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ABSTRACT

Closed ecological systems (CES) are gas-sealed

microcosms. One-liter CES have been shown to maintain life

in a consistent manner for over 25 years (Folsome and

Hanson, 1986).

Operationally: stability was defined as a constant

total biomass (live plus dead organic material) for a period

exceeding one turnover of all carbon pools.

CES differing solely in total concentrations of carbon

(30-150 roM), nitrogen (4-13 roM) and phosphorus (0.3-0.9 roM),

or in a fundamental aspect of configuration (i.e., gas-open

versus true materially-closed microcosms), were compared to

determine: 1) which systems attain a stable state; 2) how

biomass levels varied relative to material composition; and

3) whether a given stable biomass concentration was related

to some unique set drawn from other parameter-def ined

relations.

Twenty-seven of a total of 28 CES prototypes achieved

stabili ty in about 60 days. Stable biomass-C levels

(typically 10-40 roM) could be described solely as a linear

function of the total C concentration. Limiting N

concentrations depressed expected biomass levels, whereas

limi ting P conditions caused an increase in biomass.
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Limitations in Nand P coincided to those predicted by the

Redfield biomass C:N:P ratios (106:16:1).

Various parameters measured in stable CES, such as

detrital-C, live-C, carbon production, respiration,

chlorophyll-a concentration, viable counts, and

heterotrophic substrate range, were differentially affected

by total C, N, and/or P concentrations. Furthermore, for a

given radiant energy flux and comparative physical

conditions, data showed no unique level of stable biomass,

nor was a given biomass level indicative of some unique

parameter-defined system configuration.

Gas-open systems were similar in most attributes to

closed systems except for about a 2- to 6-fold relative

increase in detritus, fluctuating biomass levels, and longer

time periods necessary for stabilization. These data

suggest that laboratory-scale material closure may

facilitate ecosystem stability.

Overall, results suggest that CES prioritize the

establishment of some characteristic bioelemental pool

structure over that of energy flux or efficiency of energy

utilization. Results also indicate that it should be

possible to predictably scale-·up small CES as regards

technological applications.
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CHAPTER I.

BACKGROUND

1.1 Summary of Closed Ecological System Research

A closed ecological system (CES) is a gas-tight or

sealed form of the more familiar laboratory microcosm. It

contains a gas and aquatic phase plus Iive organisms and

associated organic material. Energy is supplied by an

external radiant energy source. A CES is energetically

open, but materially closed, to exchange with surrounding

systems.

Initial experiments with closed ecological systems had

models that were constructed using 25:25:50 (by volume)

ratios of biologically active carbonaceous marine sediments

to seawater to air (Kearns and Folsome, 1981,1982; Kearns,

1984; Folsome and Hanson, 1986). CES have been observed to

stabilize and to remain alive on the order of decades: 1)

visually by their green color; 2) by the existence of a

constant elevated gas-phase oxygen level; and 3) by

continuous gas-phase 14_C0 2 fluctuation, determined over a 5

year period using a protocol that included an in place

MUller-Geiger tube (reviewed by Folsome and Hanson, 1986).

In Kearns' research (1984) total biomass accumulation

(live + dead reduced carbon) and net community production

rates were generally estimated from changes over time in

1



gas-phase oxygen, determined by gas-chromatography. The

emphasis was on dynamic state changes; aspects of how CES

develop after closure or move due to some perturbation.

The data that were generated allowed hypotheses to be drawn

regarding material cycling linkage, quantum efficiency, and

certain thermodynamic entrophic processes (Kearns and

Folsome, 1981).

Obenhuber (1986) and Obenhuber and Folsome (1984)

introduced the use of chemically defined CES, mUltiple

replicates, and a non-destructive technique to measure total

night-time respiration on a daily basis. This facilitated

the examination of a system without perturbation. Chemically

defined CES used a modified standard mineral algal medium,

and inocula composed of different combinations of laboratory

algal mono-cultures (gnotobiotic system). The inoculum was

added at a very low concentration ("mass-insignificant

inoculum") such that its total carbon (C) on a molar basis

was only a few percent of the system's total initial C. The

purpose of this was to expedite the quantification of mass

budgets.

Obenhuber ( 1986) was concerned with two areas. The

first was to find a metric based on total biomass and/or

respiration that could be used to predict CES persistence,

or how long a CES would remain alive. This was done with an

eye toward future long-term manned space flight. It was

reasoned that in the future, CES research would provide a

2



general means to evaluate: (1) how long a particular

materially closed bioregenerative system would take to

stabilize~ (2) how long it could be expected to operate at

some given level of performance ~ and ( 3) what indicators

would be relevant to gauge its' overall operational status

once in operation. Obenhuber's second concern was to study

the effects that inoculum biocomplexity had on establishing

a successful CES. This topic was approached by adding

together increasing numbers of laboratory algal mono

cultures.

Obenhuber (1986) used 7 different prototype systems.

Only the one that was the most diverse biologically showed

signs of a potentially persistent system. He calculated that

this system would theoretically live for a minimum of 6

years. After this system stabilized, the amount of total

biomass C and respiration rate were significant relative to

initial bioelemental pools. By sUbtraction, it was shown the

remaining inorganic C pool had turned over about 15 times

during a 200 day post-closure observation period. These

important data indicated that the reasons a sealed microcosm

remains alive for a long time may include complete C

recycling. This supported certain of Folsome' s ideas

concerning persistence. Thus, a CES appeared to be

materially closed in an ecological as well as a physical

sense. Furthermore, it was apparent that CES do not reguire

relatively large inorganic buffers or non-reversible

drainoff from preformed organics.
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Obenhuber's data (1986) in gnotobiotic CES also

indicated that total biomass stability and respiration

stability were linked; only the system with a demonstrated

constant biomass also showed a constant night-time

respiration.

1.2 Scope of this Dissertation

This dissertation is concerned with comparative aspects

of the internal energetic/material organization associated

with the stable state in CES. The topic of whether systems

that differ relative to their abiotic given conditions

exhibit common patterns or make similar concessions in order

to achieve a stable state will be examined. Data will be

presented characterizing stability in some 30 different CES,

20 of which had identical initial biological potential and

radiation input but differed in total system bioelemental

composition. Preliminary experiments established a

biologically complex, but mass-insignificant inoculum based

on naturally derived or non-gnotobiotic origins. This

configuration was used in conjunction with chemically

defined media developed for ecosystem growth and maintenance

under the specific demands of material closure. One

objective was to develop an optimal model system to test a

hypothesis regarding the nature of stability in CES and also

for future CES research.

This was also the first time that behavioral aspects of

C and nitrogen (N) unlimited gas-open microcosms were

directly compared to CES.

4



CHAPTER I I •

INTRODUCTION

2.1 In vitro Microecosystems

The earliest pUblished scientific interest in

microcosms was in 1850, according to Beyers (1964). The so

called idea of the "balanced aquarium" was a self

perpetuating, sunlight driven system that would support

fish, plants and microbes in a few gallons of water. The

system theoretically required only sunlight without any net

inputs of food, carbon dioxide or oxygen, 0:;:- removal of

other by-products. A hundred years later Atz (1949) noted

that all attempts to construct a balanced aquarium required

the input of food and he seriously questioned whether

gaseous balance was achieved. He concluded that the concept

of a continuous in vitro microecosystem was a myth.

Modern interest in microcosms sterns from the work of

Odum and his students starting in the 1950s (Odum and

Johnson, 1955; Odum and Hoskin, 1957;1958; Beyers,

1962ai1963a;1963b). The papers initiated a rigorous

approach to the use of (gas-open) microcosms as laboratory

models. Observed trends toward stabilization allowed Odum to

argue that the concept of the balanced aquarium was

essentially valid once metabolic expectations were scaled to

the proportions of the culture vessel (Odum and Johnson,

1955).
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2.2 Gas-Open Microcosms in Ecological Research

A microcosm can be defined as a physical model ranging

from a single process to all processes in total occurring

within a natural ecosystem in a particular or in a generic

sense. Microcosms are cultured under experimentally

controlled conditions. They have been shown to be replicable

( Abbott, 1966; Isensee, 1976; Giddings and Eddlemon, 1979).

Thus, this approach allows parallel treatment protocols;

single variables theoretically can be isolated and mUltiple

hypotheses tested.

Batch-type microcosms are maintained under a controlled

laboratory setting and are generally under a few liters in

size. Larger ones (>100 liters), termed mesocosms, are

artificial ponds, which on occasion are cultured out-of

doors to include the effects of seasonality on various

processes ( Odum et ale I 1963). Very large enclosure

experiments allow the inclusion of intact populations of

larger grazers and more approximate in situ conditions,

while still minimizing to some degree variations in sampling

due to avective processes ( reviewed by, Davis, 1981).

Odum's group worked primarily with batch-type

microcosms where only gaseous exchange with the surroundings

occurs. Flow-through microcosms are semi-chemostatic in

design and allow the researcher more latitude in external

inputs.

6



since CES of Folsome's laboratory are in some respects

a special case of the small batch-type microcosm, the

following dicussions of microcosms will be limited mainly to

this type of construct.

Early experiments with gas-open, batch-type microcosms

concerned such basic areas as productivity relationships,

stability, metabolism, resiliency to perturbations, and

aspects of succession (Beyers, 1962; Abbott, 1966;

McConnell, 1962; Cooke, 1967; Isensee, 1976; Giddings and

Eddlemon, 1979; cairns, 1979).

A number of early experiments, termed artificial food

chain studies by Cooke (1977), looked at the accumulation of

added xenobiotics (Rienert, 1972) or the degradation of

radio-labeled organic compounds (Metcalf et al., 1971) in

semi-gnotiobiotic systems by the various trophic groups 

algae, protozoa, and metazoan grazers.

The trend more recently in this type of experiment has

been to directly examine trophodynamic interactions. Some

topics that have been addressed include: the effect of

nanoflagellate grazing on bacterial growth rates (Painting,

1989) i aspects of C bUdgeting and partitioning (Bratbak,

1987); and some aspects involving N and phosphorus (P)

limitations and cycling (Whittaker, 1961; Heath, 1979 ).

Laboratory studies like these generally accord to field data

that indicate high oceanic microbial turn-over rates (Laws

et al., 1984; Sahlsten, 1987) and the important role of a

7



microbial loop in nutrient recycling to primary energy flow

in pelagic waters (Pomeroy, 1984). Larger volume systems

(>400 I) have permitted study of microbial-macrofauna and

fish circuits ( Roman et al., 1988). Systems like these can

addrcss the debate ( cf., Sherr and Sherr, 1987; Ducklow,

1987) of whether microbial transfer loops function as either

a sink that eventually dissipates the free-energy of

dissolved organics (Ducklow et al., 1986) or a link that

concentrates these organics and makes them available to

higher trophic levels ( Azam et al., 1983).

Microcosms were also seen as a way of addressing

abstract issues in ecology and have been employed in

advancing more esoteric theoretical topics such as Linear

Systems theory, (Heath, 1979); Information theory, (Patten,

1963); aspects of Darwinian evolution, (Rashit and Bazin,

1987): and thermodynamic transformity, (Odum, 1986). An

interesting practical application of microcosms has been to

directly compare two or more assays for a similar parameter

on a single system (Oviatt et al., 1986b: Bender et al.,

1987).

Regarding application to a specific natural ecosystem,

some mathematical limitations, (Hill and Wiegart, 1980);

general uncertainties t (King, 1979): and the plain lack of

an empirical data base on the properties of microcosms, (

Whiterspoon et al., 1976), have been discussed. Cairns

(i979) noted that a reduction in size was not accompanied by
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a corresponding reduction in complexity, and that it would

be a mistake to view a microcosm as a simple system. These

authors recommended caution in applying laboratory results

directly to the field.

In contrast, other researchers have reported that

microcosms make satisfactory models for a variety of

ecosystems ranging from small ponds (Giddings and Eddelmon,

1979), streams (McIntire, 1968), estuary benthos (stacey and

Marcotte, 1987), and terrestrial soils (Bentjen et aI,

1989).

The school of thought, more in line with those of C.E.

Folsome and also H.T and E.P Odum, views a microcosm as lIa

unique ecological unit in its own right,1I (Isensee, 1976).

Heath (1979) defined a microcosm as "an analogue of a

natural ecosystem" that can be rigorously studied in the

abstract sense. Microcosms were considered to be holistic

(in contrast to reductionistic) models that can be used to

explore basic (Brockway, 1979) and theoretical (Heath,

1980) aspects of ecosystem structure and function. Beyers

(1964) saw microcosm research as a way to "isolate a

functional unit of ecology," free from the problems of

uncertain boundary conditions that in the end always must

hamper any rigrous ecological study. As will be discussed

below, CES take Beyers' idea (1964) one step further, since

all boundaries, even those involved in gas-exchange are

defined in aCES.
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The early expectation that microcosm research would

bridge the gap between syn- and aut-ecology (Whi ttaker ,

1961) ushering in a new era of true deductive ecology, has

yet to be realized. with the exception of Folsome's CES

research, the holistic or abstract school of (open)

microcosm research fizzled out in the early 1980s, without

leaving behind a distinctive coherent body of literature.

Research in the last decade has served only to follow behind

field-derived trophodynamic theory, or has gone the more

utili tarian environmental path in using microcosms as

complex incubators to study the fates of xenobiotics

(Harris, 1980; Draggan and Giddings, 1978) or genetically

engineered organisms (Bentjen et al., 1989; Scanferlato et

al., 1989).

2.3 Closed System Biology

There are three reasons why the study

ecological systems (closed microcosms) is a

consideration:

of closed

topic worth

1) A CES on a physical level is ~h~rmodynamically closed.

Materially closed systems are those that exchange only

energy with other encompassing systems, termed the

surroundings. CES are the only biosystems (except for the

whole biosphere itself) that are truly materially closed.

CES thus, are unique models to investigate many aspects of

ecologic phenomena associated with material/energetic fluxs

in terms of an underlying thermodynamic basis.
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2) In order for a CES to persist, eventually its

constituent bioelements must completely recycle. Research

in CES will uncover some of the basic paradigms needed for

a systematic approach toward the construction of artificial

ecosystems. Man-made bioregenerative systems can be for

human space exploration and colonization, or for the

preservation and study of endangered habitats on earth, such

as with the Biosphere II project in Arizona (Allen and

Nelson, 1986). Ecological engineering will also have

ramifications regarding waste-treatment, bioreclamation, and

other aspects of resource management.

3) CES are autonomous ecosystems with highly defined

boundaries. As a class of microcosm, CES offer a laboratory

scale physical model for various ecological processes. The

pressing need for a global-level theory of ecology has been

discussed by Botkin (1982). Under closure, biologically

mediated internal material/energetic cycles are driven

solely by an external radiant energy flux: CES thus can be

considered as a simplified analog of the biosphero and CES

research should have some part to play in the ongoing

attempts to create a science of the Earth. The

demonstration of persistence in CES, for example, has proven

that an independent material recycling ecosystem can exist

without requiring a planetary scale (Kerns and Folsome,

1984~ Obenhuber and Folsome 1986).

11



2~4 Terminology

There are a number of terms in ecological usage that

are nested concepts. Bradbury et al. (1986) have discussed

that before a formal mathematical definition can be given,

abstract issues in ecology must be worked out in the realm

of language. The following is a list of central terms that

require a statement of their usage in this dissertation.

These terms will be expanded upon in the course of

discussion.

1) Equilibrium and Steady-S"tate:

These have a precise thermodynamic definition and will

not be used in a colloquial sense relative to ecological

matters.

2) stability and Persistence:

These are ecological terms and are in some ways

parallel concepts to steady-state.

3) Diversity and Complexity:

Diversity relates to number of species and complexity

to the intensity of their interactions.

4) Order, Organization and structure:

The term order is used in a quasi-thermodynamic sense

to evaluate the amount of energy that went to build an

ecosystem or "the amount of energy necessary to maintain it

against the natural direction of entropy relative to its

12



overall dimensions. structure relates to the absolute and

relative composition of material pools. Organization

concerns the gradients and partitions of the total

material/energetic coupling and configuration.

5) Energy Efficiency:

This will be used, initially, after that of Odum

(1969) to signify the amount of structure or biomass that a

system supports per unit of energy flux. The term is

sensitive to the efficiency of transfer of energy from one

trophic level to another, which is reminiscent of ATP yield

per unit of substrate (YATP concept) at the organismal

level.

Energy efficiency has been sometimes equated to quantum

efficiency; the ratio of photosynthetically active radiation

relative to the magnitude of carbon fixation. This is not

very informative. The relationship between light intensity

and photosynthesis for algal mono-cultures shows a well

known saturation curve (Harris, 1978). Thus, the mechanisms

that regulate carbon fixation ( d , e., chemical energy

capture) may be more important to an ecosystem 's

organization than the mechanisms that maximize carbon

fixation. Excess chemical energy may have to be burned off

in futile cycles, such as photorespiration, or less

efficient food-chain transfers.
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CHAPTER III.

LITERATURE REVIEW 1: CLOSURE AS A UNIQUE RESEARCH TOOL

3.1 Biology and Nonequilibrium Thermodynamic Theory

Ecology is a young, data-rich science with a
weak theoretical base. Except for well
defined concepts in biology, such as
biological limits (e.g., Liebig's Law of the
Minimum), and population dynamics, ecology
offers little theory to allow one to predict
future system functions or states.
Thermodynamics, and in particular
nonequilibrium thermodynamics, appears to
offer ecology a framework for the development
of such a theory (Schneider, 1988).

The field of nonequilibrium thermodynamics (NET) was

created to specifically address the behavior of systems that

are displaced from thermodynamic equilibrium due to a

constant external energetic flux. These systems become more

ordered over time by deflecting their entrophic debt to

surrounding systems. Eventually steady-state is achieved.

Steady-state is the dynamic analogue of thermodynamic

equilibrium - the value of the system properties become

fixed and time independent (Nicolis and Prigogine, 1977).

Systems that are complex, autocatalytic and self

regulating have been designated as a special (non-linear)

class of nonequilibrium system - "dissipative structures."

These are believed to possess "emergent properties il not

predictable by a knowledge of first principles (Nicolis and

Prigogine, 1977; Matsuno, 1978). Biological systems are

considered a type of dissipative structure.
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formulate all types of biological observations - from cell

architecture to evolutionary processes in the more rigorous

terminology of physics has been going on for a number of

years (reviewed by Collier, 1988).

Dissipative structures operate "far-from-equilibrium. II

Here, steady-state is believed to be characterized by a

maximal production of entropy against the surroundings. The

magnitude of this entropy production has been sometimes

reasoned to be an indirect reflection of the internal order

(neg-entropy) of the system. And thus, a number of authors

interested in ecosystem organization have approximated

external entropy production to respiration (Zotina and

zotin, 1982; Kearns, 1984). This implies that an ecosystem

with a high respiration rate would tend to be the more

ordered (this notion will be challenged in Appendix A,

below) •

3.1.1 Problems in Applying NET Theory to Biology

There are two major problems in formulating biological

topics in terms of NET. One concerns the qualitative nature

of biology. There is generally little firm footing in

physics (or even biology) to make the statement that one

organism, ecosystem, or DNA sequence, is more advanced

(ordered) than another. As a quantitative measure, authors

have turned to various forms of Information Theory

reviewed by Brooks et al., 1988). Theories such as those of

Shannon and Weaver (1949) have equations that are
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mathematical analogs to ones in thermodynamics and they

often borrow some of the terminology, such as the term

entropy. Yet these theories are just that - analogs of

thermodynamics, and as such do not have any true meaning in

physics (Atkins, 1987). Therefore, because biological

systems are informational processing systems whose purpose

appears simply to reproduce themselves, they have no easy

analogies to the rest of the physical or man-made universe.

The other problem in applying NET is that most

biological systems are materially open, a configuration not

normally considered by any branch of thermodynamic theory

(Atkins, 1987). A thermodynamically closed system exchanges

only energy and entropy with surrounding systems; this

applies to Carnot engines, chemicals reacting in a beaker,

and planets and stars. Materially open systems have more

freedom to change extrinsic properties. Prigogine (1980) has

offered mathematical equations regarding entropy production

in open systems, but this is still a large hurdle to

overcome (c. f. Landsberg, 1984; Brooks et al., 1988; Volk

and Barrow, 1990).

CES are important because they offer the only model

system for biology, ecology in particular, that is

thermodynamically closed.

Certain areas of NET have proved quite useful in

developing some theoretical basis to generate research

priorities for CES. Morowitz (1968) proved that for any
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type of materially closed system initially at equilibrium,

an applied external energetic flux must cause at least one

internal material cycle to occur. Folsome and Hanson (1986)

evoked the equations of Onsager (1931) to explain aspects of

material cycling. Onsager postulated that in a closed,

equilibrium displaced system, there must be a reciprocal

sYmmetry involving the interactions of all forces (such as a

gradient in chemical potential) and their conjugate fluxes

(the diffusion of a chemical species). SYmmetry implied to

Folsome's group that if one bioelement (C in particular)

could be shown to be cycling then all bioelements must also

be cycling at some constant coupling ratio.

At this point in time NET should be viewed as an

intellectual scheme to ask questions in CES research, but it

should not be relied upon solely, or in place of, analysis

grounded in ecology itself. NET may some day provide the

mechanistic scheme to complement ecology, in the way that

Mendelian genetics complemented and refined Darwinian

evolutionary theory. To proceed in this direction, research

topics must first be generated at a level commensurable to

present ecologic interpretation. This dissertation will

address the question of whether operationally-defined stable

CES can exist at different structural and organizational

configurations (as a function of C,N, and P), when radiant

energy and initial biologic potential are constant. These

data will allow a preliminary analysis of what principles

are important toward the organization of these
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microecosystems regarding carbon pool sizes and ratios,

ranges of carbon and energy fluxes, and efficiencies.

