); Feachem et al. (1983).
 
Animal wastes after ASAE (1983).
 

d Vates include feces and urine. 
Values in parenthesis represent percent of total production (wet mass).CBOD5 = carbonaceous 6-day biochemical oxygen demand. 

-COD =-chemical oxygen demand. 
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Sewage characteristics depend not only on the composition of the waste, but also 
on the method of collection. In industrialized countries, human and other wastes are
collected primarily by central sewerage systems using water as the carriage medium.
Typical composition data for sewage from industrialized countries are presented in 
Table 3. Apart from being quite dilute, sewage often differs from manually collected
human wastes, by the presence of industrial wastes. The presence of industrial
 
wastes and anthropogenic compounds may create toxicity problems.
 

Table 3. Typical composition of dry-weather domestic sewage in industrialized countries. a 

Federal
United United RepublicCharacteristics States Japan Kingdom of Germany 

Per ci)yia flow, io 3 / day 0.35 0.30 0.18 0.16
CBOD b, g/mi3 

350200 1.10 

CODC, gimi 3 

500 
100
 

200 500 570Suspended solids, gim 200 70 350 400
TKN(t, g/m3 -10 21 50 
P, g/m 3 57 

10 3.5 15 17 

aFrom Tehobanogous an(l Schroeder (1985). 

CBODs = 5-day eart)oMaCeous biochemical oxygen demand.CUOD ='chemical oxygen dt'mand. 
d TKN (total Kjeldlahl nitrogen) = organic nitrogen -ammonia nitrogen. 

PA'rItOGENS IN HUMAN WASTES AND SEWAGE 

In addition to the chemical and biochemical characteristics considered above, the 
presence of pathogenic organisms in feces is of great concern where human wastes 
are to be used for aquaculture. The level of concern is greatest in those countries 
where the practice of waste-fed aquaculture might be beneficial, but is not now
sanctioned or allowed for public health reasons. In many cases, health risks are more
perceived than demonstrated with supporting scientific evidence. In those countries 
where human wastes are used routinely for the production of fish, public health
questions are seldom raised, because most. of the diseases associated with this prac
tice are endemic. 

Pathogens commonly found in human wastes are reported in Table 4. While fish 
are not susceptible to infection by Most human pathogens, they can serve as carriers
and thus transmit many of the diseases reported in Table 4. Fish have been shown to
accumulate bacteria and viruses in several body tissues, including muscle and organs
such as kidney, pronephros and liver (Buras et al. 1985). The degree of accumulation 
is dependent on the concentration of the bacterium or virus present in the culture 
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Table 4. Pathogens found in human cxcreta.' 

Biological 
group Organism Disease 

Viruses 

Coxasackievirus Various 
Echovirus Various 
Hepatitis A virus 
Poliovirus 

Infectious hepatitis 
Poliomeyelitis 

Rotavirus Gastroenteritis in children 

Bacteria 

Cumpylobacter sp. Diarrhea in children 
Pathogenic Escherichia coli Gastroenteritis 
Salmonella typhi Typhoid fever 

Other Salmonellae 
Shigella species 

Food poisoning 
Bacillary (lysentery 

Vibrio cholerae Cholera 
Other vibrios Diarihea 

Ycrsinia species Yersiniasi,; 

Protozoa 

Balantidium coli Mild diarrhea 
Entamnoeba histolytica Amebic dysentery and liver abscess 
Giardialain blia Diarrhea and malabsorption 

Helminths 

Ascaris lumbricoides Ascariasis 
Clonorchissi,'cnsis Clonorchiasis 
Diphyllobothrium luturn Diphyllobothriasis 
Faciolopsis buski 
Schistosoma sp. 

Fasciolopsiasis 
Schistosomiasis; bilharziasis 

Paragonimus westermani Paragonimiasis 

4Adapted from Feachem et al. (1983). 

water, and is a function of the type of microorganism. In experiments reported by
Buras et al. (1985), it was shown that coliform and fecal coliform bacteria "although 
present in the water in high numbers were not always detected in the muscles of the 
fish, while other bacteria were recovered" Therefore, particular care needs to be 
taken in the use of coliforms as indicators of possible bacterial contamination of fish 
grown in sewage waters, and the risk of disease transmission should always be 
assumed to be present. 
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ANI"nROPOGENIC COMPOUNDS IN SEWAGE 

Where sewage is used for aquaculture, the presence of anthropogenic compoundsis also of concern. The discharge of potentially tainting, toxic, or carcinogenic Conpounds to sewers will le ditficuIt to eliminate or control even with source control programs. The discharge of such compou rids is even more serious in countries with ,n sewers. The presence of such compo n(ls is of great concern because fish u Caccumu hit e many anthropogenic compounds in their tissues, especially h2 fattytissues (Tinsley 1979). There is little direct information available concerning the
bioaccumulation of such compounds in sewage fed ponds.

To illustrate the potential seriousness (o) the problems that Iay be caused by theb ioaccu mu lation or various ant h ro pgen it c( on pounds, fou r Mid west ern statos andthe U.S. Federal government recently issued uniform guidclines on the hazards ofeating fish from Lake Michigan. In the new advisory, fish arc ranked in three groups:esate', safe'"moderately and "to be avoided". Th'e rankings are based on tests offish flesh for levels of containim,,lion wil h pesticides and polyclhlornated biphenylcompoLnds (PC 3s) that surpass pure food limits established by the U.S. FederalFood and Drug Administration (Buriko 1985). Because of the potential for bioac'umultion, sew age may require Pretnament to reinmove various anthrolpogenic
componns before the nutrients in it can he used or the production of fish. Hu manwastes directly collected from latrines may be safer with respect to the presence of 
,nthropogenic compounds. 

Pit FTIREATM .ENT OF. " :)\'.{A( . i-o' ) t'(),,(?,lT H b 

In addition to differene2s in sewage characteristics, there are marked differences
in the levels of treatment given to sewage before it is made available for aquaculture
use. The degree ot pretreatment prior to application to the fishponds will affect thenutrient content of tile wastes, the initial oxygen demand and the number and typeof microorm:unisms present. A reduction in the initial oxygen demand can be achievedwith a variety of pretreatment operations and pr'jcesses (Metcalf and Eddy, Inc.

1979; Feachem et al. 1980; 'chobanoglous and Schroeder 1985).


Pretreatment cam have a marked 
 effect on or viral, andtle survival acWerial 

protozoan pathogens. Without chlorination, conventional 
 primary and secondarytreatment systems (primary sedimentation, trickling filters, activated sludge andoxidation ditches) are effective in reducing the number of pathogens, but. do noteliminate the danger of disease transmission from wastewater. Low cost treatment
methods such as waste stabilization ponds with long detention times and landtreatment by rapid infiltration appear to be more effective in decreasing the number
of pathogens through natural die away and by filtration/adsorption (Klock 1971;Feachem et al. 1980). In all cases, the effectiveness of removal of pathogenic organisms has been shown to be highly temperature dependent, with increased removal 
efficiencies at higher temperatures. 
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In general, the survival of bacterial pathogens is decreased in the presence of large 

numbers of microorganisms that act as preddtors or competitors. Viruses, on the 
other hand, adsorb onto particles, and appear to have longer survival times in the 
presence of large amounts of suspended matter (Feachem et al. 1980). Moreoever 
viruses attached to larger particles may settle and remain viable in sediments (Klock 
1971). Thus, the danger of transmission of viral diseases to man by fish would 
presumably be greater for detritivorous fish. 

The health benefits of pretreatment must be evaluated for the specific situation 
and weighed against the costs. Benefits are normally measured in terms of the 
reduction in pathogenic organisms, the reduction of the nutrient content of the 
waste and, in some cases, the reduction of the concentration of anthropogenic 
compounds. 

Public Health Risks 

The health risks associated with the use of human wastes and sewage in aqua
culture are poorly defined. Risk is defined here as "the nature, likelihood and magni
tude of an adverse event or effect occurring as a result of the use of a given tech
nology or some other action" (adapted in part from The Conservation Foundation 
1985). With respect to the use of human wastes or sewage for aquaculture, different 
populations are exposed to the risk of disease transmission through aquaculture 
(adapted in part from Feachem et al. 1983;Shuval et al. 1986): 

1. Fish farm workers, exposed to toxicants and pathogens present in the fish 
culture area; 

2. Fish handlers, exposed to toxicants and pathogens on the fish and in the fish 
guts. Handling of the fish may occur at harvest, during transport, at markets, in 
processing and in preparation; 

3. Consumers exposed to toxicants and pathogens in the fish. 
While handlers and farm workers are normally at risk of contracting diseases that 

are transmitted by routes other than ingestion, the direct pathway for disease trans
mission from waste-fed aquaculture to fish consumers is normally limited to the 
ingestion of contaminated fish. The difference in the types of exposure of the dif
ferent groups to wastes and sewage (or the aquaculture products) means that the 
groups are at risk of contracting diseases that have different paths of transmission. 
Some diseases are transmitted with the passive contribution of aquatic organisms, 
while others involve fish or other pond fauna as intermediate hosL. 

Assessment of Health Risks 

Risk assessment, as used in this paper, is "the process of determining the adverse 
consequences that may result from the use of a technology or some other action" 
(The Conservation Foundation 1985). In the context of the use of human wastes 
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and sewage in aquaculture, the quantitative assessnent of risk involves (1) deter
mination of the presence of pathogens, (2) determination of the manner in which
infectious forms of the pathogens may come into contact with susceptible individuals 
and (3) determination of the number of individuals exposed, the level of exposure
and the probability of adverse consequences resulting from exposure.

In assessing risk, extrapolation methods are used most commonly as they are 
considered to be the most sound scientifically, although revelation and intuition 
are also used (Kates 1978). Using extrapolation methods, known information about 
a specific event is extended or projected to predict a future event. Some of the 
methods that have been used include: standard statistical methodology, causal
models based on known phenomenological relationships and formal methods of 
encoding expert opinion in the form of judgmental probabilities (Moreau 1980). The
field data required for the application of quantitative extrapolation methods of risk 
assessment do not yet exist for the use of human wastes and sewage in aquaculture.
B! !ause of these limitations, use of an opinion encoding method known as the
"Probability Matrix Technique" is suggested here as a starting point for assessing the
risk. In the future, as more information and data are developed, this method can be 
used in conjunction with one or more of the quantitative extrapolation methods to 
assess risk. The following discussion is based on the work of Olivieri and Cooper
(1981) and Cooper and Olivieri (1982) who have applied this consensus-building

technique to assess the health risks associated with wastewater disposal options and
 
onsite systems.
 

TnE PROBABhi,'ry MA'rlix TECHNIQUE MErTHODOLOGY 

In waste-fed aquaculture, the probability matrix technique may be used to com
pare the relative risk associated with different options of treating or us.ng a given
water source. To apply the probability matrix technique of risk assessment to waste
aquaculture, two groups of health experts are required. The first group is asked to
define the public health problems that may be associated with the use of human 
wastes or sewage in a given aquaculture option. After identifying the problems,
members of the first group are asked to make judgments on the probability of
problem occurrence and to place a value on the probability using a linear scale of 
zero to one. Each expert within the first group is also asked to identify what addi
tional information would be needed about each waste-fed aquaculture option to
estimate with greater certainty the probability that a specified public health problem
would occur. Experts in bacteriology, virology, parasitology, entomology, toxicol
ogy, aquaculture and sanitary engineering would be included in the first group.

The role of the second group is to judge the relative severity of the public health
problems delineated by the first group. Ranked from zero (least severe) to 100 
(most severe), the same severity value can be assigned to more than one health
problem as the severity of the problem is compared to the other problems being
considered and not to an absolute level of severity. Judgments on severity are 



345 

medical opinions based on collective knowledge of the life expectancy, degree of 
disability and effectiveness of treatment of the public health problem considered. 
The second group of experts would be composed primarily of physicians and epide
miologists. 

The Delphi technique (developed by the Rand Corporation) is commonly used to 
obtain consensus values for the probability of occurrence of an event and for severity 
levels (Cooper and Olivieri 1982). The technique is designed to minimize face to face 
confrontations in arriving at a consensus, by using a series of questionnaires. Experts 
participating in the exercise are given the opportunity to revise their estimates of the 
probability of occurrence of an event, after seeing a summary of the values proposed 
by the group. 

MAGNIrUDE oF 'rim.' RisiK ESTIMATE 

Using the judgments made by the two groups of experts, the magnitude of thp 
public health problems that might be expected with a given waste-fed aquacuiture 
option is deteimined as follows: 

n 
: P.j S. 

j=Ri 
n 
E S. 

j=1 

where R i = expected magnitude of risk for aquaculture option i 
Pij = subjective probability that aquaculture option i will have public health 

problem j (0 < Pij < 1) 
Si = relative severity of problem j (0 < Sj < 100) 
n = number of public health problems being evaluated. 

The probabilities are subjective, but represent the best estimate that a problem will 
occur, given the current state of knowled-9. 

APPLICATION OF PROBABILITY MATRIX TECHNIQUE 

The application of the probability matrix technique for a single aquaculture 
alternative is illustrated in Table 5. As shown, the health problems and probability 
values are identified by group 1 experts. The severity values are assigned by group 2 
experts. The severity values shown in Table 5 would be equal for all options under 
consideration. Probability values, however, would change between options due to 
differences in the survival of pathogenic organisms under the conditions created in 
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Table 5. Example of a probability matrix for risk assessment of the use of human waste in uqIia
culture option 2 (i = 2). a 

Health
 
problem, jb ProbabilityC Severityd 
 P2, jSI 

1. Infectious hepatitis 0.1 50 5.02. Gastroenteritis 0.8 50 40.03. Typhoid fever 0.2 20 4.04. Dysentery 0.1 80 8.r,5. Cholera 0.1 20 2.06. Clonorchiasis 0.5 50 26.07. Diphyllobothriasis 0.5 100 60.08. Fasciolopsiasis 0.3 80 24.0
9. Schistosomiasis 0.5 100 50.U10. Paragonimiasis 0.5 80 40.0 

630 248.0 

10 10
 
R2 = P2 Sj/Z S. = 248/630 0.39 e
 

J=-. j=1l 

aAll values shown in table are hypothetical. 
bProblems identified by group 1 experts.CProbability values assigned by group 1 experts.
dSeverity values assig,,-d by group 2 experts.eThe value of risk computed in this table would be compared to the values computed for the 

other options under consideration. 

the processes being evaluated. The computed Ri value is used to rank each aqua
culture option amongst all possible options with respect to public health concerns. It
should be noted that in the example cited, only acute health risks associated with
pathogenic organisms are considered. In practice, it isanticipated that the list of
risks would be expanded to include other acute and chronic health risks. An analysis
similar to that shown in Table 5 would be done for all aquaculture options being
considered. In addition, other nonaquaculture options being proposed and existing
systems of sewage or waste disposal should be analyzed. 

USE OF THE PROBABILITY MATRIX RESULTS 

Results of the probability matrix analysis are used in the decision-maling processto compare options and to select those that are to be implemented. The risk esti
mates generated with the probability matrix technique are indicators of the possible
negative public health effects of the various water treatment or aquaculture options
analyzed. In deciding which of the proposed alternatives is to be implemented, the 
negative effects (quantified in the risk analysis), the expected benefits and socio
economic factors are considered. An alternative that needs to be included in the 
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analysis, and that is often overlooked, is that of continuing the current waste dis
posal practices 

A second possible use is in the identification of p'oblem areas. For example, if 
high risk values are estimated for an aquaculture option that has large potential 
benefits, attention can be focused on means that can be used to reduce the risks and 
make implementation of the process possible. ldentificat;-'i of high risks is very 
important i!: the evaluation of waste disposal or treatment practices that are in use 
at the site for which treatment strategy options are being proposed. 

Risk Management 

Risk managemant involves the means and methods used to reduce risk. Whenever 
risk management is considered, what must be determined is the degree of risk that is 
acceptable. Three categories of risk can be identified (1) zero risk, (2) technology
based risk and (3) reasonableness of risk balanced with benefits. Zero risk is usually 
unattainable in an economic context. The second two risk categories ar, where most 
risk management options are found, especially for the use of human wastes and 
sewage in aquaculture. Management options for pathogens and anthropogenic 
chemicals are considered below. 

CONTROL OF PATIOGE,.NS 

Much has been written on the control of pathogens where human wastes and 
sewage are used for the production of fish. Feachem et al. (1980), have suggested 
the following techniques to control pathogens: 

" Enriching ponds only with treated sewage, stored nightsoil or sludge 
" Allowing fish to reside in clean water for several weeks prior to harvesting 

(depuration) 
" Clearing vegetation from pond banks to discourage the growth of molluscan 

intermediate hosts of digenean trematodes and the provision of substrates for 
metacercarial cysts of some species 

" Promoting good hygiene in all stages of fish handling and processing 
" Discouraging the consumption of unprocessed or undercooked fish 

Additional control measures might include: 
" Restricting the use of fish grown in sewage fed ponds to processed food appli

cations 
" Using the fish grown in sewage fed ponds for nonhuman uses such as in the 

production of animal feeds or fish silage 
While it is known that each of these techniques will help to reduce (or partially 
manage) the risk, the relative effectiveness of these methods is difficult to quantify. 

http:PATIOGE,.NS
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CONTROL oF ANT1IIbOPOGENIC CHEMICALS 

Little is known about the control of anthropogenic chemicals in aquaculture
facilities where sewage is used. The reason is that the potential problems have only
recently been identified. Some management techniques that can be used are as 
follows:
 
" Enrichirng ponds only with !reated sewage

* 
 Improved industrial source co. trol Ind pretreatment programs

" Pretreatment of irrigation return waters before using them
 
Risk management technologies for the control of anthropogenic chemicals will,

unforturately, be site specific and are likely to be expensive. For example, because
conventional treatment methods for agricu' -al return waters are expensive, it maybe necessary to use the soil as a filter o. some type of adsorption bed which 
can be followed by soil filtration. 

Surnmary 

Currently, millions of people in China and other parts of Asia rely on waste-fed
aquaculture as a source of animal protein. Where human wastes and sewage are now
used for fish production it would be difficult to eliminate the practice based solely
on public health considerations. However, to understand and reduce the real and
perrceived health risks of using human wastes ai 'dsewage for fish production, it is
essential that this practice be subjected to a risk assessment. The risk associated with 
using agricultural return waters must also be considered. 

Given that an extensive database is not available, it is recommeaded that a probability matrix technique, such as outlined in this paper, be used to assess the risk. 
Based on the results of the risk assessment, it should be possible to evaluate the
impact of several risk management techniques. Ultimately, as the health risks are
delineated more completely, the use of human wastes and sewage for the production
of fish protein may find a broader application. Because of the potential importance
of human waste and sewage-fed aquaculture for the production of fish protein in
developing countries, greater emphasis should be devoted to the delineation of the
critical health risks associated with this practice and to the opportunities and possi
bilities for reducing the risks involved. 
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Discussion 
PULLIN: Considering possible risks, we should not forget the risks to fish farm workers as well asconsumers. For example, there have been recent incidents of leptospiral in fections among salmonid farm workers. Leptospirosis is transtnittvI 
 through abrasions bleing put into contact withwater which i:;contaminated with the urine of' itnfected rats. This lIs cautsed some fatalities. 

SCtIROEI)FR : Ymr madthematical technique has one seriouIs flaw. It can camnou,flage the risk of a
fatal, highly conltagiotis infection (say 
 100'; fatal, 100;'chance of infeetion) lecause your overallt!igur, onc you have made your division, could be, say, 50",. 

BOWEN: This technique is used to asse!;s risk fron other sources; for example, nuclear power

plant acci(lnts. 1iii- v;dlues given are relative, not absolute, 
Thw fact that the probability values arecloser to ole or to zero has nio relevatce. These art all relative values. 

SCHROEDEI: This must he made abundantly clear to anyone who might use these figures toassess risks, say in using s-wage-fish cutlture ina third world country. Someone might take thesevalues as a true indicilion oif risk while they (-an hide the chance ,fcertain death, as in the example
which I have given. 

PIEDRAHIITA: 'The probability matrix technique is designed to he used for estimating risks by(ucntifying opinions and dealing with u,ncertainly. If a waste is certain to cause a severe publicheaPIh problen under a given treatment and disposal method, there is no point in including it inthe probability matrix inalysis. Tle dangers of using the particular waste should be noted and therecipients of the probability matrix analysis should he informed of the certainty of problem occur
rence and of alternative treatments for the waste. 

PRUDER: We can build a model to take account of such possibilities. 
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PULLIN: Is this technique used in risk management ; in insurance risk assessment for example? 

PIEDRAHITA: Yes, where there is little infoimation available. It is used as a sort of last resort. It 
has been very useful, however, in small-scale wastewater applications, which are somewhat similar 
to what we are discussing: you are trying to dispose of a waste with an acceptable level of risk. 

MORIARTY: I see no problem. This is a model, which, ike all models, is a tool with limitations. It 
cannot he used in a situation in which one disoase gives the prospect of certain infection and 
certain death. Everyone would know this. 

SCHROEDER: But they could not tell it from the nunbers. 

Editors note: This discussion continued without a clear resolution. lowever, the authors have 
addressed in this published version of their iaper ti use of their suggested technique when highly 
contagious/fatal diseases are present. 

PULLIN: There is another factor here. Where you have sewage !o lispose of, particularly in some 
developing countries, there may be very igh risks associated with alternative methods to atqua
culture or if nothing is done. We had to face this issute in an appraisal of a GTZ-World Bank sewage
fish culture project in Lima, Peru. Moreover, the public heal th experts in this case pro(luced very 
long lists of human piatholgenls and parasites which they feh might occur in the system, but for 
many of which there were ito data on albtil:ice or evell presence or aibselnce. 'lhe task of inves
tigating them all looked very daunting. It seems to me, therelore, that this plaper has drawn atten
tion to a very cost-effective technique for making at first :issessinett of tIce relative risks associated 
with different sewage dist)osal methods, when information is limited. 

EDWARDS: From a iedical point of view, it may also he highly beneficial to recycle human 
waste into food, perhaps through aquaculture, in areas in which there is protein malnutrition. In 
other words, tle iealth of the population could suffer if this resource was not recycled in this 
way. Socioeconomic condit ions are of paramount importance here. 

BILIO: I agree. 

EDWARDS: For example, recycling of human waste used to he widespread through Korea, Japan 
and China. As affluence has increased in some areas, its use has declined, e.g., in Taiwan (pers. 
obs.). However, in the poorer countries of Asia, it remains very important as it potential resource 
for producing high protein food. 

BIDDLESTONE: The results of using a, model like this are, of course, only its good as the data. 
There may Ie a danger in assuning develolced-cou nt ry efficiency in pathogen removal by a given 
process for parallel situations in developing countries. Perhaps a 90%r kill of salmonella in one 
anaerobic digester is only a 10% kill under less controlled conditions. Ilave you also looked at 
aerobic treatments'? 