The concepts of stability and persistence in ecology

have some obvious analogy to thermodynamic steady-state.

The questions that need to be addressed in the future

involve how closely from an ecological perspective do CES

seem to conform to predictions garnished from NET. Since

both thermodynamics and ecology are empirical sciences, the

first step must be the generation of a larger data base

concerning the nature of stability in CES.

3.2 Bioregenerative Space Life Support

The history of bioregenerative systems goes back to the

dawn of the space age, and has involved a loose

confederation of industry, government agencies, and

academics. It was recognized at the inception that the

problems involved in keeping people alive and well in space

presented an entirely new set of conditions (Meyers, 1963).

Due to payload limits and the practical complications

involved with either stocking large amounts of non-renewable

life-support necessities or attempting to resupply these

while in space, it was deemed that a system closed to

material exchange was the only option. This system must

recycle food, wastes, gases, and associated materials, (riard

et al., 1963; Odum, 1963; Taub, 1963; Botkin et al., 1978;

Richards, 1981).
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Taub (1974), in reviewing the then-current state of

affairs, noticed that research in bioregenerative systems

fell into two basic schools of thought. One was the

engineering approach, exemplified by NASA's Closed

Ecological Life Support program (CELSS), which included

chemical, fermentative, sanitary, and mechanical engineers,

botanists, biologists and food scientists. The other was the

Holistic approach represented by ecologists and

microbiologists. The strategy of the first group was to

def ine the complete system that would be needed into

individual components. various research teams have worked

on different sUb-systems. When perfected it was expected

that all sUb-systems would be mechanically linked together

and externally regulated into a coherent whole.

The holistic approach basically viewed the whole as

greater than the sum of its parts. This strategy was to

study complete laboratory ecosystems microcosms. The

first priority was to understand the ecologic regulatory

processes that integrated separate functions so that

eventual scale-up procedures could be conducted on a more

empirical basis.

By 1966 it was estimated that 30 million dollars had

been spent on photosynthetic bioregenerative research (Taub,

1974) . Research and funding is presently intensifying as

America plans for space station Freedom (Humphries et al.,

1990) and Lunar Base (Cullingford and Schwartzkopk, 1990)
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within the next 5-20 years. As Taub (1974) once pointed out,

and with few exceptions is still true today, no

bioregenerative research actually involved models that were

materially closed. Closure was considered something to be

tacked on at the end.

3.2.1 The Engineering Approach to Life support

In general, the sUb-system approach has tended to

generate an increasingly greater number of further internal

sUb-divisions, as problems and limitations in sub-system

components became more apparent and as a greater

sophistication eventually grew as to the complexity of

linkage and regulation. Whereas in the late 1970s the whole

system was envisioned to include about 5 sUb-systems, recent

plans have identified over 20.

The tendency to further sUb-divide also appears on the

level of individual research projects. A number of

experiments, for example, concerned with cabin atmospheric

control have experimented in terms of single independent

I inks. These examine the gas production/consumption

capacities and design of algal bioreactors (Matthern and

Koch, 1963; Miller and Ward, 1966; Mori et a1.,1986) or the

gas exchange potential of higher plants (Heath et al., 1990)

and mammals (Gitel'son, 1976) separately.

other experiments have taken a coupled approach, such

as hooking up a small mammal to one or two mono-cultures of
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al'Jae ar.d monitoring carbon dioxide and oxygen dynamics

(Golueke and Oswald, 1963; Smernoff, 1986; Nishi et a L,

1986). These experiments involve the external input of

animal feed, water, and new algal medium and often the

removal of solid wastes, on the grounds that the goal was

only to achieve gas balance.

From this more coupled approach a new problem became

apparent: regardless of the gas production/consumption rates

of the individual autotrophic/heterotrophic components,

there could be no 02/C02 balance unless there was a perfect

match between the respective assimilation quotient (AQ;

moles CO 2 used/moles 02 produced) and the respiratory

quotient (RQ; moles CO 2 produced/ moles 02 used). A mass

flow model depicting 02/C02 balanced cyclic coupling showed

that if the production/consumption rates for one gas was

perfectly equal, the system still would experience a

significant gain or loss in the other gas at each turn of

the cycle for even slight AQ/RQ imbalances (Averner et al.,

1984). Since, as the authors point out, this problem is due

to a ratio rather than a rate instability, it cannot be

directly solved by manipulating photosynthetic/respiratory

rates, or by increasing gas buffers. One straightforward

solution examined was to manipulate the AQ of the algae

biosynthetically using either reduced or oxidized N sources.

Experiments along these lines met with some short-term

success (Averner et al., 1984; Smernoff,1986).
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One drawback of both a sUb-system and a non-closed

approach is to shuffle problems on to some other sUb-system:

in the above solution to gas imbalance, the use of different

forms of N only hides oxidation equivalents, which will

ultimately affect gas balance in the system if the N is to

be regenerated and used again. Electro-chemical processes

that crack CO2 by catalytic hydrogenation may offer some way

out of attempting to balance metabolic processes directly

(otsuji et a l , 1986), but not without the production of

unwanted by-products. Regardless of the solution, absolute

attention must be paid to overall oxidation balance for a

recycling system.

The SUb-system approach is necessary given the

complexity of the problem. It can be applied most

unambiguously to such areas as potable water production,

f ire detection, and food source studies. No clearly

successful bioregenerative system has ever been built, to

date, even with certain primary non-renewable allowances

made. This applies even to the simple level of a mouse

algal system. The most sucessful attempt by far has been

reported by the Russian team of Gitelson et al. (1989).

They reported a gas-recycling system that was 91% materially

closed overall and able to support 2 men for 5 months in 315

m3 •

The future direction of CELSS is completely away from

any ecological components to what are called "physio-
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chemical systems" (per. comm, M. Averner; R. MacElroy; J.

Rummell). with the exception of food production, which is

expected to be handled by higher plants, all redox reactions

ann separations will be handled by technologies like wet

oxidation systems, electro-transevaporation, etc.

If successful, this physio-chemical regenerative system

will be the first machine built, with the exception of the

laser (discussed by Prigogine and Stengers, 1984), to

operate "far-from-equilibrium." As such it will experience

certain analogous entrophic hurdles as in an ecosystem

proper, regardless of how much energy and non-renewables are

input. For a simple example: whenever X moles of a pure gas

are removed from a canister by some process, there must

exist in the system processes that can replace this gas at

exactly the same level of purity (entropy) and at a rate

commensurate to the turnover of allowable buffer. Any

mismatch or perturbation means that the whole system cannot

maintain the level of order (or neg-entropy) its designers

wanted. A steady-state may be achieved but it will affect

all facets of the entire system.

3.2.2 The Holistic Approach to Life support

While the period of active (and funded) collaboration

of the ecologist in NASA's CELSS program lasted only a few

years in the early 1960s, there were a few noteworthy

developments.
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The holistic approach was geared around the laboratory

aquatic microcosm. These were aquatic samples in un-sealed

(gas-open) glass beakers or small carboys.

Most of the research in microcosms regarding space

life-support pointed in favor of the mature, diverse

regenerative system. The theoretical underpinnings of these

conclusions can be seen in the theories on ecosystem

succession and maturity by Odum (1969; 1971).

Beyers (1963a) and Cooke (1967) both had early

successes in establishing microcosms that settled into a

state of balanced growth within a few months. By

definition, balanced growth occurs when gross productivity

(GP) equals total community respiration (TR), or GP/TR = 1.

This was considered to be an operationally obtained

indicator of microcosm maturity equivalent to ecosystem

climax.

A metabolically-balanced system indicated to these

researchers an advanced level of overall homeostasis. Beyers

(1963a) demonstrated that when the photoperiod was increased

in balanced systems from 12/12 hr to 24/24 hr light/dark,

photosynthesis and respiration shut down in that latter half

of the light or dark periods, respectively. This suggested a

conservative survival-oriented mechanism whereby, during

periods of perturbation in the photoperiod, the respiratory

machinery becomes reduced. This mechanism would serve to

conserve structure and allow for a return to a system's
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characteristic stability when conditions become normal

again.

Cooke (1967) noted that the "ecosystem production

efficiency , " which was his term for the ratio of gross

photosynthesis to total biomass, obtained a constant value

along with the balanced state. He later argued that

because this ratio indicated when the successional end-point

would be reached it was a sensitive metric to gauge the

level of overall stability. With a more immature biosystem,

any regulatory failure would cause progression along

successional lines, resulting in changes in biomass and

oxygen generating capacity, which could be potentially

fatal to a human crew (Cooke, 1971).

It was concluded that a system in balanced growth would

offer greater stability, predictability and longevity in

operation, and offer less chance of total system failure.

The down side of all this was the recognition that gross

photosynthesis to total biomass ratios decreased upon

maturity (Cooke, 1967) (this appeared mainly due to an

increase in biomass). Hence, although a balanced life

support system requires less maintenance energy per biomass

unit, it would still require a heavier pay-load and must be

less productive per biomass unit (or volume) than an

immature system. Natural and artificial ecosystems can be

maintained in a continually immature state under tIle

influence of energetic/material perturbations. The coupled
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sub-system approach of NASA using exponential phase mono

cultures and regenerated (renewed) medium is one such

arrangement. From the engineering point of view this is a

way to maximize the ratio of gross photosysthesis to total

biomass; but, this only occurs at the expense of efficiency

and stability (Cooke, 1977).

While balanced growth was associated with a close

coupling between photosynthesis and respiration, Beyers

(1963b) noted a diurnal oscillation. In this experiment,

daytime net productivity and nighttime respiration were

measured by light/dark pH changes in a number of microcosm

prototypes. These microcosms were inoculated with samples

from different natural ecosystems and generally cultured

under conditions of temperature, salinity, and light similar

to those environments. Beyers observed a common tendency of

diurnal variation in metabolism, whereby there was a burst

of photosynthesis and nighttime respiration at the start of

the light or dark periods. These rates were maximal over

the first half of these periods and then declined. He was

unable to explain this phenomenon by testing several

hypotheses concerning changes in dissolved oxygen and other

effects due to photoperiodicity (Beyers 1963a;1965). He

finally suggested that it may be due to changes in t.he

available pool of highly labile organics (Beyers, 1965).

However, as Abbott (1966) pointed out, there appeared to be

little evidence for this mechanism. Regardless of the

explanation, Beyers noted that a constant-supply, stable
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bioregenerative life-support system may not be possible.

Within reasonable volume and weight limitations man, to

survive in space, would have to adjust his activity in

accordance to the metabolic rhythms of his ecological

support structure (Beyers, 1963c).

A third point, which is also implicit in the idea of

the climax community, is that the biology of a life-support

system should be complex and multi-species. Beyers (1964)

recommended that this could be achieved by mUltiple cross

seeding between different microcosms until a stable complex

system was achieved. Biological diversity was felt to give

greater potential and latitude in response to: 1) physical

perturbations, (light, radiation, etc.); 2) changes in human

activity; and 3) in the event of a die-off in some part of

the photosynthetic compartment due to the unexpected rise of

a pathogen. Cooke (1971;1977) noted that the problems

inherent in balancing AQ and RQ diminished when the system

was bracketed with more autotrophs. Furthermore, he pointed

out that in Beyers' data diurnal metabolic variation was a

function of diversity; more biologically complex microcosms

demonstrated much less oscillation. Experiments also showed

that more complex microcosms, such as those using algal

mats, were able to tolerate and recover from high doses of

ionizing radiation (reported in Cooke et al., 1968).

Earlier, Beyers (1962) had shown that the metabolism of

mixed cultures in microcosms is less influenced by

temperature changes than that of pure cultures. The general
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advantages of a mature multispecies life-support syste~ have

been discussed (Taub, 1963; Pattern, 1963; Cooke, 1977;

Odum, 1963). Taub and Odum specifically contrast some of

the general problems that would be associated with

attempting to maintain mono-cultures of higher plants or

algae in space.

The most comprehensive theoretic analysis of

bioregenerative systems was that of Odum (1963). He

concluded from an informational-energetic perspective that

for long-term space exploration a radiant-energy driven,

materially closed ecosystem, with basically no peripheral

engineering parts, would have the best chance of operating

autonomously. Notice that this is very much Folsome's CES,

and not the gas-open type of system that Odum' s group was

using at the time.

Odum also made a persuasive argument that man has

little hope of improving on the "complicated miniaturized

biochemical machinery of nature," which is the result of

over 3 billion years of selection and probably occurred near

thermodynamic limits. He goes on to show how most of the

engineering goals of realizing high potential energetic

efficiencies in NASA-type algal bioreactors are based on

false premises.

Odum (1963) calculated that it would require 2.5 acres

to support one man in space. This estimate, which Cooke

(1971) considered conservative, for the most part was based
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on field data and not direct microcosm research. The

message Odum's paper sent to NASA was that life support in

space according to the ecologists was practically

unfeasible. Government funding in this area was cut off not

long after this paper appeared ( per. corom. E.P. Odum; R.

Beyers) .

It is interesting historically that both the holistic

and the engineering approach reached diametrically opposed

conclusions; from a "mini-Earth" system that completely

relies on naturally occurring ecologic arrangements to a

regenerative system driven by only machines and chemistry.

Given how far the science of regenerative systems is from

any recognizable success this dichotomy is unfortunate.

conceivably, a greater understanding of how contained, truly

materially closed ecosystems function will point out ways in

which supplemental energies and physico-chemical

technologies can be added in harmony to augment and

manipulate a bioregenerative system toward desired ends.
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CHAPTER IV.

LITERATURE REVIEW 2: ECOLOGICAL CONCEPTS IMPORTANT TO
CLOSED AND OPEN MICROCOSMS

4.1 Persistence and Stability

Clair Folsome believed the two most important

attributes of CES concerned the concepts of persistence and

stability (reviewed in Folsome and Hanson, 1986). He made

two observations about CES: 1) CES are fairly easy to

establish - given only sediment, water, and light they

maintain signs of life for years; and 2) CES reach and

maintain a stable state within the relatively short time of

about 3 months after closure.

constant total biomass.

This state is defined by

The following discussion will examine persistence and

stability relative to the literature of both gas-open

microcosms and CES, and in context of general ecological

theory.

As most microecosystem experiments are only about 1-7

months in duration, persistence will be operationally

defined as whether a system retains viability at the

~onclusion of an experiment. The following discussions will

primarily attempt to evaluate what is required to establish

an operationally defined, persistent microecosystem.
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4.2 Persistence in Sediment-Type Microecosystems

Both of the founding fathers of open and closed

microcosm research, Odum ( 1963) and Folsome (Folsome and

Hanson, 1986), considered it a fairly routine matter to set

up microecosystems that would function for a long, perhaps

indef inite time. The systems that these authors were

originally familiar with were highly concentrated in live

biomass, inorganic, and organic nutrients. Generally these

systems were initiated using one-third by volume active

sediments or biologic materials. The literature contains no

indication of these microecosystems failing to persist as

defined above, although reports of the failure of a

particular macrofauna to survive after some initial period

are common (Abbott, 1966; Maguire, 1980). Folsome's now 25

year-old-plus (sediment type) CES supplies the physical

evidence to support his view that there is no reason why

these systems should not continue to recycle. Folsome and

Hanson (1986) offered what may be considered a fairly broad

statement, from an ecological point of view, that "exact

redox balance in CES is equivalent to indefinite

persistence."

4.2.1 Persistence in Nutrient Amended Microecosystems

In general, non- or low- sediment, and even

gnotobiotic microcosms appeared to outlive the duration of

experiments, so long as the medium - defined or otherwise 

was rich in inorganic nutrients. Specifically,

31



concentrations of Nand P would be approximately millimolar,

about the concentration of a standard algal medium (Rippka

etal,1979).

Failure to persist under these conditions has been

traced to some shortfall of a critical level of biological

diversity. Giddir.gs and Eddlemon (1979), for example,

questioned the validity of artificial food-chain studies on

the grounds that these highly simplified (but nutrient rich)

predator-prey-producer systems were usually discarded after

about 30 days due to die-off in the populations. Taub

(1977) found that by using increasing number of species in

combinations of algal and protozoan monocultures inoculated

in inorganic medium (without sediment), a certain minimal

number of cultures or complexity was required to establish a

continuing microcosm.

In an experiment somewhat similar to that of Taub

(1977), Obenhuber (1986) found that a mixture of at least 6

algal monocultures was required before a persistent CES was

established. Obenhuber's experimental protocol allowed him

to calculate that his 20 ml gnotobiotic (high inorganic

nutrient) chemically defined CES would last a minimum of 6

years.

None of the work with gnotobiotic microecosystems was

concerned with directly quantifying heterotrophic bacteria

because these were considered normal (and necessary)

contaminants in monocultures of algae and protozoa. Taub
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(1984) later coined the term "synthetic microcosms" to

describe such semi-gnotobiotic systems. In general,

gnotobiotic experiments indicate that persistent systems can

be obtained in a synthetic manner and limited to a handful

of algal and protozoan monocultures so long as these are

innoculated into high inorganic nutrient media (Taub, 1977,

Taub and Dollar, 1964; Beyers, 1963a; Cooke, 1967; Nixon,

1964).

4.2.2 Persistence in Nutrient-Poor Open Microcosms

The general developmental pattern in high nutrient

(non- or low-sediment) microcosms with a complex biological

inoculum is an initial algal bloom followed by some die

back and detritus accumulation and then eventual biomass

stabilization (Brockway et al., 1979: Cooke, 1977). In

contrast, the pattern in biologically complex open microcosm

experiments using relatively nutrient-poor mineral media or

oligotrophic natural waters is for the algal biomass to grow

to a maximum (increasing a hundred fold or more and in the

process consuming the bulk of the available nutrients) and

then abruptly to crash (Parsons et aI, 1978; Estrada et aI,

1987; Painting et aI, 1989; Bratbak, 1989). These types of

microcosms have, in fact, been used to model aspects of

algal bloom and crash behavior.

Assuming that the initial biological diversity in these

microcosms probably exceeded that of the more successful

33



gnotobiotic microcosms, failure to persist, in a comparative

sense, was due to general nutrient limitation. In these

experiments, Nand P concentrations were micromolar, close

in range to seawater concentrations (Parsons et al., 1986).

It is not entirely clear whether nutrient-poor

microcosms die-off completely or manage to die-back to some

meager but persistent level of existence. In those

experiments that had non-radiant-energy supplementation in

the form of internal stirring, the latter case may have

prevailed. Estrada et ale (1987) observed, that their

stirred system dropped to a low chlorophyll-a concentration

(from a high of about 40 ug/l to >1 ug/l, or about the level

of the initial oligotrophic seawater inoculum

concentration) . Thereafter, their system demonstrated a

concentration of free bioelements much lower than that

initially present. This reflected what they felt to be a

change to a mode with more heterotrophic biomass and higher

recycling activity than in the natural parent ecosystem. In

unstirred, nutrient-poor microcosms, die-off appeared to be

final (e.g., Painting, 1989), prehaps due to an energetic

barrier involving passive liquid phase diffusion and uptake

kinetics.

In one recent experiment, Bratbak (1987) compared

nutrient dynamics in three microcosm prototypes: 1) a pure

cul ture of Skeletonema costatum; 2) S. costatum plus a

natural assortment of marine bacteria; and 3) S. costatum
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plus an untreated seawater sample containing bacteria,

bacterivorous protozoa and natural phytoplankton. Each

contained initial concentrations of N at 10 uM and P at 1

uM. By day 5 , all 3 prototypes reached a maximum S.

costatum concentration of about 5 X 10 5jml. The pure culture

retained these levels for the duration of the experiment (20

days), and the second system was declining rapidly at this

time. Interestingly, in the complete system S.costatum had

died off completely by day 12. This was followed a few days

later by a slight secondary bloom of a Chaetoceros sp.,

which was attributed to some remineralization via protozoan

feeding.

Bratbak (1987) concluded that phytoplankton crash was

simply due to direct competition between the algae and

bacteria for limiting nutrients; in particular P, as none

could be detected in the medium. It is apparent that

nutrient supplies did not limit the obtainment of high

maximal live algal biomass concentrations, which,

incidentally, were 10 times greater in mass than the total

heterotrophic compartment. As peak algal concentrations

were about equal in all three prototypes, bacterial

competition transpired later and on the level of recycling.

In this regard, Estrada et ale (1987) observed that stirring

itself did not affect the timing or magnitude of the initial

peak algal population, though it did affect what happened

subsequently.
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Rather than direct competition, Painting (1987) found

a "close coupling" between bacteria and algae in a nutrient

poor microcosm: highest bacterial activity and biomass were

correlated to soluble algal exudate and occurred at maximal

algal biomass just prior to algal crash. Bratbak's (1987)

results were similar in this respect, he noted a

"quantitative relation" between algal extracellular products

and bacterial biomass and between bacterial biomass and

heterotrophic flagellate biomass. Similar biomass couplings

have also been reported in a marine shallow-water sound

(Andersen and Sorensen, 1986).

Investigators have implicated algal exudate as an

important primary food source and regulator of bacterial

growth in the sea, (reviewed by Riemann and Sondergaard,

1981; Jones and Cannon, 1986). Grazing by heterotrophic

microflagellates is considered important in both directly

controlling bacterial concentrations (Andersson et al.,

1986), and in producing dissolved organic matter (DOM;

Andersson et al., 1985), which is believed to be an

important route for the recycl ing of C, N, and P among the

phytoplankton in the oceans (Fuhrman, 1987).

Rather than direct algal/bacterial competition as the

reason for system failure in nutrient-poor microcosms, a

more hypothetical trophodynamic analysis is as follows:

Given that material cycling in an aquatic ecosystem requires

a certain size free pool of bioelements as a transfer
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intermediate, and as the algae in these nutrient-limited

microcosms temporarily obtained high concentrations, a

greater initial P concentration may have resulted in a

greater standing free-pool rather than just more algae. This

could have resulted in a longer supply of both P and simpler

organics (as algal exudate) before nutrients become

sequestered in more ecologically-complex particulate pools.

This scenario would provide some critical time lag and the

organization to allow the heterotrophic compartment

(bacteria plus heterotrophic protozoa) to develop the

complex maturity necessary to amplify microecosystem

persistence via an increased remineralization capacity.

Intra-trophic level competition for nutrient(s) in aquatic

systems has been shown to depend not only on substrate

affinity, but on relative standing population sizes at the

time of nutrient release (Lovely et al., 1982).

4.2.3 Factors Influencing Persistence in Microecosystems

certain aspects of the development phase in microcosms

have analogies to the numerous biological and physical

interactions that occur in natural algal blooms. Natural

algal blooms are in part self-diluting (Sorensson and

Sahlsten, 1987), as these will expand horizontally in space.

containment, the existence of sharp discontinuous physical

boundaries, as Cooke (1977) noted, imposes a certain

eutrophic aspect on microcosms (which he partly attributed

to the exclusion of parts of the larger grazing food chain).
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In some respects presumed eutrophication mechanisms in

microecosystems include the so-called short-term "bottle

effects" such as increased access to light and the addition

of physical attachment substrate. Significant algal wall

growth has been noted in microcosms (Abbott, 1966; Brockway

et aI, 1979): this may serve to amplify niche space and be

important to their successful organization. studies have

also indicated that heterotrophic bacterial growth and

activity were increased due to wall effects and that these

were more pronounced in small volumes «3 1) than in larger

enclosures (30 m3; Kuiper et al., 1983; Ferguson et al.,

1982).

In conclusion, there is evidence suggesting that both

open and closed microecosystems can persist as recycling

ecosystems, but more work needs to be done along these

lines. The all and nothing response in nutrient-poor

systems suggests that bioelemental concentrations can be

used as a way to investigate areas pertaining to

energetic/material patt~Lns and thresholds, such as optimal

detrital/soluble/live pool ratios as functions of fluxes.

Areas like these must be investigated if there is to be a

true science of microecosystems.

4.3 The Concept of stability in Ecology

The concept of stability in ecosystems is one where the

questions of how to measure it, and how to define it, are
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intrinsically connected. Moreover, the parameters that are

necessary to measure and describe stability need 'to be

discriminated. Not all are of equal weight or significance

and a change in one parameter may be less indicative of

impending system failure than another. Prigogine (1980) said

that we must seek concepts comparable in physics to mass,

force, change and time that are relevant to biology. The

term parameter will be reserved here for a measured

quantity.

Generally stability in ecosystems is thought to be

maintained by a complex web of interactions between

organisms (O'Neill, 1976). As a rule of thumb, a stable

environment is thought to permit optimal species diversity

and to promote ecosystem stability (Ulanowicz, 1980; May,

1973).

Often in the literature stability has been viewed as a

measure of a system's ability to resist departure from a

defined state due to a perturbation. Primm (1984) defined

stability as:

A system is deemed stable if and only if the
variables all return to the initial
equilibrium state following their being
perturbed from it.

The difficulty with this approach is it is only

possible to ascertain if a system is unstable when it is in

transition to a new state. Primm (1986)
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assessing ecosystem stability "we are implicitly comparing

existing with hypothetical systems. " Primm also does not

define what the variables are or how many have to be looked

at for a given level of certainty.

Typically field ecologists have used various diversity

indices, which are calculated from numbers of individuals

and species, to compare ecosystems as to complexity and to

assess their behavior relative to environmental pressures

(Atlas and Bartha, 1981). Some ecologists have proposed that

small oscillations in species composition, due to extra- and

intra-systemic forces, may help to increase diversity and

thus overall stability ( Connell,1978; Lewin, 1986; May and

Seger, 1986).

Species diversity as a stability parameter has unique

difficulties at the microbial level. There are numerous

methodological difficulties associated with measuring

microbial activity and biomass in nature (Brock, 1971; Karl,

1980;1986). Even widely accepted methods require

interpretation; e. g • live algal biomass as measured by

chlorophyll-a has a different meaning than when measured by

ATP.

Phototrophic and heterotrophic mi0roorganism

populations can change rapidly in activity and even basic

cellular composition to very subtle forcing functions

(Jorgensen et al., 1976; Harris, 1978; Tilman et al., 1982;

Nagata, 1982; Laanbroek and Verplanke, 1986; Geider and
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Platt, 1986; Prezelin et al., 1987). The speed and

plasticity of ecological and metabolic responses, and the

range of genetic mechanisms of microorganisms, implies that

even if the technological ability existed to spatio

temporally identify a particular population, it would not be

straightforward to know how it functions in its ecosystem

(Karl, 1980; Van Es et al., 1987). Moreover, the concept of

species that is central to Darwinian selection loses much of

its meaning at the microbial level.

Regarding species composition, some researchers in the

microcosm field have evoked the "equafinality" principle of

von Bertalanffy (1950); any ecosystem, given identical

physical conditions, will develop into functionally similar

systems regardless of its biologic origins. Folsome

(per. comm, ) has recommended that CES be viewed as a "green

box" in analogy to the "black box" of physics, where at

least certain attributes of the internal system can be known

solely by its outputs. Thus CES research tends to

concentrate on the more generalized and methodological non

destructively obtained parameters of total biomass and

respiration.

This aside, the issue over what exactly is the

correspondence between species diversity and stability has

raised much debate concerning whether diversity really

promotes stability or not (reviewed by May and Seger, 1986;

Obenhuber, 1986).
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The more thermodynamic or System's theory ecologists

(and many field microbial ecologists) have not resolved this

issue but have taken it in new directions by redefining

concepts involving species diversity more in terms of

specific material/energy flow pathways and network

attributes (e.g., Odum, 1971; Hannon, 1979; Ulanowicz,

1980). The resiliency of a stable ecosystem to a

perturbation depends on the redundancy of pathways, the

degree of which is an optimal function of the forces that

generate the system's internal organization (Ulanowicz,

1980).

For the most part, however, this latter group de

emphasizes the concept of stability as the index of

resistance to perturbation. Attention is shifted to unifying

principles involving why and how stability as a state of

being is achieved. This state is considered the endpoint

trajectory of an ecosystem. Some view stability as a

plateau that represents a symmetry between the opposing

developmental entrophic agendas of the individual organism

(to minimize the ratio of maintenance energy to biomass) and

the collective system (to maximize total energy dissipation;

Johnson, 1988; Schneider, 1988). To these ecologists,

stability is synonymous with ecological climax and

represents the state of maximization of organization within

the given range of energetic/material fluxes and physical

factors. Odum and Pinkerton (1955), in a seminal paper,

theorized in thermodynamic terms that the final ecosystem
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that develops represents the one that has maximized power

output (but not necessarily efficiency of energy

utilization).

Odum's (1971) definition of stability as a self

organizing autonomous state contrasts with the idea that

external fluctuations are some sort of exciter that prevents

the system from ever evolving or devolving to less stable

states (Connell, 1978; Lewin, 1986). This may have some

particular relevance to the study of microecosystems. Odum

described stability as:

The interplay of material cycles and energy
flow in a large ecosystem generates a self
correcting homeostasis with no outside control
or set points required.

4.3.1 Stability in Microecosystems

Operationally, stability in microecosystems (open or

closed) will be defined here by what Cairns (1979) called an

internal consistency of any parameter for some duration of

an experiment. Therefore, stability denotes the absence of

erratic behavior in a persistent microecosystem. In theory,

a parameter may be consistent but show a non-random

oscillation. Such information is germane to issues of life

support in space and reveals aspects of microecosystem

operation itself.

In natural ecosystems the concept of stability has a

certain rhythm over the yearly cycle. Thus, parameters may

vary but return to a predictable set value at any particular
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point in the annual cycle. Generally, this is due to what

Odum (1971) termed "allogenic" processes: external processes

involving climatic forces and boundary fluxes with

communicating ecosystems. He also noted that certain

attributes could oscillate due to biotic processes acting

from within a system ("autogenic" processes).

significant microbial trophodynamic oscillations have been

reported to occur on the scale of days in seemingly stable

aquatic systems (Andersen and Sorensen, 1986). These may

directly alter material and energy flows. A full discussion

of this topic is outside the present context except to

comment on the improbability of attempting to distinguish

external and internal causalities.

Overall the behavior of natural ecosystems is to an

extent stochastic, because inputs can be not only variable

but to some degree random (Walters, 1971). Microecosystems

are cultured under controlled inputs and are hence more

deterministic models; i.e., they offer an especially stable

environment. Thus, if any oscillations occur (particularly

if their frequency exceeds a single diurnal period) these

must be due to autogenic factors: given that the major

external forcing function in (batch-type) microecosystems is

the regular light/dark regime that is generally part of the

experimental design.

Researchers have assessed stability in batch-type

microcosms largely in a descriptive sense relative to the
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strategy and limitations of their particular experimental

design. certain parameters have been reported to seem

consistent once a system has matured, these include: pH,

dissolved °2 , and standing inorganic nutrient pools,

(Giddings and Eddlemon, 1979; Heath, 1979); microbial

populations and total biomass, (Beyers, 1962; Cooke, 1967);

and productivity and respiration (Beyers, 1962,1963a;b).

Recently, Pengerud et al. (1987) reported a "non-oscillating

equilibrium" that was established for bacteria/bacterivorous

flagellates in a chemostatic microcosm.

Parameter consistency is also suggested in CES

research. The tendency has been reported for CES to

establish constant values as regards biomass (Kearns,

1982,1983; Obenhuber, 1986); daily dark time respiration

(Obenhuber, 1986); eukaryote to prokaryote ratios (Obenhuber

and F'olsome, 1984); and mixed culture algal population sizes

(Wrigth et al., 1985). The only exception in the literature

on microecosystems that I have seen is that of Takano et ale

(1983), who observed a possible 50-day oscillation of live

biomass concentration as measured by ATP. This observation

may not be appropriate regarding stability as live biomass

was assayed only for the aquatic phase of a sediment-type

CES; furthermore these data pertained to a system that at

the time of assay was not yet stable in total biomass.

In summary, the data so far tend to support the idea

that small, input controlled artificial ecosystems are
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homeostatic. This manifests itself as a conservative type

of stability over a range of parameters, which in part may

be due to the minimalization of allogenic processes under a

laboratory setting. These show promise as model systems to

study ecologic stability so long as the proper context is

understood. A more rigorous study of microecosystem

stabili ty is needed, one that will allow a relational

understanding of parameters and also a discrimination

between the importance of parameters as predictors of state.

It is possible that sub-resolution oscillations occur

in microecosystems. Pechurkin (1989), in fact, has recently

theorized that small space-time oscillations in a CES would

decrease the intensity of cycling linkage just enough to

permit a sharp increase in general stability. This is an

area that should be investigated one day as higher

resolution techniques and new experimental strategies are

devised.

4.3.2 stability as Balanced Growth in (Open) Microcosms

Odum ( 1969), in reviewing field and microcosm data,

theorized that balanced growth was the signature of the

onset of ecosystem climax or maturity. This state he

characterized by a stabilization, in the absence of external

perturbation, of a total of 24 ecosystem attributes. These

ranged from populational diversity to ecosystem external
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entropy production. Balanced growth is a relational metric;

meaning that GP and TR are not only constant but are equal

in value.

While Beyers (1962) first reported balanced growth in

batch-type microcosms, and later discussed its implications

for space travel (Beyers, 1963c), this trait appears to be

something of a rarity in those few experiments where such

data have been recorded. For example, in Beyers' follow-up

experiment, only one prototype microcosm out of 10, was

balanced over an 8-month observation period (range 0.82 to

1. 46; Beyers, 1963b) • These results are typical of other

reports in batch-type microcosms (Abbott, 1966; McConnell,

1966; Brockway et a l , 1979) and of 24-month flow-through

mesocosm experiments (Oviatt et al., 1986a). McConnell

(1966) had performed a careful measurement of the oxygen

diffusion coefficients for each of 18 microcosm prototypes

over a 7-month period. None of his systems were balanced

(gross photosynthesis/respiration = 0.68 on average) but he

made an important observation that there was a general

tendency for total diffusion uncorrected respiration to be

in balance with total photosynthesis. He concluded that

balanced growth in microcosms, in contrast to balanced

growth in natural marine bays (as reported by H. Odum and

Hoskins, 1958), was maintained by diffusion rather than by

biological means. This "pseudometabolic" balance was

achieved when the concentration of dissolved 02 due to
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excess production rose to a level where it was equaled by

net diffusion.

Non-metabolic balanced growth means net changes in

total standing biomass, unless this is somehow counteracted

by a difference in AQ and RQ, which is unlikely to occur in

complex assemblages (Cooke, 1971;1977). Constant biomass

has been postulated for pelagic waters (Goldman et a l ; ,

1979). On the other hand, fresh water ponds and lakes often

eventually undergo eutrophication processes. This may

involve an internally controlled successionary phenomenon

(Confer, 1972) or be the direct consequence of external

inputs from terrestrial runoff (Odum 1971).

Odum (1969) and Odum (1963) deemed microcosms to be

true ecosystems, with a similar successional attribute

pattern that cUlminated in climax as in natural ecosystems.

with the exception of some of Beyers' (1962,1963a) and

Cooke's (1967) work, where setup conditions were fortuitous

and balanced growth (as measured by non-reareation dependent

pH change) was achieved in under 3 months, in general,

microcosm experiments were apparently not long enough for

systems to reach this end-point. Given that true metabolic

balance does exist in batch-type microcosms, it is

instructive to analyze what this may entail. CO2, N 2 1 O2,

and water vapor would be in free exchange and equilibrated

with the ambient atmosphere. Neglecting the net escape of

volatile organics, nitrogen oxides, ammonia and other gases,
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this system would tend to exhibit a one-to-one equivalent

exchange of molecules. Given that exchange does occur,

there must be entropic processes (mixing, for example) that

differ from those in a true closed system. But on whole,

this open microcosm would seem to approximate thermodynamic

closure where material exchange with the surroundings is not

an obvious vector for energetic flux, and number and

composition of elements is fixed. Thus, metabolic balance

in open microcosms is a state that approximates absolute

material closure. While the constraints on a microcosm are

different from those in a large natural ecosystem, this may

be some general phenomenon: Odum (1969: 1971), noticed that

all natural climax ecosystems tend to approach 100%

efficiency in recycling bioelements.

McConnell's (1966) observation indicates that a

developed microcosm must make due with a rather small water

solvent-buffer relative to its 02 producing capacity as

compared to a larger natural system. To achieve a balanced,

biomass constant state a system would require a reservoir of

organic substrate of sufficient magnitude and assessability

such that respiratory demands could be fast enough to

balance oxygen diffusion loss. On the other turn of the

cycle, productivity must be regulated so that it does not

overwhelm the organizational capacity of the system. This

system should also require an adequate reservoir of

(especially) non-exchanging bioelements, such as P, as flux

rates will be controlled by the exigency associated with a
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relatively large detrital pool. Thus, eutrophication in

open microcosms is a necessary survival mechanism.

4.3.3 stability as Balanced Growth in CES: Importance of
Closure

Total biomass stable CES are fairly easy to set up. Our

work in Clair Folsome's laboratory has shown that CES,

either sediment (Folsome and Hanson, 1984; Kearns, 1984;

Takano at al., 1983) or chemically defined dilute types,

(Obenhuber and Folsome, 1984; Shaffer et al., 1989; Brittain

et al., 1989) achieve this state in under about 200 or 90

days, respectively.

When a CES reaches this level of stability it has a

constant gas-phase oxygen percentage as measured by gas

chromatography. This measurement has been used to infer

that total biomass is also constant since it is expected

that a change in biomass must be reflected by a change in

oxygen concentration. Under closure there is no change in

the net oxidation/reduction (O/R) level of the total system

itself (though a potential is generated internally).

The reduction of C in a CBS is approximated to cause

the liberation of oxygen with a one-to-one stoichiometry,

according to the equation CO2 + H20 = CH20 + 02. As the

biomass reaches stability this approximation becomes more

exact. Thus, the net change in the free oxygen-pool is
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approximately equal to the post-closure increase in total

reduced C (live + detrital biomass-C).

Typically CES reach stability when the gas-phase oxygen

level is between 30% to 55%. The source of this oxygen

ultimately depends on initial medium bicarbonate and 02 is

generated in the process of oxygenic photosynthesis from

water. In typical data to be presented in this thesis,

daily productivity accounts for only about a 5% change in

the size of the total free-oxygen pool. Therefore, as the

02 buffer is large and the system is closed, a CES is not

sUbject to diffusion in the sense that open systems are:

oxygen produced stays part of the system and there is always

a high availability to meet respiratory requirements.

Assuming that Odum (1969) was correct and the telos of

an ecosystem is 100% bioelemental recycling, or functional

closure, then a CES facilitates this process probably by

directly increasing the coupling coefficient between oxygen

and carbon cycling. According to Onsager (1931), this would

have a reciprocal effect on all material cycles. Morowitz

(1968) showed that material cycles are the vehicle for

energetic fluxes through a closed equilibrium displaced

system. Thus, closure not only facilitates the obtainment

of (micro) ecosystem 3tability, but must influence the sum

t.otiaL of it.s material/energetic organization. with the

right initial conditions physical closure creates favorable

boundary conditions due to the degree of organization it
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imposes upon its component biological redox systems.

Folsome and Hanson (1986) made the point that closure is

something more than a trivial issue. They hypothesized that

closure:

results in an adjustment of internal metabolic
pathways so as to maximize bioelemental
cycling within limits dra~~ by input energies
and available bioelements; in doing so, CES
tend towards maximizing the entropy produced
in throughput energy.

4.4 Total Biomass Concentration as the Indicator of
Microecosystem stability

Hypothetically, for an open microecosystem to be in

balanced growth it must be constant in total biomass. In a

closed microecosystem, if biomass stability continues for

any significant length of time relative to its turnover,

then this must also constitute true metabolic balance; there

being no place for a closed system to hide oxidizing

equivalents. A similar statement can be made from an

energetic perspective: since biomass represents stored

chemical energy, as a first approximation, at thermostatis,

stable biomass implies that the system has reached a fixed

level of stored potential energy. It follows that the

amount of input energy captured in the form of chemical

energy as carbon fixation equals output energy due to the

heat generated in total respiration (or external entropy

production). Notice that under material closure and cyclic

operation, the amount of heat flowing out of a CES does not
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directly indicate how efficiently it was used internally, or

what degree of organization it supported.

Therefore, while the concept of stability lacks a

rigorous definition in ecological usage, a stable total

biomass concentration for a period of time that exceeds its

turnover, is a concise operational definition for this state

in microecosystems.
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CHAPTER V.

DISSERTATION GOALS AND OBJECTIVES

5.1 Introduction

The overall goal of this dissertation is to achieve

some functional understanding of stability in CES. In order

to achieve this goal, it was first necessary to refine the

basic CES model. A model was needed that would be more

amenable for use in a comparative study than either the

semi-quantitative sediment type (Kearns and Folsome, 1981)

or the less ecologically flexible gnotObiotic design

(Obenhuber and Folsome, 1984). The model developed below

(Chapters VII and VIII) allows for an evaluation of the

causes of comparative differences in various parameters

(measured during biomass stability) more in terms of

isolated single variables than earlier CES models.

5.2 Open Versus Closed Microecosystems

The first objective to examine concerns how easy is it

to establish a total biomass-constant state in non sediment

type CES. One way to gain some perspective of the behavior

of biomass over time in CES is to compare this behavior to

that of the biomass in systems that are open to gas

exchange; i.e., Odum's (1969) microcosms. While open

systems are unlimited in access to co2 , N2, and 02' this may

be a constraint, rather than a benefit, leading to increased

eutrophication. Closed systems, on the other hand, with
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fixed and finite C,N, and O2 buffers, may be more efficient

in managing these bioelements and making them available to

ecological processes. To compare biomass stability in open

versus closed microecosystems, the following hypothesis will

be tested:

HYPOTHESIS 1: Given identical biological and physical

initial conditions which include: sufficient biological

complexity, adequate bioelemental potential, and an overall

Redfield (1958) limitation in P, a CES will reach biomass

stability sooner and carry less total standing biomass than

a similarly constructed open microcosm.

5.3 stability and Material Potential in CES

Following on the idea that access to material is

fundamental to ecosystem operation, the next objective to

investigate concerns whether CES can be stable and yet

differ in energetic/material configuration if given the same

external radiant energy flux and initial biological make-up.