PIEDRAHITA: You are right in saying that pathogen removal efficiency is likely to he highly 
variableand will depend on the waste treatment process being used and on tlce level of control over 
the process. There are, however, general trends on the effectiveness of different types of treatment 
methods for the removal of various pathogenic ncicroorganisms. As an example, Feachem and 
co-workers (19S3)* have presented a table indicating the expected effect of vrious waste treat
ment processes on different types of pathogenic microorganisms. 

BILIO: But you have not used these in your paper, you hcave made guesses. 

PIEDRAHITA: We have used them in arriving al an overall estimate of the effect of a given treat
ment method on the probability of problem occurrence. The pathogen reducticn efficiency is, 
however, only one component of the overall probability estimate, which accounts for other factors 
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such as exposure, form of transmission, etc. I'he values used in the example are for illustrationpurposes only and do not necessarily represent accurate prohafliliLy values for a real situation. 

PULLIN: On I)r. Biddlestone's point, Dr.Piedrahita has stressed in his paper that the adplicationof this technique is highly location-specific. 

COLMAN: The basic q1uestion is, is this a useful techniqu e? wo Uld say it is. When you haveassembled your matrix all the information is ther - ijjeluViLn the 100" )Proh;abilit;es if such exist. 

ANDERSON: But the doceaiinnilking process miay be leftto say a"group of sociologists or laymen,who mamy not have all the information or your pterspectives on that information. 

PULLIN: We must close this discussion here. We can continue later if time permits. 

*Feachei, R.G., D.,.Bradley, II. Garelick and 1). Mara.exereta 198O3. Sanitation and disease, healthand wastewater management. World Bank studies inwater 
aspects of 

.apply and sanitation 3. John Wiley and Sons,Chichester. 501 p. 
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Abstract 
The use of manures in aquaculture enables the production of a highly valuable,protein-rich food from inputs of little nutrient value to man oir livestock. This practice,used traditionally in China with a polyculture of Chinese carps, has been applied inother areas with different combinations of fishes, including tilapias, a range of stockingrates and different manures. Yields of up to 30-35 kg/ha/day have been obtained indifferent investigations, Yields as high as 50 kg/ha/day have been reached in standingwater ponds using feed pellets with a 25% protein content, but with grains (sorghum)as supplemental feed, yields are lower than the maximum yields from intensive manuring alone. These conclusions are based on a survey of investigations from differentparts of the world and from a series of replicated studies in Israel. Yields from manured

ponds may be increased by supplemental feeding but the ilicrement is relatively smalland is obtained at a low efficiency.
The processes by which manure is converted into fish fle, i are either direct consumption of feed remnants in the manure or stimulation of natural food webs toincrease autotraphic and heterotrophic production. These processes are poorly understood and have not been quantified. Our lack of understanding may be the main constraint to further increasing fish yields from intensively manuecd ponds. 

Introduction 

The traditional management practice in Chinese aquaculture is to use manure asthe principal nutrient input to ponds stocked with a variety of Chinese cyprinids.The philosophy of this piactice has been described as 'harmony' (Tang 1970), i.e.,the fish stocked harmonize with available fish foods. Presumably a major reason fordeveloping this efficient system was the requirement for producing food from inputswhich are of no nutritional value for man or livestock. Note that in animal husbandry 
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this aquaculture management practice is the only method of producing, rather than 
converting food, other than keeping livestock on pastures. The chronic famines, 
especially of protein-rich fcods, in large parts of the world and rising prices of feed
stuffs make this system of particular interest. 

Intensive manuring of ponds stimulates natural food webs thereby generating 
considerable quantities of phytoplankton, zooplankton and benthic organisms. A 
variety of fishes of different food preferences or a single species which can exploit
different feeding niches is required for the effective utilization of this highly hetero
genous food web and to prevent the accumulation of nonutilized components. Thus 
intensive manuring is usually linked with polyculture. With conventional feeds, 
monoc.lture is the usual practice. 
The use of manures in fish farming has been reviewed by Wohlfarth and Schroeder 

(1979) and Edwards (1980). The'advantages and disadvantages of this practice, and 
methods used in different production systems are reviewed here, followed by a 
summary of empirical investigations carried out in Israel. 

Use of Manures, Advantages and Disadvantages 

The advantages of using manures as the principal nutrient input in aquaculture are: 
" The low cost of manure can drastically reduce feed costs, which often account 

for abou half the total production costs. 
" In areas where manure is readily avwilable, the need for feedstuffs produced or 

manufactured elsewhere is avoided. 
" Utilization of manures soives problems connected with its disposal and environ

mental pollution resulting from manure accumulation.
 
" Because the carbohydrate content of natural foods developing from 
manure 

degradation products is lower than that of most conventional feeds, fish 
particularly common carp (Cyprinus carpio) grown on manure tend to have a 
lower fat content than those grown on conventional feeds (Wohlfarth and 
Schroeder 1979). 

" A variety of fishes can be produced from manured polyculture systems. 
However the use of manures, accompanied by polyculture, also suffeis from 

several disadvantages: 
" The proper managenrnt of these systems is more difficult than feedlot mono

culture systems. 
* Estimating the appropriate amount of manure to be applied is less standardized 

than for conventional feed inputs due to differences in the quality of different 
manures, e.g., contents of moisture, ash and minerals. Such differences exist, 
particularly when using manure from different animals, but even manures taken 
from a given production system also differ at various times. 

" The processes of manure decomposition and the utilization of its degradation 
products by the wide variety of organisms in a pond are influenced by factors 
not under our control, e.g., temperature, intensity of solar radii' i~on and 
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dissolved oxygen. The amount of manure to be applied depends upon these 
somewhat unpredictable processes as well as upon the biomass of fish. 

Because the rate of manure decomposition is a function of temperature, its 
application is more suited to warm climates and warmwater fish (e.g., Chinese 
carp, common carp, tilapia and catfish) than to salmonids and other coldwater 
fish. 

* Aesthetic objections to manure-fed fish may lead to consumer resistance. 
* Manure is continuously available in large amounts only when livestock produc

tion isconcentrated in feedlot units situated within a reasonable distance from 
the ponds. When animals are largely raised on pastures, manure availability may
be a problem. 

• Manure isnot a suitable nutrient input for highly intensive aquaculture systems,
such as raceways. Even in standing water ponds, maximum yields attained witih 
manure are lower than those attained with nutritionally balanced feeds (Moav 
et al. 1977).

* The relative economics of manure and feedstuffs in aquaculture depend cn the 
price ratio between fish and feeds. Growing fish on manures is more profitable
only when the fish are relatively cheap and feeds are expensive. With fish of 
luxury prices, using formulated feed pellets is likely to be more profitable due 
to the higher yields attainable (Wohlfarth and Schroeder 1979). 

Methods of Manure Utilization in Aquaculture 

Manure may be applied to fishponds by housing livestock over the water or in its

vicinity. In such integrated systems, fresh manure is continuously added to the

ponds, which avoicis losses from degradation of the manure and fodder remnants.
 
Environmental p Dl1ution resulting from accumulation of manure is largely avoided.
investigations on the integration of livestock and aquaculture units have been carried 
out with ducks (Blume 1960; Chislov and Chesnakov 1974; Muller 1978; Cruz et al. 
1979; Cruz and Shehadeh 1980; Hopkins and Cruz 1980; Sin 1980; Barash et al. 
1982; Plavnik et al. 1983); with pigs (Nugent 1978; Cruz et al. 1979; Burns and
Stickney 1980; Cruz and Shahadeh 1980; Delmendo 1980; Hopkins and Cruz 1980);
with chickens (Stickney et al. 1977; Hopkins and Cruz 1980, 1982); and with geese
(Sin 1980). In most of these investigations the fish were stocked in polyculture, con
sisting of two or more of the following: Chinese 'arp, common carp, tilapia (some
times as the predominant species and accompanied by a predator) or mullets. 
Monoculture of common carp (Blume 1960; Muller 1978) or tilapia (Stickney et al.
1977; Burns and Stickney 1980) has also been investigated in manured ponds.

Alternatively, manure may be transported to the ponds without integrating
the livestock and aquaculture units. This is the prevalont aquaculture system in 
China; any available manures are utilized, including those from pigs, cattle and 
horses, as well as from humans ('night soil') (Hoffmann 1934). Manures tested in 
different investigations include cattl manure (Schroeder 1974, 1975; Moav et al. 
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1977; Collis and Smitherman 1978; Rappaport and Sarig 1978; Wohlfarth 1978; 
Schoonbee et al. 1979; Wohlfarth et al. 1980), pig manure (Tang 1970; Stickney et 
al. 1979; Buck et al. 1979), and chicken manure (Tang 1970; Rappaport et al. 1977; 
Rappaport and Sarig 1978; Wohlfarth et al. 1980). In most investigations, the fish 
were stocked in polyculture, although monocuiture of common carp, tilapia or silver 
carp was also tested. The giant Malaysian prawn (MAacrobrachium rosenbergii) may
be added to fish polVculture and grown to market size with chicken manure as the 
principal nutrient input (Wohlfarth etal. 1985). Yields may be increased by augment
ing the intensive manuring management with relatively small amounts of feed pellets, 
but the marginal feed "'onversior of these pellets is poor (Moav et al. 1977; Wohl
farth et al. 1980). 

The potential importance of manure in aquaculture as a means of preventing pollu
tion is discussed by Edwards (1980), who states that only in China are animal and 
human wastes fully utilized. Common carp have been used to clean the water of a 
lagoon receiving the wastes from a poultry processing unit (Anon. 1979) and the 
pollution of coastal waters by pig du1ng effluent was reduced by stocking a pond, 
through which the effluent flo wed, vith silver carp (Hypoph thaimichhys molitrix), 
bighead carp (Aristicht1ys nobilis) and grass carp (Ctcnophail'ngodot:idella) (Seow 
and Tay 1973). 

Yields obtained from mannure-fed systems varied from 7 to 36 kg/ha/day among 
different investigations (Table I). Fish grown in these systems were mainly different 
combinations of Chinese carp, conmon carp or tilapia. Stocking rates also varied 
considerably. The lowest yields were obtained at relatively low stocking rates, but 
increasing stocking rates to much above 10,000 fish/ha do not appear to result in 
further yield increases. Neither is it apparent whetffer a given type of manure or a 
particular combination of fish is superior. The highest yields were obtained from 
integration of fishponds with duck or pig production systems, but yields almost as 
high were obtained with itensive use of poultry manure. 

The main conclusion to be drawn from the results summarized in Table 1 is that 
high yields may be obtained with manure as the exclusive organic input. Whether 
this high yield potential is realized apparently depends on management factors not 
defined in the publications upon which this table is based. 

Manuring Tests Carried Out in Israel 

Nine tests in which intensive manuring was applied to experimental fishponds are 
summarized in Table 2. The earlier tests are more fully described by Moav et al. 
(1977), Wohlfarth (1978) and Wohlfarth et al. (1980). All tests were carried out at 
Dor in earthen ponds of 400 m 2 , between July and November of each year. The 
ponds were stocked with a mixture of common ca-p, tilapia (in most cases different 
interspecific hybrids; Wohlfarth et al. 1983), silver carp and grass carp. In 1979, 
1981, 1982 and 1983 freshwater prawns were also included (Wohlfarth et al. 1985). 
The manuring treatments were integrated into a program of testing different genetic 
groups of common carp (Moav et al. 1975) or tilapias (Wohlfarth et al. 1983). 
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Table 1. Fish yields from manured ponds. 

Stocking DailySource of rate yield
nutrients Fishes stocked (No./ha) (kg/ha) References 

Pig manure, plants Chinese and common 18,000 40* Shan et al. (1985) 
carps 

Duck facility Common and silver carp, 10,000 36 Barash et al. (1982)
tilapias -20,000 

Pig facility Chinese carps, tilapins 15,500 36** Behrends et al. 

(1983) 
Cattle manure Common and Chinese 9,000 S2 Moav et al. (1977) 

carps, tilapias -18,000 

Chicken manure Common and Chinese 8,000 29-35 Wohlfarth et al. 
carps, tilapias -16,000 (1980) 

Manures, 'night.soil', Chinese and common 23,500 2-1*** Tang (1970)

rice bran carps, mullets
 

Pig facility Chinese and common 10,700 17-22 Buck et al. (1979) 
carps, buffalo 

Pig. duck or chicken Tilapias, common carp, 20,000 19-20 Cruz et al. (1979)facilities snakehead 10,000 10-15 Cruz and Shehadeh 

(1980); Horkins 
and Cruz (1980,
1982); Hopkins 
(1982) 

Cattle manure Tilapias 10,000 16 Collis and Smither

man (1978) 
Chicken manure Common carp, Clarias 2,100 7 Bok and Jongblood

(1984)
 

*Mean of two ponds, yield computed from seined samples, ignoring mortality.

**Single pond, yield includes 14 kg/ha/day tilapia reproduction.


***Single pond, mean of three repeated investigations.
 

In the first manuring test (1974) involving two ponds, a constant amount of
liquid cattle manure was applied six days per week for the initial 83 days and
thereafter the amount was doubled. The decline in growth during the initial period
and the immediate response to the increased amount of manure led us to believe
that the amount of manure required for sustaining optimal growth needed to beincreased with increasing fish biomass, as practiced with supplementary feed. In all
subsequent tests, the manure management consisted of applying 50 kg/ha/day drymatter of manure at the beginning of the test and increasing this by 25 kg every two 
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weeks up to a maximum of 175 to 200 kg (Wohlfarth 1978). Inorganic fertilizers 
were applied once every two weeks at a rate of bO kg/ha each of ammonium sulfate 
and superphosphate. For technical reasons, poultry manure was substituted for 
cattle manure from 1977 onwards. In 1982, in addition to the 21 poids with 
poultry manure, 'goose manure' was used in three additi3nal ponds. This 'manure' 
resembled a slurry of ground, fermenting corn because it was obtained from produc
tion units in which geese were force-fed to enlarge their livers. Total stocking rates 
varied between 6,000 and 20,000 fish/ha in different treatments and years. The 
proportions of the different fish also varied, with an emphasis on common carp in 
the earlier tests and on tilapia in the later ones. 

The management variables emphasized in the first test (1974) consisted of two 
feeds (sorghum or 25% protein pellets), applied at a rate computed as 4% of the 
biomass of common and grass carp plus 22', of tilapia biomass. These results are 
presented to serve as nonmanured controls for comparison to the later tests in which 
intensive manuring was practiced. In most of these manuring tests, different treat
ments were applied, i.e., varying type of manure and stocking denrities, with and 
without different supplemental feeds; supplemented feeds were presented at one
third of the standard daily rates of nonmanured controls. Fish biomass was esti
mated from sample weighings every two weeks. Manures and feeds were applied 
daily (six days per week) except in the low stocking rate treatment of 1981 in which 
the ponds were manured once a week, but the full standard amount of feed was 
presented. All treatments in each tests were replicated (Table 2). 

Results 

Mean survival of fisl, was high, predominantly between 80 and 90%. The last two 
columns of Table 2 show the food conversion ratios (FCR) of manure and feed. For 
tests in which manure plus feed were applied, the FCRs were computed separately, 
ignoring the effect of the other organic input. Hence, they are partial conversion 
ratios. With manure as the only organic input, the FCR is remarkably stable at about 
3.5 (except in the 1974 test), similar to the FCR of sorghum and only a little higher
than that of high protein feed pellets. Supplementing manure with feed resulted 
in a slight lowering of the partial manure conversion ratio, because the effect of 
supplkmentary food on yield is ignored. The partial FCRs in these treatments are 
very low for similar reasons. The sums of the two partial conversion ratios tend to be 
a little higher than either f-,,ed or manure conversion ratios, indicating that increasing 
yields by supplementing feed to manure is relatively inefficient. This is also shown 
by the marginal FCRs in tests in which either manure plus feed or manure alone was 
applied. Marginal FCRs show the weight of feed required to obtain a further unit 
weight of fish by supplemeni:ing manure with feed. rhey are computed by dividing
the amount of supplemental feed (yield x partial conversion ratio) by the yield 
difference between manure plus feed and manure only. When cattle manure was 
supplemented with sorghum (1975) the marginal FCR was about 6; when chicken 



Table 2. Managements and results of nine tests in which livestocht manures were applied to experimental fishponds in Israel. 

Year 

No. of 

replicates 

Nutrients 

Manure Feed CC 

N-. 

T 

of fish stocked/ha 

SC GC Total 

Survival 

(%) CC 

Daily yield (kg/hh) 

T SC GC Total 

Conversion ratios 

Manure*** Feed 

1974 

4 
4 
4 
4 
2 

-

-
-

Cattle 
P 

11,450 
3,300 

11,45) 
3,300 
3,050 

5,000 
1,500 
5,000 
1,500 
1,500 

2,500 
1,250 
2,600 
1,250 
1,250 

750 
330 
750 
330 
330 

19,700 
6,380 

19,700 
6,380 
6,130 

82 
85 
77 
82 
80 

14 
14 
33 
23 
11 

4 
1 
4 
2 
7 

11 
8 

10 
8 
1 

1 
1 
3 
1 
1 

30 
24 
50 
34 
20 

-
-
-
-

1.8 

3.2 
3.8 
2.5 
2.9 

-

1975 

4 

44 
4 

Cattle 

CattleCattle 
Cattle 

S 

9,050 

4,8009,050 
4,800 

5,000 

2,5005,000 
2,500 

3,080 

1,5203,080 
1,520 

850 

420850 
420 

17,980 

9,240
17,980 

9,240 

89 

91
91 
91 

21 

24
13 
17 

9 

6
9 
5 

9 

7
9 
7 

2 

2
2 
2 

41 

39
33 
32 

2.7 

2.6
3.4 
3.2 

1.3 

1.2 
-
-

1977 8 Poultry - 4,000 3,000 1,000 300 8,300 93 20 5 6 1 32 3.5 -
1978 8 

1 
Poultry -

-
5,000 
4,000 

9,000 
3,000 

1,500 
1,000 

500 
300 

16,000 
8,300 

89 
91 

13 
17 

12 
5 

8 
5 

2 
1 

35 
29 

3.5 
3.5 

-
-

1979 

1980 

9 

1 

11 

11 Poultry 

P 

S 

5,200 

4,000 

5,200 

5,200 

9,200 

3,000 

9,000 

9,000 

1,000 

1,000 

1,200 

1,200 

1,000 

500 

350 

350 

17,400 

8,500 

15,750. 

15,750 

86 

88 

78 

75 

22 

24 

16 

15 

9 

4 

8 

7 

8 

6 

7 

6 

3 

2 

1 

1 

4" 

36 

32 

30 

3.0 

3:0 

3.3 

3.8 

0.6 

0.6 

0.8 

0.8 

1981 

1982 

6 

15 

21 

Poultry 

Poultry 
'Goose'** 

P* 

S 

P 
-

3,000 

3,000 

3,550 
3,550 

3,030 

7,500 

9,090 
9,000 

1,000 

1,000 

1,000 
1,000 

450 

450 

375 
375 

7,450 

11,950 

13,925 
13,925 

91 

90 

86 
92 

18 

10 

13 
16 

7 

11 

11 
16 

9 

8 

7 
6 

2 

2 

3 
1 

36 

31 

34 
39 

0.6 

3.4 

2.9 
3.6 

1.8 

0.6 

0.6 

-
1983 24 Poultry P 3,000 .9,000 1,000 300 13,300 91 13 14 6 1 34 3.4 0.5 

CC common carp, T -iOlap'ia, SC = silver carp, GC = grass carp, S = sorghum, P - high protein (25%) pellets.*Applied at 'full' daily rate (see text): all other entries were at one-third standard daily rate.
**From geese force-fed for liver fattening. 

***Computed according to dry matter content. 

1.0 
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manure was supplemented with high protein pellets, (1978 versus 1979), the mar
ginal FCR was between 3 and 4. 

The effects of different management techniques on total fish yield (Table 3) may
be compared from results of different treatments within a given test. Comparisons
between tests lead to less reliable conclusions due to differences in total stocking 
rate, proportions of different fishes and temporal effects which are more difficult to 
define. Nevertheless both types of comparisons are made here to draw general con
clusions from this series of experiments. Total fish yields from different tests are 
grouped according to management techniques in Table 3. Stocking rates are arbitra
rily divided into 'low' (< 9,000/ha) and 'high' (> 12,000/ha). Yields responded to 
different components of these managements as well as to interactions between them. 

Table 3. Mean daiy fish yields (kg/ha) from different combinations of feed and manure inputs to 
fishponds. [Boxes indicate treatments within same test (s;ee Table 2)]. 

Fih stocking 
rate Organic inputs Meai,Nutrient Type of (low, ; 9,000/ha; Cattle Poultry yield


management feevd high, 12,000/ha) Feed ma 1re manure 
 (kg/ha/d2 

H igh protein Iligh 5-4
 
Feed* pellets (25%) Low 
 3 42 
o n ly hH igh 302
 

Sorghum Low 
 27 

High protein High 4T 34 3-1 35
Manure pellets (25%) Low [13 31 

feed* High 41Sorghum Low i39 36 

High 332 35

Manure None Low [2 29 32 32
 
only 20*** 

Mean yield (kg/ha/day) High 40Low 37 3529 36 32 

*Applied at standard rate, 4%i.e., of common carp and grass carp biomass + 2% of tilapia 
biomass. 

**Applied at (1/3) standard rate. 
***Not included in mean. 

FEED VERSUS MANURE 

The highest yields were obtained with high protein feed pellets (at a high stocking
rate). Yields attained from intensive manuring, reinforced by feed supplements were 
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higher than these from manure alone; the lowest yields came from sorghum without 
manure. 

NUTRIENT CONTENT OF SUPPLEMENTAL FEED 

When feed is used as a suplement to intensive manuring, similar yields are 
obtained with high protein feed and sorghum (Table 2, 1980). This is in contrast to 
the use of feed as the only organic input. 

EFFECT OF STOCKING RATE 

Higher yields were obtained at high stocking rates when feeds were the only 
organic input, either high protein or sorghum. Only at the high stocking rate did the 
high protein feed show a better yield than that obtained in manured ponds. Simi
larly the low yield obtairid from sorghum is emphasized at a low stocking rate. The 
effect of v!rying stocking rates in manured ponds is more complex. With cattle 
manure, either alone or supplemented by sorghum, little extra yield was obtained by 
doubling stocking rates (Table 2, 1975). But with poultry manure, either reinforced 
by high protein pellets or alone (Table 2, ,-979and 1978), higher yields were ob
tained at the higher stocking rate. In both these tests the higher stocking rate was 
largely composed of tilapias. The mean yields over all treatments were similar at high 
and low stocking rates for both manures (Table 3). 

CATTLE VERSUS POULTRY MANURE 

With manures as the only organic input there was little difference in yield between 
ponds with cattle or poultry manure (Table 2, 1975 versus 1977 and 1978). With a 
sorghum supplement however the use of cattle manure appears to result in a higher 
yield than that of poultry manure (1975 versus 1980 and 1981). 

Discussion 

The traditional method of freshwater fish farming in China and other parts of 
Asia consists of stocking ponds with different Chinese carps and common carp, and 
using manures as the principal nutrient inputs. The successful management tech
niques, practiced for so long by Chinese fishfarmers, are a result of trial and error 
and tradition handed down from generation to generation. The innovation of the 
investigations here described is in their use of controls and reasonable numbers of 
replicates. Furthermore they demonstrate that tilapias and freshwater prawns may 
be introduced into such systems. 
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The results presented show that fish yields of up to 35 kg/ha/day may be obtainedin polyculture ponds with manure as the only organic iput. This was also the yieldof our first serious manuring test in which the manuring rate was determined arbitrarily. This apparently maximum yield appears to be stable and hardly influenced bymanagement factors, such as types of fish stocked, total stocking rate (until a certainthreshold is reached), proportions of different fish or type of manure used. The rateof manure application was not varied in our tests, but different rates applied in someof the experiments summarized in Table 1 did not produce a large yield response.
Moreover their results were not influenced by the use of inorganic fertilizers. Thus,as for stocking rate, a certain threshold of manuring rate appears to be required for
obtaining this maximum yield.

The stability of this yield may be due to some limiting factors in the ability of thefishpond to recycle animal manures, themselves a poor direct feed, into differentcomponents of 'natural food'. Conversion processes presumably occur at the soilwater interface (Schroeder 1978) or in the water column. These processes may bearea limited. The full utilization of this area (or volume) requires adequate distribution of the manure. Most of the investigations described were caryied out in small
experimental ponds, in which wind and wave action may be sufficient for a 
reasonable distribution of the manure. This may not be the case in large production ponds.In Israel large-scale application of intensive manuring to production ponds requiressatisfactory techniques of manure distribution, e.g., blowing the manure into thepond from one of the longer embankments, in the direction of the prevailing wind.Little is known of the processes by which manure is converted into food for fish.In most cases all we know is the amount of manure applied and the yield of fishobtained. Possible modes of conversion were defined by Tang (1970) and Wohlfarth
and Schroeder (1979) as direct consumption, autotrophic production utilizing themineral contents, and heterotrophic production based on the organic contents. However, this has not been confirmed empirically or quantified. Manures are consideredlargely as indirect food, requiring planktonic or microbial activity in order to becomeavailable to the fish. Their low value as a direct feed for fish, demcnstrated by substituting some of the contents of feed pellets by manures, is explained by their lowcontent of metabolic energy and protein in comparison to con-entional feedstuffs
(Wohlfarth and Schroeder 1979). Supplem2ntal feeds, with their higher metabolicenergy and/or protein contents, are thought of as direct feeds, although clearly fishfeces may affect the ecosystem in a way similar to other animal manures. Indirect
feeds are expected to be far less effective than direct ones, since at every transition
in trophic level in a recycling process, about 90% of the energy and nutrients become

unavailable. Therefore, it is surprising that the conversion ratios of supplementalfeeds and manures are similar and that manures may even show better conversicn 
ratios than a grain feed (Table 2).

This may be explained by three, not mutually exclusive mechanisms: (1) manureis a better direct feed for fish than is usually assumed; (2) some of the supplemental
feed does not act as a direct food; (3) the microbial recycling processes are so efficient that nutrient materials are only temporarily immobilized during the transition 
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in trophic levels and become available again rapidly. The decreases reported in 
growth and feed conversion of fish fed on feed pellets, some of whost contents were 
substituted by manures, may be due to most of these tests having been carried out in 
tanks or cages where the recycling processes occurring in earthen ponds may not 
operate. 

Yields of intensively manured ponds may be increased by supplemental feeds but 
the yield increment is obtained at relatively high marginal FCRs. The quality of 
supplemental feeds, i.e., the presence or absence of a high protein component, 
appears to have little influence on yields in such systems. This is in contrast to the 
much higher yields from high protein pellets compared to grains, when these are the 
only organic inputs. 
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Discussion 

PRUDER: I am intrigued by your conversion ratios-for example, 3.5:1 and 3.0:1-for manure 
inputs which go through at least one breakdown or decomposition step. Could you comment on 
this? 

WOHLFARTH: Well, I am equally intrigued by this. I do not understand it. However, these are the 
conversion ratios as a farmer would work them out. To get a true conversion ratio, you should 
deduct the natural food production of the pond. However, even if you do this, you can get a 
conversion ratio of about 5:1 which is still amazingly good. 

SCHROEDER: I thiak if we look at the carbon flow, this tells us that the food chain for the 
pellet-fed fish is about as short as that for the manure-raised fish. The manure food chain can't 
go much beyond bacteria (or perhaps ciliates) to fish. 

PRUDER: But that is still too many steps. It doesn't explain the comparable conversions for 
pellets and manure. 

SCHROEDER: It does if you consider the conversion ratio is on a dry:wet basis and is about 
20:1 for carbon in each case. This would allow a bacterial step. 

WOHLFARTH: The situation looks strange when we consider the marginal conversion ratio for 
supplemerital feed added to manured ponds, i.e., the amount of supplemental feed divided by 
the additional yield obtained. These marginal conversion ratios are quite high: about 6.0:1 for 
sorghum and 3.5:1 for pelleted feed. This indicates that it is hardly worthwhile giving such sup
plemental feed and that, if it is given the high protein feeds do better than low protein ones. The 
only rationale for doing this is to finish your fish to market size rapidly. 

PULLIN: I am a little concerned about the comparability of data from different research groups. 
Does the fact that you use basal and periodic treatments with inorganic fertilizer in your Israeli 
experiments confuse the situation when you calculate conversion ratios and compare your results 
with those of other groups? Some other groups avoid inorganic fertilization. Why do you use 
inorganic fertilizers? 

WOHLFARTH: Well, it is really rather silly. The rationale for our experimental work has been to 
compare the technique of growing fish on manure with the way in which fish are grown in Israel
which was (before we started our work) on supplemental feed. It is also common practice in 
Israel to fertilize ponds every two weeks with about 50 kg/ha each of superphosphate and am
monium sulfate. We therefore did the same. We wanted to Uet good results and the fertilizers 
seemed to us to be relatively cheap (this was probably not true). We decided to give our ponds the 
benefit of the doubt rather than starve them of N or P. This may have been a siliy decision, be
cause there is probably enough N and P in manure anyway. 

ANDERSON: You have repeatedly said that your fish do not consume manure directly. Is there 
any real evidence for this? I have seen tilapias in Africa eating hippopotamus dung almost under 
the tail of submerged animais-a very short food chain! 
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WOHLFARTH: I may have expressed myself inaccurately. Therepathways for manure are of course three possibleutilization: direct consumption; autotrophic and heterotrophic. When youmanure a pond, tLe fish show interest and will burrow into it. We (1o not know the relative importance of these three pathways. It will obviously depend onfeed on 
the quality of the manure. The fish willfood remnants in manure, if livestock feed ing has been careless. On the other hand, a cowhas very high digestion efficiency. 

ANDERSON: Have you considered the effect o manure constituents like blood and mucus?possibly a much ric:" It isr input than you suppose and tl erefore, your conversion ratios, taking intoaccount direct cons.,mption, aut- trophic and heterotrophic pathways are not so amazing. 
WOHLFA ET]t: So, you ae suitgesting that dirc t consumption of manure is probably significant? 

ANDERSON: Yes, but it's pure speculation on my part. 

WOHLFARTH: No purer than mine! 

EDWARDS: Fish certainly do eat manure. 

WOHILFARTII: lHow could we then investigate t..s critical question and quantify the proportion
of manure consumed (ldirectly by the fish? 

PULLIN: Let's consider that when we retuirn to discussing methods. 

EDWARDS: I have a few comments. First, your Israeli cattle are feedlot cattle which receive highquality feed and therefore produce high quality manure: higher in quality than cows or buffaloesfetding on rouLgh pastures in a developing country. Second, fish culturists in Taiwan claim that tilapia grown in integrated livestock-fish fanninig systems have a muddy flavor and thereforemarket value than fish raised on conventional feeds. Could you please comment? 
a lower 

You said thatyour fish raised on livestock manure tasted better, 

WOHLFARTII: This is a large question. Muddy flavor in fish has been quite widely studied. It canhappen in manured and nonmanured ponds (remembering of course that the fish 'manure' isalways present). The flavor is due to pond organisms which can grow in any pond. It has never
affected 
our tests. Our best tasting fish of all were carp grown on manure alone. They were verylean (5 or 6% fat); much less than carp raised on high carbohydrate feeds. Their flesh had a texture
like that of tilapia. 

EDWARDS: We have started doing palatability tests at AIT. We found muddy flavor in some fishfrom ponds which had received conventional feed. These were grown in parallel with ponds
receiving water hyacinth inputs. The water hyacinth-raised fish were of comparable quality.
 
PULLIN: This muddy flavor comes from certain bluegreen algae. It is common at certain seasons

in fish from Philippine lakes.
 

SCHROEDER: It has also been reported from the USA. 

GRAY: People who work on primary production in the water column now measure and recognizea difference between 'new production' and 'regenerated production'-that is new production fromincoming nutrients and regenerated production from nutrients recirculated within the system.They do this by calculating N and P budgets. You could do the same here. You cannot get conversion efficiencies such as you describe on manure alone. 

WOHLFARTH: Well, we do and this needs to be explained. 



367 
COLMAN: I think we can conclude that not all the conversion is by the bacterial route. To getyour yields from bacteria alone would take about 10 g 0 2 /m 2 /day just to produce the bacteria.
On top of this, there would be the oxygen required for bacteria' respiration and metabolism of the
fish. This is far too much of an oxygen demand. 

WOHLFARTH. Well, please note that these results are not unique. ICLARM and other groups

have comparable data.
 

SRINIVASAN: We know that fecal material contains a lot of bacteria and therefore a lot of 
bacterial N; but how it rates as a food, I have no idea.
 

WOHLFARTH: We have only ever measured percentage dry matter and ash for our manures.
 

SCHROEDER: But we did measure true protein in our experiments one year. It was less than 1% 
dry weight. 

PRUDER: I am sure that no one is qu stioning your conversion efficiency figures. However, we 
must look for an explanation. They cannot be due to a straightforward consumption of the manure. Some other resources created by recycling or other processes in the pond must be involved. 

WOHLFARTH: I hoped to find an explanation from our discussions here.
 

COLMAN: 
 Is there a lot of buildup of organic material in the pond during the growout period?
 

WOHLFARTH: No, not in our polyculture system. We did get some different results once with 
atilapia monoculture at 30,000 fish/ha. When we seined the ponds, the mud and the net smelled
like a cowshed. This never happens in our l)olyculture. Even with this monoculture, there was 
no
significant visible buildup of organic material when we drained the ponds. 

PULLIN: In our experiments with Central Luzon State University using an 85% tilapia: 1.1%
 
common carp: 1% predator (Cha:inastriata)polyculture at 10,000 or 20,000 fish/ha, we got no
buildup of organic matter. All we could see was a small trail of fibrous material near the pipe

which carried the animal house effluent wastes to each pond. 

EDWARDS: At AIT, we do get a buildup of organic material. It is not a thick layer but it issignificant. In fact between experiments, we always excavate the pond bottom mud to get back to 
residual basal fertility to avoid comljlications. 

COLMAN: There is also a significant buildup of material in the water, so you do not necessarily 

see it all on the bottom. 

WOHLFARTH: Are these standing water ponds? 

EDWARDS: Yes, we are all using essentially the same system. 

PRUDER: Dr. Edwards, as you observe this buildup of organic material, are your conversion 
efficiencies similar to those obtained by Dr. Wuhlfarth? 

EDWARDS: I have not treated our data in the same way. We get comparable yields. We have not
always quantified manure inputs. Instead, we have just run say 27 ducks/200 m pond. This gave 
an extrapolated yield of almost 9 t/ha/year. 

PULLIN: Let us return to these issues in our general discussion. 
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Abstract 

This discussion considered many -)f the points raised during the conference and was 
loosely structured around the following topics: detritus and the microbial ecology of 
fishponds; culture systems (hatchery/nursery and growout in ponds); suggestions for 
manipulation of pond food webs; and feeds and other limiting factors in fish produc
tion, including a comparison of feed production outside th - pond (composting and 
ensilage) with in-pond decomposition. 

Research approaches are also outlined, principally: 1) a major series of factorial 
experiments to investigate the basis of high fish yields from waste-fed ponds and to 
suggest how these might be increased by manipulation of the pond food-web; 2) an 
ecosystems modelling approach to waste-fed aquaculture; 3) socioeconomic investi
gations. A summary of research needs is given in a closing consensus statement. 

DETRITUS AND THE MICROBIAL ECOLOGY OF FISIIPONDS 

There was a discussion on the numbers o. acteria present in materials such as 
pond bottom detritus. Based on measurements of oxygen uptake of the pond bot
tom, a typical value for bacterial biomass would be about 1-2% of the organic 
matter present. However, there is clearly insufficient information available on 
bacterial'production and the flux of nutrients through these materials and their 
associated microorganisms. There appears to be a paradox here. The pond yields 
suggast that the pond sediment-water interface, detritus and their associated micro
organisms must be important in driving pond production systems and yet we cannot 
explain the mechanisms for this, based on current estimates of benthic production,
such as oxygen uptake. It should be noted that there are serious technical constraints 
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to measuring true oxygen consumption on a pond bottom. Methods using domes 
tend to underestimate the true uptake. 

In natural ecosystems such as seagrass beds, bacteria) production has been esti
mated using labelled thymidine at up to 4 g C/m 2/day. In mangrove sediments and 
other systems, values of 500 mg to 1g C/r 2 day are common. This is high produc
tion, but the bacterial bioniass is still only about 2%, up to a maximum of 5%, of the 
material. Oxygen uptake has not. been measured in such systems, but it is important 
to note that not all the bacteria present are aerobic. It was pointed out that oxygen 
uptake values for some fjordic sediments, measured at about 100 mmol 0,,/m 2 /day 
also approximate to a production of about 4 g C/m-I.day, assuming 5G i'icient 
conversion of carbon. 

It was agreed that there is a general lack of knowledge on the bacteriology of 
waste-fed fishponds. Basic descriptive studies of fishpond bacterial populations and 
their production are urgently required. 

Cu,'rutrE SYs'n.INs 

Hatchery and Nursery Systems 

It was recognized that hatchery and nursery operations are usually separated from 
growout and that certain of the protein-rich live foods essential for many fish species 
in early life, e.g., rotifers and other zooplankton, can be profitably grown by using 
organic wastes as inputs. This a- Dlies particularly to the carps. 

The only suggestion for a new direction was that in marine systems benthic meio
fauna, particularly beiithic copepods feeding on detritus, could be used as live food 
organisms. These can be grown in primitive appLaratus and low water quality condi
tions. Some initial work has been done on mass.rearing of nematodes and copepods. 
The participants felt that copepods-(for example, Tisbe which is often seen in 
large quantities in neglected marine aquaria and is easy to culture) hold more promise 
than nematodes for use as live food organisms in aquaculture. 

For freshwater systems, chironomids are used in some Southeast Asian hatcheries 
and nurseries. They are often collected from muddy, fecally-polluted water bodies. 
More research is needed on chironomids as a food resource in aquaculture, their 
culture and harvesting. It was felt, however, that most freshwater systems will con
tinue to rely on production of zooplankton. The option of raising benthic meio
fauna as live food seems unattractive in freshwater. 

Growout in Ponds 

The microbial food web in growout ponds was felt to be the most important topic 
of the conference. It was recognized as highly complex, requiring consideration of 
water column and pond bottom processes and their interactions and the behavior 
and physiology of the target organisms. Given these complexities, the general point 
was made that the data available from published work on waste-fed pond production 
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is largely from scattered observations, using different combinations of target organisms, different inputs and, therefore, different food availabilities. Therefore, anygiven set of observations should not be taken as representative of a general case. Theprocesses associated with autotrophic and heterotrophic production are broadlysimilar in different environments (saline and freshwater, temperate and tropical)but the interactions between the target organisms, the available foods and the
environment are often site-specific.

It was agreed that the basis of fish production in ponds receiving organic wastes,i,e., the total energy source for fish protein synthesis, is not understood. It is farmore complex than production from a simple system such as a herbivore croppingexclusively the phytoplankton produced in the water column through inorganicfertilization. In waste-fed systems, there appear to be three possible sources of food!energ,: autotrophic organisms; heterotrophic organisms and nonliving detrital matter (either from the input material or that generated in the pond or both). P'hegrowth of target orgmiisms therefore depends on one or more of these.The microphagous tilapias are known to be able to digest bacterial and blue-greenalgal (cyanobacterial) cell walls. Thc.-.e are very important food items for tilapias.
However, the possible utilization of green algae and green plant material has been
little studied. There have been waste-fed pond experiments in which green algaepredominated and excellent yields were still obtained, for example in experiments atthe Asian Institute of Technology (AIT) in waich tilapia were fed with algae producedin high rate sewage oxidation ponds (water residence time about two days). It isdifficult to explain such results. Perhaps there is still a significant blue-green algalcontribution to the fish's diet in such high exchange-rate systems.The utilization of various microorganisms by carps is imperfectly known. To whatextent and by what digestive mechanisms does the silver carp rHypophtha!rnichthys
molitrix) utilize algae? Ingestion is not the same as utilization. To what extent canthecultured carps utilize bacteria as focd? More detailed research on the feedingmechanisms and preferences and digestive physiology of such target organisms isurgently needed, backed up by stable natural isotope analyses to trace the flow of
nutrients from pond sources 
to fish flesh; for example, delta-carbon estimations.Delta-carbon studies have not elucidated complete food chains but the few studiesmade have already indicated that tilapia and silver carp flesh can be derived from a

food chain which starts with algae.
 

Suggestions for ManipulationofPond Food Webs 

Because of the lack of key informaticn, it was agreed that little purpose would beserved by discussing the growout of specific target organisms. The discussion turnedto what can be produced as foods in a pond and the options for food web manipulation. It was felt that target organisms in mono- or polyculture could then be chosen 
to match these options.

How then can ponds be treated so as to maximize phytoplankton or bacterialor say, meiofauna production? The view was that ther, is insufficient knowledge 
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available. The system as a whole requires much more study, including experiments 
to study its components in controlled environments before working with culture 
ponds. The effects of pond ageing and pond drying are complicating factors. ;Iow
ever, it is clear that significant information already exists for some aspects, e.g.,
how to enhance phytoplankton blooms and how to encourage nutrient release 
from decaying matter as opposed to microbial protein production. Moreover, the 
growing body of data from fish farms and experimental studies could be used to 
attempt to model pond systems. 

It was suggested that encouragement of microbial production at the pond bottom, 
which does not use oxygen, was a possible route to improving pond yields. This 
could be studjid in the laboratory using a perfusion system to produce various condi
tions (anaerobic vs. slightly aerobic). Enhancement of microbial production in 
anoxic conditions on the pond bottom could release more nutrients into the water 
column to be taker up in further biomass production in aerobic conditions. Micro
bial biomass production under such anaerobic conditions is less efficient than in 
aerobic conditions. Energy conversion efficiency of sulfate-reducing bacteria, for 
example, is about 15-20%. Nevertheless production of microbial protein without 
oxygen seems attractive. The problem with trying to manipulate this in a pond is 
that the fate (partitioning) of added materials and, therefore, the extent to which 
water-sediment interface biota are involved in their processing are not known. 
Particle size has a large effect on processing rates and has not been investigated for 
organic inputs to ponds. Even the rates of sediment accumulation have not been 
well studied in ponds and a gross balance cannot be drawn between inputs, outputs 
and residues. 

There remains also the question of how to utilize the nutrient-rich sediments 
which can accumulate in culture systems. This applies not only to ponds but aLo to 
the usually anoxic sediments which accumulate beneath floating cages. These have 
reached 0.5 m d,pth in Japan. 

It is,of course, possible to get some measure of inputs reaching the water-sediment 
interface by measuring there the ratas of various processes of mineralization: methane 
reduction, sulfate reduction, general fermentation and nitrification/denitrification. 
Therefore, microbial ecologists tend to focus on these processes and their products-
CO2, NH 3 and bacterial cells. These have yet to be studied to any great extent in 
fishponds. 

The basic proceses of mineralization and bacterial production are the same for 
freshwater, brackishwater and marine environments. However, saline waters have 
much higher sulfate contents and therefore sulfate reduction is more important 
in salt- than in freshwater. Marine and brackishwater pond operators tend to renew 
their pond water every few days or raise oxygen coacentrations by other methods so 
as to cope with the H2 S produced from sulfate reduction. It was suggested that 
freshwater ponds offer more scope for increased utilization of pond bottom bacterial 
production than marine or brackishwater ponds because less H2S would be gener
ated. A further suggestion was to add Fe which complexes with sulfide. If the sul
fide became complexed with Fe, then perhaps more slfate could be added to 
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increase bacterial production. Sulfide is not usually found free in the water or in 
pore water but these reactions are pi-dependent. In marine ponds the frequent
water exchange employed also counteracts the acidity increase produced by sulfatereduction because the incoming seawater is more alkaline. Freshwater systems are more highly buffered and so again water exchange is not needed for this purpose.

The concept of encouraging anaerobic microbial production in ponds was, therefore, felt worthy of further investigation. One problem will be how to avoid the process depleting the highly aerobic environment reauired by the target organisms.
This sparked a lengthy debate on oxygen in growthout systems. There is widespread utilization of aeration devices in intensive fishponds and tanks and occa
sional use in semi-intensive ponds, especially at night and early morning whenrespiratory demand far exceeds the oxygen supply available from prior photosynthe
sis. Most of these periodic or emergency aerati!;n devices raise oxygen concentra
tions in oniy e.sn-.,all portion o1 the pond, thereby creating an oxygen-rich haven forthe fish. Th:s f--fndamentally different from the use of continuous aeration as a 
management tool nint "'isive culture systems. However, the cost of aeration devicesis usually high. For ponds, phytoplankton -- virtually cost-free biological aerators
by comparion. Oxygen replenishment by vwa; :. exchange is a routine option only
for those syst',ms in which the incoming water brings more food as well as oxygen(for example, flowing water carp culture in Indonesia) and where water improve
ment can be obtained at little or no cost (for example, tidally-flushed ponds, largelydependent on benthic food production), For most warmwater fertilized fishponds
water exchange is to be avoided (except for emergency use) because the discardedwater contains valuable foods: plankton and bacteria. However, where algal production is not being cropped by an,' of the target organisms, water exchange to reduce 
the algal standin,-, crop can be useful. 

A suggestion was made that stirring the pond bottom could be a useful manipula
tive technique. It may mobilize nutrients for use in the water column. It may alsoreduce oxygen concentrations to undesirable levels. Mechanical stirring would be
similar to the effects of benthic foraging by the common carp (Cyprinuscarpio)
which is encouraged in many polyculture systems.