Or, under these circumstances, does stability represent a

unique configuration such that systems with inadequate

material potential to establish some threshold will simply

fail to persist. To characterize the state of stability and

material potentials in CES, the following hypothesis will be

tested:

HYPOTHESIS 2: Given that bioelemental cycles are linked via

oxidation/reduction reactions and that closure forces
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oxidation balancing at biomass stability, it would be

difficult for a CES to reach stability and be blind to its

own material composition. The process of keeping track of

its bioelements by assigning them to pools of different

oxidation levels, chemical composition, and hence ecological

function, will reciprocally affect the entire operation of

the system on an energetic level as well. This will

influence not only the magnitude of chemical energy captured

in photosynthesis, but how that energy is partitioned,

temporally retained, stored and vented. Thus, if a CES has

an extra amount of a particular bioelement, some fraction

that can be shown to be unnecessary from the stand point of

live biomass activity, then this fraction should not show up

solely in the inorganic pool (assuming that the system was

essentially inorganic to start). Moreover, this fraction

should have an observed effect (by comparison to control

CES) on some relevant material/energetic parameter(s) at

biomass stability.

If the configuration of the stable state is not unique,

then by a comparative approach, it should be possible to

ascertain what priorities are involved in establishing

stability. Furthermore, if this hypothesis is valid then

important theoretical data can be gained by simply comparing

which configuration maximizes energetic/material

throughputs.
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CHAPTER. VI.

MATERIALS AND METHODS

6.1 CES Media

Media for a closed ecological system present something

of a new challenge. without even gas-exchange with other

systems, all material for the closed ecosystem must be added

by the researcher. CES require a growth medium, but in

contrast to media meant for batch-culture (designed to grow

biomass for a short duration), a CES medium must continue to

support a system for indefinite periods. That portion of the

medium remaining after ecosystem climax is established must

be nutritionally sUfficient, and pH buffered to inter

function indefinitely as a recycling maintenance matrix.

Potentially toxic by-products that may not be a problem in

short-term cultures may be so in long-term ones. In

contrast to chemostatic cultures, the researcher has no

control over the final composition of the maintenance phase

of the medium other than its initial design. In any case,

no additions should be made once the system has been

inoculated and sealed. Chemostats, and especially batch

culture, by necessity are limited to only 1 or a few

species. CES (and microcosms in general) are complex

culture-systems with both autotrophic and heterotrophic

phases. The CES medium must be general enough to include as

wide a range of organisms as possible. Developmental

sequence is a factor to be considered, particularily when a
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mass-insignificant inoculum is to be used: the medium must

be designed to encourage initial and immediate autotrophic

growth before other species begin to die out. A small

amount of vitamin B-12 (0.2 mg/l) was included in the CES

media listed below because marine cyanobacteria generally

require this cofactor (Stanier et al., 1981).

Table 6.1 gives the elemental composition of the 2 CES

marine basal salt media (EXO II and EXO III) that were

empirically developed for use in the experiments presented

below. Final media were made by adding inorganic C,N, and

p to either of the basal salt media. These bioelements were

added at concentrations as described in the text. EDTA and

citrate were included as chelating agents. The pH of the

final media was 8 +/- 0.3, and was not further adjusted.

The media were made with triple dH20 , and autoclaved in

separated portions to prevent metal-salt precipitation.

certain components were filter sterilized and added after

cooling. The C source was added as a semi-sterilized dried

powder just prior to use. All salts were desiccated prior

to weighing.

Overall, these CES media were primarily inorganic and

all bioelements (C,H,N,O,P,S) were in oxidized and soluble

form. The purpose of this procedure was to aid

quantification and to increase the chance of observing a

complete pool turnover within a reasonable period of

observation. Both chemically defined CES media were designed
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Table 6.1. Basal Elemental composition of Media Designed
for CES Research in this Dissertation.

Element EXO II EXO III

Cl 460.0 roM 340.0 to 480.0 roM
Na 430.0 roM 430.0 roM
Ca 34.0 roM 34.0 roM
S 14.3 roM 14.3 roM
Mg 14.2 roM 14.2 roM
K 0.1 roM 99.2 roM
Si 0.9 roM
B 46.4 uM 232.0 uM
Fe 18.2 uM 36.4 uM

Mn 9.1 uM 36.6 uM
Mo 1.6 uM 6.4 uM
Zn 0.8 uM 3.1 uM
eu 0.3 uM 0.3 uM
Co 0.2 uM 0.7 uM
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based upon modifications of existing cyanobacterial media,

algal media, marine trace elements and artificial seawater

recipes, as well as from preliminary work of Obenhuber

(1986). EXO III medium was a later derivative of EXO II and

contained relatively higher concentrations of borate and

potassium, most trace elements, and also included silicate.

These modifications were meant to enhance the prospects of

long-term survival and also to promote the inclusion of a

wider range of organisms.

6.2 Total Biomass Carbon (TBC)

Total biomass carbon (TBC) values were extrapolated

from gas chromatography measurement of the partial oxygen

pressure in closed systems (CES) or by weight loss after

pyrolysis in open, and on occasion closed systems. The term

TBC will be used throughout to signify the sum of live-C

plus dead-C, as no further distinctions can be made solely

by the following method of TBC estimation.

The gas chromatograph consisted of a 2 meter by 2

millimeter I.D. molecular sieve (silica gel)-packed column

capable of separating oxygen from nitrogen and other

components. Helium carrier gas flowed continuously through

the analytical column and a reference column to a thermal

conductivity detector. Peak heights, which are proportional

to the amount of component gas, were recorded using an

electrical chart recorder.

60



Twenty-five or 50 ul of gas sample was withdrawn for

measurement with a gas-tight syringe through the septum of a

closed system. Samples were taken at approximately the same

time of day; generally about 1 hr before the start of a dark

cycle. The partial pressure of oxygen in a sample was

calculated by comparing the peak height ratio 02/N2 to the

ratio obtained from a standard air sample (20.95% 02' 79.95%

N2), with the assumption that the amount of N2 in the CES

was unchanged over time. The initial (ambient) amounts of

02 and N2 in the sample were calculated from the ideal gas

state equation (n=PV/RT) where V = the system head space.

The total increase in 02 gas in an isothermal CES then was

calculated as «total moles N2/( 1-( %°2/100%» * (%°2/100%) )

initial moles 02.

If active nitrogen-fixation is present it would have no

significant effect on the oxygen calculation (see Kearns,

1984). Also, as the concentration of dissolved 02 is a

linear function of pressure by Henry's Law, in most

instances the increase in dissolved 02 constitutes less than

about 5% of the total oxygen increase in aCES.

The increase in oxygen concentration is proportional

to the oxidation potential generated internally by a CES as

it grows in biomass. Total biomass carbon was estimated as

equal to the 02 increase (mole/mole) on the assumption that

the net oxidation level of the corresponding reduced C was

0; i.e., at the level of carbohydrate. Since the initial C

61



estimated by light to dark

It has been established that

source in most CES is inorganic, 1 mole of 02 released was

considered to equal 1 mole of CO 2 reduced. Given this

assumption, derived TBC concentration is an overestimation

because no correction was generally made for nitrate uptake

(the media nitrogen source). Assimilation of nitrate into

biomass involves an 8 electron shift. Hence, at an assumed

Redfield (1958) biomass C:N ratio of 6.63, about 22% of

liberated 02 would have been derived from nitrate.

It should be noted that in most of the CES discussed

below the initial C pools at closure were about 95%

bicarbonate-C (mol/mol), thus the terms IIreduced-CII,

"organic- C", and "total biomass-C" are fairly

interchangeable when used to described the growth of these

particular CES over time.

Total biomass carbon in open systems was estimated by

a pyrolysis technique (Schroeder, 1977). A well dispersed

sample was either filtered on a Whatman GFjF filter and

washed with cold dH2 0 , or placed directly on an aluminum

weight boat. The weighing supports had been pre-combusted

(550oCi 1hr). The sample was dried to a constant weight

under vacuum, at 60 oC, and then ignited at 5500C for 24hr.

The sample was then cooled under vacuum, and reweighed.

organic C was estimated to equal 50% (wtjwt) of the weight

loss.

6.3 Respiration

Dark respiration was

pressure change in CES.
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pressure increase in CES is due to net oxygen released

during net C reduction (system growth), and that daily

light/dark pressure changes are solely due to 02 uptake

during respiration (Obenhuber, 1986; and Shaffer unpublished

data) .

Pressure was monitored by a non-destructive and remote

procedure. A CES was attached to a miniature solid state

piezoresistive pressure transducer (PX 136, Omega Eng., CN).

The system was maintained in a water bath wi thin a

temperature controlled growth chamber. At 10 rna excitation

the transducer has a output range of -50 mv to +50 mv

corresponding to a working range of -5psi to +5psi relative

to ambient pressure. Input/output was handled by a 12-bit

(plus I-bit for sign conversion), 16 channel analogue to

digital converter unit (ADC-1, Remote Measurement Systems,

Inc., WA). A full scale reading on the ACD-1, with its 100

mv usable output range, was 2048 pressure units. The

effective sensitivity of this set up was +/- 0.17 torr.

Data acquisition and control was by an 8-bit CPM computer.

Channel readings were taken at 1 or 10 min intervals.

Variations in pressure due to growth chamber temperature

fluctuations were negated by sUbtracting pressure reading of

a sterile thermobarometric control from sample readings.

Corrected changes in pressure over a dark period were

converted to corresponding 02 changes using the ideal gas

equation n=dPV/RT. At total biomass st~bility, it was

assumed that net respiration = gross productivity, and thus
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1 mole of O2 uptake is equivalent to 1 mole of carbohydrate

oxidized. This value was then divided by the length of the

dark cycle to yield umol c-respired/hr. Dark respiration

was normalized to total daily respiration based on the

assumption that heterotrophic and autotrophic respiration

rates were continuous on a diurnal basis (Obenhuber,1986).

The ADC method for respiration used was as originally

created and described by Obenhuber (1986). A number of

additional modifications (used in the experiment presented

in Chapter X) were made to this initial setup~ 1). All

systems were placed into a 21 liter glass water tank

containing a temperature controlled waterbath stirrer. This

set up was to even out lighting and temperature gradients,

and also to provide a greater thermal buffer. 2). Instead of

fixed bulk head fittings, the pressure transducers were

fitted to 18 gauge needles which entered the vial via a gas

tight septum. This minimized connector piston action, and

also allowed greater flexibility in experiment design. 3).

The pressure transducer, its electrical connections, and the

vial septum were covered with aquarium grade silicone

sealent. In this way the vial could be fully immersed in

the water bath, and this also prevented any ridding action

of the transducer connectors. 4). Most of the 96 electrical

wiring connections were redone by Folsome in order to

minimize common ground-loop current effects. 5). The ADC

board (and power to the transducers) was electrically

isolated from the building by running it off of a 12 volt
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car battery. 6). Parts of Obenhuber's (1986) data collection

software were rewritten so as to minimize the problem of

residual capacitance on consecutive channels on the ADC-1

board as mentioned by the manufacturer. 7). BASICt m soft

ware programs were written allowing large amounts of data to

be directly fed in and manipulated by Quatrot m spread-sheet

programs. 8). All incandescent bulbs were removed and

replaced with fluorescent grow-l ights . This to minimize

light/dark heat fluctuation in the growth chamber, and also

to minimize black-body heating in the samples and controls

due to IR radiation. 9). Thermobarometric controls were made

by autoclaving an experimental CES and adding sodium azide

in order to greater duplicate the thermal properties of

samples.

6.4 Live Biomass Carbon (LBC)

The concentration of adenosine triphosphate (ATP) in a

system was used to estimate its live biomass carbon

(actually cytoplasmic C; Karl, 1986).

ATP was measured by the firefly luciferin-luciferase

assay (Karl and Holm-Hansen, 1978) and ATP was extracted

similar to as described by Craven and Karl (1984). The

aqueous phase of a CES was filtered trough a 0.45 um pore

size Whatman GF/F filter. The majority of the biomass

remained in the culture vessel as a coherent (non-sediment)

cyanobacterial mat type of structure. While filtering was

proceeding, one ml of cold dH20 was added to the vial, to
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remove excess salts, and this was quickly added to the

filter column. Six ml 0.5 M H3P04 (room temperature) was

added to the vial and its contents were homogenized with a

Biohomogenizert m (Biospec Products, OK) for 10 seconds. The

filter, plus another 2 ml of buffer, were then added to the

vial, and the filter was used to wipe the internal surface

of the vial. The vial was placed in an ice bath and the

sample plus filter was homogenized immediately. The

Biohomogenizer was placed slightly above the contents of the

vial and 2 ml of buffer was used to clean its blades. The

vial was left on ice for 1 hr. A predetermined amount of 10

N NaOH (0.735 ml) was added to the vial, while vortexing,

to neutralize the pH to 7.5. The vials were then stored at

-20oC, for up to 2 months, prior to ATP assay.

On the day of assay, the vials were thawed, the

contents were mixed on a vortex, and 2 ml were removed and

centrifuged to remove debris. The supernatant was then

diluted with sterile distilled H20, to bring it to 9 roM P04,

and assayed immediately. ATP was measured with a

fluorometer. The enzyme used was FL-50 Difco fire-fly tail

extract. Results were quantified from a standard curve

constructed using Calf-thymus ATP. The conversion factor of

ATP * 250 = live C (wt/wt) was used (see Karl, 1980).

6.5 Carbon-Specific DNA synthesis Rate

The incorporation of tritiated adenine into DNA was used

as an estimator of the rate of gross carbon increase in the
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total living pool of a system - this rate will refered to as

simply - the carbon production rate.

This measurement of biological activity requires the

determination of: 1) the rate of labeling of the DNA pool;

2) the total ATP concentration; and 3) the total

radioactivity of labeled ATP. The ratio of the latter 2

determinations is identical to the specific activity of the

immediate intracellular precursor pool (dATP; Karl, 1980).

The procedure used as well as discussions of the biochemical

and ecological pathways involved in adenine salvaging,

theoretical considerations regarding isotope dilution, and

the scaling factors used to convert DNA synthesis to carbon

production are those of Karl (1981; 1982); Craven and Karl

(1984); Karl and Winn (1984); and Burns et ale (1984).

An amount of gas necessary to equalize the pressure to

ambient was removed from a CES with a needle and syringe.

The system was opened and 200 ul of a 10 uCi/ml stock of 3H

. ·-1
aden~ne (16.7 C~ mmol ., New England Nuclear Corp. MA) was

added to the system. The removed gas was reintroduced

through the system's septum, and the vial was touched to a

vortex unit to distribute the adenine. The system was placed

back in the lighted growth chamber, and incubated for 2 hr.

The incubation was terminated by initial processing in

a manner similar to that of an ATP extraction (see above).

After the GF/F filter was homogenized, the contents of the

system were transferred to a test tube. Carrier DNA and RNA
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(1 mg each) was next added to the test tube, to aid

precipitation and recovery, and the preparation was

incubated for 8 hr at 4oC. Next, 2 ml were removed from the

test tube for later determination of the specifi.c activity

of ATP (see below). This portion was pH neutralized and

frozen as described above for ATP extraction.

The DNA extract was centrifuged (1,500 x g, 8 min,

l oC), and the pellet was resuspended and washed 3 times in

10 ml cold 5% trichloroacetic acid (TCA) and 3 times in cold

95% ethanol to remove unincorporated label. Supernatants

were aspirated with a Pasteur pipette attached to a vacuum

flask. Macromolecular separation in this assay is based on

differential resistance to hydrolysis. The dried pellet was

resuspended in 2 ml IN NaOH, and RNA alkaline hydrolysis was

carried out for 1 hr in a 37 0C shaker bath. The sample was

put on ice for 15 min and then acidified, to reprecipitate

DNA and protein, with 0.5 ml of a HCI-TCA mixture (1 part

dH20, 2 parts 9N HCI, and 1 part 100% TCA). The preparation

was mixed on a vortex and centrifuged, and the RNA

containing supernatant was removed. The pellet was then

washed as described above. Residual ethanol was evaporated

from the pellet by placing the test tube in a heating block

at 90oC. The DNA was solublized (and proteins precipitated)

by adding 2 ml 5% TeA, stoppering the tUbes, vortexing, and

boiling for 30 min on a heating block. The sample was

cooled on ice and centrifuged. Supernatant (0.5 ml) was

removed for liquid scintillation counting of DNA.
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The 2 ml portion that was used to determine the

specific activity of ATP was thawed and further split into 2

portions. ATP was measured by the firefly tail method (see

above) in one portion. The second portion was used to

determine the radioactivity of 3H-ATP• Thin-layer

chromatography (TLC) was used to separate labeled ATP from

other labeled products and nucleotides. Thin-layer

chromatography was done by mixing 25 ul sample with 15 ul of

cold carrier ATP (4 mg/ml in 20 roM Tris, pH 7.4). The

mixture was spotted and dried to a PEl cellulose TLC sheet

(MN 300, Brinkmann Instrument co , , NY). The sheet was

washed 2 times in 1 liter of dH20 for 15 min to remove

excess co-migrating labeled adenine, and developed in 0.85M

potassium phosphate buffer (pH 3.4) for 3 hr. The ATP spot

was visualized with short wave UV. The spot was cut out and

eluted with 1 ml 0.7 M MgCI2, prior to liquid scintillation

counting.

Carbon production (umol C ml-1 hr-1) was estimated and

extrapolated based on the assumptions that: 1) dAMP

represented 25 mol% of the DNA synthesized; and 2) that

(wtjwt) DNA represented on average 2% of the total microbial

cell carbon.

6.6 Chlorophyll-a

Chlorophyll-a is an estimator

biomass. The pigment was assayed
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spectrographic procedure outlined in standard Methods for

the Examination of Water and Wastewater (Greenberg, 1981).

A CES was dispersed briefly with a Biohomogenizer.

Four to 6 ml (depending on desired sensitivity) was pipetted

into a centrifuge tube and 0.2 ml of a 1% MgC03 was added.

The sample was concentrated by centrifugation at 1000 x g

for 5 minutes. The supernatant was removed and 2 ml of a

9:1 reagent grade acetone to dH20 was added. The pellet was

homogenized with a Biohomogenizer and 1 ml of acetone

solution was used to rinse the grinder. The pigment was

further extracted by incubating the samples in the dark,

overnight at 4 o C . The sample was then clarified by

centrifugation and extract was transferred to a 1-cm quartz

curvet. Optical density was read at 663, 645, 630 and 750

nm (for chlorophylls -a,-b,-c, and turbidity, respectively),

on a spectrophotometer. Calculations for ug chlorophyll-a

were performed as described in standard methods by Greenberg

(1981).

6.7 Heterotrophic Viable Plate Counts and Number of CFU
Morphotypes.

A specific heterotrophic medium was made by adding agar

(14 gil) to the CES basal salt media (EXO II or EXO III),

containing carbonate, nitrate, and phosphate (23, 8, 0.1 roM,

respectively) . Heterotrophic substrate added was hexose,

casamino acids, and yeast extract (1, 0.2, 0 . 2 g/l,

respectively). These substrate concentrations had been

shown to give maximal counting efficiency and morphotype
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discrimination in the general type of CES presented below

(data not shown). The media were further enriched by the

addition of an undefined substrate similar to that of the

CES. This was achieved by taking 2 g of parent system

(cyanobacterial mat) and homogenizing in media with a mortar

and pestle. The solid portion was added to the agar portion

and autoclaved. The liquid portion was filter sterilized

(0.2 urn) and added to the media after cooling. The final pH

of the medium was 8.0.

various dilutions of a CES were made in basal salts and

spread plated. The plates were incubated for 3 weeks in a

dark, humidified aquarium. Colonies showing different

morphology (morphotypes) were enumerated with the use of a

dissecting microscope using the general guidelines of

Smibert and Krieg (1981).

6.8 Metabolic Processes

A Most-Probable-Number (MPN) determination assay was

used to determine and quantify the presence of

microorganisms performing different ecological roles, in

particular those involved in the cycling of nitrogen. MPN's

were constructed according to the general procedure of

Cochran (1950). Ten-fold dilution series were used.

Triplicate I independently diluted tubes were used at each

dilution. Assay results as number of organisms/system were

scored using standard distribution tables. Thirteen
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different metabolic processes were selected for examination

(Table 6.2). The assays were set-up by myself and A.

Brittain. Selection was based on use of carbon, nitrogen,

and energy coupling sources, and by physical cuIturation

conditions. The media, except where metabolic specialists

were concerned, was not meant to identify genus or family,

but to include any group of organisms able to perform

similar ecologic function.

All media used were based on the ASN II medium of

Rippka et ala (1977); a basal marine salts recipe,

originally formulated for nitrogen-fixing cyanobacteria.

This basic medium was made up to a salinity of 28 gil, and

amended with trace minerals, EDTA iron and a vitamin

mixture.

The basic medium was further amended with different

compounds to make it selective for the different metabolic

groups tested. The general guide concerning selective

procedures can be found in the relevant chapters of the

volumes of The Procaryotes ( Starr et al., 1981).

All assays were done in 96-well tissue culture plates

except where indicated.

The denitrification medium contained yeast extract,

peptone, and nitrate (1, 10, and 1 gil). Inoculated medium

was cultured anaerobically, in the dark. Nitrate reduction

was detected by using spot tests for the presence of nitrite
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Table 6.2. Types of Metabolic Processes Selected for by
Most-Probable-Number Determination in Microcosms and their
Corresponding Natural Parent Systems. Selection was by
Carbon, Nitrogen, and Energy Coupling Sources, and Physical

Culturation Conditions.

Metabolic Carbon Nitrogen Energy Electron
Process Source Source Source Couplea

1) Denitrificationb
a) Nitrate Reduction Organics Fixed Organics +N03:b) N2-liberati~n Organics Fixed organics +N03

2) Hetero.N2-fixation
b Glucose N2 Glucose Ferm.