An interesting observation was that meiofauna will not grow in continually stirreddetrital systems. Therefore the meiofaunal 'energy sink' could be eliminated bystirring detrital sediments in ponds, if so desired. In particular, the growth of nematodes is inhibited. These could compete with some target organisms for consumption
of detrital bacteria. 

Stirring the water column or agitating the water surface layers have already seen
considerable use in aquaculture as a means of destratifying ponds and increasing
oxygen concentrations. In some Chinese ponds of 2.5-3.0 m depth, paddle wheelaerators are run at fall speed in the middle of the day when one would expect that
this would be a waste of energy and cause losses of oxygen from the supersaturated
water. The explanation given by the operators is that they are mixing the water andthereby storing oxygen in the deep water column for the coming night. Hence these 
devices are agitators not aerators. 
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Stirring the bottom sediment by day, when the overlying water is fairly well
oxygenated would increase oxygenation of the sediments and aerobic microbial 
production (which is more efficient than anaerobic production) but at night or in 
the early morning stirring could exacerbate oxygen shortages in ponds. Stirring 
would undoubtedly resuspend formerly settled organic matter, and increase its rate 
of decay, as is done by the common carp. However excessive turbidity would reduce 
photosynthesis. 

T1 , • practical difficulties and costs of stirring were discussed. Sophisticated 
mee. inical devices would obviously be very costly. However a 'hydrocultivator' 
which turns over the bottom mud of mullet ponds in Italy has given son .,promising 
preliminary results. The advantages of hydrocultivated as against undisturbed ponds 
were clearance of undesirable floating filamentous macroalgae and increased feeding 
activity of the fish. No problems of oxygen deficiency were found. The disadvantages 
were disturbance of the bottom fauna and lower populations of algae in the water 
column. The overall utility of this device has yet to be determined. 

It was agreed that even periodic disruption of the sediment-water interface by 
towing a net or weighted line through the pond was a type of stirring which was 
practical. The idea was felt to merit investigation. 

FEEDS AS LIMITING FACTORS IN AQUACULTURE PRODUCTION 

It was agreed that it is necessary to understand feed resource partitioning for the 
target organisms, particularly for polyculture systems and for the tilapias and other 
species which can expioit a range of feeding niches (benthic detritus, phytoplankton 
and vascular plants). There was some divergence of opinion on the importance of the 
species composition of algal and microbial communities in ponds. A minority view 
was that different ponds with different species assemblages around the world give 
essentially the same fish yields and that, for example, the relative abundance of 
green and blue-green algae as food items was not important, the systems being 
so highly buffered and insensitive to such differences. However, the clear majority 
view was that the species composition of particularly the algal community is very 
important-for example, Nile tilapia (Oreochromisniloticus) thrives on blue-green 
algae such asMicrocystiEbut not on green algae (see above). Perhaps the explanation 
for this divergence of opinion is that in the examples published of similar yields 
from different systems, the production of the target organisms was limited by 
environmental conditions other than food availability and that all published yields 
so far are far below those that could be obtained by providing suitable food organ
isms in all the exploitable feeding niches in a well-balanced pond. 

The algal succession in ponds is, therefore, very important since different algae 
have different food values for different target organisms. The fertilization regimen 
(i.e., frequency and chemical composition) may select for different algae. One 
hypothesis is that pulsed inputs of readily available nutrients select for 'r' type 



374 

species* whereas inputs of low quality select for 'K' type species* by a slow nutrientrelease. These processes are buffered by a 'sink' of benthic nutrients. This has not
been studied in fish culture systems. It would seem to merit investigation particularly as the appropriate fertilization regimen, perhaps backed up with an inoculum
of the desired algal species could be used to control the composition of the algalcommunity, for example, by encouragement of blue-greens rather than greens in 
tilapia ponds. 

Dissolveci organic carbon is required for establishment of growth of 'K' algalspecies. However, 'r'species generate through their high respiration rate an environ
ment which has a positive feedback on microbial and algal activity. Perhaps 'K'species require an available carbon pool (organic or inorganic) and they are bestsusained by organic carbon inputs and nutrients recycled from the benthos. There isa whole suite of variables here which needs to be transformed into a set of testable
hypotheses before management guidelines can be worked out for ponds. it wasagreed that, at present it is not possible to predict accurately the algal succession infishponds. Examples were given of ponds fertilized with human waste (rich in N)
which produced initial blooms of green algae before Aicrocystis appeared and also
ponds which received only inorganic fertilizers and produced heavy Microcystis

blooms from the start. As M;','o ystbi, 
can be regarded as a 'K' species, these instances
contradict some of the ideas suggested above. An opposing view is that all these algalspecies are 'r' pecies. Obviously much more work is required on this important
topic. The information at present is anecdotal.
 

Macrophyte 
 feed inputs to ponds were also discussed both from the point of viewof direct consumption by the fish and as inputs to food chains as dissolved organic
matter and other substrates. Regarding direct consumption, it was agreed that feeddigestibility and feed presentation were the paramount considerations. Some feeds 
must be chopped to an appropriate size for consumption. For fish which cannotforage in oxygen-poor benthic muds, feeds must remain floating or suspended in thewater column. The nutrient value of macrophyte feed inputs can be improved by'microbial preconditioning'; in other words by the onset of decomposition. If this isaerobic, it reduces dissolved organic carbon whereas if it. is anaerobic it increases
DOC in the form of short-chain fatty acids. So there are options here with regard to
the form of carbon produced. Therefore, decomposition of macrophyte feed inputsat the surface or on the bottom are rather different p.ocesses with some scope for 
manipulation. 

*r' species aveahigh intrinsic rate of increase, and are typified by weedy' opportunistic
species that show boom and bust cycles; for example, green algae in sewage oxidation ponds. 'K'species invest in a long-term presence and have a low reproductive output; for example, some blue
green algae. 
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With regard to feed supply it was recognized that most aquaculture systems 

use batch culture rather than continuous culture. In waste-fed ponds this means 
that it is rather difficult to match the fish biomass to the available food. At the 
Asian Institute of Technology (AIT), Bangkok, a constant rate of organic loading is 
used throughout each batch culture. This is essentially a compromise. It has been 
found that plankton biomass tends to ircrease during the culture period. It appears
therefore that the waste loading could be progressively decreased. It also appears
that at the start of a culture period when the fish biomass is low, a lower waste 
loading could also be given. This, however, gives very poor early growth. It seems 
essential to build up a high concentration of plankton and bacteria at the start and 
then to maintain or increase these. 

At the Dor Fish and Aquaculture Station, Israel, a different approach is used,
starting with a minimal manure loading and increasing the rate at biweekly intervals 
in the same manner as supplemental feeding with pellets is adjusted to an increasing
fish biomass in intensive culture systems. The rates start. at 50 kg/ha and are increased 
up to 200 kg/ha. However, basal and periodic additions of inorganic fertilizer are 
also used. 

The point was then made again that maxinum yields from warmwater fertilized 
and fertilized/supplenientail',' fod ponds at different locations are broadly similar 
(about 30 kg/ha/day), Perhaps this similarity in results can be partially explained if 
supplemental feeds, like cereals, are to some extent fertilizers (rather than simply
direct Zeeds) and conversely manures are to -,ome extent direct feeds for some target
organisms. A further explanation could be that far from obtaining good matches 
between fish biomass and available feeds, the various experimenters have all arrived 
at similarly poor mismatches using different inputs. Alternatively there could be 
some more general limiting factors in the environment. It seems that the fish in these 
different ponds may be short of food and/or short of o::ygen and/or facing some 
other common barrier(s) to higher yields. 

This raises the question of whether fish in the manured pond systems in current 
use are likely to face food shortages (in quantity and/or quality) during a typical
prod oction cycle. There is evidence from AIT that very high production of 0. nilo
ticus (about 12 g/m 2 /day) can be sustained for about four weeks in fertilized con
crete tanks with dense blooms of Microcystis.Thereafter the production declines 
suggesting a food shortage. 

In all such systems, it should not b ,, forgotten that feeding.prefertnces may
change as the ,0ish grow. This is unlikely to be a major complication for carps and 
tilapias, in which Pursery and growout ponds are separate, but it could be important 
in systems where 1ish are grown from small fry to adults in the same pond. Broadly
speaking, small fry and fingerlings prefer a diverse diet, rich in zooplankton. 

It was suggested that the physical dimensions of ponds could influence produc
tion; for example, the area of the pond walls and the total surface area of the water
sediment interface could be important factors. There have been some preliminary
trials in shallow ponds in the Philippines with flexible plastic mesh walls staked 
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across the pond bottom to increase the surface area for algal and bacterial growth. 
No results are available yet. 

There is also a general l;!,wk of knowledge on the effects of pond area, pond shape,
pond depth, stocking density of fish and fish behavioral interactions on fish growth. 
There is some evidence that fish grow to larger sizes in larger water bodies; which is 
the opposite one would expect if a high pond edge to area ratio was thought to be 
beneficial. Spatial and behavioral influences on growth require much more research. 

A comparison was made between detritivorous tilapias in natural waters, which 
are hardly ever confronted with a food shortage (there being abundant high quality
detrital aggregate available) and tilapias in culture pond at much higher population
densities-a situaoon in which the adequacy of the detrital food supply is unknown. 

OTHER LIMITING FACTORS 

Among the possible physicochemical factors limiting waste-fed pond produci ion,
available oxygen and the presence of metabolites were mentioned. The discussion on 
oxygen is given above. it was felt that ammonia wtLild generally be scrubbed from 
manured pond systems by the phytoplankton. Nitrite would also be oxidized rapidly
by organisms like Nitrobacter.However these processes are highly pH-dependent. 
Nitrite buildup can occur in ponds. 

PRODUCTION Ot. FEEDS 

GeneralConsiderations 

It was recognized that there is a major difference between production of feeds 
and nutrient resources outside a fishpond (e.g., by composting, waste processing,
growing excess vegetation, etc.) and production in the pond by aquatic decomposi
tion, etc. 

The discu ,ion focused on the relative merits of enriching cellulosic wastes like 
sugarcane bagasse by composting with an N source outside the pond or adding them 
directly to the pond, also with an N source. The production of fungal protein on 
such wastes outside the pond was felt to have advantages because it produced 
protein-enriched materiai at no oxygen cost to the pond. Moreover, it was suggested
that the production of CO., by in-pond decomposition processes-often cited as 
important in providing CO2 for photosynthesis-was not very advantageous because 
the CO 2 requirements of photosynthesizing algae are small and usually easily sup
plied by the pond ecosystem. 

The production of fungal biomass in controlled fermentation systems is expe.
sive, but some of the costs can be lessened by having centralized production units 
from which the products can be disseminated for farmers (analogous to distribution 
of fry from large fish hatcheries). However, even this may not be viable in develop
ing-country situations where the numerous small-scale farmers have very limited 
means. 



377 

For production of feeds by decomposition in the pond, the complex nature 
of algal-detrital-bacterial interactions poses great difficulties for separating the 
relative importance of different food sources. There is a series of gradients between 
algal production/algal death/detritus formation/bacterial production/bacterial 
death/nutrient release/algal production-a dynpmic series of cyclical processes, the 
products of which can be fish foods either singly or in many different combinations. 
Some target organisms are selective feeders; o.;her are less selective. 

Composting 

Composting always involves a loss of carbon and N and does not prodt ce an 
end-product as rich in N as controlled fermentation to produce fungal biomass. It 
can, however, be a very simple and practicabIc option for small-scale farmer-. The N 
loss in composting can be minimized, as in Chinese practices. 

The best stage in the composting process at which to feed a compost to fish was 
also considered. Bacterial populations tend to predominate earlier and fungal popula
tions later. It was agreed that N losses can be minimized. For example in 4-6 week 
aerobic composting experiments at All, about 80% of the original N (measured as 
total Kjeldahl N) was conserved. Experiments at AlT on water hyacinth composting 
have shown that fish yields were about the same whether the water hyacinth was 
composted outside or decomposed in the pond. However, when these yields were 
compared on the basis of total dry matter input, the decomposition 'n-pond appeared 
more advantageous because about 40% dry matter is lost from a hyacinth compost 
heap during the composting process. 

The discussion then turned to whether the carbon content ot compost was a signi
ficant factor, given that it is N (protein) which the fish require to eat. The consensus 
was that N is more important but that an energy source is also important in ail fish 
diets. The question of whether fish avoid filamentous foods, such as fungal hyphae, 
was raised but there was no information available. 

The main advantages of composting materials were said to be: avoidance of in
pond oxygen demand; removal or reduction of health hazards from pathogens; 
low bulk of uhe product and hence ease of storage and transportation. The last two 
advantages are very significant for developing countries seeking to compost aquatic 
macrophytes such as water hyacinth. Water hyacinth is about 93% water and trans
porting large quantities of the fresh product is difficult ar.d costly. 

A variation on the theme of composting used in Russia was mentioned. Agri
cultural byproducts and offal are used as media to mass culture a wingless type of 
house-fly. The pupae are allowed to fall into fish ponds or animal feed mixing 
apparatus.** 

In striving fo. a consensus on the pros and cons of composting as a method for 
producing inputs for aquaculture, it was agreed that local conditions are the most 

*Communicated by Dr. J. Anderson (unpublished). 
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important factor. Many countries are now installing large (500-700 t/day) urbanwaste composting plants, ther .re the supply of composts, albeit of variable quantity, is likely to increase. These composts must be disposed of. Perhaps applicationin fish culture offers an attractive alternative to land application. It was agreed thatcomposts can be a useful resource, given appropriate socioeconomic conditions, butthat their limitations from a nutritional point of view were clear: principall, N andC losses during the process and a limit on the amount of enrichment that can occur.For example, bacteria will not go on increasing in biomass; rather there will bedeath/turnover resulting in an upper limit of about 108 to 109 bacteria/g. Thebiomass of fungi similarly levels off. The upper limit to the microbial biornass ofmost composts and detritus is about 5%.There was considerable diversity of opinion on the forms in which N was held incomposts-whether as ammonia, as bound nitrogenous compounds or as microbialprotein. A minority view was that a large proportion is present in the form of ammonia. However, the basic principle of aerobic composting for land application isthat composts allow a slow release of N to the land. This N comes from a mixture ofmicrobial protein and a variety of recalcitrant nitrogenous compounds such as lignoproteins and humic acid compounds. The proportions of such recalcitrant compounds increase with time during the composting process.Indeed in land application, whereas the P content of applied compost is used upcompletely and rapidly during a single annual cropping cycle, only about 25% of theN is used up over the same period. This was the majority view. It was pointed out,however, that such a 'slow release' mixture, while ideal for a land-based fertilizer,was not a suitable composition for a direct feed. The use of composting to providefood for fish should, therefore, probably be confined to a short-term process toincrease C and N availability, stopping before ,nsses are too great and the N and
energy sources remaining become increasingi': unavailable. Growing mushrooms on
compost cropped at an early phase after th 
 first temperature peak is somewhatanalogous. The critical experiments on wheye to stop composting for aquaculture


purposes have yet to be performed.

The final consensus on composting was that aquaculturists should compost only,
or use composts only when there is a specific 
reason for not using the original


material available.
 

Ensilage 

The possible use of ensilage of wastes, as opposed to composting, was then discussed. Ensilage is an anaerobic, acidic process that does not, allow terminal fermentation to go to completion. The products are a mixture of volatile fatty acids-lactic,butyric, propionic, etc., at high concentrations (about 50 mzixol), rather as in arumen. These products would have an extremely high BOD if put into a pond. Theprocess also makes cellulosic materials much more susceptible to microbial processing. There was no consensus on the potential of silage as a fishpond input because of 
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a lack of information. No relevant experiments have been performed to date. How
ever, it was agreed that the high BOD of silage should not discourage experimenta
tion. Other pond input',;, including feed pellets have high BODs. In fact, BOD is 
a measure of nutritive ialue since it derives from the growth of pond biota. 

RESEARCii APPROACHES 

InvestigatingFood Webs 

High fish yields and good input conversion efficiencies from warmwater waste
fed ponds cannot be explained by assuming they are based on consumption of 
primary production. Much material must pass through bacterial food webs. Knowl
edge of this is very poor and therefore manipulation by aquaculturists is difficult or 
impossible. Therefore, critical experiments must be designed to increase knowledge 
of these food webs. 

There was a detailed discussion on experimental approaches to this problem. 
Several approaches were identified. First, a series of factorial experiments was 
proposed, the main objective of which was to distinguish between the relative impor
tance of new and regenerated primary production and bacterial production in the 
pond as fish foods. 

The basic experimental design proposed was a 3 x 2 factorial experiment to 
compare thr,?e manure loadings (zero, L1 and L, ;wher3 L2 is probably 2 x L1 ) in 
two types of pond (clean, C, i.e., concrete li,,, ,nd earthen, E, having earthen sides 
and bottom). The six treatments are therefore: zero, C; zero, E; L1 , C; L 1 , E; L2, C; 
L2, E. 

All ponds would be stocked with the same density of fish. This outline gives only 
the basic experimental design. Pond sizes, choice of species, polyculture combina
tions, fish stocking rates, type of manure (or other organic inputs such as composts 
or vegetation) input loadings, etc. would all have to be determined according to 
specific objectives and with reference to published information. 

A large number of parameters would be measured during the experiment, (with 
single, periodic, e.g., daily, diurnal, weekly or continuous measurements as appro
priate) including C, N, protein, P of the added material; sedimentation rates; water 
chemistry (NH 3 , NO.,, NO 3, P, pH, oxygen profiles); primary production; tempera
ture and pond bottom respiration. Estimates would also be made of bacterial bio
mass and production, protozoan, meiofaunal and zooplankton biomass. From these 
data C, N and P budgets would bc constructed to work out the relative importance 
of new and regenerated urimary production and bacterial production as food sources 
for the fish. The importance of bacteria and the detrital food web would then be 
clarified. 

Such a series of experiments would require international collaboration and major 
funding. Because of pond to pond variability within treatments (itself an interesting 
phenomenon for which more key information would emerge from the proposed 
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work) treatments should be at least triplicated. Five to eight replicates would bebetter. Thus, a large number of ponds or a large number of units subdivided within
the same pond is required. There was no consensus on the number of replicatesneeded. It was proposed that a preliminary experiment using a sUndard fish production system be performed first to estimate variability and then define an appropriate
number of replicates. Attention was drawn to the paper by Pauly and Hopkins***and associated correspondence:::::j: which provides an alternative to using manyreplicates in pond research when a large range of treatment variablas is used.

Second, it was agreed that where as such a series of experiments would go a longway towards explaining the basis of fish production, it would not delineate completely the food sources of the fish, i.e., the relative importance of plankton, bacteria, direct manure consumption, etc. It was agreed that there should bp parallelstudies on the feeding behavior of the fish, supported by stable natural isotopeanalyses of manure, plankton, detrital sediments, other pond biota, gut contents andfish flesh. If possible and affordable these stable isotope analyses should encompass
more than one element; for example C and N. The possibility of compartmentalizing
ponds or tanks to isolate fish from certain feeding niches-e.g., grids, cages-could
also be useful in determining feeding preferences and feed utilization.

The number of institutions having facilities in suitable climatic conditions forsuch work is very limited. AIT, the Dor Fish and Aquaculture Station, Israel, andthe other institutions cooperating with ICLARM in the tropics, principally CentralLuzon State University, were all mentioned. There was a further discussion onincreasing the number of experimental units by subdividing ponds with netting. Thiscan reduce variability within treatments but it can be problemat!ial: fish escapes andtransfers between compartmeri- can occur and the netting provides a significantadditional surface for growth t. :<c;,roorganisms, thereby complicating the results. 
Whole ponds are preferable.

There was a brief discussion on whether a preliminary series of experiments usingonly inorganic fertilizers as inputs would be valuable. The majority view was that it
would have little predictive value for most real aquaculture situations. An external
organic carbon source appears essential for high fish yields. The difficulties of
separating the roles of organic inputs as pond fertilizers and potential direct feeds
 
were again stressed.
 

There was a long and inconclusive discussion on the many variables involved in
the proposed series of experiments, particularly the less controllable factors such as
pond hiota (especially different types of algae) and the difficulties of monitoring
direct consumption of organic inputs by fish. It was also agreed that there wereimportant differences between the various types of organic inputs available. Live
stock manures differ in N and P content and C: N ratio, according to the animals 

***Pauly, D. and K.D. Hopkins. 1984. A method for the analysis of pond growth experiments
ICLARM Newsl. 6(1): 10-12.

****Lovshin, L.L. 1984. Letter to the editor. ICLARM Newsl. 7(2): 30. 
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used and their feeding regimen. While a lot is known about organic waste composi
tion, it is often not certain which are the key components in terms _)f fish produc
tion-N or P or perhaps C. External C can also be added to ponds as green vegetation. 
The main complicating factor is the lack of knowledge on the extent to which fish 
consume organic inputs directly. Tilapias definitely do eat livestock manure and 
human excreta, but how much of the total input do they consume and how well do 
they utilize it? What is the composition of their own feces illsuch pond systems? 
These are all unanswered questions. 

There was, however, a clear consensus :hat such a series of experiments should be 
performed and that it would generate important new information on the relative 
roles of different feed sources in waste-fed ponds for fish production, thereby
suggesting which food chains should be manipulated and further investigated. 

There was a further proposal that ecosystem modelling techniques be applied to 
existing and future data sets to attempt to identify key factors controlling fish 
growth and yields. This would assist in the design of experiments such as those 
proposed above. Modelling techniques are well-known in multicomponent ecosystem
studies. It was agreed that this would be a highly productive approach even given the 
limitations of some data sets. 

Social Issues 

The prioritization of research on different waste-fed aquaculture systems is to a 
large extent dependent upon local socioeconomic conditions. For example, research 
to imorove the productivity of sewage-fed fishponds would be of very low priority 
in 0 , AA (where it is unlikely to become a food producing system) but of very
high priority in the People's Republic of China, where it is already a major source of 
animal protein in human nutrition. 



Consensus Statement 

The conferees agreed to define detritus as nonliving particulate organic matter. 
It was further agreed that detritus and its associated biota play a key role in aquatic
productivity. For aquaculture, further research into detrital food chains is necessary
before these can be manipulated to maximize fish yields. The interrelationships
between autotrophic and heterotrophic pathways, environmental constraints to pro
duction and the behavior and physiology of cultured organisms are poorly under
stood. 

The complexity of these interrelationships is so great that experimental studies to 
date have given insufficient understanding of the processes occurring. A major
research program is required to analyze these interrelationships. Such a program
would need to be multidisciplinary and would require international support since 
no single agency or institution has all the required capabilities.