3) Nitrification
a) Ammonia oxidation CO2 NH + NH + +C02,+02b) Nitrite Oxidation CO2 N04- N04-

+C02,+022 2

4) Ammonification
a) Bacterivory < Live Bacteria > ·;!-0:l
b) Proteolysis Protein Fixed Protein +02,Ferm

5) Desulfuricationb
+SO -2a) w/combined N Ethanol NH + Ethanol

b) via N2-fixation Ethanol N 4 Ethanol +S04-22 4

6) Oxygenic Photosyn. c
a) w/combined N CO2 NO - Light -H2O
b) via N2-fixation CO2

N 3 Light -H2O2

7) Anoxygenic Photosyn. b
a) autotrophy CO2 . N2 Light -H S
b) heterotrophy Organlcs N2 Light Assimilate

a "+" = electron acceptor; "_" = electron donor.

b These groups were cultured anaerobically.

c Chemosynthetic groups (numbers 1 to 5) were cultured in
the dark. Photosynthetic groups (6 and 7) were on an
alternating light/dark cycle.
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(MacFaddin, 1976) after 3 weeks of incubation. Complete

denitrification was observed by visible growth concurrent

with the absence of both nitrate and nitrite in the medium,

as this indicates that nitrate had been transformed into a

gasous product.

The medium for ammonia oxidation contained (NH4)2S04 at

0.5 gil. Nitrite oxidation was selected by adding KN02 (0.3

g/l) to the basic medium. Both media were incubated

aerobically in the dark. CuItures were scored by visible

growth along with spot tests for the presence of nitrite

(ammonia oxidizers) or nitrate (nitrite oxidizers).

The medium to determine the activity of heterotrophic

nitrogen-fixers contained glucose (10 gil). Incubations

were done in vacutainer tubes that were stoppered, flushed

with N2 gas, and placed in the dark. Positive tubes were

determined by a positive acetylene reduction test (Hardy et

al., 1968), at approximately 2 weeks.

The processes relating directly or indirectly to

ammonification that were examined were proteolysis by

heterotrophic bacteria and bacterivory by heterotrophic

nanoflagellates. The bacterial medium contained beef

extract, peptone, and gelatin (3, 5, 120 gil) and was

incubated aerobically in the dark. Positive wells were

those eXhibiting gelatin liquef ication. Protozoa were
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detected by the sterile rice grain enrichment technique

(Cynar et al., 1985). Identification of these organisms was

done with an inverted microscope (400X). Positive wells

contained at least 1 organism per 10 random microscopic

fields.

Sulfate reduction was selected by adding ethanol ( 4

g/l) and sulfate. Two sets of plates were made. One set

received an additional combined nitrogen source. The other,

which tested for N2-fixation received no nitrogen addition.

The 96-well plates were cultured anaerobically in the dark.

positive wells were scored by growth, and metal sulfide

precipitation.

Nitrogen-fixing oxygenic photoautosynthetic organisms

(cyanobacteria), were cultured with no addition to the basic

medium. Non-fixing organisms (algae) were selected by the

addi tion of nitrate (0.5 g/l). Both were incubated

aerobically in the light. positive wells were scored after

1 month on the basis of visual growth.

Nitrogen-fixing anoxygenic photobacteria were cultured

by either adding reduced sulfur (NaS2 ' 0.4 g/l) for the

purple and green sulfur bacteria or ascorbate (0.5 gil) and

succinate (1 gil) for the purple non-sulfur

(photoheterotrophic) group. The cultures were incubated

anerobically in the light. Positive wells were determined

by visual inspection.
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6.9 Epifluorescence Acridine Orange Microscopy - Total
Counts

Total heterotrophic bacterial counts were done by the

acridine orange epifluorescence microscopic technique of

(Hobbie et al., 1977), as modified by (Velji and Albright,

1985). The modification uses pyrophosphate as an ionic

bUffering agent. Pyrophosphate treatment increases counting

efficiency by causing the disaggregation of bacteria from

biologic and physical surfaces (Velji and Albright, 1985).

·AII reagents used below were filter sterilized

immediately prior to use. One ml of a well dispersed sample

from a CES was added to 1 ml of a 3% borate saturated

formaldehyde solution. This was stored at 40C in the dark

for up to 6 months before use. For epifluorescent counts 1

ml of preserved sample was added to 8 ml of filter

sterilized 2.5% NaCI and 1 ml of 0.1 M tetrasodium

pyrophosphate. The sample was incubated for 20 minutes at

room temperature. After this, it was placed in an ice bath

and sonicated for 20 seconds with a probe-type sonicator.

The sample was then further diluted with 2.5% saline to 10

times the working range. Next 0.5 ml sample was mixed with

4 ml dH20 and 0.5 ml of a 1% acridine orange solution. The

mixture was incubated for 10 min and poured into a glass

filter column.

The filtering apparatus consisted of a Nuclepore

sintered glass filter mount attached via a rubber stopper to
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a 500 ml flask. The flask had a side port, which was

connected to a vacuum pump and gauge. i;, 25 mm Millipore

type HA cellulose filter (pore size of 0.45 um) was washed

once in dH20 containing a few drops of Triton-X and then

rinsed in dH20 and placed on top of the filter mount. A 25

mm diameter polycarbonate Nuclepore Filter (pore size of 0.2

um) which had been soaked for 24 hr in 2% acetic acid

containing 0.2% irgalan black, was washed and rinsed as the

Millipore filter. The Nuclepore filter was then placed on

top of the Millipore filter and the filter mount was clamped

to a 20 ml glass column. The sample was filtered at a

pressure of 0.8 atm. As soon as the meniscus touched the

face of the Nuclepore filter the vacuum was shut off and the

filter was removed and placed on a clean microscope slide to

which a drop of Cargille type A immersion oil had been

added. Another drop of oil was added to the face of the

filter and this was then covered with a glass cover slip. A

third drop of immersion oil was placed on the top of the

cover slip. Bacteria were counted with a epifluorescence

microscope. At least 200 cells in a minimum of 10 randomly

chosen fields were counted. The number of bacteria/ml was

calculated according to; (number/fields counted/ml) * area

covered by filter column/area of microscopic field *
dilution factor).

The pyrophosphate technique must be performed on

formaldehyde preserved cells, as the aldehyde crosses links

membrane proteins, which prevents lysis due to increase
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permeability in the presence of the pyrophosphate (Velji and

Albright, 1985). This treatment however, did not prevent

the ability to distinguish unicellular cyanobacteria from

heterotrophic bacteria by the former's characteristic pink

autofluoresence, when the sample was preserved in a borate

saturated solution and assayed within a month. Filamentous

autofluorescing eukaryotic and prokaryotic algae were

enumerated directly from filtered water samples.

6.10 Heterotrophic Substrate Range

Some of the types of substrate that potentially could

be utilized by a stable-state CES were characterized using

the Biolog tm micro-culture assay system (Biolog Inc.

Hayward, ca ) ,

Chapter x.
Details of this procedure are presented in

6.11 Parameter Relations

Figure 6.1 depicts a generalized schemata and mass

model relating various parameters that will be used to

characterize CES. Total system carbon (TSC) is known, and

is for the most part equal to the amount added in the media.

The TSC minus the total biomass carbon (TBC; section 6.2)

equals the standing inorganic carbon pool. ATP is a direct

measure of the amount of cytoplasmic (or living) carbon

( section 6. 4 ) . The living pool functions are depicted in

the Figure as autotrophs (eukaryotic and prokaryotic algae),

phagotrophs (protozoa), with the heterotrophic bacteria
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loosely classed as osmotrophs (those primarily utilizing

soluble substrates such as exudate and cell lysis products)

and as decomposers (those attacking mainly particulate and

often more refractory substrate). The pool of non

cytoplasmic reduced, or dead carbon, includes anything from

detritus to cell wall material, and is estimated as TBC

minus live carbon concentrations.

Total respiration (section 6.3) will be considered an

estimation of the mass-flux of carbon from the reduced pool

to the inorganic pool. At TBC-stability, total respiration

is assumed equal to gross photosynthesis. In photosynthesis

inorganic carbon is first fixed into photosynthate (non

living reduced carbon). Some of this carbon will be

reoxidized directly and some will be directly assimilated

into the living pools of the autotrophic compartment, and

the heterotrophic compartment (via algal exudate). The

remainder of the newly fixed carbon, by one route or

another, will stay part of the dead carbon pool for a time.

When a cell dies or is predated its live carbon re-enters

the dead pool and eventually is reoxidized. Carbon

production (Section 6.5) is a measure of the flux of all

types of reduced carbon into the total cytoplasmic pool.

This is the internal carbon cycling of an ecosystem. At

ATP-stability it is assumed that the growth rate equals the

death rate. A stable ATP and TBC pool would suggest the

average oxidation state of the reduce carbon is also

constant; and approximately mass-stable.
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CHAPTER VII.

EFFECTS OF BIOLOGICAL DIVERSITY ON CES STABILITY

7.1 Preliminary Gnotobiotic Experiments

My original interest was how biological diversity and

complexity affected the establishment of stable gnotobiotic

CES. Previously, gnotobiotic microecosystem experiments were

constructed using standard stock monocultures (Taub, 1977;

Obenhuber, 1986). My strategy was to take an intact natural

cyanobacterial mat community and culturally dissect it into

as many of its component species as possible and then

reassemble it into a number of simpler systems. This

methodology, based on "same-site') monocultures, was reasoned

to preserve to some extent pre-existing adaptive

relationships.

Using some of the methods outlined in Rippka et al.

(1979), 15 monocultures of non-heterocystic cyanobacterial

species, a species of ChIarella, one mixed culture of a

pennate diatom and a filamentous cyanobacterium, and two

monocultures of heterotrophic protozoa, were obtained from a

single mat site on the Waianae coast of Oahu.

Approximately 30 morphotypes of mostly gram-negative

heterotrophic bacteria were also identified on solid media

from this site.
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Different combinations of single algal monocultures

were mixed together in chemically defined media in order to

construct CES. The biological inoculum was added to a

system such that its constituent amount of bioelements would

contribute no more than about 5% of the total system

bioelemental concentration. This is defined as a mass

insignificant inoculum. Series of CES that were set up from

these monocul tures were monitored over time for total

biomass carbon (TBC) increase by measuring the increase in

gas-phase 02 by gas chromatography.

The results of these experiments indicated that: 1) the

minimum number of algal monocultures (cyanobacteria or

eukaryotic algae) needed to establish a successful CES was

reduced from 5 monocultures to 3, when a 5 um pore-size

f il trate was added; and 2) all biomass-stable systems

attained approximately the same level of biomass.

The first result points out certain difficulties in

creating pure gnotobiotic systems. In this experiment, for

example, the majority of viable bacteria that were

identified on media could not be isolated in pure culture.

This highlights the fact that within the heterotrophic

bacteria compartment itself there were complex metabolic

interactions. Also, Ferguson et al. (1984) have cautioned

that viable counts may only represent a small fraction of

the actual number of species present wi thin an ecological

sample; most species are functionally non-cuI turable.
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Therefore, there is some uncertainty involved in

constructing completely gnotobiotic systems, especially

concerning the inclusion of heterotrophic bacteria. There

has probably never been a completely gnotobiotic microcosm

yet constructed. Taub (1984), recognized this problem and

proposed the use in research of the "synthetic microcosm".

These are semi-gnotobiotic systems, where most of the

prokaryotic compartment is left undefined. The second

result of my experiment suggested that the stable level of

total biomass may be more controlled by the total

availability of bioelements in the media than by the

particular make up of the inoculum, as all successful CES

grew to about the same total biomass regardless of species

composition.

Gnotobiotic systems are of interest because they offer

the possibility of: 1) a standardized CES design; 2) a more

direct application toward human food-source studies (for

space); and 3) defining the lower limits of biological

complexity necessary to establish a stable system. One

drawback of this approach is that it is difficult to assess

whether gnotobiotic systems are somehow too artificial in

order to draw valid generalizations regarding basic

properties of CES. Since little is known about the

organization of stable CES, gnotobiotic systems may not be

the wisest choice for a model system at this relatively

early stage of CES research.
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7.2 Effects of Inoculum Concentration on CES stability.

In the following experiment a deductive approach was

used toward generating semi-biologically defined (or

possibly semi-gnotobiotic) inoculum for CES. The strategy

for deriving a relatively simplified inoculum involved a

dilution to extinction protocol, using as starting material

a complex, naturally derived biological sample. The

experiment was designed by the construction of 8 separate

series of CES (in replicate sets), where each series was

inoculated using progressive 10-fold dilutions of the

original biological sample. Since carbon pools (live, dead,

and inorganic) were measured on the starting material, an

end-point could be determined relative to those terms 

after which further dilution of staring material would

resul t in either no growth or a non-stable system. All

series were given the same medium, which contained

bioelements in inorganic (and soluble) form. These

bioelements were in addition to the amount constitutive of

the biological inoculum itself. As construction of each

progressive series involved only dilution of the biological

material (1 to 10) consequently, the point was soon reached

where the amount of bioelements contributed by the medium

toward the given total system concentration was

proportionally the greater source. All series where medium

carbon concentration (as bicarbonate) represented greater

than 95% of the total system carbon were defined as mass

insignificant inoculum. Here, the biological inoculum can

84



be considered to contribute only an informational, but no

material, potential to the totality of the system. A mass

.insignificant microbial inoculum is expected to still be

fairly complex in terms of its community structure (Which is

probably a benefit toward constructing vigorous systems).

It was thus expected that even a relatively dilute

inoculated system may be no easy matter to analyze regarding

its exact species composition, which would be necessary to

establish a standardized gnotobiotic protocol. However, if

a stable CES can be formed from a complex dilute inoculum,

this protocol would allow for a high degree of material

quantification. This is because the final stable structure

of such a system must be built from the inorganic (and

quantified) bioelemental ingredients of the artificial

medium.

Each series in some ways represented a different CES

prototype system. This is because each series was initiated

with (perhaps) differing levels of biological complexity (as

a function of inoculum dilution) and also because each

series received differing amounts of inoculum associated

peripheral bioelements. Hence, this experiment affords a

comparative approach toward examining general aspects of CES

organization. Overall growth characteristics - whether, and

when TBC-stability occurred in each series, were evaluated

by measuring oxygen non-destructively over time by gas

chromatography for series replicates. These values were

used to estimate and compare the amount of (stable) TBC
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concentration in each separate series. Addi tionally,

nighttime respiration was measured via the ADC method. This

parameter was also compared and contrasted to TBC levels as

a function of biological dilution and/or total bioelemental

composition. Average estimated daily respiration values

were used to calculate carbon pool turnover times. And,

importantly, an evaluation was made as to whether, when, and

in which series, this parameter was stable.

After the successful series had existed as TBC-stable

systems for enough time for its total carbon pool to have

turned over at least 1 complete time, a replicate from each

series was cUlturally dissected (destructively). A sample

was taken from a now-mature CES, and placed into a variety

of different selective media designed to detect the presence

of different metabolic groups; especially those involved in

the cycling of nitrogen. These were performed as a Most

Probable-Number assay, which allows for the quantitative

determination of numbers of organisms. These cultural

assays had also had been done on the original starting

material. Thus, it was possible to describe how the

derivative CES series may have simplified compared to the

parent natural system. Since it was to be expected that some

metabolic groups would be lost to a series via dilution, a

comparison of all the CES and the parent enabled an

evaluation to be made as to which biochemical functions may

be critical components of a stable CES. Finally I these
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data outline one empirical approach toward the generation of

gnotobiotic systems.

The objectives of this experiment can be summarized as

follows: 1) To get an idea of the minimal amount of live and

total biomass that would be needed to set up a mass

insignificant CES using naturally derived complex inocula;

2) to see what effect dilution would have on total biomass

stability in CESi and 3) to compare the relationship of

total biomass carbon to total respiration in different

prototypes of TBC stable CES.

7.3 Experimental Design

A benthic sample approximately 35 cm in depth and at a

water depth of about 3 m was collected from Kaneohe Bay on

Oahu. The sample was brought to the laboratory and 25 g of

wet composite sediment was homogenized in a chilled Warring

blender for 2 minutes in 0.2 liters of 2.5% NaCI. Five ml

of homogenate was then added to each of 7 boro-silicate

scintillation vials. The vials are 23 ml in total volume.

Ten ml of EXO I I medium containing 23 roM NaHC02, 8 .8 roM

NaN03, and 0.87 roM K2HP04 was added to each vial. These vial

were labeled as the 100 replicate dilution series.

In order to construct the rest of the dilution matrix,

a 7 by 7 rack of sterile test tubes was set up. The first

row of tubes each received 1 ml of inoculum homogenate plus

9 ml diluent (2.5% NaCI). Each test tube was then used to
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make an independent 1 to 10 dilution into the consecutive

tube of the next row, etc. After all 49 test tube dilutions

were made, 5 ml was removed from a tube and added to a

scintillation vial along with 10 ml of completed medium.

Those 7 replicate vials seeded from the first row of test

tubes were labeled the 10-1 series. This series received

0.5 ml of original sample homogenate, or one tenth that of

the 100 series. In like-wise fashion, vials in the 10-2

series received 0.05 ml of original sample homogenate, and

so on.

All systems were sealed with gas-tight septa

immediately after construction and were placed on a 14/10

hr. light/dark cycle in a growth chamber at 350 uE/m2/s and

a temperature of 26 °c degrees.

7.4 Results

Significant growth was observed to have occurred in

only the first 4 lower dilution series, i.e., those series

which had received the relatively greater amounts of initial

inoculum (10 0 to 10-3 , inclusive). Growth became noticeable

after approximately 2 weeks post-closure. The replicates in

the higher dilution series (10-4 to 10-8 ) largely remained

unchanged over the duration of the experiment (data not

shown), and will not be considered further below. The

biological inoculations used to construct the individual

replicate CES were by separate operations, (so that

statistically end-points could be determined if necessary)
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however, within each of the 4 successful series all 7

replicates were also successful.

Table 7.1 lists the initial amounts of carbon in the

live, detrital, and inorganic pools at the time of closure

in the first 4 dilution series. The culture medium in each

system contained 230 umol of soluble inorganic carbon in the

form of NaHC03, the rest of the system carbon - Li,ve,

organic or detrital, and mineral inorganic carbon (as caC03

precipitate) was derived from the inoculum. Thus, in the

most concentrated series (100), about 87% «2231.6

230)/2231.6) of the total system carbon (TSC) was from the

inoculum itself. The percent of total ca~bon derived from

the inoculum was 45%, 10% and 1% for the next 3 series (10-1

to 10-3 ) , respectively. The 2 more dilute series, thus,

bracket a mass-insignificant range.

The most initially biologically dilute series that

established growth (10-3 ) , had received upon construction

approximately 1 nmol of live carbon (Table 7.1). This

minimum, as a rough estimate, would correspond to about 105

E. coli sized organisms or several thousand filamentous

cyanobacteria (Ingraham et al., 1983).

The average amount of TBC in the 4 replicate series

(10 0 to 10-3 ) over time, are plotted in Figure 7.1 Total

biomass carbon was estimated from P02 pressures as measured

by gas chromatography (GC). Values given are the average of
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Table 7 .1. Initial Carbon Pools per System at the Time of
Closure in the 4 CES Inoculum Dilution Series That Showed
Overall Growth.

Carbon Pools (umol c/system)

Parent
Inocul. a

Liveb
Total

(mg/sys) organica Mineralc Inorganicd TSCe

Series

100 209.90 271.12 0.87 1730.51 1960.51 2231.63

10-1 20.99 27.11 0.09 173.05 403.05 430.16

10-2 2.10 2.71 0.01 17.31 247.31 250.02

10-3 0.21 0.27 >.001 1.73 231.73 232.00

a ~he dry weight of the Kaneohe Bay sample preparation
(10 inoculum) was 3.1% organic material (wt/wt) as
determined by pyrolysis. Thus: mg dry wt * 0.031 = mg
organic material; mg org material * 0.5 = mg organic
carbon; and mg organic carbon/12*1000 = umol organic
carbon.

b The initial inoculum contained 41.6 ng ATP/5ml. This was
the amount added to the first dilution. A conversion factor
of 250 was used to convert ng ATP to ng Live carbon (see
Materials and Methods).

c The inoculum was estimated to be about 85% caco3 by
weight as determined from weight loss after acid
vaporization on dried pre-combusted samples. The formula
weight of 100.06 for calcium carbonate was used to convert
dry weight to umol of precipitated inorganic carbon
(mineral C).

d Total inorganic carbon is the estimated umol
contribution from the carbonaceous sediment plus 230 umol
carbon/system due to Na-bicarbonate in the medium at the
time of closure.

e Total System Carbon.
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Figure 7.1. Total biomass carbon in the 4 CES series that
grew. Total biomass carbon (TBC) values are estimated by
the GC method (see text) and each point is the average for

6 replicate systems within a given prototype.
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6 replicates in each series. The results preliminary

suggest that a state of TBe-stability was established in the

3 higher dilution series (-1 to -3) starting at about 43

days post-closure and continuing through the end of the

experiment on day 236. In general, the stable state

appeared to correspond to the maximum TBC. In the series

that received the most amount of inoculum (100), TBC

exhibited a rise and fall pattern, and consequently was not

stable over the observation period. The results also

indicate that each series attained a distinctive

concentration of TBC over day 43 to day 236 (the observed

stable period).