The confarees further agreed that research on the following topics should be given
high priority for support so that the full potential of detrital food chains in aqua
culLure can be realized: 

DETRITAL MICitOBIA. ECOLOGY 

1. The role of bacteria in converting detritus to useable energy and protein for 
cultured organisms; 

2. The role of bacteria in the mineralization of detritus and release of nutrients 
for algal growth; 

3. The role of Protozoa, meiofauna and macrofauna in mineralizing organic detri
tus together with bacteria; 

4. The efficiencies with which different types of detritus are converted into bac
terial biomass in the water column and sediment; 

5. Tracing food chains from detritus to cultured organisms using stable isotope 
analysis and detailed biochemical analyses; 

6. The nature of detritus and associated biota; 
7. The food value of detritus per se; 
8. Interactions between primary production and fish production;
9. Algal inputs to and effects on the detritus pool and associated processes. 
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UTILIZATION OF WASTES AND GREEN FODDER 

1. Assessment of the nutritive value of composts, silages, livestock manures, 
human wastes and green fodder as pond inputs, cither fresh or after various 
degrees of processing; 

2. Production of feeds for cultured organisms from agricultural byproducts, 
;,astes and green vegetation; 

3. 	Toxicity problems-heavy metals and other anthropogenic compounds;
4. 	Health problems-possible transmission of animal and human pathogens. 

CULTURE SYS'rEMS 

1. Mass culture of meiofauna and other live food organisms on detrital substrates 
for hatchery and nursery use; 

2. Effects of stratification/destratification in waste-fed ponds and evaluation of 
manipulative techniques (such as stirring) to optimize yields and food conver
sion of cultured organisms; 

3. Integration of aquaculture with agriculture; 
4. 	Size of aquaculture production systems; 
5. 	Choice of cultured organisms; 
6. 	Analysis of existing data and systems modelling; 
7. The role of algae in culture systems. 

FIsH BIOLOGY 

1. Feeding behavior and feed utilization of fish in detritus-fed systems;
2. 	Environmental constraints to high fish yields in detritus-fed systems (such as 

dissolved oxygen and metabolites). 

ECONOMICS AND SOCIAL ISSUES 

1. Economics of detritus-based aquaculture; 
2. 	Comparative assessments of waste-recycling through aquaculture and other 

options; 
3. Public health aspects; 
4. Public attitudes to waste-recycling through aquaculture, including consumer 

acceptance of products. 
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discussed 333-334 detritus 317 

http:bioma.ss
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Cellulolytic microorganisms tabulated 184 

Cellulosic wastes, conversion to microbial 


proteins 181-191 

Channel catfish, and digestibility of algae 255 

Chemical analysis, of microorganisms in com-


post 159 

Chemical balance in ponds, goals in aqua-


culture 267 

heterotrophic and autotrophic pathways 


maximized at the sane time? 267 

optimal management practices in fishponds 


267-268 

oxygen supply 267 


Chemical gradients and abundance of bacteria 

68 


at the chemocline 85 

Chemical methods, for calculating biomass 8 


pretreatment of cellulose 185 

Chemical oxygen demand, determination 163 


of human and animal wastes tabulated 

339-340 


Chemocline 85 

bacterial numbers increase 96-97 

distribution of sulfur cycle bacteria 100 

diurnal changes in bacterial activity Ill 


Chicken manure, in fislhponds 222, 355, 356 

and fish yields tabulated 357 

and production of Malaysian aquaculture 


ponds 23 

Chinese aquaculture, traditional management 


practice 353-354 

Chinese carps, asphyxia associated with heavy 


rain 261 

oxygen requirements 260 

polyculture 313, 329, 355 

widely disseminated 313, 318 

yields in manured ponds tabulated 357 


Chinese integrated fish farming methods, need 

to quantify wealth 328 


Chinese system of polyculture described 

243-244, 317 


discussed 215 

yields 318 


Chironomids, in hatcheries in Southeast Asia 
369 


particles injested 226 

Chlorobiaceae 104 -106 

Chloroflexaceae, little ecological importance 


104 

Cholera, in health risk model 346 


and human excreta 341 


Chromatiaceae 104-106
 
Ciliates, abound in anoxic media 225
 

as bacterivores 70-71
 
importance in detrital systems discussed
 

294-295
 
Cladocerans, as bacterivores 70-71, 127
 
Clarias,yield in manured ponds 357
 
Clonorchiasis, in health risk model 
 346
 

and human excreta 341
 
Coconut fiber waste, for composting 166
 
Coenzyrr .20, as at, :ndicator of methano

gens z18
 
Coffee pulp, for composting 166
 
Coliform bacteria, warning as to their use as
 

indicators for contamination of fish
 
341
 

Colorless bacteria which store sulfur 
 103
104
 

Colloidal material discussed 31
 
Colloids, amino acids in 201
 
Comminution defined 130
 
Competition, between blue-green and green
 

algae in translucent tanks 265
 
Complex polymers, digestion insignificant by
 

pelagic grazers 72
 
Composition of compost product 175-176
 
Composition of detritus 192-216
 
Compositae, use in fishponds 324
 
Compost, and biological oxidation trans.
 

formation 178
 
carbon and nitrogen ratios 159
 
Chinese use discussed 180
 
composition tabulated 175-176
 
in fishponds 323-326
 
formation 158
 
glass fragments in 174
 
heavy metals and toxic materials discussed
 

180
 
hygienic production 177
 
liquid content 160
 
liquid lipid content 160
 
and lung disease 177
 
microorganisms 159, 177
 
particle size achieved by mechanized plant 

158, 159
 
and pH discussed 180
 
porosity of composting mass defined 161
 
problems when added to ecosystem 177.
 

178
 
product upgrading 173-174
 
production from organic fertilizers 151.180
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solubles discussed 179-180 snuaration devices 174

throe phase matrix 161 
 silos used for degradation 172
 
trace elements in urban wastes 
 176 simple heap system 168-170
tropical use poor 177 small-scale systems 167-168
 
yields 174-175 
 suitable materials 165-167
yield predictions difficult 174 temperature control 157

Compost heaps, components discussed 334- temperature discussed 180 
335 temperature ef~cts 156
 

heat production 163 
 temperature dime pattern 156-158, 171
Compost houses, multideck 173 vertical silos 172 
Compost material 165 waste ensilage compared 378 
Composting 151-190 windrow systems 168-172 

and actinomycetes 155 yield 174-175 
additives to increase rate 159, 160 Composting materials, advantages and disad
advantages 177-178 vantages reviewed 377.378 
aeration rates 162 preparation 167
bacteria, actinomycetes and fungi: review Composting matrix, movement of air within 

of work 155 interstices 160
benefits discussed 180 Composting process described 153-156 
biochemical aspects 153-154 figured 152
 
and BOD discussed 180 
 nutrients required for microorganisms 159
carbon and nitrogen loss reviewed 377 pathogens, survival 176-177 
feed production reviewed 376 protozoa, ro!e in controlling bacteria 156
fungi 155 temperature and pl1 variations 156, 157
of garden, small holding and nursery wastes viruses 155 

167-168 Composting systems, methods and control of 
history 164, 165 agitation 162
Indore process 169 oxygen requirements 161 
large-scale mechanized systems 172-173 water melon season and agitation 162
mesophiles 155 Consumers, health risks 343
 
and microbiology 154-156 
 Consumption efficiencies 124, 126
microorganisms tabulated 154 Continuous culture, of feed supply reviewed 
multideck houses, silos 173 374-375
optimum parameters tabulated 164 Continuous cultivation of Aspergillus terreus 
and organic waste in China 169 on cellulose 188 
oxygen a limiting factor 171 Conversion efficiency, bacteria degrading

production, and use of non-organic prod- detritus 18
 

ucts, heat and moisture 175 bacteria degrading kelp 18
 
polysaccharides breakdown in cooling stage and bacterial production 17 

157 discussed 28, 234
 
practical processes 164-176 
 factors affecting 17-18 
principles 152-158 single figure too simplistic 18 
process described 151-152 Conversion ratios discussed 356, 366, 367 
process discussed 180 Copepods, in detrital systerr- 282-284, 288 process factors 158-164 Cooling down stage, in compos ,rg 156, 157 
process schemes overviewed 165 Copiotrophic bacteria 95
 
recent schemes described 173 
 in various aquatic habitats 100 
resources of low quality 142 Coral reef, production of attached bacteria
 
reviewed 377-378 
 65 
rotating drums 173 Coral reef flat, holothurians eat bacteria 24
in Russia reviewed 377 Corn stover, and microbial production 185 
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Cotton cloth, decomposition in sediment 

224-225 


method 229-230 

Cotton stalks, pretreatment for composting 


167 

and dung, composition tabulated 176 


Coxasackievirus, in human excreta 
 341 

Crane fly, digestion of detritus 207 

Crawfish, freshwater culture in USA 326 

Cultivation, aquatic macrophytes 319-321 

Culture, hatchery and nursery systems dis-


cussed 369 

Culture of feed supply, batch and continuous 


reviewed 37-1-375 

Culture systems discussed 369 

Culture systems, research topics listed 383 

Cyanobacteria 94-96, 109 


diurmal changes in activity 111 

lack thymidine kinase 15 

muramic acid present can lead to biomass 


errors 8 


Decomposer pathways, importance in aquatic 

food webs 3 


Decomposition, algal cells in stratified lakes 

140 


in aquatic ecosystems 123-14 7 

and bacteria and fungi 5 

by hyphomycetes 194 

nitrogen the key element 135 

physical controls 139-140 

of plant tissues 136-137 

of white oak leaf-packs 134 


Decomposition curves, of various compounds 

133 


Decomposition processes described and 

figured 130-132 


Definitions, biomass 31 

catabolism 130 

comminution 130 

ecological efficiency 17 

growth efficiency 17, 63 

human wastes 337 

leaching 130 

meiofauna 282 

nutntional value 203-204 

production 31 

resource quality 132 

risk 343 

risk assessment 343 


risk management 347
 
sewage 337
 

Delta carbon technique,, in food chain studies
 
reviewed 370
 

and food pathway studies 266
 
see also carbon stable isotope composition
 

Delphi technique, in assessment of health risks
 
345
 

Denitrification, and carbon mineralization 

described 108
 
measured by acetylene blockage 41
 

Denitrifying bacteria 108
 
Detrital and algal food chains, in aquaculture
 

296-308
 
Detrital carbon, sources and sinks 224-225
 
Detrital communities 218
 
Dctrital food chains, efficiencies 22
 

and productivity: Chairman's overview
 
237-239
 

Detrital food web, initial pathway for carbon
 
219-220
 

Detrital microbial ecology, research topics
 
listed 382
 

Detr~ta sediments, analysis using stable
 
isotopes 380
 

Detrital systems, in aquaculture 217-218
 
in aquaculture overviewed 309-310
 
aquatic and carbon pathways 217-236
 
and bacterial respiration 4
 
meiofauna 282-295
 
microbial composition discussed 13
 
reasons for vigorous production sum

marized 218
 
Detritivores, digest detritus from macroalgae
 

and phytoplankton 72
 
Detritivorous fish, and transmission of viral
 

diseases 343
 
Detritus, allochdionous 81
 

amino acids 197-201, 205
 
amino acid and protein concentrations
 

tabulated 199
 
amorphous discussed 213
 
anaerobic degradation in sediment 36-40
 
in aquaculture discussed 368-381
 
in aquaculture systems 74, 84, 149
 
autochthonous 1, 84
 
bacteria counting problems 7
 
behavioral adaptations to use 207
 
benthic, energy content 202
 
biochemical composition 1
 
composition, difficult to study 2
 

89 
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composition and nutritional value 192. Diatoms, digestibility by silver carp 254 

216 Diel activity of bacteria 3, 22 
defined 1, 382 Diffusion, Fick's first law 222 
described 192 Diffusion in and out of particles discussed 
detritivores assimilation efficiencies 203 52 
digestion by various species 207 Digestibility, of napier grass by grass carp 316 
diversity in aquaculture tabulated 150 of nematodes discussed 293 
economic considerations of use in aqua- of plankton 253-256 

culture tabulated 150 Digestion, of detritus 207 
energy assimilation rate 205 Diphyllobothriasis, in health risk model 346 
energy content 200-203 in human excreta 341 
energy content tabulated 202 Diquat, effect on bacteria 114 -116
 
epilithic, energy content 202 
 Direct counts, and microbial biomass 197 
excess in aquaculture ponds discussed Diseases, grass carp susceptible236 318 
excess in aquaculture ponds avoided and and health risks assessed in a worked 

methods tabulated 150 example 346 
factors affecting distribution 196 and pathogens found in human excreta 
and fermentative bacteria 32 tabulated 341 
as food for silver carp 250 Dissolved amino acids, converted to particu.
formation figured 193 late form 198-199 
and grazer nutrition 72 Dissolved organic carbon, in a simple chrbon 
hazards in aquaculture tabulated 150 cycle 87 
and "heteropolycondensates" 198 in two aquatic ecosystems 88 
taken up by heterotrophs discussed 122 Dissolved organic matter, and particulate 
meiofauna associated 283 detritus 194 
microbial biomass tabulated 197 Diurnal changes in bacterial activity 110-112 
microbial ecology of fishponds 368-369 Diurnal changes in waste stabilization ponds
various light and SEM nicrographs 195 112 
microorganisms associated 196-197 Diurnal migrations of algae 258
 
microorganisms attached 201 
 DNA synthesis discussed 29
 
nitrogen, origin in detritus 198-201 DOC, see dissolved organic carbon
 
nutritional value 203-207 Dor Fish and Aquaculture Station, Israel,
nutritional value, three distinct concepts pond management reviewed 375
 

204 Doubling time for various algae 259
 
origins 199-193 
 Dried blood, C:N ratio suitable for compost
origins of organic matter important 2 ing 166 
particles, amorphous i96 Duck manure, and fish yields tabulated 357 
particles, decomposition 69-70 used in fishponds 355 
particulate material in water column 3 Duckweed, cultivation as green fodder for 
in pelagic ecosystem figured 73 fish, figured 321 
processing changes 203 cultured in small ponds 319-320 
processing pathways 193-196 digestibility by grass carp 316
 
production and characteristics, an over- in polyculture 318
 

view 148-150 utilization of crude protein 316
 
production by grass carp discussed 215 
 Dung, C:N ratio suitable for composting 166 
various types tabulated 200 Dysentery, in health risk model 346 
and vitamins 206 

Detrital food webs 4-31 
Detrital utilization discussed 146 Earthworms, role in composting in temperate
Diarrhea, and human excreta 341 climates 156 
Diatom biomass and silica 259 Echovirus, in human excreta 341 
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Ecklonia, conversion of carbon during decom-

position 18 


Ecological efficiency defined in part 17 

and feeding strategies in ponds 21 


Ecology, microbial in fishponds 368-381 

Economics and socioeconomics, research 


topics listed 383 

Ecosystems, an.d additions of composts 177-


178 

Eh 98 


and denitrification 108 

sediment values 86 


Electron acceptors, and aerobic decomposi
tion 3
 

in carbon mineralization zones 34-35
 
Electron microscopy, and bacterial dimen-


sions 8 

photographs of bacteria 9 

techniques discussed 212 


Electrostatic interactions, and attachment 
of bacteria 66 


Elephant grass, see Napier grass 

Energy budget, in North Sea 126 

Energy content, carbohydrate 201 


detritus 200-203 

lipids 200 

proteins 200 


Energy flow, in semi-intensive aquaculture
systems 296-308 

itert esystems 1 


interrestrial ecosystems 124 

Ensilage of wastes, as opposed to compost-


ing, reviewed 378 

Environmental conditions, and bacterial 


activities 83-122 

Epifluorescence, for counting bacteria 6, 8 

Epifluorescent microscopy 4, 55, 57 

Epilimnion, bacterial numbers may be high 97 

Epilithic detritus, energy content 202 

Essential dietary compounds, linoleic acid 5 

Eukaryotic algae, lack thymidine kinase 15 

Eutrophication, adverse effects 241-243 


and aquaculture 243 

in Dong Hu Lake 257 

and salmon ranching 237 


Excreta, human i,,;ed 325
in aquaculture 

Experimental design, for food web studies 


re-- 2wed 379 

Experimental work, many aspects reviewed 


379-381 

Exopolymers, producsd by bacteria and fungi 


199 


Extensive systems in aquaculture 5, 140, 296
 
Extracellular products, production and nutri

tional value discussed 233
 
Extracellular fibers 218
 
Extracellular material, nutritionally valuable
 

227
 
Extracellular organic matrix, formed by


bacteria 194, 196
 
Extracellular polymers 221
 

and attarched bacteria 64
 
food for grazers 71-72
 
high energy cost 64
 

Farmyard manure, C:N ratio suitable for
 
composting tabulated 166
 

Fasciolopsiasis, in health risk model 
 346
 
and human excreta 341
 

Fat content, low in carp grown on manure
 
354
 

Fatty acid composition, and a!gal biomass 12
 
FDC, see frequency of dividing cells
 
Fecal pellets, decomposition 69
 
Feed lot waste, and microbial biomass produc

tion 185
 
Feed resource partitioning, in polyculture
 

systems, opinions reviewed 373
sses pnosrvee 7
 
Feeding, of fish and oxygen levels 260

Feeding efficiency, of herbivorous fish 315

317
 
l".eding pathwvays, in fishponds 241
 
Feeds, as limiting factors for aquaculture pro

duction reviewed 373-376
 
Feeds, production by various methods re

viewed 376-377
 
Feeds, supply to aquaculture systems re

viewed 374-375
 
Fermentation, continuous cultivation 
 188
 

in microbial protein production 185-188
 
and NAD + and NADH 36
 
semi-continuous cultivation 188
 
solid state 185-186
 
submerged 185, 187
 

Fermentation systems to produce feeds
 
reviewed 376
 

Fermentative bacteria 36-38
 
Fermentative organs, in kyphosids discussed 

82
 
Fertilization, inorganic and organic reviewed
 

248-249
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of ponds 247-249 experimental tests carried out with manure-

Fertilization regime, in aquaculture produc- fed systems in Israel 356-361 
tion reviewed 374 extremely efficient converters 23:
 

Fiber production by bacteria 221 
 feeding pathways 241
 
Fick's first law of diffusion 222 
 green manure and compost 323-326
 
Filter feeding apparatus, described in fish maximum fish yields 218
 

252 
 nutrients required to stimulate primary

Filter-feeders, and aerobic bacteria 34 247-249
production

Filter-feeding fish, food 2,19-256 
 optimal management practice 263
 

particles removed from water 269-270 
 organism balance and optimal practices

size of plankton consumed 251-252 263-267


Fish, cellulases not produced directly 317 
 production at Dor Fish and Aquaculture
consumption of plankton 251-253 Station 224 
energy content 202 reduced products and water quality 40 
food conversions when feeding on algae sediments discussed 53 

255 use of "three aquatic weeds" 325
 
food of filter-feeders 249-256 waste-fed, lack of knowledge of bac.
 
growth and amino acids 205 
 teriology discussed 369 
herbivorous macrophyte feeders 313-314 yields, maximum 218 
in manured ponds, changing feed pre- Flavor of fish discussed 366 

ferences reviewed 375 Fluid goose manure, and carbon stable isotope
pond culture with macrophytes 321-333 values in ponds 222 
sewage fed ponds, species used listed 338 Fluorescein isothiocyanate, for counting
studies required reviewed 386 bacteria 6 

Fish biology, research topics listed 383 Fluorescent dyes 6, 11 
Fish farm workers, health risks 3,43 Fluorochrone dyes 55 
Fish fanning, use of manures 227 Food chains, in aquaculture 296-308 

use of various terrestrial plants 319 biomass production 17-19 
Fish flesh, analysis using stable isotope ecological efficiency 17-24
 

techniques 380 
 growth efficiency 17-24 
Fish growth, factors affecting reviewed 376 merits of long and short discussed 308 
Fish handlers, health risks 343 microbial and use of microphagous tilapia
Fish kills, 260-263 reviewed 370 

in various water bodies 261 and nse of stable carbon isotope technique
Fish in manured pond systems, discussed 375 reviewed 37G 
Fish production, highest in ponds with short Food conversion ratios, in compost fed ponds

food chains 312 325
 
and physical dimensions of ponds, re- in experimental fishponds 358-360
 

viewed 375 for fish feeding on algae 255

Fish protein, importance in human diet 312 for grass carp fed on pelleted food 316 
Fish and rice culture in Thailand 322-323 Food poisoning, and human excreta 341 
Fishponds, blue-green water as an indicator of Food web control, research centers listed 297 

low oxygen content at night 254 Food webs, and aquaculture systems 1 
carbon stable isotope composition studies, detrital 4-31 

results tabulated 222 experimental approaches identified and 
chemical balance and optimal management reviewed 379 

267-268 in a hypothetical prawn pond 21 
color of water 254 investigations reviewed 379 
lack of data on processes at water-sediment manipulation in ponds reviewed 370-373 

interface reviewed 371 microbial, complexity and importance re
detritus an I microbial ecology 368-369 viewed 369-376 



396 

microbial, utilization of microorganisms by 

carps reviewed 370 


Formaldehyde, and shrinkage of bacteria 8 

Free airspace, in composting 161 


as an optimum parameter in composting 

tabulated 164 


Free enzymes discussed 31 

Frequency of dividing cells, as an index of 


bacterial growth rate 62 

Fresh sawdust, C: N ratio suitable for com-


posting tabulated 166 

Freshwater algae, amino acids in 201 

Freshwater environment, mineralization and 


bacterial production compared to other 
environments reviewed 371 


Freshwater invertebrates, amino acids 201 

Fungal activity, and bacterial activity com-


pared 137 

biomass and limitations of present tech-


niques 11 

colonization and particulate organic matter 


139 

decomposition compared with tlat due to 


bacteria in water 5 

Fungi, cellulolytic tabulated 18.4 


in composting 155 

decompose detritus on land 3 

decomposers of plant material 5 

lack thymidine kinase 15 

pathogens in organic wastes 176 


Garden compost, percent fresh weight of N,
P and K tabulated 176 


Garden compost boxes, compost yield 175 

Gp: Ien waste, system for composting 167-168 

Gastroenteritis, in health risk model 
 346 


and human excreta 341 

Geese, and manured fishponds 355 

Giant Malaysian prawn, in fish polyculture 


355 

Cill plates, in silver carp 252 

Glass, composition of from different sources, 


tabulated 166 

fragments in compost 174 


Glycocalyx. see slime layers 

Goat weed, use in fishponds 324 

Golden shiner, and algal toxins 262 


Goldfivh, digestibility of Chlorella 254-255
 
growth and protein .205
 

Goose manure, used in experimental fish
ponds 358,359
 

Gourami, herbivore used in polyculture 313,
 
314
 

Gradients, across sediment-water interface 223
 
Gramineae, use in fishponds 324
 
Grass carp, in Chinese polyculture systems
 

317-318, 329
 
consumption ofmacrophytes 315-316
 
digestibility of algae 255
 
digestibility of macrophytes 316
 
and Egeria densa 318
 
favored macrophytes 315
 
herbivore in polyculture 313
 
in manured fishponds 356
 
one supports three silver carp 317
 
oxygen requirement 260
 
pH of gut contents 317
 
role in ponds discussed 333-334
 
structural adaptation to diet 314
 
susceptibility to disease 318, 329
 
yields in experimental ponds 359,360
 
a voracious omnivore 315
 

Grass and weeds, C: N ratios suitable for com
posting tabulated 166
 

Grazing, effects on bacterial growth rates and
 
production 23
 

on particle bound bacteria and detritus
 
70 -74
 

Green sulfur bacteria 104-106
 
distribution figured 100
 

Green manure, used in fishponds 323-326
 
Grey mullet, feed on decaying macrophytes


314
 
Gross productivity 245-246
 
Growout, in ponds reviewed 369-370
 
Growth, of bacteria 59-64
 

of fish on algal diets 255
 
of fish and oxygen levels 260
 
and protein intake in goldfish 205
 

Growth efficiency, in bacteria 2, 5, 18
 
defined 17, 63
 

Growth rates, of bacteria 13-16, 22
 
and frequency of cell division 62
 

Gulf Stream, bacterial cell sizes 61
 
Guinea grass, food for grass carp 316
 
Gut contents, analysis using stable isotopes
 

380
 
Gut length, and diet in fish 314-315
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Habitats, sediments described 85-86 HPLC, and determining algal biomass 12
 

water column described 84-85 Human excreta, and fish culture 325

Harpacticoid Lopepods, culture discussed 294 
 Human wastes, and aquaculture 336-352 

in detrital systems 282, 288 characteristics 337-340
 
in diet of larval and juvenile shrimps 289 defined 337
 
in diet of shrimps 289 pathogers, 3,10-341


Hatchery and nursery systems discussed 369 recyciing discussed 351
 
Health risks, assessmtnt 343-347 and sewage, publJe health risks 343-348
 
Heap size, an optimum composting param- Humus, fornation 158
 

eter tabulated 164 Hydrogen sulfide, diurnal changes in release

Heat, production and use in composting to atmosphere 110-112
 

163,175 
 o-idizers 102-106
 
Ieat of combustion, carbohydrates, lipids 
 oxygen interfac,, numbers of thiobacilli 

and proteins 163 peak 102
 
heavy metals, and toxic materials in composts producers 99-102
 

discussed 180 
 Hydrolytic bacteria 37 
Helminths, in human excreta 34 1 Hyphomycetes, and decomposition 194 

pathogen,- in organic wastes 1.76 Hypolimnion 85
Hepatitis A virus, in human excreta 3,11 increase in numbers of specialized bacteria 
Herbicides, effect on bacterial activity 11,4- 97 