Mean values and standard deviations of the average

replicate times points over the stable period are given in

Table 7.2. Since there is at least a 10% error involved in

reading the gas-chromatography charts, and in extrapolating

GC oxygen measurements in the CES to TBC, an operational

definition of non-fluctuating, or constant value TBC

stability, will be simply defined as when the coefficient of

variation for mean values (taken over a presumed stable

period) is less than 2 times expected error, or 20%. All

stable groups (10-1 to 10-3) were within this operational

boundary of defined TBC-stability (Table 7.2).

Since all CES immediately after closure were at ambient

oxygen partial pressure, mean values in Table 7.2 represent

the net increase in biomass. The results demonstrate that
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Table 7.2. Total Biomass Carbon Mean Values Over the
Oefined TBC-Stable Period (day 43 to day 236 Post-Closure).

Mean +/- SOa
(umol TBC/sys)

Series

10° 342.8 +/- 85.9

10-1 277.3 +/- 11.1

10-2 154.3 +/- 21.5

10-3 101.8 +/- 6.2

C.V.b
(%)

25.1

4.0

13.9

6.1

Avg. Replicate SOc

54.0

59.0

38.1

19.9

a Mean and standard deviation (SO) refer to the set of
average values recorded over the stable time period (see
text). Individual time points for each series were the
average TBC values for 6 replicates.

b The coefficient of variation (CV) was calculated from
the mean and SO as (SO/mean) * 100%.

c This value is the total SO over the stable period time
points among the 6 replicates for each series. This value
shows the amount of variation between replicates within a
given series.
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the magnitude of the increase in TBC was directly related to

the amount of initial inoculum: the ratio of increase

between 100 and the 10-3 series was 3.4 (342.8/101. 8) .

Standard deviations in Table 7.2 were also calculated for

all replicate time points taken over the observed stable

time period. These results show a fair degree of

reproducibility between the replicates for TBC, and also

that stable TBC value-ranges was unique to a series.

Values for total biomass (and total respiration) were

also extrapolated from pressure readings using the ADC

method. A replicate from each of the 4 series was placed on

the ADC equipment on day 54 post-closure at about the start

of the stable period. Each system was monitored for a total

of 121 additional days (to day 175 post-closure). Pressure

reading were taken continuously at 10 minute intervals. A

certain amount of gas was removed from each system before

they were hooked up to the ADC equipment in order to bring

internal pressures wi thin the range of the pressure

transducers.

The TBC for each day was extrapolated from the average

of 6 time points immediately preceding the start of the dark

period. The calculated TBC over the time span of the ADC

measured period, for the 4 systems, are shown in Figure 7.2.

The results show some initial growth preceding

stabilization. This "settling-in" period may in part be

attributed to slight perturbations involved in removing some
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gas-phase oxygen. After this initial period, the results

generally support the GC derived data showing a consistency

in the TBC levels for the 10-1 to 10-3 systems, and some

increase in the 100 system.

In order to calculate mean stable TBC values, best-fit

stable periods were derived for each system using linear

regression analysis. These durations were obtained by

comparing moving point regression; working backwards from

the end of the ADC readings and forwards a few days after

its start. The best stable periods were considered those

that corresponded to the maximum ratio of number of days

divided by the corresponding regression slope. For the 10-1

to 10-3 series, the acceptable best stable period used was

also inclusive of the last time points. Since the 100

system did not appear to be stable, values were arbitrarily

taken from day 58 (4 days into the ADC readings) to day 175

post-closure. In the 3 other systems, TBC concentrations

are the mean over the time period beginning on day 70, 94,

and 99 post-closure for the 10-1 to 10-3 systems,

respectively. The mean TBC concentrations, thus obtained

(as umol TBC/system) were 332.0 +/- 19.1; 336.3 +/- 4.2;

186.1 +/- 5.5: and 123.6 +/- 5.7, for the 100 to the 10-3

systems. The ratio of ADC to GC estimated TBC values ranged

from 0.9 to 1.2, showing an acceptable agreement between the

2 methods of estimation.

Respiration was estimated from the ADC pressure by

sUbtracting the average of 3 time points immediately
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preceding the start of the dark period from the average of

the 3 time point readings that preceded the start of the

daily light period. Figure 7. 3A is an example of raw

pressure data taken on the ADC. This example is from the

100 system for a 3-day period. Raw data means that the

thermobarometric control had not yet been subtracted. The

data indicate a fairly linear drop in pressure over the dark

phase. This result supports the use of taking the

difference between the start and end of the dark phase as an

estimation for the total integrated change. Raw data for

the sterile control is given in the top line in Figure 7.3B.

It can be seen that the magnitude of the pressure change is

much less than that for the sample data (Figure 7. 3A) .

Fluctuations here are due to slight variations in incubation

temperatures. The lower line in Figure 7.3B was obtained by

sUbtracting the readings of this control from a second

similar control (a constant was added to show this on the

same graph). This curve was fairly horizontal, as expected.

Respiration, normalized to a 24 hr, daily basis (see

Materials and Methods) is shown graphically in Figure 7.4.

These data show initially low respiration values for the

first few days in the 4 successful systems, and then these

values increase and tend to appear stabilized. The initial

low values were again assumed to be due to the perturbation

involved in removing some of the gas. Stable periods were

ascertained by moving point linear regression, in the manner

as described above for the ADC TBC data. These respiration
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time span, and shows the results of subtracting this control

from the other similar control.
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Figure 7.4. Daily total respiration by ADC method (see text and
materials and methods) over the measured period. The 4 sucessful
dilution series (1 repl icate system from each) are shown.
Pressure readings were taken continously at 10 min intervals.
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closure.
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stable start times were on average 9 days later than the

start of the TBC stable period and were inclusive of the

latter time points (day 175) for all systems.

Mean respiration values (as umol C-respired/system/day)

and the results of linear regression analysis, all

corresponding to the def ined stable period, are given in

Table 7.3. Total respiration was highest in the most

concentrated series and decreased with dilution, except in

the 2 lower series where it was approximately the same. The

low values of the correlation coefficient indicate little

linear dependency of the dependent variable - respiration,

on the independent variable - time (Table 7.3). This would

be minimally expected for a stable period. Additionally, a

system was operationally def ined as stable largely in a

descriptive sense based upon 3 criteria. The first was

whether the best-fit regression line was inclusive of the

latest time points and also included at least 40% of all the

total points (since 3 of the systems were TBC-stable to

begin with). All 4 systems met this requirement

(calculations not shown).

The second criterion was based on results showing that

the regression slope of the reduced sample data (sample 

thermobarometric control) was below that of the regression

slope calculated from the sterile control alone (raw data):

this indicates that fluctuations can be ascribed mostly to

temperature fluctuations (data not shown).
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Table 7.3. Stable Respiration Values as measured by
Light/Dark Pressure Change.

Regression Analysisb

Mean +/- SDa
R2Series (umol C-fixed/d) Slope

100 11.4 +/- 1.13 -0.016 0.008

10-1 9.9 +/- 0.91 -0.041 0.055

10-2 7.5 +/- 0.95 0.010 0.004

10-3 7.9 +/- 0.75 0.012 0.002

CONTROLc -0.3 +/- 1.14 -0.050 0.122

a The mean respiratory rates are given over the length of
the respiration stable range (see text).

b Slope and correlation coefficients (R2) are from linear
regression analysis (respiration as a function of time), and
refer to the defined stable period.

c The thermobarometric control was an autoclaved, sodium
azide treated CES. The control contained a concentration of
biomass approximately similar to the sample CES. The
control data was subtracted from the sample data in order to
factor out pressure changes due to incubator temperature
fluctuations.
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Lastly, stability was evaluated on the basis of

comparing the magnitude of the regression slope to that of

the mean respiration value and standard deviation. Assuming

that the regression slope is indicating a real linear trend,

then the minimum estimation for the amount of time that a

system would remain within a statistically significant range

of its mean value, beyond the end of the measured period

(175 days post-closure), is simply SO/slope. Minimum

expected post-experiment stable periods ranged from about 22

days (10-1) to about 70 days (10 0) (Table 7.3).

A more rigorous approach toward calculating the life

expectancy of a CES from ADC data was offered by Obenhuber

(1986). He suggested that the maximum percent of error in

such measurements was equal to the regression slope

mUltiplied by the length of the observed stable range

divided by the mean stable value. The predicted stable life

expectancy of a system is then the length of the

experimentally observed stable range divided by the maximum

percent error. The longer an experiment runs the greater the

power of predicting a system's longevity. If the maximum

percent error = 100% then the life expectancy could only

equal the observed stable range. By these calculations

(Obenhuber, 1986) the 4 systems all had miminum stable

period life expectancies of several hundred days

(calculations not shown). Therefore, by the above 3

criteria, respiration in all 4 series was operationally

stable.
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In the 3 TBC-stable system prototype CES (10-1 to 10-3)

total system carbon (TSC) demonstrated a tl.::rnover time of an

average of about one month (Table 7.4). Biomass in these

systems was turning over about every 3 weeks and the

inorganic pool in less than 2 weeks. Overall, systems with

smaller pools experienced higher turnover rates of those

pools. Table 7.4 demonstrates that during the course of the

GC determined stable period, these 3 systems had completely

turned over an amount of carbon, equivalent to the total

amount in all forms, of over 4 times. These data suggest

that these CES were autonomous, cycling ecosystems.

Table 7.5 gives the metabolic functional list data

taken for the first 3 dilution series (100 to 10-2) on day

236 post-closure. These were performed as an Most-Probable

Number dilution to extinction assay, which is based on the

Poisson distribution. In terms of diversity all 3 CES were

the same. The only minor difference was the absence of

culturable oxygenic-photosynthetic nitrogen-fixers

(cyanobacteria), in the 10-2 system. As all CES were

dominated by cyanobacteria, this result is probably not too

noteworthy. Moreover, N2-fixation probably did not occur to

any great extent in these systems, as will be discussed in

the following section. The most numerous organisms were

nitrate reducers. End-point determined concentrations were

fairly similar in all CES. Overall these data indicate what

may be a minimum diversity cluster necessary to support a

stable CES configuration. The functional diversity in the
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Table 7.4 Table 7.4. Turnover Times of Carbon Pools and
Approximate Number of Turnovers of the Total System Carbon
(TSC) Over the Observed Stable Period (day 43 to day 236

Post-Closure).

Turnover Timea (days)

Netb Total
TSC TBC TBC InorganicC

Series

100 195.8 30.1 53.9 141.9

10-1 43.4 28.0 30.7 12.7

10-2 33.3 20.6 20.9 12.4

10-3 29.4 12.9 12.9 16.4

No. of
Turnoversd

TSC

0.9

4.4

5.8

6.6

a Turnover time was calculated as pool size/respiration
rate. Total respiration values used were the stable means
obtained from the ADC determinations (see text).

b Net total biomass carbon (TBC) represents the average
post-closure stable period increase, as determined by the GC
data. Tctal TBC is the net increase plus the amount of pre
formed organic carbon included as part of the biological
inocula (Table 7.1).

as
C)

The number of turnovers of the total system carbon (TSC)
was calculated over the stable period of 193 days (day 43 to
day 236 post-closure).

c The size of the total inorganic pool was estimated
(initial inoculum inorganic C + initial medium inorganic
- stable net TBC).

d
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Table 7.5. comparison of Most-Probable-Number of
Microorganisms Performing va~ious Met~bolic Functions at 236
Days Post-Closure in the 10 to 10- CES Dilution Series,
and in the Kaneohe Bay Sediment Sample (Parent System) on
the Day of CES Construction. Numbers in parenthesis are

standard error after Cochran (1950).

log organisms/ml
Dilution Series CES

log organisms
Metabolic per g-sediment

100 10-1 10-2Process Kaneohe Bay

l)Denitrificationa
a)Nitrate Red. 7.2(2.4) 6.3(0.9) 5.6(0.8) 5.2(0.8)
b)N2-release <dl <dl <dl <dl

2)HetQ - - -
u ~~~xer >8.0b <dl <dl <dl-.a..v-~'t2--.L..&..

3)Nitrification
a)Ammonia oxi. 1.6(0.5) 3.2(0.6) 2.9(0.7) 2.0(0.7)
b)Nitrite Oxi. <dl <dl <dl <dl

4)Ammonification
a) Bacterivory ndc 3.7(0.9) 3.2(0.6) 3.3(0.6)
b)Proteolysis 3.7(1.2) 5.0(0.7) 4.6(1.0) 4.9(0.8)

5)Desulfurication
a)w/combined N 3.3(1.1) <dl <dl <dl
b)via N2-fix. nd <dl <dl <dl

6)Oxygenic Photosyn.
a)w/combined N 5.2(1.7) 3.2(0.7) 3.7(1.0) 3.7(1.0)
b)via N2-fix. 1.9(0.6) 3.0(0.6 3.0(1.0) <dl

7)Anoxygenic Photosyn.
a)autotrophy 2.5(0.8) nd nd nd
b) heterotrophy 2.5(0.8) <dl <dl <dl

a The lower MPN limit of resolution was approximately 10
organisms/g-sediment for the parent sample, and 3
organisms/ml-system for the CES dilution series; "<dL" =
less than detection limit, indicating no tubes were
positive.

b All tubes were positive.

c nd = not done.
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CES were also similar to the parent system: there was some

simplification, which was mostly limited to anaerobic groups

- sulfate reducers and anoxygenic photoheterotrophs (purple

non-sulfur bacteria).

7.5 Discussion

This is the first experiment to demonstrate that stable

CES can exist at different biomass concentrations and

respiration rates for a single value of radiant-energy

input. The functional list data is not conclusive but seems

to suggest that these systems were about the same

biologically (Table 7.5), and thus differences in behavior

were perhaps more influenced by initial material

compositions. A general conclusion then was that, within a

certain limit, more carbon resulted in more stable biomass.

However, the ratio of the stable net TBC to TSC in the 3

TBC-stable systems were similar: 0.64, 0.62, and 0.44, for

the 10-1 to 10-3 series (Tables 8.1; 8.2).

This experiment also supports and extends the data of

Obenhuber (1986) indicating that biomass and respiration

stabili ty are linked in CES. There was a general

correlation of higher TBC to higher respiration rate

although comparatively the range of net TBC increase was

about 3 times as great as that of the CES respiration valuss

(Tables 8.2; 8.4).

It is interesting that the respiration rate in the 10 0

series (Figure 7.4) appeared conditionally to be a more
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stable parameter than its TBC (Figure 7.2). This behavior

may have been partly due to the sizable initial amount of

organics in this system (Table 7.1). These organics could

have allowed some uncoupling of photosynthetic and

respiration rates (necessary to maintain a constant level of

TBC) by providing a ready made organic buffer. This would

offer one mechanism toward explaining the rise and fall in

TBC response pattern seen in this system (Figure 7.1).

In the 100 series not quite all of the total system

carbon had recycled an equivalent amount during the

observation period (Table 7.4). Systems like this, while

materially closed in a physical sense, are still materially

open in a ecological sense; they have yet to demonstrate

autonomous existence apart from what may possibly be only a

one way, "chemostatic-like" flow from pre-existing material

(and chemical energy) buffers. As this series was a

sediment-type of CES (as opposed to a chemically defined,

mass insignificant CES) that have been shown to stabilize in

about 200 days by Kearns (1984), it is likely that the

biomass was nearing stability by the end of the experiment.

Total biomass turnover times (TBC/respiration), for

both net and total pools were given in Table 7.4. These

results indicated that TBC turnover (or the per unit biomass

respiration rate) was inversely related to the amount of

initial biological inoculum given; and consequently, CES

with higher TBC levels had slower rates. Odum (1969) defined
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the inverse of this ratio as a measure of an ecosystem's

"specific entropy." Odum argued that ecosystems supporting

the most biomass on the least amount of respiration, are

more energy efficient: these require less maintenance

energy/uni t of structure, to continuously preserve their

overall level of order. He noticed, for example, that total

biomass becomes maximized in the climax state of an

ecosystem. Since respiration/TBc ratios in this experiment

decreased with dilution, the more concentrated series were

the relatively more energy efficient by Odum's definition.

7.6 Conclusion

The metabolic function data suggested that it was not

possible in this experiment to derive by inoculum dilution a

biologically more simplified (stable) system (Table 7.5).

Successful series were approximately the same in terms of

numbers of organisms and function at the given level of

resolution.

However, the experiment does demonstrate that

chemically defined CES started from a mass-insignificant

inoculum retain sufficient biological complexity to generate

a stable configuration while eXhibiting significant levels

of biomass and respiration relative to their total carbon

allotment. The greater biological potential and flexibility

associated with such an inoculum makes it a more appropriate

model than gnotobiotic ones for performing basic research in

CES.
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CHAPTER VIII.

ASPECTS OF STABILITY AND MATERIAL BUDGETING IN OPEN
VERSUS CLOSED MICROECOSYSTEMS

8.1 Introduction

The following two experiments further examine aspects

concerning TBC stability in CES, using a strategy that

allows comparison of the behavior of closed versus open

(gas-open) microcosms. The open systems in these experiments

are a positive control regarding access to C. Analysis will

be made of mass-budgets of C, N, and P in TBC-stable CES.

Also, the issues involved in generating Hypothesis 1 will be

addressed: open microcosms, due to a net loss of oxygen,

will tend to be more eutrophic and will require longer times

to establish a biomass stable configuration than analogous

closed systems.

The following experiment was designed to directly

compare aspects of TBC stability in open and closed systems

under conditions where both system types were given

identical (mass-insignificant) biological potential,

radiant-energy input, physical dimensions, and (initial)

medium. Even under these controlled conditions it is

expected that open systems will self-organize differently

than closed ones. The question is what form will this take.

In Section 4.3 the argument was developed that luxuriant

carbon uptake will occur in open systems as compared to
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closed chemically-defined systems. This was reasoned to be

less related to free access to an unlimited supply of carbon

than to the processes involved in maintaining a sufficient

influx rate of oxygen. Material potential in open systems

involves the participation of essentially unlimited

reservoirs of CO2, 02 and N2• Open systems (unlike closed

systems) can not be constructed with fixed initial

concentrations of these bioelements. The medium for both

open and closed systems in the following experiment had a

C:N:P ratio of 230:80:1. Compared to a Redfield (1958)

ratio of 106:15:1 in seawater, the medium was most limited

in phosphate and had the greatest surplUS in nitrogen.

Phosphorus for the most part does not traverse an ecologic

cycle associated with oxidative/reductive changes, and would

not be associated with vehicles or gaseous compounds that

add or remove it from a microcosm. Thus, the phosphorus

content of an open microcosm should remain fixed, as it must

in a closed system. Therefore, a logical strategy toward

optimizing the scope of this experiment, would be to limit

both microcosm types in this critical non-exchanging

bioelement - phosphorus. Here, the open system, in theory,

would be impeded from capitalizing on its relatively greater

material advantage. In the Null case, both categories of

microcosm will develop a stable state organization

indistinguishable from each other. Each system-type being

prevented from further development by a simple, and equal,

Liebig-type of phosphate limitation. If differences
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concerning the area of stability appear, then causative

principles that implicate material closure as the forcing

function, can be reasonably invoked.

8.2 Experimental Design

This experiment used series of 1: 10 dilution sets of

replicates. Two parallel groups, one gaseously open, and

the other materially closed were made. The parent system was

a 5-year-old, 2-liter sediment type of CES that had been

originally constructed by Kearns (1984). Thus, these open

and closed systems were derivative microecosystems. Certain

parts of this experiment were done in collaboration with A.

Brittain. We were interested in whether an old, sediment

type CES retained functional complexity and if it could be

successfully used to seed a new generation of chemically

defined CES. The original parent of Kearns' system had been

a Kaneohe Bay sediment sample that was taken from the same

site as the parent inoculum used in Chapter VII.

In order to minimize variability between replicates,

the construction of the series replicates was different from

that of the previous experiment. Here, pipetting operations

were consolidated; all replicates at a given dilution series

were seeded from the same test tube inoculum dilution.

Twenty-five grams of wet sediment were homogenized in

200 ml of 2.5% NaCI and 0.1 ml was added to a series of 23

ml scintillation vials containing 10 ml of EXO II medium

(with appropriate concentrations of C,N, and P). This
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series was labeled the 100 dilution series (relative to the

preliminary sample preparation). A 1:10 dilution (in saline)

of the preliminary preparation was then added to similar

vials with the same medium to generate the 10-1 series. The

process was continued up to and including a 10-6 series. A

minimum of 10 vial-systems were constructed at each

successive dilution. All vials, except for 4 from each

dilutiop series, were immediately sealed with a gas-tight

septum; day 0 post-construction. The vials that were not

sealed were fitted with a cap through t-lhich a "S"-shaped

hollow aluminum tube had been inserted. These sets of vials

constituted the group of open systems. The aluminum tube

included a small amount of sterile glass-wool fibers to

allow free gas exchange while minimizing evaporative loss

and airborne contamination. The medium contained 23 roM

carbon as NaHCo 3, 8 mM nitrogen as NaNo 3, and 0.1 mM

phosphate as K2HP0 4. All vials were cultured at a

temperature of 26 °c, and were exposed to radiant-energy at

350 uE/m2/sec, on a 14/10 hr light/dark cycle.

8.3 Results

Data are presented below only for the first 3 dilution

series (10 0 to 10-2 ) for both the open and closed system

prototypes, because growth only occurred in these systems.

All replicates from both the open and closed systems in the

first 3 series grew to significant biomass levels, whereas

no significant growth at greater dilution was observed (data
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not shown). Thus, at the resolution afforded by a 1: 10

dilution, the biological potential necessary to establish a

system (open or closed) was the same for both types of

microcosms.

Analysis of initial carbon pools comprising each of the

3 successful dilutions series shows that the medium (rather

than the inoculum) supplied the majority of the systems'

bioelements (Table 8.1). In the 10-1 and 10-2 series,

inoculum carbon contributed less than 2% to the total

systems carbon. These 2 dilution series were, by definidon,

biologically mass-insignificant. The data in Table 8.1 also

indicate that the minimum amount of Li,ve biomass carbon

necessary to initiate significant growth in a closed or

open system-prototype (in this experiment the cut-off point

occurred at the 10-2 inoculum dilution series) was around 1

nmol/system. This minimum live biomass concentration is

about the same as that of the previous experiment (Table

7.1.).

In the 3 dilution series of closed systems, gas-phase

oxygen percent as measured by gas chromatography appeared by

observation to have reached stabilized levels during the

experimental run (Table 8.2). This stable state was

established in the 10 0 series between 30 and 56 days post

closure; sometime after 74 days post-closure for the 10-1

series: and sometime after day 127 for the 10-2 series. The

means over these stable periods, converted to umol
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Table 8.1. Initial Carbon Pools at the Time of Construction
in the 4 Open and/or Closed Inoculum Dilution Series That

Showed Overall Growth.

a The dry weight of the initial parent preparation was
estimated to be 3.7% organic matter (wt/wt) and to be about
55% caco 3 (wt/wt). All methods of determination and
calculations follow those of Table 7.1 and are discussed in
the text.

b The size of the total inorganic carbon pool and the total
system carbon pool (TSC) is equal to the material
contributed by the medium plus the inorganic portion
(mineral carbon) from the inoculum.

c This value is a direct estimate for total system carbon
(TSC) concentration where closed system-dilution series are
concerned. As the open systems were in communication with
the atmosphere their boundaries were likewise open, and TSC
refers only to initial concentrations.
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Table 8.2 Gas phase % Oxygen Over Time, Measured by Gas
Chromatography in Closed System Dilution Series Replicate
Vials, as an Indicator of the Onset of Total Biomass
Stability as a Function of Initial Amount of Starting
Biological Inoculum.

A. 100 Dilution Series.

a All systems were initially at ambient oxygen
concentration (20.95%) upon closure.

b Values correspond to an individual system over the
observed stable period. standard deviations are given only
where at least 3 data points existed.

c Blank spaces indicate a system was no longer available;
either because it had been destructively assayed, or was
incorporated into other experiments not under present
discussion.
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Table 8.2 (Continued) Gas-phase ~ Oxygen over Time.0

B. 10-1 Dilution Series.

Days Post-Closure

Stable period

19 30 51 74 127 240 439

Percent Gas-Phase O2
a

Vial

Stable Period
Mean SO

1A nga 27.7 44.9 36.3 49.7 49.7
1B ng 28.0 45.4
1C ng 27.6 44.0 41.3 52.4 57.3 55.5 51.6 2.0
10 ng 25.2
1E ng 27.1 42.g 40.6 52.6 56.4 54.5
1F ng 28.0 nd 41.4
1G ng 31.5 43.2 41.6 56.0 49.2 55.1 53.4 3.0
1H ng 26.4 42.9 40.4
11 ng 27.3 42.9 40.1
1J ng 30.0 43.0 37.1 50.9 50.9
1K ng 33.8 44.7 42.5 54.2 54.2
1L ng 33.8 45.6 30.4
1M ng 28.4 43.2 40.6 40.7 53.2 54.7 49.5 6.3
1N ng 25.3 46.2 42.5 42.2 53.8 56.0 50.6 6.1
10 ng 42.6 48.6 42.9 55.8 55.7 56.0 55.8 0.1

Mean - 29.5 44.4 39.8 50.5 54.3 55.4
SO 4.3 1.7 3.3 5.2 2.7 0.5

a ng = no growth, by observation

b nd = not done
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Table 8.2 (Continued) Gas-phase % Oxygen over Time.

C. 10-2 Dilution Series.

Days Post-Closure

Stable period

19 30 51 74 127 240 439

Percent Gas-Phase °2
a

Vial

Stable Period
Mean SD

2A ng 21.1 39.0 42.1 39.2
2B ng ng 42.9 40.5 40.7 50.8 49.7 50.2
2C ng ng 41.3 44.5 41.5 49.7 46.2 48.0
2D ng ng 30.2 42.8
2E ng ng 34.2 39.3
2F ng ng 35.9

Mean - 21.1 37.3 41.9 40.5 50.2 48.0
SD 4.3 1.8 0.9
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TBC/system were 157.7 +/- 7.6 for the 100 series; 140.4 +/

27.2 for the 10-1 series, and 113.0 +/- 10.3 for the 10-2

series. These means were within an acceptable level of

error, defined as SO/mean <20%, which was considered the

operation level for constant TBC stability. The results

also show that a high degree of reproducibility was observed

concerning TBC stability. Standard deviation (SO) between a

group of replicates for any time point after stability was

established, was similar to SO over time for anyone vial

(Table 8.2).

The stable period mean values show a correlation of

higher levels of TBC to higher levels of total system carbon

(TSC). But, the ratio of average stable period TBC to TSC

were similar (TSC is given in Table 8.1) would be 0 . 56

(157.6/283.39); 0.60 (140.4/235.3); and 0.49 (113.0/230.53),

for the 100 to the 10-2 series respectively. These results

are again similar to those presented in Chapter VII.

The longer periods of time required to establish a

stable TBC in the 2 higher CES dilution series, corresponded

mainly to longer lag periods before exponential growth was

initiated (Table 8.2b, c). These results were presumably due

to the complexity and nature of the biological inoculum,

possibly some artifact involving its 5 previous years of

adaptation under closure. No :;eries was initiated with

significant amounts of pre-formed organics, and TBC data do

not show any rise and fall over time as did the 100 dilution
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series of the preceding experiment (Figure 7.1). In both

this and the previous experiment, the maximum TBC generally

corresponded to the stable value.

Table 8.3 compares TBC in the 3 successful open systems

up to day 126. Since these systems were open to the

atmosphere, TBC was estimated by pyrolysis. This was done

on 1 ml of homogenized sample collected on a 0.45 urn size

pore GF/F pre-combusted filter (see Materials and Methods).

The TBC development pattern in the open series for the 10-1

and 10-2 series, between days 51 and 126 post-construction

were virtually identical. The 100 dilution series showed

some acceleration in TBC production between day 51 and 74,

but all 3 prototypes arrived at roughly similar values by

day 126. Total biomass carbon was also estimated on the

closed systems by the pyrolysis technique, on day 126, in

order to directly compare TBC levels to the parallel set of

open systems (Table 8 • 3 ). The amount of TBC in the open

systems were notably higher than the closed ones: comparing

open to closed systems at equal inoculum dilution these

ratios were 5.6, (2016.4/361.6); 5.1, (1835.2/358.8); and

7.8, (2158.0/275.3); for the 100 to 10-2 dilution series

respectively. Thus, on average, there was about 6 times

more TBC in the open systems than the closed onos by day

126.

Table 8.4 compares populations of microorganisms

performing various metabolic functions at 156 days after
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Table 8.3. Comparison of Total Biomass Carbon, as Measured
by Pyrolysis, Accumulated in Open and Closed System-Series
Inoculated with 1 to 10 Dilutions of the Same Biological

Starting Inoculum.

Total Biomass Carbon
(umol/system)

51 74 126
(days post-construction)

Series

Open Series

327.9

427.3

340.5

1030.5

587.1

612.7

2016.4

1835.2

2158.0

Closed Series

nd

nd

nd

nd

nd

361.6

358.8

275.3

a nd = not done.
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Table 8.4. Comparison of Mcst-Probable-Number of
Microorganisms Performing Various Metabolic Functions at 156
Days Post-Construction in Open and Closed Dilution Series,
and in the Parent System on· the Day of Microcosm
Construction. Numbers in parenthesis are standard error

after Cochran (1950).

log no. organisms/ml
Dilution Series Microcosms

Open Closed
log no./g-

Metabolic Sediment
100 100 10-1 10-2Process Parent CES

l)Denitrificationa
a)Nitrate Red. 3.9(1.3) 5.0(1.0) 6.1(1.2) 4.3(0.8) 3.9(1.0)
b)N2-release <dl <dl <dl <dl <dl

2)Hetero.N2-fix 0.9(0.3) <dl <dl <dl <dl

3)Nitrification
a)Ammonia Oxi. 2.8(0.9) 2.9(0.7) 2.3(0.6) 2.0(0.9) 2.0(0.5)
b)Nitrite ox l , <dl <dl <dl <dl <dl

4)Ammonification
a) Bacterivory 4.6(1.5) 2.1(0.5) 2.3(0.6) 2.7(0.7) 3.1(0.8)
b) proteolysis 4.8(1.6) 2.7(0.7) 3.7(0.7) 3.7(0.7) 3.5(0.7)

5)Desulfurication
a)w/combined N 3.2(1.1) <dl <dl <dl <dl
b)via N2-fix. 3.2(1.1) <dl <dl <dl <dl

6)Oxygenic Photosyn.
a)w/combined N 6.4(2.1) 4.3(0.9) 5.1(1.0) 5.4(1.1) 4.6(0.9)
b)via N2-fix. 3.2(1.1) <dl 2.1(0.7) 1.7(0.6) 1.0(0.3)

7)Anoxygenic Photosyn. b
a)autotrophy nd nd nd nd nd
b) heterotrophy nd nd nd nd nd

a The lower MPN limit of resolution was approximately 7
organisms/g-sediment for the parent sample, and 3
organisms/ml-system for the open or closed dilution series;
"<dl" = less than detection limit, indicating no positive
tubes.

b nd = not done.
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construction. This sampling day was well after TBC

stability had been established in the closed 100 and 10-1

series (Table 8.2a,b). Cultural assays were performed in the

manner of a Most-Probable-Number dilution to extinction

assay, and end-point determinations (organismsjml-system)

are given in the table. Enumerations were done on the

closed systems for the 100 to the 10-2 dilution series, and

on the open system for the 100 dilution series. The data

show essentially the same metabolic function groups

represented within each of the 4 open and closed microcosm

prototypes. Also, respective numbers of organisms within a

group were for the most part within one order of magnitude

of each other in the systems. This general diversity cluster

seen in the prototype systems was similar overall to the

parent CES. The most notable differences were the presence

of the 2 types of sulfate reducers in the parent. Thus,

overall, only slight simplication of metabolic (ecologic)

diversity was resolved between the microcosms and the parent

system, and none between the open microcosm and closed ones

or among the different closed series themselves. The data

suggests an ecosystem-like maturity within all the systems.

The metabolic function list data show that a low number

of oxygenic photosynthetic organisms managed to grow on

nitrogen-free medium, but less than the number that grew

with combined nitrogen present (compare metabolic groups

number 6a and 6b, Table 8.4). In both cases, these organisms

were observed by microscopy to be mostly filamentous
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cyanobacteria. Since it is believed that all cyanobacterial

groups have the capacity to fix nitrogen (Gallon and

Chaplin, 1987) these results support the idea that in these

microecosystems the cyanobacteria were probably not actively

fixing nitrogen.

Table 8.5 gives results regarding the .use of total

system nitrogen in the open and closed systems. These data

correspond to day 156 post-construction. Aqueous phase

nitrate and nitrite were measured on cultural filtrates by

High-Pressure-Liquid-Chromatography (HPLC). The first 2

columns demonstrate that nitrate levels were a minimum of 10

times greater than nitrite in both and all, open and closed

series. The standing nitrate pool accounted on average for

about 48% (range 38% to 65%) of the total medium nitrogen

(which was initially added only in the form of nitrate at

80 umol/system) in all series. Pyrolytic chromatography,

or CHN analysis, lflas done on dried total biomass samples

that were collected on a filter and washed with cold dH20 .

Carbon to nitrogen ratios of biomass were measured on a 100

replicate open and closed system using the same vials as

were used for HPLC analysis. The results showed that

relative to a Redfield (1958) C:N ratio of biomass of 6.63,

C:N ratios were nitrogen-enriched in the closed system by

about a factor of 2 (6.63/3.33) and were nitrogen-depleted

by a factor of 2.4 (6.63/15.75) for the open system (Table

8.5). Thus, standing nitrate pools were similar in the
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Table 8.5. Use of Nitrogen in Closed and Open Systems 156
Days After Construction.

Aqueous Phase Poolsa
(umol/system) Ratio in Biomassb

Series Nitrite Nitrate C:N

Closed Systems

Open Systems

0.04
0.25
0.33

0.03
0.0
0.44

3.58
3.28
3.44

3.05
4.13
5.19

3.33
ndc
nd

15.75
nd
nd

a Nitrite and nitrate concentrations were measured by high
pressure-liquid-chromatography (HPLC) on filtered aquatic
phase samples. These were performed by D. Brittain.

b Carbon/hydrogen/nitrogen (CHN) analysis was by
incineration gas-chromatography on dried biomass samples,
and was done by L. Berger (see text).

c nd = not done.
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closed and open systems, but there was a difference in the

C:N ratios in the total biomass compartment.

8.4. Discussion

The most striking difference between open and closed

systems in this experiment was that TBC concentrations were

significantly higher in the open systems. It was not

possible to ascertain whether the open systems had attained

a stable state. Comparing the 2 microcosm types at the 100

dilution, it was observed that TBC stability was established

between day 30 to 51 in the closed system (Table 8.2a). But

if stability did occur in the open system, it would have

required on average about 60 days longer; occurring sometime

between 74 and 126 days post-construction (Table 8.3). It

can not be ruled out that this delay was a function of the

greater magnitude of the TBC; open systems require more time

to stabilize because there is more TBC involved.

Despite differences in development times, no

differences in the types of metabolic functions needed to

initiate a system was were found (Table 8.4). As these were

dilution-to-extinction experiments, the metabolic function

data in this and the previous experiment (Tables 8.5; 9.4)),

suggest that the minimum heterotrophic diversity cluster for

a persistent microcosm will contain ammonia oxidizers,

nitrate reducers, proteolytic bacteria, and bacterivorous

protozoa. The most notable differences observed in the
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heterotrophic compartment between the parent and the

derivative systems, in this and the previous experiment,

were the presence of the 2 types of sulfate reducers in the

parent (Tables 8.5; 9.4). Since these organisms are

anaerobes, these results may have been expected because

sediments were a predominant part of the parent systems.

This pathway (sulfate reduction) for terminal carbon

mineralization was probably not necessary or possible on any

quantitative scale in the essentially aerobic offspring

microcosms.

Except for the apparent absence of nitrite oxidizers,

the metabolic data seen in this experiment (Table 8.4) and

in the previous experiment (Table 7.5) would have been

sufficient to account for a cyClic aiR path concerning

nitrogen transformations in the systems. This pathway would

be abbreviated, operating without N2 fixation, nor the

complementary release of N2 via complete denitrification

(group 1b, Table 8.4), making it in some sense analogous to

more evolutionary primitive nitrogen pathways (Mancinelli

and McKay, 1988).

Nitrite oxidizers (Nitrobacter) occur at fairly dilute

concentrations in the marine environment (Blackburn, 1983),

and marine bacteria are in general often relatively more

fastisidous than similar forms in other habitats (Baumann

and Baumann, 1981). The inability to detect these organisms

may have been due to either the level of resolution in the
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MPN assay or to the culture medium (see material and

methods). The HPLC analysis indicated that small amounts

of nitrite were produced in the microcosms (Table 8.5),

presumably generated by nitrate reduction, and partial

nitrification. Nitrite would present a problem in these

systems because it is a dead-end. In time, a system should

become too depleted in usable forms of nitrogen to continue;

or be destroyed due to the toxic effects of an ever

increasing pool of nitrite. Possibly excess nitrite was

removed by alternative reductive pathways, which would mean

that the microcosms could have had a cyclic N-cycle without

nitrite oxidation entirely. Nitrite reductases are common

in nitrate reducers (Ingraham et al., 1983) and pathways

exist whereby nitrite can be directly assimilated or end up

as ammonia either via a non-energetic process

(detoxification), or when used in place of NAD as a non

cyclic fermentative electron dump (Sorensen, 1978; Bryan,

1981) . Nitrite oxidizers were not detected in the parent

CES either (Table 8.4), even though this system at the time

of its sacrifice had been functioning as a materially-closed

ecosystem for 5 years. This suggests there likely was some

mechanism(s) in place to at least control excessive nitrite

accumulation, which given the data, would be minimally

sufficient to allow for a cyclic nitrogen pathway.

Furthermore, since multiple (and apparently constant) carbon

turnovers in similar CES were demonstrated in the previous

experiment, it can be conjectured that there was some sort

129



of linked nitrogen cycle also in operation. Nitrogen burial

(as nitrite) would have to have eventually showed up as a

steady 02 increase. Also the HPLC data (Table 8.5) did not

indicate excess nitrite deposition.

The next order of business is to perform the mass

budget calculations. The open and closed systems at the 100

will be compared relative to their bUdgeting of carbon,

nitrogen, and phosphorus. Pyrolysis TBC estimates were

about 2.1 (361.6/(157.6 + 11.99) times higher than GC

derived estimates (Tables 9.1; 9.2; 9.3). For comparison,

the TBC concentration in the 10 0 open system will be

conservatively approximated to 900 umol TBC/system. The

rounded (stable) value of 160 umol TBC/system will be used

for the 100 closed system. Total medium carbon, nitrogen and

phosphorus concentrations in this experiment were again,

230, 80, and 1 umol/system.

Redfield's (1958) C:N:P ratios were used as a guide to

evaluate relative bioelemental excess and deficit, in the

same sense that these ratios were used to construct CES

media. This is with the understanding that the application

of these ratios come with their own set of qualifiers.

Bioelemental composition in algae (Tilman et al., 1982) and

detritus (Nedwell and Grey, 1987) can be somewhat elastic.

In contrast, heterotrophic bacteria are reported to have

fairly invariant (though less than Redfield) C:N ratios

under different culture regimens (Nagata and Watanabe,

130



1990). Goldman et al., (1979) noted that Redfield ratios in

the phytoplankton are most completely achieved only when

microorganisms approach the higher limits of their intrinsic

growth rates (nutrient sufficient conditions). Jones

(1987) 1 though, discusses that other physical factors are

also influential, and that a chemical composition close to

Redfield ratio does not necessarily indicate near maximal

growth. Nonetheless, Redfield's empirical ratios are still

considered essentially valid toward modeling metabolic

processes in aquatic systems; even if the ecological process

that may give rise to these ratios are not fully understood

(Richards, 1981). Data on carbon production rates and live

biomass carbon concentrations, will be presented below

(Tables 9.1;9.2) showing high live biomass turnover rates in

microcosms. These data may serve to further justify the

present use of a Redfield (1958) ratio derived analysis, in

light of the discussion of Goldman et al., (1979).

In terms of carbon, the closed system converted about

70% (160/230) of its available carbon into total biomass.

In the open system the minimal equivalent of about 291%

«900-230)/230) of its TBC was recruited from the

surrounding atmosphere. Carbon calculations are not very

meaningful regarding the open system as its initial

bicarbonate pool would in time equilibrate anyway with the

ambient atmosphere.

The maximum amount of TBC allowed by the Redfield

(1958) C:N ratio of 6.63, after which this ratio would be
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exceeded, can be calculated. Given that there was 80 umol

nitrate-N initially in the medium, there would have been

sufficient nitrogen (80 * 6.63 = 530) to account for 3.3

(530/160) times the TBC in the closed system, but only 0.6

(530/900) times the TBe in the open one. Thus, the closed

series should not have been forced to actively mobilize

detrital nitrogen to the same degree as would have been

necessary to maintain the open series. The CHN analysis

supports this observation, indicating that TBC in the closed

system was nitrogen-enriched relative to carbon, but; was

nitrogen-depleted in the open system (Table 8.5). And

yet, HPLC data on aqueous phase nitrate and nitrite

concentrations, indicated that almost half of the initial

nitrogen supply in both open and closed systems was not used

to build standing total biomass (Table 8.5). Therefore, both

types of system seemed to be manipulating the detrital

nitrogen pool to meet their biological needs, while perhaps

regulating overall N-cycling by maintaining a rather similar

inorganic nitrogen pool. For example, there is no obvious

reason why the open system did not draw more heavily upon

its inorganic N pool, given that this pool was of millimolar

(saturating) concentrations.

Returning to the question of overall nitrogen bUdgets;

Brittain (per. comm.) has found that ammonia concentrations

are not mass-significant in closed systems. This observation

seems reasonable in light of high oxygen levels and the

presence of NH4+ oxidizers (Tables 8.5; 9.4). Thus, it can
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be assumed that nitrate concentrations that were measured by

HPLC (Table 8.5), accounted for the bulk of the soluble

inorganic nitrogen pool in the systems. For the 100 closed

series, biomass nitrogen was 80 umol/system - 35.8 N as

nitrate, or approximately 44 umol. MUltiplying this by the

C:N factor of 3.33 from the CHN data (Table 8.5), equals

about 146 umol, which accounts for 91% of biomass carbon.

The amount of umol TBC/ system accounted for by the nitrogen

budget in the open series, making the same assumption

regarding ammonia, would be (80 - 30.5) * 15.75 = 779.6.