116
 
Herbivorous fish, in aquaculture 313-317
 

efficient grazers but inefficient assimilatom
 
329 
 Image analysis system, and calculation of bac

feedingefficiency 315-317 terial volumes 7 
macrophytes eaten 315 Image analyzer, use discussed 29 
reason for low feeding efficiency 317 Indi n major carps, growth stimulated by
structural adaptations to diet 311-315 grass carp excreta 318 
traditional macrophyte-fed aquaculture in polycultume 313
 

systems 317-319 
 Indore process of composting 169
 
world wide distribution 313 
 Industrial organic waste, composition 153

Herbivory, and alkaloids in plants 137 Inerts and rubble, composition of from dif
'Heteropolycondensates', and detritus 198 ferent sources 166 
Heterotrophic and autotrophic pathways, Infectious dropsy of carp, and blue-green

maximized at the same time? 267 algae blooms in France 261
Heterotrophic bacteria 94 Infectious hepatitis, in health risk model 346 

efficiency may control productivity 5 in human excreta 341 
methods for biomass determination 5 Ingestion efficiencies, of fish feeding on algae
utilize primary production entering detri- 255 

tus pool 5 Inorganic constituents in plants discussed 
Heterotrophic cycle figured 297 147 
Heterotrophic food chain, limiting factors Inorganic cycles, importance in aquaculture

268 discussed 305 
High protein pellets, used in experimental Inorganic fertilizers 248-2,19 

fishponds 358-360 Inorganic particles, devoid of bacteria in lakes 
Higher trophic levels, efficiency of transfer of 57 

production 21-24 Intensive systems in aquaculture 140, 296
History of composting 164 -165 Invertebrates, aquatic, energy content 202 
Holothurians, dependence on bacterial pro- freshwater, amino acids in 201 

duction 24 marine, amino acids in 201 
Horses, and manured fishponds 3.5 Iron-oxidizing bacteria 94 
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seasonal changes tigured 113 

Isotope dilution, importance in microbial 


studies 18 

Israeli fish culture, use of inorganic and 


organic fertilizers 218 


Kelp, decomposition of Ecklonia 18 

decomposition of Laminaria 18 


Kyphosids, utilization of algae discussed 82 


Labiatae, use in fishponds 324 

Large bacteria discussed 121 

Larvacea, as bactivores 71 


houses associated with bacteria 57 

Leachate, nutritional value discussed 335 

Leaching defined 130 


loss of organic matter from detritus 73 

Leaves, C: N ratio suitable for composting


tabulated 166 

pretreatment for composting 167 


Leguminosae, use in fishponds 324 

Lignin, degradation discussed 145 


and nitrogen concentrations 135 

resistant properties 133 


Lignocellulose, pretreatment 184-185 

recalcitrant to microbial attack 
 183 


Limiting factors, of feeds for aquacultire 

production reviewed 373-376 


in waste-fed pond production, oxygen 

and metabolites reviewed 376 


Linoleic acid, may be supplied through 

algae 5 


Lipids, analyses, biomass determinations 4 

compounds, used in biomass detennina-


tions 10 

energy content 201 

heat of combustion 163 

liquid, in compost material 160 


Lipopolysaccharides, and biomass determina-

tions 10 


Liver abscesses, and human excreta 341 

Livestock poisonings, and bloom infested 


waters 262 

Lotus, used in rota! -.of crops 327 

Lung disease, and h.,,a microbial concentra-


tions in compost 177 


Macroalgae, marine, energy content 202 

Macrofauna, as composting organisms 
 tabu-


lated 154 


pathogens, main classes 176
 
role in soil composting 156
 

Macrophagous tilapias, use in microbia. food
 
chains reviewed 370
 

Macrophytes, as feed inputs to ponds re
viewed 374
 

food conversion ratios 316-317
 
and herbivorous fish 315
 
and simultaneous pond culture of fish
 

321-323
 
in traditional aquaculture systems 317-319
 

Maize stalks, pretreatment for composting
 
167
 

Major inorganic constituents in plants dis
cussed 147
 

Malabsorptior, and human excreta 
 3,41 
Malaysian prawn ponds, bacterial productivity
 

discussed 53
 
Manure loaded fishponds, stable isotope
 

values 222
 
Manure organic matter, doubles yield in fish

ponds 218
 
Manured ponds, yield most of world's farmed
 

fish 268
 
Manures, advantages and disadvantages sum

marized 354-355
 
analysis using stable isotope technique 380
 
applied to fishponds directly by livestock
 

355
 
in aquaculture 353-367
 
cattle and poultry compared 361
 
direct consumption by figh discussed 365

366
 
experiments carried out in Israel 
 356-361
 
transported to fishponds 355
 
various sources tested 356
 
yields from manure-fed systems 357
 

Marine Cultt a Enterprises, Hawaii, raceway
 
system for marine shrimp 299
 

Marine environment, mineralization and bac
terial production compared with other
 
environments and reviewed 371
 

Marine invertebrates, amino acids 201
 
Marine macroalgae, energy content 202
 
Marine shrimp production in Japan 299
 
Marine snow, and bacteria 57, 61, 62
 
Materials suitable for composting 165-167
 
Maturing stage in composting 156-158
 
Maximum fish yields in ponds 218
 
Mechanical agitation, of water surface layers
 

reviewed 372-373
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Mechanical stirring, of detrital sediments and Microbial production, in ponds reviewed 371
water column reviewed 372-373 372 

Mechanized large-scale systems, for com- and temperature discussed 53 
posting 172-173 Microbial protein production 181-191 

Meiofauna, in aquaculture systems 289-290 fermentation 185-188 
defined 282 organisms used 183-184 
and detritus 283-284 substrate pretreatment 184-185 
and early stages of commercial species of substrates 182 

fish 290 Microb~ology of composting 154-156 
in marine aetrital systems 282-295 licroenvironments and particles 65-68 
members listed 282 Microfauna, and composting tabulated 154 
nematodes 283 Microflagellates, as bacterivores 71 

Meiofaunal production in ponds, lack of data Microflora, -rdcomposting tabulated 154 
reviewed 371 Microorganisms, biomass methodology re-

Mesophiles, in compostirg 154-157 viewed 2 
Metabolic activity of bacteria 59..64 cellulolytic tabulated 184 
Methane 87 in compost 177 

and bacteria 36, 40, 98-99 composting tabulated 154
 
in carbon mineralization zones, 34, 45 LC-10 187
 
oxidized by reduction of sulfate 39 and lung diseases 177
 
production unimportant in most ma-ine pathogenic, main classes 176
 

se(,iments 45 rich source of vitamins 206 
in sulfate zone 41 Microorganisms in compost, chemical analysis 

Methane zone, and carbon mineralization 45 159 
in sediments 32 eliminated by high temperature 177 

Methanogens 98-99 resistant spore-forming pathogens 177 
Methanotrophic bacteria 98-99 Microurganisms and detritus, contribution to 
Methionine, in bacterial protein 71 grazers nutrition 72 
Methodology, for biomass and productivity Microscopy, and bacterial biomas3 5 

studies 4-31 Milkfish, as a filter-feeder 252 
epifluorescent microscopy 4 removes nanoplankton 269 
for growth rates reviewed 2 Millet stalks, pretreatment for composting 
sec also carbon stable isotope ratios 167 

Methylotrophic bacteria 94 Mineralization, carbon 5, 13, 34-35, 40-45, 
Microbial activities, Ferobic vs. anaerobic 220- 89 

221 of detritus 5 
Microbial biomass, ATP method 197 in freshwater, brackishwater and marine 

direct counts 197 environments, compared and re
and detritus 197 viewed 371-372. 

Microbial composition, of detrital systems of nitrogen 45-47 
discussed 13 see also carbon mineralization, nitrogen 

Microbial ecology, in aquaculture discussed mineralization 
368-381 Mints, use in fishponds 324 

Microbial food web, complexity and impor- Mixed weeds and san hemp, composition 
tance reviewed 369-370 tabulated 176 

detritus and microalgae I Mixolimnion 85 
"Microbial loop" 55, 127, 238-239 Mixotrophs 94 
Microbial paradox 226-227 Models, of algal productivity 264-265 
Microbial preconditioning, plant feeds and and assessment of health risks 344 

nitrogen conservation and availability Mc delling techniques, and experimental 
141-142 work reviewed 381 
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Modifiers, of decomposition rates 136-137 

Moisture, production and use in compost 


175 

Moisture content, in compost 160, 161, 165 


in human and animal wastes, tabulated 

339 


as an optimum composting pararnetcr 

tabulated 164 


Molybdenum, and measurement of sulfate 

reduction 43 


Monoculture discussed 216 

in manured pond- 355,356 


Monimolimnion 85 

increase in numbers of specialized bac-


teria 97 

Morphological diversity of bacteria 92-94 

Mrigal, Indian major carp used in fish culture 


243, 313 

Mud, in fisoonds 249 

Mud carp, herbivore us(:d in polyculture 313 


oxygen requirement 260 

Mullets, and digestion of sediments 207 


mortality in Hong Kong fishponds 261 

in polyculture 355 

yiekds in manured ponds 357 


Multispecies guilds of copepods in detrital 

systems 284 


Municipal compost, composition tabulated 

176 


Muramic acid, and biomas- determinations 

4,8, 10 


use disLussed 30 


NADH, see nicotinamide adenine dinucleo-

tide, reduced form 


NAD see nicotinarnide adenine dinucleotide, 

oxidized form 


Naladixic acid, used to detect growing bac-

teria 11 


Nanoplankton, filtered by silver carp 252 

removed by fish 269 


Napier grass, cultivation figured 319 

digestibility by grass carp 316 


Napier grass hybrid, food conversiot ratios 

316 


Nematodes, in aquaculture 369 

bacterial feeders 284, 287-289 

conversion efficiencies with different types 


of detritus 287-288 


and decaying mangrove leaves 283
 
and dccomposing kelp 283
 
digestibility discussed 293
 
eaten by fish and shrimps discussed 293
 
eaten by shrimps 290
 
mass culturing discussed 294
 
and meiofauna 283
 
as pathogens in organic wastes 176
 

Net primary production, better estimates
 
critical 2
 

experiments in ponds and tanks 246-247
 
Newell's hetirotrophic carbon cycle 298,
 

301-302
 
Nicotinamide adenine dinucleotide, oxidized
 

form (NAD+), in fermentation process
 
36
 

Nicotinanide adenine dinucleotide, reduced
 
forn (NADH), in fermentation process
 
36
 

Night soil, C:N ratio suitable for tomposting
 
tabulated 166
 

see also human excreta
 
Nile tilapia, importance in algal community
 

reviewed 373
 
and Microcystis toxicity 262
 
production studies 265
 
structural adaptation to diet 314
 
see also Oreochromis niloticus 

Nilem, herbivore used in polyculture 243,
 
313
 

Nitrate, reduction in Kysing Fjord 41
 
Nitrate dissimilatory bacteria 108-109
 
Nitrate zone, and carbon mineralization 41
 

in sediments 32
 
Nitrifying bacteria 94, 107-108
 
Nitrobacteriaceae 107
 
Nitrogen, in compost and composting re

viewed 377-378
 
-composition in compost tabulated 175
 
in detritus 197-201
 
in domestic sewage tabulated 340
 
in human and animal wastes 339
 
key element in decomposition 135
 
'xid lignin 135
 

Nitrogen: carbon ratios, and rates of am
monium turnover 46
 

Nitrogen cycle 91-92
 
Nitrogen cycle bacteria 106-109
 
Nitrogen fixation, in compost 159
 
Nitrogen isotopes, 15N and denitrification
 

measurements 41
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15 N and nitrogen mineralization 45, 46 Organism balance, and optimal fishpond

Nitrogen mineralization 45-47, 139 practices 263-267
 

and 15N-NH 4 45 Organisms in human excreta tabulated 341
 
Nitrogen uptake dynamics 237 Overnight showers, and mass mortality of
 
Nitrogenase enzymes, very sensitive to oxygen tilapia 261
 

109 Oxycline 85, 109
 
Nonarnino acid nitrogen, in detritus 198 and methanotrophs 98, 99
 
Nursery waste, system for composting 167- and seasonal changes in bacterial activity
 

168 113
 
Nutrient uptakes, by attached and unattached Oxygen, and aerators discussed 281
 

microbes 221-222 
 for aerobic microorganisms 161
 
Nutrients, for microorganisms during corn- in aquatic detrital systems 223
 

posting process 159 concentration low hi particles? 68
 
Nutrition experiments, with nematodes 284- dawn concentration may be critical 268
 

288 depletion during algal blooms 261
 
Nutritional value, of bacteria 
 71 determination ofstoichiometric require.

defined 203-204 ments in composting systems 161, 
of detritus 192-216 162
 
of plankton 253-256 
 and fish kills 260
 
of sediment 203 
 and heterotrophic production 270 

limiting factor in composting 171
 
limiting factor to production in waste-fed
 

ponds reviewed 376
 
and pond management discussed 305-307
 

Oceanic Institute, Hawaii, aquaculture re- penetration into sediment 32, 33
 
search 297 
 problems discussed 335
 

Oligotrophic bacteria 95, 96, 100 
 reduction in Kysing Fjord 41
 
Optimal management practices of fishponds requirements in composting systems 161
 

263, 267-268, 270 
 uptake in pond bottom 368 
Optimum composting parameters, many Oxygen production, measurements of primary 

factors tabulated 164 production by algae 16-17 
Optimum moisture content, variability in Oxygen uptake, and bacterial production 20 

different materials 161 in sediments 223 
Optimum process conditions 164 Oxygenic photosynthesis 94 
Organic carbon, and seasonal changes of 

heterotrophs in L. Mendota 112 
Organic components, of some plant resources 

136 Palatability of fish discussed 366 
Organic detritus, bacteria involved in mineral- Papaya leaves eaten by tilapias 315
 

ization 35 
 Paper, C:.N ratio suitable for composting 
Organic fertilizers 248-249 tabulated 166 

production by composting 149, 151-180 Paragonimiasis, in neaith risk model 346 
Organic mrW, r, and blue-green algal blooms and human excreta 341 

260 7,raquat, effect on bacterial activity 114-116 
composition tabulated 153, 175 Particle bound bacteria 54-82 

Organic nitrogen in detritus 198-201 factors limiting 57-58 
Organic wastes, composition of industrial, numbers underestimated? 57 

carbon and agricultural wastes 153 Particle colonizacion by bacteria 55-59 
conversion to microbial proteins 181-191 Particle size, an optimum c mposting param
insulating effect of materials 156 eter tabulated 164
 
pathogens present 176-177 and processing of compost 158-159
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Particles, carbon content and availability 

discussed 81 


decomposition in pelagic ecosystems 

69-70 


as microenvironments 65-68 

sinking rate and bacterial degradation 69 


Particulate detritus, decomposition 69-70 

Particulate matter, and production by attached 


bacteria in aquaculture situations 74 

sediment decomposition 3 


Particulate organic carbon, in a simple carbon 

cycle 87 


in two aquatic ecosystems 88 

Pasture grasses, used as fish feeds 318-319 

Pathogens, barriers to survival 176 


control 347 

main classes 176 

methods to ensure hygenic compost 177 

in organic wastes 176-177 

resistant spore-forming microorganisms 


in compost 177 

survival during composting 176-177 

thennal death 176 


PCBs, in fish 342 

Pearl spot, potential for aquaculture 314 

Pelagic algae, and organic matter in detritus 


222 

Pelagic ecosystems, fate -)f detritus figured 


73 

particle decoirpositien 69-70 


Pelleted feed, advantages 312 

and bacterial production in aquaculture 


ponds 19 

high bacterial densities in pond sediments 


22 

Pen system, for milkfish 252 

Penaeid shrimp, transfer efficiencies 21 

Penaeid shrimp culture, pond management 


principles suggested 271 

Periodicity, in algae 259-260 


in growth of algae on sewage in India 260 

Periphytic detritus, amino acids 201 

Permanent or persistent algal blooms in 


B-3;a Lake 257 

conditions for 269-270 

genera reported to form 257 


Pesticides in fish 342 

pH, in composting 153, 156-157, 163 


discussed 180 

an optimum composting parameter tabu-


lated 164 


Phase contrast microscopy, and baclerial
 
dimensions 8
 

Phenolic compounds, as modifiers 136
 
Phosphorus, in composts tabulated 175
 

in human and animal wastes tabulated 339
 
and muds in ponds 2,19
 

Phototrophic sulfur bacteria 104-106
 
food source for zooplankton and ciliates
 

106
 
physiology 104-105
 

Physical methods for pretreatment of cellulose
 
185
 

Phytoplankton, as "biological aerators" 271
 
cause of sudden death 261
 
feeding experiments discussed 279-280
 
growth in sewage oxidation ponds 257
 
periodicity discussed 280
 

Phytoplankton blooms, data reviewed 371
 
and fish kills 261
 

Pig manure, and fishponds 355-356
 
and fish yields tabulatted 357
 

Pig slu:Ty and straw, composition tabulated
 
176
 

Pigeon pea stalks and millet stalks, C: N ratio
 
suitable for composting tabulated 166
 

Pigment analysis, for determining algal bio
mass 12
 

Pirapitinga, potential as a, Oirivd herbivore
 
314
 

Plankton, analysis using stable isotopes tech.
 
nique 380
 

consumption by fish 251-253
 
nutritive value and digestibility 253-256
 
size consumed by filter-feeding fish 251.
 

252
 
Plant detritus, and cellulolytic activity in guts
 

of fish 317
 
Plant and detritus feeding discussed 214
 
Plant tissues, decomposition 136-137
 
Plastics a.d textiles, composition tabulated
 

166
 
POC, see particulate organic carbon
 
Polychaetes, effect of Capitella or bacterial
 

growth 23
 
Polychlorinated biphenyl compounds in fish
 

342
 
Polyculture, with Chinese carp 313
 

Chinese system 317
 
Chinese system described 243-244
 
developments in Europe and Israel 244
 
discussed 215-216
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in Hawaiian ponds discussed 53 Pond food webs, manipulation reviewed 
in Java 243 370-373 
and manured ponds 355 Pond muds, as sinks or sources of phosphorus 
marine shrimps and bivalvcs 299-301 249 
various species used 243 Pond production, limited data on waste-fed 
work required 329 systems reviewed 376 

Polyculture systems, feed resource parti- Pond production and paradox with estimates 
tioning for target organisms, opinions of benthic production discussed 368
reviewed 373 369 

Poliomyelitis, and human excreta 341 Pond rotation, three phase rotation in Hungary 
Poliovirus, in human excreta 341 327 
Polymers, comple:,: and recalcitrant forms Pond sediments, role of anaerobic prccesses 3 

72 Population growth of a marine nematode 285 
Polysaccharides, breakdown during cooling Por wafer, in sediments 43-44 

stage ofcomposting 157 sulfate concentration 43 
Ponds, algal succession reviewed 373 Potassium, in composts tabulated 175 

anaerobic microbial production reviewed in human and animal wastes tabulated 175 
371-372 Potato waste, Swedish process 183 

fertilization 2-17-2.19 Poultry dung and straw, composition tabu
growout reviewed 369-370 lated 176 
macrophyte feed "iputs reviewed 374 Poultry manure, compared with cattle manure 
manured systems, changing feed prefer- 361 

ences in fish reviewed 375 Prawn (shrimp) aquaculture ponds, bacterial produ 
manured systems, food shortage and tion tabulated 19 

decline in production reviewed 375 hypothetical food web 21 
mechanical agitation of water surface production and respiration tabulated 20 

layer reviewed 372-373 Predators, on bacteria 70-74 
mechanical stirring of detrital sediments on free living bacteria tabulated 71 

and water column reviewed 372-373 Pressure ventilation, and temperature control 
oxygen uptake at bottom 368 during composting 157 
physical dimensions and other factors Pretreatment for composting, various sub

influencing fish production reviewed stances 167
 
375-376 Primary production, areas compared 124
 

phytoplankton, bacterial and meiofaunal maximum net rate in aquaculture 270
 
production reviewed 371 measured by the oxygen method 245
 

phytoplankton bloom enhancement, data measurement of net production difficult
 
reviewed 371 17
 

plastic lined and earthe:, discussed 53 net estimates critical 2
 
waste-fed, basis of fish production not nutrients limiting in the sea 237-238
 

understood and reviewed 369 proportion consumed by bacteria 55 
metabol~tes as limiting factors to produc.. rate at which mineralized nitrogen leaves 

tion reviewed 376 the sediment 45 
oxygen as a limiting factor to production Primuline yellow, for counting filamentous 

reviewed 376 bacteria 12 
yields discussed 375 Probability matrix technique, application 

Pond balance, and waite-fed fish culture 263- tabulated 346 
268 assessment of health risks 343 -347 

Pond culture of fish, and simultaneous culture limitations discussed 350-352 
of macrophytes 321-333 Process factors in composting 158-164 

Pond ecosystem dynamics, need for accurate Process scheme of composting 165 
conversion efficiencies 19 Product upgrading of composts 173-174 

http:2-17-2.19
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Production, in aquatic ecosystems 
 123-147 

of bacteria and detritus 22 

defined 31 

in fishponds at Dor 224 

net on gross values 245 

in septage loaded tanks 246-247 

in a Thailand prawn pond 22 

transfer to higher trophic levels 
 21-24 

see also Primary production


Productivity, and algal standing crop 264
 
algal net 256

in bacteria 13-16 

and detrital food chains, Chairman': over-


view 237-239
 
gross 2,15-246
 
methodology for determining 4-31
 
net 246-247 

in waste-fed systems 265 


Productivity of bacteria, and tritiated thymi-

dine 4 


Productivity of microorganisms, methods for 

measuring 13-17 


Protease producing bacteria 99 

Protein, conversion from cellulosic and 


organic wastes 181-191 

energy content 201 

energy ratio and nutritional value 206-207 

in feeds 182 

and growth in goldfish 205 

heat of combustion 163 

from mass cultivation of algae 242 

microbial 181-191 

organisms used to produce microbial 


protein 183-184 

Protein synthesis, rate as a measure of bac-


terial production 16 

Protein transfer across trophic levels discussed 


292-293 

Protozoa, biomass determination!; 11-12 


carbon flow 225-226 

control of bacterial populations during 


composting process 156 

food of soil Protozoa 156 

in human excreta 341 

pathogens in organic wastes 176 

role in sediments discussed 294 


"Pruteen", protein feed for calves 182 

Psychrophiles, temperature threshold deter-


mines activity 154 

Public health risks, associated with use of 


human wastes and sewage in aqua-

culture 343-348 


Pulses, pretreatment for composting 167
 
Pulverized tyres, proposed as bulking agent
 

in compost 160
 
Purple photosynthetic bacteria, diurnal
 

changes in activity 110
 
Purple sulfur bacteria 104-106
 

distribution figured 100
 
Putrefaction, and the sulfur cycle 
 89
 

Quality and availability of detritus discussed
 
214
 

r and K algal species, dominance in waste-fed
 
ponds 258
 

r and K characteristics, algal successions dis
cussed 281
 

r and K selected species, relative dominance
 
of green and blue-green algae 259
 

Raceway production, marine shrimp 296,
 
299
 

trout 296, 299
 
Radiation, may damage algae 261
 
Radioactive tracer methods, and oxidation
 

rates in sulfate zone 43
 
Rainbow trout, and algal toxins 
 262
 
Red swamp crawfish, culture in USA 326
 
Redox dyes, use discussed 28
 
Redox potential, carbon flow 220
 

in decomposition layer in sediments 224
 
in fishponds 219
 
for sulfate-reducing bacteria 101
 

Redoxycline 86
 
seasonal activity of bacteria 114
 
sulfate-reducing bacteria 102
 

Refuse, C: N ratio suitable for composting
 
tabulated 166
 

Research, in China, into productivity, a
 
priority 381
 

and sociocconomics 381
 
in USA, into productivity, a low priority
 

381
 
Research approaches reviewed 379-381
 
Research into, L..d topics listed, culture
 

systems 38
 
detrital microbial ecology 382
 
economics and socioeconomics 383
 
fish biology 383
 
uztilization of wastes and green fodder 
383
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Residues and their use in ponds discussed 117 Seagrass sediments, bacterial densities high
 
Respiration, of bacteria in aquaculture ponds around seagrass 22
 

20 Seasonal changes in bacterial activity 112
bacterial respiration substantial ir,detrital 114
 

systems 4 in aquaculture ponds 114
 
Resource quality defined 132 effect ofherbicides 114-116
 
Reversibility attached or boun- . bacteria dis- role of temperature 112
 

cussed 66-68 variation in supply of organic carbon 112
 
Rhodospirillaceae, little importance 104 Secementea, large class of nematodes 283
 
Rice, used in rotation of crops 327 Secondary production, in terrestrial and
 

bran, pretreatment for composting 167 aquatic systems 124-129 
fish culture, in Thailand 322-323 Sediment, ac' vity of Nitrobacteriaceae 108 
straw, C: N ratio, suitable for composting ammonificaticp at surface 100 

tabulated 166 anaerobic degradation of detritus 33-40 
straw, quality as feed discussed 189 contains more bacteria than water column 

Rings, in Gulf Stream 61 221 
Risk defined 343 digestion by fish 207 
Risk assessment defined 343 diurnal changes in bacterial activity 110

the need clearly summarized 348 112 
Ris'( management 347-3,18 Eh values 86 

defined 3,17 fishponds discussed 53 
Risk model, worked example for various fishponds, in Israel 220-221 

diseases 346 grain size and number of bacteria 85 
River Continuum Concept 129 habitat and conditions described 85-86 
Roach, facultative herbivore 313 in Lake Vechten 44 
Rohu, fish kills 261 nutritional value 205 

Indian fish culture 243 occurrence of phototrophic bacteria 105 
Indian major carp used in polyculture 313 organic carbon and number of bacteria 

Rotation of fish and plant crops 326-327 85 
plant crops commonly grown in China oxygen penetration 32 

listed 327 oxygen uptake 223 
Rotavirus, in human excreta 341 pore water 43-44 
Rotifers, as bacterivores 71 primary habitat for sulfate-reducing 

discussed 294 bacteria 101 
Rumens and ponds discussed 229, 231-233 seasonal changes in bacterial populations 
Rye grass, cultivation as green fodder for fish 114 

figured 320 stratification of carbon 34-35 
Sediment decomposition, effect of animals 

-18 
Sediment, marine, oxygen penetration figured

Saccharified yeast, and water hyacinth 325 33 
Salnonellae, in human excreta 341 Sediment surface, numbers of bacteria in-
Salt marshes, amino acids in plants 201 crease 97 

organic carbon fermentation 224 Sediment traps, used to collect particles in 
Sawdust, pretreatment for composting 167 ocean 57 

rotted, C:N ratio, suitable for conposting Sediment zones, nitrate, sulfate and methane 
tabulated 16 32 

Scaling and extrapolations discussed 334 Semi-intensive aquaculture systems 298-299 
Schistosomiasis, health risk model 346 algal production 5 

human excreta 341 energy flow 296-308 
Scuba divers, capture particles in ocean 57 figured 300-302 
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Semi-intensive systems, in aquaculture 296 

Semi-continuous cultivation, of Aspergillus 


terrcuson cellulose 188 

$ea.i-continuous harvesting algal process dis-


cussed 189 

SEM micrographs of detritus 195 

Separation of organic and nonorganic matter 


in compost 158 

Separation devices, effectiveness in com-


posting 174 

Septage (cesspool slurry) and oxygen dis-


cussed 307 

Septage fed ponds, cultivation of macrophytes 


as fodder for fish 320-321 

Septage loaded tanks 2,16-2,17 

Seston, amino acids in 201 

Sewage, anthropogenic compounds 342 


in aquaculture 336-352 

characteristics 339-340 

composition of domestic sewage tabu-

lated 3-10 

defined 337 

oxidation ponds, phytoplankton growth 


257 

pathogens 340-3-11 

pretreatment when used in aquaculture 


342-343 

sludge, C:N ratio suitable for composting 


tabulated 166 

Short food chains, and fish production 312 

Short- and long-term processes discussed 231 

"Shredder" invertebrates, and detritus forma-


tion 194 

Shrimps, feed on harpacticoid copepods 289 


eat nematodes 290 

Silica, diatom biomass 259 

Silkworm feces, and water hyacinth 325 

Silos, for degradation of compost 172-173 


multifloored, for composting 173 

vertical systems, for composting 172-173 


Silver carp, bacteria, digestion of 254 

blue-green algae, digestion discussed 
 280 

Chinese polyculture 243 

diatoms digested 253 

feeding preferences 250 

filter nanoplankton 252 

in fishponds 248 

gill plates 252 

in manure loaded fishponds 222 

in monoculture 356 

mucus to trap bacteria 82 


remove nanoplankton 269
 
oxygen requirement 260
 
phytoplankton and digestion 254
 
in Polish fishpond 259
 
production studies 266
 
yields in experimental fishponds 359,
 

360
 
yields in manured ponds 357
 

Silver carp-bighead carp hybrid, feeding
 
preferences 250-251
 

Silver crucian carp, facultative herbivore
 
313
 

Silver dollar fish, potential as cultivated
 
herbivore 314
 

Simple heap composting, in Europe and
 
USA 168-169
 

Simple heap systems, of composting 168
170
 

literature reviewed 169-170
 
Sinking rates 97
 
Slime discussed 30
 

in fishponds 218
 
formation related to nutrients in water
 

221
 
layers, revealed in EM photographs 9
 
material, and biomass errors 8
 
production discussed 28, 31
 

Small holding waste, system for composting
 
167-168
 

Snakehead, yield in manured ponds 357
 
Snakeskin gouramy, in aquaculture
 

culture in converted paddy fields in Thai
land 322
 

Sociceconomics, of research 
 381
 
Soil, role of macrofauna in con:posting 156
 
Solid state formation discussed 190-191
 
Solubles, presence in compost discussed 179

180
 
Sorghum, in experimental fishponds 358-360
 

low yields when used without manure 361
 
Sources and sinks, for detrital carbon 224

225
 
Stabilization ponds, algae recorded 
 257
 

sewage-fed high rate 242-243
 
Stable isotope a,.(' .,es, of manure, plankton,
 

detrital sediments, gut contents, fish
flesh, as work to be done reviewed 380
 

Statistical techniques discussed 235-236
 
Steele's model 237
 

discussed 145
 
Stocking rate, effect on yield 359-361
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Stratification, of carbon mineralization zones used in mainland China 318
 
34-35 conversion ratios in experimental ponds
 

in various water bodies 84-85 358-363
 
Straw, as bulking agent, during composting Sweet potato, used as fish feed 318
 

160 leaves eaten by grass carp 315 
conposting, pretreatment 167 "Symba" process for potato waste 183 
in fermentation 190 
sewage sludge, percentage fresh weight of
 

N, P and K tabulated 176
 
utilization 142 Taiwanese aquaculture discussed 215
 

Submerged fermentation 185, 187 Tambakan, in polyculture 243 
Subsistence ponis, human wastes 337 Tambaqui, may have potential as cultured 
Substrates, limitations of methane-producing herbivore 314 

bacteria 32 Tannins, as modifiers 136 
for microbial protein production 182 Target organisms in polyculture, food re
pretreatment 184 -185 source partitioning, opinions reviewed 

Succession, in algae 256-260 373 
in bacterial activity 114-116 Tatsao, Chinese term for certain plants of 
in terrestrial and aquatic environments Compositae family 324 

256 Tawes, herbivorous fish used in polyculture
Sugarcane trash, pretreatment for composting 243, 313-314 

167 Teeth, and diet in fish 314-315 
Sulfate, main anaerobic electron acceptor Temperature, and algal periodicity 257 

224 bacterial activity modifier 112 
concentration in pore water '13 in composting in and and semiarid climates 
Kysing Fjord, reduction of 41 156 
in Lake Vechten 42-43 and composting discussed 180 
in Lake Wintergreen '13 a composting parameter, optimums tabu

3 5 S-sulfate, and sulfate reduction 42 lated 164 
Sulfate-reducing bacteria 36, 39, 99-102 in composting process 156-157 

Desulfobacterpostgatei 39 and microbial activity discussed 53 
Desulfococcus niacini 39 and preferences of psychrophiles, meso-
Desulfovibrio 39 philes and thermophiles 154 -155 
Desulfurotronas acetoxidans 39 and removal of pathogens from waste
optimum redox potentials 101 water 342 
release of H-12S to atmosphere 110 time pattern in composting 156-158 
seasonal movements in Lakes 102 Temperate climates, earthworms role in com
sediment the primary habitat 101 posting 156 

Sulfate reduction, and carbon mineralization Terbutryn, effect on bacterial activity 114
89 116 

measured using molybdenum 43 Terrestrial and aquatic succession compared 
Sulfate zone, carbon mineralization 42-44 256 

in sediments 32 Terrestrial v"getation, use in aquaculture.
'Sulfureta', and green and purple sulfur bac- 311-335 

teria 106 use as fish feeds 318-319 
Sulfur cycle 89-90 Tetrazolium dye, used to detect respiring 

figured 90 bacteria 11 
in three habitats 90 Thermal death of pathogens, time dependent 

Sulfur cycle bacteria 99-106 factor 176 
Supplemental feeds, see also High protein Thermocline, bacterial numbers increase 

feed pellets, sorghum 96-97 
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and distribution of sulfur cycle bacteria 
101 


rhermophiles, temperature threshold deter-
mining activity 155 


Thermophilic stage, in composting 
 156-157 

Thiobacilli 94, 102-103 

"Three aquatic weeds" named 321 


processed before adding to fishponds 325 

Three phase pond rotation in Hungary 327 

Thymidine, and bacterial growth and produc-


tion 17, 62 

taken up by unattached bacteria 59 


Thymidine kinase, absent in some micro-

organiims 15 


Tilapia(s), adaptation to plant diet 317
 
carbon isotope concentration 226
 
culture discussed 216
 
digest green and blue-green algae 253 

may digest nonliving amorphous detritus
325
 
distribution 314 


feeding experiments with algae 255 

feeding preferences 251 

few attempts to culture macrophagous


forms outside native range 314 

in fishponds 248 

food shortages and population densities 


reviewed 376 

in manure loaded fishiponds 222 
use of microphagous ;orms in microbial 


food chains reviewed 370
 
microphagous forms remove nanoplankton
 

269
 
in monoculture 355, 356

in polyculture 2,43, 355 

structural adaptation to diet 314-315 

and transfer efficiencies 21 

tolerate low oxygen levels 260 

utilization of bacteria discussed 
 82 

various leaves eaten 315 

yields in experimental fishponds 359 

yields in manured ponds 357 

yields in waste-fed ponds could be in-


creased 270 

Toxic blooms, of blue-green algae 262-263 

Toxins, heat labile in Micrccystis 263 

Trace elements, monitoring 176 


in urban wastes 176 

Transfer efficiency 126 

Transfer loss, from one trophic level to 


another 297 


Translucent tanks, and competition between 
green and blue-green algae 266
 

Treebark, pretreatment for composting 167
 
Trichoptera, larvae as shredders 
 138
 
Tritiated thymidine, and bacterial growth 

rates and production 4, 14-15, 23
 
use discussed 29
 
see also Thymidine
 

Trophic dynamics, of particle-bound bacteria
 
54-82
 

Trophic model, of herbivore and decomposi.
 
tion subsystems figured 12u
 

Typhoid fever, in health risk model 
 346
 
and human excreta 341
 

UptaKe rates, for attached and unattached
 
bacteria 60
 

Upwelling, of deoxygenated water and fishkills 261
 
Urban organic waste, composition of 153
 
Urban refuse, composition of, from different
 

sources 166
 
pretreatment for composting 
 167
 

Urban wastes discussed 167
 
Urine, C: N ratio suitable for composting
 

tabulated 166
 

Utilization of wastes and green fodder, research topics listed 383
 

Vascular plants, aquatic, amino acids in 201
 
energy content 202
 

Vegetable and putrescible urban refuse, com
position of, from various sources tabu
lated 166
 

Vegetable wastes, percentage fresh weight of
 
N, P and K tabulated 176
 

temperature time patterns, when com
posting figured 171
 

Vegetable wastes and dung, percentage fresh
 
weight of N, P and K tabulated 176
 

Vegetation, grown for feed production re
viewed 376
 

Vibrios, in human excreta 
 341
 
Vitamins, and nutritional value of detritus
 

206
 
in microorganisms 206
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Viral diseases, transmission to man by det- ponds, used in 325 
ritivorous fish 343 Water melons, restriction of agitation in corn-

Viruses, composting process, role in 155 posting systems 162
 
described 155 Water quality, and fish kills 260-261
 
in human excreta 341 requirements of various fish 260
 
as pathogens in organic wastes 176 Water quality problems discussed 305-306
 

Volume, of bacteria and biomass calcula- reduced products in fishponds 40
 
tion 7 
 Water spinach, used in rotation of crops 327 

Weeds, use in fishponds 324 
Weeds and vegetable trimmi igs, pretreatment 

for composting 167
 
Waste-fed aquaculture, assessment of health Wheat straw, C:N ratio suitable for com

risks 343-347 posting tabulated 166
 
importance of algae 241 White oak leaf-packs, decomposition 134
 

Waste-fed fish culture, pond balance 263-268 Windrow system of composting 168-170
 
Waste-fed fishponds, bacteriology, lack of accelerated 170-171
 

knowledge discussed 369 automated 172 
basis of fish production not understood Wild rice, used in rotation of crops 327 

reviewed 369 Woodchips, as bulking agent in compost 160 
Waste processing, for production of feeds Worms, intestinal, as pathogens in organic 

reviewed 376 wastes 176 
Waste stabilization ponds, diurnal changes Wuchang fish, herbivore in polyculture 313 

111 
Waste-fed systems, in lquaculture 2,10-281 

production figures 309 Yeasts, in microbial protein production 183. 
productivity 265 184 

Wastewater, elimination of pathogens 342 world production 183 
Wastewater ponds, fish used tabulated 338 Yersiniasis, and human excreta 341 
Wastewater treatment, and aquaculture 336, Yields, from aquaculture ponds fed with 

337-339 human wastes tabulated 338
details of ponds tabulated 338 in Chinese polyculture 316 

Water, essential to composting process 160 from different feed and manure inputs to 
Water caltrop and chestnut, used in rotation fishponds tabulated 360 

of crops 327 high protein feed pellets, highest 360 
Water column, aerobic processes dominate 3 manure-fed systems 357 

habitat and conditions described 85-86 ponds used for wastewater treatment tabu-
Water cress, eaten by grass carp 315 lated 338 

used in rotation of crops 327 in polyculture manured ponds 362 
Water hyacinth, aquaculture systems so fed sorghum, lowest 361 

may be feasible 326 stocking rate 359-361 
C: N ratio suitable for composting tibu- warmwater fertilized and fertilized/sup

lated 166 plementally fed ponds discusged 375 
composting reviewed 377 water hyacinth fed aquaculture system 
cultivated in China 321 326 
feed, used as- 142 
fermentation, use in discussed 190 
grass carp, not favored by 315 
ponds, used in 325 Zooflagellates, graze on bacteria 22 

Water hyacinths, nighLsoil and leaves, com- Zooplankton, role of detritus as food 72 
posting in Thailand 169 Zooplankton feeding net, associated with 

Water lettuce, cultivated in China 321 bacteria 57 



Genera and Species Index 

Families and higher taxons are included in the general index. 

Acantholeberis, a bacterivore 70 

Acetovibrio 38 

Achromatium 103 


distribution figured 101 

Achromobacter 139 


in aquatic habitats 100 

in oxidations 96 


Achroonernasp. figured 93 

Acinctobacter 109 


in aquatic habitats 100 

Actinornucorsp. 184 

Aerornonas 109 


in aquatic habitats 100
 
aquatic heterotroph 95
 

Ageratum conyzoides, use in fishponds 324
 
Agrobacierium,in aquatic habitats 100 

Alatosposa acurninata 139 

Alkaligenes 108 


aquatic heterotroph 95 

in aquatic habitats 100 


Alternanthera,processed before adding to 

fishponds 325 


A. philoxeroides,in crawfish culture ponds 
326 


cultivated in China 321

Alteromonas, in aquatic habitats 100 

Anabaena, digestibility 253
 

digestibility by silver carp 254
 
feeding experiments on fish 255
 
periodicity 256 

persistent blooms 257 

sudden deaths 261 


A. 	 flos-aqtae, common bloom-forming species 

262 


Anacystis nidulans, doubling time 259 

Ankistrodesmus, digestibility to fish 
 255 


in sewage ponds 257 

Anabaenopsis, persistent blooms 257 

Aphanizomenon, blooms in southern France 


261 

periodicity 257 


Aphanizornenonflos-aquae, common bloom-

fonniug species 262 


Aristichthys nobilis 243 


in manured fishponds 356
 
oxygen requirement 260
 

Ascaris lumbricoides,in human excreta 341
 
Ascophyllum, experiments with nematodes
 

284-288
 
Aspergillus, various species 183
 
A. oryzac 184
 
A. terreus 184, 187-188
 
Aulosira, persistent blooms 257
 
Azotobacter 98
 

in aquatic habitats 100
 
A. chroococcum figured 93
 

Bacillus 99
 
in aquatic habitats 100
 
survive composting process 177
 

Bacteroides 37-38
 
Balantidiumcoli, in human excreta 
 341
 
Beggiatoa, colorless sulfur-storing grains
 

103-104
 
distribution figured 100
 

figured 93
 
Beneckea, in aquatic habitats 100
 
Brachionuscalvciflonis, as a bacterivore 71
 

Calanuspacificus,bacteria in fecal pellets 62
 
cellulolytiq.gut microflora, absence of 72
 
fecal pellet decomposition 69
 

Campylobactersp., in human excreta 341
 
Candida utilis 183
 
Capitellacapitata,in aquaculture systems 289
 

effect on bacterial growth 23
 
Carassiusaunitus, digestibility of Chlorella
 

254-255
 
growth and protein 205
 

Carassiuscarassius,facultative herbivore 313
 
Catla catla,herbivore used in polyculture 313
 

in Indian fish culture 243, 313
 
Caulobacter,in aquatic habitats 100
 
Cellulomonas 184, 186-187
 

410
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Celluvibrio 184 Ctenopharyngodonidella, Chine3e polyculture 
Ceratophyllum, food conversion ratios 316 317 

grass carp, eaten by 315 detritus discussed 215 
C. demersum, assimilation efficiency of tilapia digestibility of algae 255
 

316 herbivore in polyculture 313
 
Ceratium, digestibility 253 in manured fishponds 356
 

periodicity 257 oxygen requirement 260
 
Ceriodaphnia,a bacterivore 71 in sewage-fed ponds 338
 
Chaetomium cellulolyticum 184-186 Cylindrospermum,persistent blooms 257
 
Chanos chanos, as a filter feeder 252 Cyprinodon variegatus,algal toxins 262
 
Chlamydomonas, digestibility by fish 255 Cyprinus carpio, algal toxins 262
 

in eutrophic ponds 259 culture in wastewater ponds 33F 
feeding of silver carp 252 fishponds 248 
sewage ponds 257 grown in pond with vegetables 322 
stabilization ponds 257 growth with algal enriched diets 254 

Chlorella,digestibility by fish 255 low fat content when grown on manure
 
by goldfish 255 354
 
dominant at high nutrient loadings 258 mechanical stirring in pond, effect of
 
in eutrophic ponds 259 reviewed 372 
in sewage ponds 257 normally not a herbivore 313
 
in stabilization ponds 257 polyculture 243
 
temperature and succession 257 sewage-fed ponds 338
 

C. minulissima, feeding of silver carp 252 Cytophaga 184 
Chlorobium 104 in aquatic habitats 100 
Chlorococcum, digestibility by fish 255 
Chlorogonium, digestibility by fish 255 
Chromobacter 99 
Chromobacterium, in aquatic habitats 100 Desulfocbacterpostgatei 39 

Chromatium 104 Desulfobulbus 99 

Chydorus, a bactefivore 70 Desulfococcus 99 
Cir,-hinus molitorella,herbivore used in poly- D. niaciri 39 

culture 313 Desulfotomaculum 99
 
oxygen requirement 260 Desulfiromonasacetoxidans 39
 

C. nirigala, herbivore used in polyculture 313 Desulfonema 99 
Indian fish culture 243 Desulfosarcina 99 

Cladophom fracta, exceptional growth in a Desulfovibrio 39 
Michigan artificial lake 322 Diphyllobothriumlatum, in human excreta 

Clistoroniamagnifica, feeds on detritus 208 341 
Clonorchissinensis, in human excreta 341 Diplolaimella, in detrital systems 283 
Clostridium 37, 109 D. chitwoodi, in aquaculture systems 289 

survive composting process 177 and bacterial productivity 288 
C. magnum 38 nutrition experiments 284 
Coelastrum, digestibility by silver carp 254 D. shiewoodi, and bacterial productivity 288 
Coelosphaerium, digestibility by silver carp Diplolaimelloides,in detrital systems 283 

254 D. bruciei, size of buccal cavity 284 
Colossoma bidens, potential as cultured Distichlis spicata 200 

herbivore 314 
Corynebacteriurn, in aquatic habitats 100 
Crangon, feed on harpacticoid copepods 289 
Cryptomonas,color of fishpond water 254 Egeria densa, recycling of nitrogen and 

in Polish fishpond 259 phosphorus 318 
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Eichhornia crassipes,cultivated in China 321 


graqs carp, not favored by 315 

Eleocharisequisetides, in rice and f'sh ctlture 


322 

E. plantagenca,used in rotation of crops 327 

Elodca canadensis,utilization of crude protein


316 

Michigan artificial lake, exceptional growth 


in 322 

Endornycopsisfilbuliie. i.83 

Enlarnoebahystolvtica, in human excreta 


3,11 
Enterobacteraero;encs,carbon assimilations 


18 

Erwinia, in aquic habitats 100 

Escherichia 10) 


in aquatic lbitats 100
 
E. coii, in human excreta 3,41
Elroplus suraensis,potential for aquaculture 

31.1 

Eubosinina,a bacterivore 70 

Eudorina, periodicity 256 

Euglena 116 


digestibility by fish 255 

digestibility by silver carp 254 

in Polish fishpond 259 

in sewage ponds 257 

in stabilization ponds 257 


Eurytenora,as a bacterivore 71
 

Faciolopsis buski, in human excreta 341
 
Flavobacterium 99, 139
 

in aquatic habitats 100
 
aquatic heterotrophs 95 

in oxidations 96
 

Flexibacter,in aquatic habitats 
 100
 
Fucus, experiments with nematodes 
 284-288

Fundulus heleroclitus, and algal toxins 262 


Gammarus, assimilation efficiency 138 

G. minimus, feeds on detritus 208 

Giardia lamblia, in human excreta 341 

Gleotrichia,persistent blooms 
 257 

Gracilaria, mineralization to CO2 in presence


of nematodes 288 

Gracilariadetritus, energy contvnt 
 202 

Gymnodinium, sudden death 
 261 


Halimione, experiments with nematodes 
284-288
 

Helostorna tenzinncki, in polycuture 243
 
Hydrilla, eaten by grass carp 315
 
tfynenachne myunis, in rice and fish culture
 

322
 
flyphoinicrobium 108
 

figured 93
 
in aquatic habitats 100
 

ltypophlihalmichthysmolitrix, in manured
 
ponds 356
 

oxygen requirement 260
 
in polyculture 243
 
sewage-fed ponds 338
 
utilization of microorganisms in microbial
 

food webs reviewed 376
 

Ictaluruspunclatus,and digestibility of algae
255
 

in sewage ponds 338
 
Ictiobus cyprinellus, feeding experiments with
 

algae 255
 
llyobacler 38
 
Iponioca aquatica, used in rotation of crops
 

327
 
vegetable grown in pond with carp 
 322
 

Juncusroemerianus 200
 

Klebsiella 109
 

Labeo rohita, fish kills 261
 

herbivore used in polyculture 313
 
in Indian carp culture 213
 

Lanuinaria,decomposition 18
 
Lemna, anaerobic water 85
 
L. gibba, digestibility by grass carp 316
 
L. minima, in polyculture 318
 
L. minor, cultivation as green fodder for fish 

figured 321
 
cultured 319-320
 
digestibility by grass carp 316
 

Lemonneira aquatica 138
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Leptothrix 97, 108, 113 a K-selected species, an extreme example 
figured 93 259 

Limnocharisflava, vegetable grown in pond periodicity 257 
with carp 322 production studies 258, 266 

Liste?., in aquatic habitats 100 sewage ponds 257 
Lotus, in fish and macrophyte pond in China stabilization ponds 257 

322 sudden death 261 
toxin is heat labile 263 
yields in fishponds, increasing 270 

Al. aeruginosa, common bloom-forming
Macrobrachium,and fish culture 271 species 262 

polyculture discussed 53 Monodus, temperature and succession 257 
A.rosenbergii,in fish polyculture 356 Moraxella, in aquatic habitats 100 
Alacronionas 103 Mycobacterium 99 

distribution figured 101 Mylossoma argenteum, potential as cultured 
Megalobramaamblyccphala,herbivore used in herbivore 314 

polyculture 31.3 Ml. bidens, potential as cultured herbivore 
Mcrismopedia,diges-ibility by silver carp 254 314 

stabilization ponds 257 Mugil cephalus, feed on decaying macro-
Metynnis roosevelti, potential as cultured plytes 314 

herbivore 314 
Methanobacterium 98 
Methanococcoidesmethylutens 40 
Methanogenium 98 Nelumbo nucifera, grown with fish in a pond 
Methanolobustindarius 40 inChina 322 
Methanosarcinabarkeri 40,98 used in rotation of crops 327
Mlethylococlus 98 
 Nephtys incisa, in detrital systems 289Methylococcus 98 Nitrobacter 108 
Methylomonas 98 oxidizing nitrites in waste-fed ponds 376 
Methylophilus methylotrophus, a bacteria Nitrosococcus 107-108 

sold as "pruteen" 182 Nitrosomonas 107 
Methylosinus 98 Nitrospina 108 
Micractiniumn, in sewage ponds 257 Ntopn 0icrc u 97insegns Nitzschia, feeding experiments on fish 255Norcardia,in aquatic habitatsin aquatic habitats 100q 100

Noteinigonus crysoleucas, algal toxins 262Microcyclus, in quatic habitats 100 in sewage-fed ponds 338 
Microcystis, algal dominance 265 

'biological aerator', could he used for 271 
blooms 375 
conditions for permanent blooms 269-270 Ochrobium 113
 
conversion :-atio when eaten by Tilapia Oikopleuradioica, as a bactivore 71
 

discussed 280 Oncorhynchus, in sewage-fed ponds 338
 
digestibility 253 Oocystis, digestibility to fish 255. 
digestibility by silver carp 254 Oreochromis,microphagous member of genus 
distribution in Lake George 258 cultured outside native range 314 
doubling time 259 in sewage-fed ponds 338 
fed to fish 256 0. aurcus, feeding experiments with algae 
feeding experiments on fish 255 255 
and fish kills 291 feeding habits 251 
food for Nile tilapia reviewed 373 in fishponds 248 
a K-selected species 260 productivity studies 266 
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sewage-fed-ponds 338 

tropics, used widely in 243 


0. mossambicus,diatoms digested 253 

digestibility of bacteria 254 

digestion of detritus 207 

'eeding in Sri Lankan lakes 251 

polyc6t!fiir 243 


0. niloticus 243 

used in AIT's water hyacinth experiment 


325 

assimilation efficiency when feeding on 


blue-green algae 255 

compost-fed ponds, yield in 325 

digestibility of blue-green algae 254 

and Microcystis toxicity 262 

Nile tilapia, importance of, in algal com-

munity reviewed 373 

production studies 265 

in sewage-fed ponds 338 

used widely in tropics 243 

x 0. aureus hybrid, utilization of protein 


in macrophytes 316 

Oryza sativa, used in rotation of crops 327 

Oscillatoria,digestibility 253 


digestibility by silver carp 254 

persistent blooms 257 

in sewage ponds 257 

in stabilization ponds 257 


Osphronemusgouramy, herbivore used in 

polyculture 313 


Osteochilushasseltii,herbivore used in poly
culture 313
 

in polyculture 243
 

Pandorina,periodicity 256 

in stabilization ponds 257 


Pangasiusspp., can be fed soft vegetation 314 

Panicummaximum, as food for grass carp 


316 

Paspalumconjugatum, in rice and fish culture 


322
 
Paragonimuswestermani, in human excreta 


341 

Pediastrum,digestibility by silver carp 254 

Pedomicrobium,in aquatic habitats 100 

Pelodictyon 104, 109 

Pelonema sp. figured 93 

Peloploca 96-97 


Pelvetia, experiments with nematodes 284
288
 

Penicilliumjanthinellum 184
 
P. vericulosum 184
 
Pennisetur-s;)., cultivation figured 319
 
P.purpu.i.a,digestibility by grass carp 316
 
Peridiniumcinclum, eaten by tilapia 251
 
Phacus,digestibility for silver carp 254
 

in stabilization ponds 257
 
Phragmites 137
 
Pimphalespromelas,in sewage-fed ponds 338
 
Pigta statioles, cultivated in China 321
 

not favored by grass carp 315
 
Planococcus,in aquatic habitats 100
 
Procambarusacutusacutus, culture in USA
 

326
 
P. clarkii, culture in USA 326
 
Prochiodusplatensis 195
 
Propionigeniuonmodestuni 38
 
Proteus 99
 
Pseudonionas 108-109, 139, 184
 
inaquatic habitats 100
 
aquatic heterotroph 95
 
in oxidation ponds 96
 

P. aerugitiosa,alginate synthesis 64
 
Pseudosida,a bacterivore 70
 
Puntiusgonionotus, herbivore used in poly

culture 314
 
in p olyculture 243
 

Pyrobotrys,in sewage ponds 257
 

Rhabditis marina,size of buccal cavity 284
 
in decomposing kelp beds 283
 

Rhaphidiopsis,persistent blooms 257
 
Rhizophora mangle 200
 
Romeria 121
 
Rorippanasturtiurn-aquaticum,eaten by
 

grass carp 315
 
used in rotation of crops 327
 

Ruminococcus 37
 
Rutilus rutilus, facultative herbivore 313
 

Saceharomyces 183
 
Sagittariasagittifolia,used in rotation of
 

crops 327
 
Salmonella typhi, in human excreta 341
 
Sapium sebiferum 136
 
Scenedesmus, algal dominance 265
 

dominant at high nutrient loadings 258
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in eutrophic ponds 259 Thiovulum 103 
fed to lish 256 Tilapia, members of the genus feed on macro
growth oi '.J, 255 phyte.; '914 
in sewage ponds 257 Tilapia melanopleura,see 2'. rc-,dalli 
in stabilization ponds 257 Tilapia rendalli,assimilatior efficiency when 

S. quadricauda,digestibility for silver carp feeding on a macrophyte 316 
254 feeds on inacrophytes 314 

Suistosoinasp., in human excreta 341 protein in macrophytes, utilization of 316 
Scirpus americanus 200 T. sparrmaii, fecds on macrophytes 314 
Selenastrum, a green alga not taken by carp T. zilii, feeding in Lake Kinneret 251 

250 feeds on macrophytes 314 
Shigellaspp., in human excreta 341 feeding studies 253 
Spartina,and experiments with nematodes Tipuit. cbdominalis, digestioa of detritus 207 

284.288 Tisbe, in detrital systems 283 
S. alterniflora 136, 196, 200 in marina aquaria 369 

decomposition of stems 135 T. furccta, numbers inversely related to those 
S. cynosuroides 200 of nematodes 288 
Spartinadetritus, energy content 202 T. gracilis, a scavenging copepod 284 
Spatoglossurn schroederi 200 T. holothuriae, in aquaculture systems 289 
Sphaerotilus, in aquatic habitats 100 ingests ciliates 288 
Spirillumn volutans figured 93 Tracheiornonas,sudden death 291 
Spirodelapolyrrhiza 319-320 Trapa chinensis, used in rotation of crops 327 

utilizaticn of crude protein 316 T. natans, used in rotation of crops 327 
Spirulina,persistent blooms 257 Trichoderma iignorum 184 

conversion experiments with fish 255 T, (viride) reessii 184 
in stabilization ponds 257 Trichogasterpectoralis,in aquaculture 314 

Sporotrichumpulverulentum 184 culture in converted paddy fields in Thai-
StreptoInyccs 184 land 322 

in aquatic habitats 100 
Streptothrix, in aquatic habitats 100 
Synechococcu, doubling time 259 

in stabilization ponds 257 Uronerna, ciliate genus taken by copepods 
Synechocystis, in stabilization ponds 258 288 

temperature and succession 257 

Vibrio 99, 108-109 
Thalassia testudinum 200 in aquatic habitats 100 
Thermomonospora 184 aquatic heterotroph 95 
Thiobacilli,distribution figured 101 V. cholerac, in human excreta. 341 
Thiobacillus 102, 108 Volvariella volvacea 142 
T. denitrificans 102 Volvox, periodicity 257 
Thiobacterium 103 Vitreoscilla sp. figured 93 
Thiocapsa 104 
Thiomicrospira 102 
T. denitrificans 102-103 
Thiopedia 104 Water lettuce, not favored by grass carp 315 
T. rosea figured 93 Wolffia arrhiza,cultured 319-3 0 
Thioploca 103 cultivation as green fodder for fish figured 
Thiospira 103 321 
Thiothrix 97, 103 Wollea, persistent blooms 257 



416 

Xanthomonas, in aquatic habitats 100 
 Zizania latifolia, used in rotation of crops
X. campestris, xanthan synthesis 64 327
 

Zostera, detritus and meiofauna 289
 

Yersinia spp., in human excreta 341
 

Geographic Index
 

Rivers, water bodies and research institutes and universities are included in this index.
 

Antarctic, production of attached bacteria 65 

Amur, River, detritus and food of silver carp 


250 

AIT, see Asian Institute of'iPchnology, 


Bangkok 

Asian Institute of Technology, Eangkok, algal 

experiments 258 

aquaculture, feed supply review:d 375 

experimental work, suitability 380 

production studies 265 

water hyacinth and composting, reviewed 


377 

water hyacinth experiments 325 


Atlantic Ocean, production of attached 

bacteria 65 


Auburn, Alabama, die-offs of blue-green algal 

blooms 261 


Auburn University, aquaculture research 297 


Baltic Sea, heterotrophic bacteria 100 

Baltimore Harbour, heterotrophic bacteria 


100
 
Bangkok (ako see Asian Institute of Tech

nology), AlT, feed supply in aqua
culture reviewed 375
 

Bay of Fundy, bacteria bound to particles 56 

b a c te ri al ce l l s i z e s 6 1 

bacterial studies 59-60 


Bear Brook, energy fluxes 127-128
Beira Lake, persistent algal blooms 257 

Bungirakepersistet aatureoms
wild iDor,
Bung Boraped Lake, capture of wild fish 


figured 328 


Cape Lookout Bight, high methane produc
tion 45
 

Central Luzon State University, suitable for
 
experimental work 390
 

Chesapeake Bay, heterotropliic bacteria 100
 
China, carp, asphyxia of 261
 

composting of organic waste 169
 
composts, the use of discussed 180
 
fish and plant crop rotation 327
 
fishponds, use of green manure and com

post 3
 
research into prodactivity, a priority 381
 

Constance, Lake, attached bacteria, produc
tion of 65
 

bacteria bound ta particles 56
 
bacterial cell sizes 61
 

Constance, University, fermentative bacteria,
 
success in isolatiag 38
 

sulfate-reducing bactria, work done 39
Crooked Lake, attached bacteria, produc
tion of 65
 

Dee, River, heterotrophic bacteria 100
 
De n m a r , c a r o t on i e di 4 6 ,
 
Denmark, carbo oxidation in sediments 46,
 

H7
Dong Hu, Lake, eutrophication 257
 
Israel (Fish and Agricultural Station),
fishponds, manure-fed, experimental
 
tests carried out in 356-361
 

fishponds, production 224
 
manure loaded ponds 219
Calcutta, fish kills in Hanakhali sewage fishery suitable for experimental work 380
 

261 
 tilapia culture discussed 216
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England, aquaculture use of sewage 338 bacterial cell sizes 61 
detritus type 200 studies of 14 C, figured 63 

Europe, simple heap composting systems ICLARM, and experimental work 380 
168.169 India, aquaculture, usc of sewage in 338 

yield of compost from urban refuse 175 culture of traditional fish 243 
Indonesia, aquaculture, use of sewage in 338 
Institutions, suitable for experimental work 

380
Federal Republic of Germany, composition Israel, anoxic sediments in fishponds 220-221 

of domestic sewage 340 aquaculture, use of sewage in 338 
Florida Bay, detritus sarnple 200 development of polyculture 244 
France, caip mortality 261 Do:- Fish and Aquaculture Station, suitable 
Fraser River, bacteria bound to particles 56 for experimental work 380 

set also Dor 
grass production in ponds 246 

Georgia, detritus type 200
 
Georgia coast, bacterial cell sizes 61
 
Georgia Lake, distribution of Microcystis 258 Japan, composition of domestic sewage
 

filter-feeding fish, studies 253 tabulated 340
 
Germany, culture of carp in wastewater ponds bacteria, heterotrophic 100
 

338 marine shrimp production 299
 
Great Sippewissett Salt Marsh, bacteria bound Java, polyculture 243
 

to particles 56
 
Greenland. carbon oxidation in sediments 46,
 

47
 
Guangdong Provincc, China, cultivation Kiel Bight, bacteria bound to particles 56
 

figured 319 Kinneret Lake, feeding of tilapia 251
 
Gulf of Alaska, heterotrophic bacteria 100 Kysing Fjord, reduction process 41
 
Gulf Stream, bacteria bound to particles 56
 

Laguna Bay, milkfish pen system 252 
Hanakhali sewage fishery, fish kills 261 Lanao, Lake, production studies 245 
Hawaii, polyculture discussed 53 Lawrence Lake, partitioning of primary

University, aquaculture research 297 production 127 
Hong Kong, bacteria, heterotrophic 100 Linfjorden, rates of nitrogen cycling 46 

fishponds, use of weeds in 324 Little Sippewissett Salt Marsh, bacteria bound 
fishponds, mortality in 261 to particles 56 

Houghton County, detritus type 200 Long Island Sound, detritus sample 200 
Hudson River, production of attached bac

teria 65 
Humber River estuary, bacteria bound to 

particles 56 Madras State, gross production in ponids 245 
Hungary, ponds, three phase rotation 327 Malaya, use of "hinese carps 318 

Malaysia, aquaculture pond production and 
chicken manure effects tabulated 23 

Mendota, Lake, bacteria bound to particles 56 
Ice House pond, attached bacteria, produc- bacterial cell sizes 61 

tion 65 seasonal changes ofheterotrophs 112 
bacteria bound to particles 58 zooplankton and bacteria 127 
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Michigan, Lake, hazards of eating fish caught 
in Lake 342 


Mississippi, detritus type 200 

Mosso, Lake, bacteria bound to particles 56 


Nagpur, fish kills in ponds 261 

New York Bight, bacteria bound to particles 


56 

bacterial growth rates 62 

production of attached bacteria 65 

turnover of detrital carbon 69 


Newport, River, bacteria .)ound to particles 56 

North Carolina coast, bacteria bound to par.


ticles 56 

North Inlet Marsh, bacteria bound to particles 


56 

North Sea, denitrification in sediments 108 


Steele's energ, budget figured 126 

Norway, salmon aquaculture 237 


Pacific Ocean, production of attached bacteria 

65 


Palo Alto Salt Marsh, bacteria bound to par-

ticles 56 


Perdido Bay, heterotrophic bacteria .100 

Poland, use of sewage in aquaculture 338 

Portage Lake, detritus 201
 

detritus figured 19
 
Puerto Rico trench, heterotrophic bacteria 


100 


Rhode River Estuar., production of attached 
bacteria 65 


Riachuelo backwater 195 


Scripps Pier, production of attached ba-teria 65 

Sibaya Lake, detritus type 200
 
Skagerrak, rates of nitrogen cycling 46 

South Carolina coast, bacteria bound to par-


tiles 56 

bacterial cell sizes 61 


South Carolina University, aquaculture re-

search 297
 

Southeast Asia, chironomids used in hatch-
eries 369 

S riee o9 cWintergreen,
Sri Lanka, feeding of Oreochromzis in man

made lakes 251
 
mortalities in eutrophic lake 261 


St. John River, heterotrophic bacteria 100
 
Straits of Georgia, bacteria bound to particles
 

56
 
Sweden, potato waste process 183
 
Switzerland, detritus type 200
 

Taiwan, aquaculture, use of sewage 338
 
inorganic fertilizers 248
 
milkfish culture in "deep" ponds 252
shrimp culture systems discussed 53
 

Tasmania, Achromtiutm in a meromictic
 
lake 10-1
 

Texas, University, A and M, aquaculture
 
research 297
 

Thailand, aquaculture, use of sewage in 338
 
composting of nightsoil, water hyacinths
 

and leaves 169
 
Chinese carps, use of 318
 
gross production in ponds 2,16
 
production of a prawn pond 21-22
 
snakeskin gourami culture 322
 

Thames River, energy fluxes 128
 
transfer efficiency 127
 

Traprock River, detritus figured 195
 
Tropics, compost material 165
 

compost, poor use of 177
 
yield from simple pit system 174 -175
 

Tsalmon Reservoir, feeding of tilapia 251
 

United Kingdom, composition of domestic
 
sewage tabulated 3.10
 

USA, aquaculture, use of sewage 338
Beltsville process ofecomposting 170-171
 
compsitio of omsti g tabuate
 
composition of domestic sewage tabulated
 

340
 
freshwater crawfish culture
research into productivity 326
a low priority381 

simple heap composting 168-169
 

Valencia Lake 195
 
detritus, and type 200, 201
 
digestion of detritus by fish 2C7
 

Vechten, Lake, bacterial numbers figured 44
 
sulfate concentrations 42, 43
 

West Germany, aquaculture, use of sewage 338
Ws emnauclue s fswg 3
 
Lake, sulfate concentrations 42
 

York River, bacteria bound to particles 56
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