This amount accounts for about 87% of estimated TBC. Thus,

most of the system nitrogen can be accounted for just on the

basis of the standing nitrate pool. These calculations

further support the idea that there was no quantitative

nitrogen import (via fixation) from the gas-phases in either

the 2 microcosm types.

Suppressed nitrogen-fixation was expected, given the

fact that nitrogen levels were fairly high in these systems.

Moreover, the importance of N2-fixation as a quantitatively

significant source of combined nitrogen in aquatic systems

has been seriously questioned by both field and in vitro

studies. Such marine microbial studies, have indicated that

even under nitrogen limitation, fixation cannot overcome a

combined nitrogen deficit (reviewed by, Ryther and Dunstan,

1971; Sorensson and Sahlsten, 1987). Therefore, results

seen here in CES are in accordance with those of other
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studies suggesting that fixation was not a quantitative

source of nitrogen in either the open or closed microcosms.

Assuming the amount of biomass nitrogen was about the

same in the 2 microcosm-types, notice that the ratio of the

C:N ratios (15.75/3.3 = 4.8; Table 8.5) is similar to the

pyrolysis measured TBC ratio of (2016.4/361.6 = 5.1; Table

8.3). This is again an indication that biomass deposition

in the open system was due mainly to excessive carbon

uptake, and did not involve net nitrogen import.

The Redfield (1958) ratio for biomass phosphorus, (C:P

= 106: 1) indicates that TBC could be no greater than 106

umol TBC/system without exceeding this ratio. Thus, the

Redfield ratio was exceeded by a factor of 1.5 (160/106) in

the closed system and by a factor of at least 8.5 (900/106)

in the open one. This finding indicates that it was not

possible to limit carbon reduction in these microcosms based

on initial medium composition derived from Redfield ratios.

The establishment of phosphorus limiting preconditions were

integral to the overall experimental design. Therefore, it

cannot be ruled out that some of the differences in behavior

of the open and closed systems may be attributed to a

differential availability of carbon.

In summary; regardless of the failure to establish a P

limitation, overall the comparative approach permitted

certain insights into the nature of closure that would not

have been otherwise possible. The open systems functioned as
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a positive control. In this regard, the attainment in the

open system of comparatively high TBC concentrations infers:

1) that the stable-state TBC values of the closed systems

were not an effect of either N or P-limitation: and 2) that

the closed system did not approach a limitation to further

growth due to a dimensionally determined TBC carrying

capacity. Yet carbon itself was not the limiting factor,

as some 30% to 50% of the initial carbon remained in the

closed system-series as inorganic carbon, after TBe had

stabilized. Initial media C:N:P composition ratios, it

appears can not be employed straightforward to predict the

final state of a CES, relative to assumptions derived from

Redfield's ratios. There has been some evidence from the

last two experiments that the ratio of TBC to total system

carbon may converge somewhere between 0.4 to 0.6. This

ratio appears independent of the actual amount of total

system carbon: implicating perhaps that attention must be

paid to the fact that in a closed system a self-contained

and isolated oxidation potential is generated.

The Redfield ratios are predicated on mole

relationships: a CES can in theory control its oxidation

potential by manipulating the average oxidation state of

detrital pool carbon independent of the mass of reduced

carbon. The average oxidization state of the reduced carbon

in the 100 closed series can be calculated from the data

presented in Table 8.5. From the RPLC data there was 80 -

35.8 = 44.2 umol of biomass nitrogen, and from the CRN
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analysis there would be 44.2 * 3.3 = 145.9 umol of biomass

carbon. The total amount of C + N organic material in the

system was then 190.1 umol. The amount of stable state 02

produced, measured by GC (Table 8.2a) was 157 umol. since

nitrite levels were negligible (Table 8.5) all the reduced

nitrogen can be approximated to be at a -3 oxidation state;

thus 1 mole of nitrogen reduced must liberate a net of 2

moles of °2 . The amount of 02 liberated in nitrate

assimilation was 44.2 * 2 = 88.4 umol, leaving 157 - 88.4 =

68.6 umol 02 p~oduced by bicarbonate reduction. Each mole

of C reduced, produced only about a half mole of 02

(68.6/145.9) yielding an average reduced carbon oxidation

state of (145.9/68.6)-1 = +1.1. Thus, the TBC resembled

more an organic acid than a carbohydrate. Despite this

observation, estimated mass amount of TBC (based on GC) was

fairly accurate, even though my assumption of its oxidation

state was apparently incorrect.

The data presented above yield an interesting empirical

equation involving the moles of 02 liberated; the amount of

reduced carbon produced (TBC); the total system nitrogen

(TSN); and the total reduced (or biomass) nitrogen (TBN).

The equation is (02 produced) * TBC/TSN * TBN. Plugging in

the numbers this is 157*145.9/80*44.2 = 6.48. This number,

which was derived from 3 independently assayed parameters

and an experimentally set variable (TSN), is quite similar

to the Redfield (1958) empirical C:N ratio of 6.63. This,

even though observed ratios were less than half Redfield's
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ratio (Table 8.5). Another way of looking at this

relationship is that the oxidation potential generated in

the closed system (as moles of 02 produced) divided into the

theoretical amount of carbon that system could have reduced,

if it were to use all nitrogen available and also satisfy

Redf ield' s ratio, equals the actual C: N biomass ratio

observed. Therefore, in a circuitous way Redfield's ratio

was operable in this system. Since closed boundaries gives

the ecologist a rare oportinuity to keep complete tract of

all bioelements, further CES research may reveal that

Redfield's empirical ratios are dependent on a number of

parameter associated forcings; including detrital carbon

oxidation state. The above equation does not allow

predictions of exactly what level of biomass or oxidation

potential a stable CES will obtain based solely on initial

conditions. It also follows from all of the above that some

feed-back or homeostatic mechanism other than nutrient

limi tations operates to control the concentration of

(stable-state) TBC in CES. The processes that regulate

inorganic and organic pool sizes and structure are central

to understanding the nature of stability in CES.

8.5 Conclusion

Results showed that under controlled conditions open

systems become eutrophic as compared to closed ones.

Eutrophication appeared to be characterized solely by

luxuriant uptake of atmospheric carbon. Results further
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suggested that nitrogen utilization was of endogenous (or

non-gaseous) origin and potentially cyclic in both class of

microcosm. The comparative behavior of parallel open systems

facilitated a clearer understanding of how nutrient

interdynamics mayor may not operate to control stable-state

structure in CES.
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CHAPTER IX.

RESPONSE OF STABLE CLOSED SYSTEMS TO OPENING

9.1 Introduction

This experiment is a variation on the previous one

(Chapter VIII). A series of CES replicates was constructed

and a set was opened to gaseous exchange shortly after

exhibiting stable total biomass. This protocol examines the

effects of uncoupling as a perturbation on systems that are

already biologically mature with a (closed) stable structure

and organization. The initial bicarbonate concentration was

increased over that of the previous experiment by a factor

of 2.8, with the intention of increasing: 1) the

concentration of stable state closed system TBC compared to

that of the opened system; and 2) the degree of phosphorus

limitation. C:N:P ratios in the medium designed for this

experiment were 640:80:1, showing a slight C:N excess and an

overall phosphorus limitation. Relative to the Redfield

(1958) seawater ratio of 106:15:1, the C:P medium ratio was

exceeded by a factor of 6.0 (640/106), and the N:P ratio by

a factor of 5.3 (80/15).

9.2 Experimental Design

The inoculum was derived from a freshly collected

cyanobacterial mat from the Waianae coast of Oahu. Ten
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grams of blotted wet weight of the cyanobacterial mat were

homogenized in a blender in 200 ml of EXO-II medium

containing the given concentrations of C,N, and P (see

below). The preparation was allowed to settle for a few

minutes to remove large bits of organic and mineral

materials. The top 150 ml were removed and passed once

through a 90 um mesh Nitex filter. The filtrate was then

diluted in the same medium and 8 ml were added to a series

of sterile 20 ml test tubes. Each system received about 2

umol total carbon, which contained approximately 160 nmol of

living carbon as determined by ATP content. The use of a

cyanobacterial mat as the parent system provided a mass

insignificant inoculum that contained a high concentration

of biologically complex living material, as compared to that

of microecosystems using marine sediments as inoculum. The

live biomass content of this inoculum was over 100 times

that of the minimum content established as necessary to

initiate a competent microcosm (Tables 8.1; 9 .1) . Carbon,

nitrogen, and phosphorus, were added to the basic EXO-II

medium in the form of NaHCo3, NaN03, and K2HP04• The

concentrations of C,N, and P, were 64 roM, 8mM, and 0.1 roM;

since the systems contained 8 ml of medium, total system

C,N, and P were 512 umol, 64 umol, and 0.8 umol,

respectively.

All tubes were sealed with a rubber serological septum

immediately after construction and placed under 300

uE/m2/sec continuous light at 26 °C.
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Total biomass carbon over time was estimated by the gas

chromatography method on triplicate systems. On day 32

post-closure, when the systems appeared to be entering TBC

stability, 25 tubes were selected at random to be opened

systems. These systems were opened to gas exchange with the

ambient atmosphere by pUlling up on the rubber septum and

exposing its slotted vents to the air. sterile dH20 was

added to these opened systems when necessary to make up for

evaporation. Data were collected on both sets of system

types, for an additional period of 110 days.

9.3 Results

Figure 9.1 shows total biomass carbon increased

significantly 15 days after opening, and then tended to

level out over the following 95 days. The system had not

stabilized over the duration of the experiment. The closed

system appeared to have maintained approximate TBe stable

values starting from about day 28 post-closure and

continuing at the end of the experiment on day 142 post

closure. Total biomass carbon in the opened systems was

measured by pyrolysis on 5 ml of homogenized, dried sample

that was added to pre-combusted aluminum weight boats.

Total biomass carbon was estimated by the GC method in the

closed systems. Pyrolysis TBC determinations were found to

be approximately 45% (308.5/212.4) higher than GC

determinations by comparing triplicate closed systems
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Figure 9.1. Effects of opening CES replicates to atmospheric
exchange on the total biomass carbon concentration. CES
replicates were opened 32-days after construction, non-

opened replicates are closed system controls.
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measured first by GC and then by pyrolysis (day 32, Figure

9.1). The mean TBC concentration, (as umol/system) in the

opened system, over its 110 day run was 1205.3 +/- 225.2.

The stable TBC concentration in the closed system was 226.9

+/- 28.6. Normalizing the opened system pyrolysis derived

TBC value to the GC method, yields an estimated mean value

of 542.4 (1205.3 * 0.45). Hence, TBC increased in the opened

system on average an estimated 2.4 (542.4/226.9) times over

that of the closed system.

Tables 9.1 and 9. 2 give the mean of triplicate time

point measurements for live biomass carbon (LBC)

concentrations (as determined by ATP measurements), and for

carbon-specific production rates, (as measured by the

incorporation of tritiated adenine into DNA), for the closed

and opened system, respectively. Average values over time

are given below. These values correspond to day 1 to day

110, and day 15 to day 110, relative to the day of opening

(day 32 post-closure), for the closed and opened system,

respectively. The average LBC concentrations were 27.5 +/

11.1 umol/system, for the closed system, and 30.7 +j- 6.7,

for the opened system. These results show slightly greater

variation in the closed system than the opened one. The

carbon production rate averages were 53.6 +/- 20.4 umol

C/day, and 58.1 +/- 21.9, for the closed and opened system.

Thus, overall there were no substantial differences recorded

for either LBC or carbon production between the 2 types of

system. The live biomass turnover time, calculated as the
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Table 9.1. Changes in Live Biomass Carbon Content and in
the Carbon Production Rates After Opening of a Stable CES 32

Days After Construction.

Days Live Biomassb
Post- (urnol C/system)
Construction

32 (O)a nd d

47 (15) 18.4 +/- 5.9

73 (41) 31.2 +/- 18.8

99 (67) 38.9 +/- 12.8

115 (83) 33.7 +/- 8.0

142 (110) 31. 3 +/- 12.4

Carbon Productionc
(umol c/system-day)

nd

20.7 +/- 6.7

46.9 +/- 16.0

77.8 +/- 15.3

78.6 +/- 14.0

66.7 +/- 38.1

a Numbers in parenthesis refer to number of days post
opening.

b Live biomass carbon was calculated from triplicate ATP
data. Values are means and standard deviation (SD).

c Carbon production is a carbon-specific
(see Materials and Methods). Values
triplicates.

d nd = not done.

144

live growth rate
given are for



Table 9.2. Live Biomass Content and Carbon Production Rates
Over the Observed TBC-stable Period.

Days Live Biomassa Carbon Productiona
Post- (umol C/system) (umol C/system-day)
Construction

32 nd nd

35 45.3 +/- 1.6 57.2 +/- 16.3

41 39.9 +/- 2.9 50.0 +/- 8.6

47 23.6 +/- 4.5 44.4 +/- 9.8

51 23.8 +/- 7.7 49.0 +/- 3.0

60 29.7 +/- 4.9 64.1 +/- 14.2

62 36.8 +/- 2.7 78.5 +/- 46.9

68 40.3 +/- 7.9 71.3 +/- 35.3

73 16.7 +/- 1.9 nd

80 15.1 +/- 4.8 72.0 +/- 29.9

99 31.8 +/- 7.6 56.8 +/- 29.5

103 31.8 +/- 7.7 71.0 +/- 37.0

115 7.8 +/- 3.6 7.5 +/- 3.3

142 14.7 +/- 3.3 21. 7 +/- 6.2

a Values refer to triplicate replicate systems (see
footnote, Table 9.1).
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live biomass carbon pool divided by the carbon production

value, was 12.3 hr and 12.7 hr for the closed and opened

system. These results, show both systems to have been

metabolically active; the total live pool underwent about

200 complete turnovers during the latter 110 days of the

experiment.

Both groups of systems had viable numbers of

heterotrophic bacteria in the range of 107 to 108 per ml of

system on days 99 and 142 post-construction (Table 9.3).

En~merations were fairly consistent for each system on those

time points. Heterotrophic CFU's were on both occasions

approximately 4 times higher in the opened system. The

numbers of different colonial morphotypes that could be

discriminated on the viable agar plates were approximately

the same in both systems for the 2 time points taken (Table

9.3). These values may be taken as a rough indication that

the degree of heterotrophic diversity was about the same.

Enumerations by epifluorescence microscopy on the last

day of the experiment (day 142) did not suggest that there

were any notable differences between the 2 systems in either

the number of total heterotrophic bacteria (acridine orange

count) or in the numbers of filamentous cyanobacteria

(autofluorescence count; Table 9.3). Total heterotrophic

counts were approximately only 10 times higher than viable

counts.
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Table 9.3. comparison of Total and Viable Heterotrophic
Counts, Number of Morphotypically Different Heterotrophic
CFU's, and the Number of Autofluorescent Organisms in Closed
Ecological Systems and in CES that were Opened to

Atmospheric Exchange 32 Days After Initial Construction.

Plate Counts Epifluorescence CountsC

Viablea

(organisms/ml-system)

Days
Post
Construction

Closed System

Morphotypesb
Acridine
Orange

Auto
fluorescence

99

142

5.0 X 107

3.4 X 107

9

11 nd. nd.

Opened System

99

142

12

10 nd.

5.6 X 105

nd.

a Viable heterotrophic counts were dgne by ~lating a
homogenized microecosystem sample at 10- to 10- dilution
on EXO II-Agar medium.

b Number of separate morphotypes were decided on the basis
of colonial morphology, the two lower dilution plates were
used for this evaluation.

c Epifluorescent counts were from the same sample vials as
the viable counts. Acridine orange counts are total
heterotrophic bacterial numbers, autofluorescent counts are
primarily cyanobacterial numbers (see Materials and Methods
and text).

d nd = not done.
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9.4 Discussion

The most important observation in this experiment was

that even though average TBC levels were 2.4 times higher in

the open system, average live carbon biomass and carbon

production rates, as well as total epifluorescence counts

and number of heterotrophic morphotypes, were about the same

in both types of system. Thus, except for the TBC

concentration, no obvious differences between the closed and

opened system were found. The opened system did though

exhibit higher heterotrophic viable counts (Table 9.3).

But, the high turnover rates in these 2 systems and the

observation that live biomass pools were about the same,

suggests that this difference may have been in the relative

numbers of organisms able to grow in this particular agar

medium (EXO II agar) than in actual viable numbers.

since live biomass carbon (LBC) concentrations did not

change upon opening (Tables 9.1; 9.2), it follows that the

increase in TBC after opening was solely due to an increase

in detritus. This in part, may also serve to explain why

heterotrophic viable counts were higher in the opened

system; organisms adapted to this detritus rich environment

may have been somewhat less fastidious and easier to grow on

the agar medium

The initial TBC increase 15 days after opening was

approximately 1226 umol (see Figure 9.1). Using the factor

0.45 to normalize pyrolysis measured values to that of GC
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measured values (see above), then this increase is estimated

to have been at least 552 um TBC. This amount corresponds to

a rate of net community production of about 37 umol TBC/day.

The system in its closed configuration underwent exponential

growth roughly between day 10 and day 28 post-closure, where

TBC increased from approximately 2 umol to its stable value

of approximately 220 umol (Figure 9.1). Net community

production rate during this phase would estimate to about 12

umol TBC/day. Thus, temporarily, net community production

rate increased by around 3 times upon opening (about the

same as the average increase in the ratio of TBC), over that

of the initial (closed) exponential increase (Figure 9.1).

Some fraction of this TBC increase likely was due to a

precipitous drop in net community respiration. The system

upon opening changed suddenly from about a 55% 02 gas-phase

(at about 1.8 atm) to an ambient one of about 21% (at 1

atm) . In a similar vein, a decrease in oxygen saturation

may have increased net productivity by decreasing background

photorespiration. However, even added together a

hypothetical temporary total shut-down of photorespiration

and total respiration rates, probably would not be

sufficient to account for the magnitude of the increase in

net community production observed upon opening. Temporary

increases in productivity due to perturbations in material

flux as an ecosystem seeks to establish a new "equilibrium ll ,

are supported by theories on ecosystem stability and

succession of Cooke (1971,1977) and Odum (1969,1971)
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discussed in sections 4.3 and 6.3 above. The initial high

rate of net production in the opened system was of short

duration; TBC evened out sUbsequently and showed a slight

fall toward the end of the experiment. The only solid clue

that there was a change of system-state was discovered in

the change in concentration of detrital carbon. tlass

bUdgets in this experiment were somewhat similar to those of

the previous experiment (Chapter VIII). The closed system

reduced about 35% of its total carbon allotment. This gives

a ratio of TBC to total system carbon of 0.44 (226.7/512),

which is within the range of the previous CES data. In the

open system a minimum equivalent of half of its TBC was

recruited from the ambient atmosphere. These results are

again similar to those of the open systems in the previous

experiment.

Based on the Redfield (1958) C:N biomass ratio of

106:16, total system nitrogen could account for 424 umol TBC

-before that ratio was either exceeded or there was

quantitative nitrogen import via fixation. This nitrogen

potential was not exceeded in the closed system, but was

exceeded in the opened one. It is assumed, based on data

presented in the previous experiment (Table 8.5), that

nitrogen requirements for the opened system were met via a

readjustment of detrital pool C:N ratios.

The Redfield (1958) C:P ratio of 106:1 was exceeded by

a factor of about 2 in the closed systems and by about 5 in
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the open one. Therefore, as in the preceding experiment it

was not possible to establish a phosphorus limitation.

The agenda behind the creation of the open or closed

microcosms presented in this dissertation was always to

establish vigorous, high biomass and stable systems. It was

found in other experiments to be difficult to establish a

low enough concentration of phosphate that would still

result in significant stable TBC concentrations (data not

shown). Relatively low P concentrations, in the range of 10

uM (one tenth the concentration used in this experiment),

generally yield a sort of bloom the crash type of behavior,

which result in very low biomass levels to be established.

Thus, while evidence has been presented here showing that

microcosms can adjust reduced carbon concentrations in

relatively great excess of Redfield defined C:P ratios, at

some point these (batch-type constructs) may become subject

to either some diffusion-limited barrier or other

complications that involve the proper timing of

developmental events.

Overall, a fairly large body of literature exists in

marine microbiological research supporting the idea that

marine ecosystems are rarely phosphate limited. Field and

laboratory studies indicate that productivity and biomass

are controlled by nitrogen, but not phosphate concentrations

(Ryther and Dunstan, 1971; Eppley and Peterson, 1979; smith,

1984; Wehr, 1989). These empirical data, in fact,
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controdict the more straighforward notion wh,ich says that

because nitrogenases are common in the prokaryotes and

unlimited supplies of N2 gas are available, nitrogen

limitation (relative to phosphate limitation) should not

really exist (Meybeck, 1982; Matrinez et al., 1983). The

failure to establish P-limitation here, does not compromise

the results of this experiment as regards support of

Hypothesis 1 (Section 5.2), that there must be some

fundamental differences when open and closed microcosms are

compared side by side. This is because the stable CES (as

well as the open systems) were always in carbon excess so

phosphorus limitation (or lack of) was apparently not an

operating factor regarding potential biomass accumulation.

9.5 Discussion: Open versus Closed Microecosystems

The 2 experiments presented here (Sections VIII and

IX), represent the first time that open and closed

microcosms have been compared side by side under a

controlled experimental protocol. The results indicate that

open systems do become relatively eutrophic and require

longer periods for biomass stabilization relative to

parallel mass-insignificant CES.

In section 4.3.2, ideas concerning the characteristic

of oxygen diffusion in microcosms were developed. It was

argued that an open microcosm will be 02-diffusion limited

relative to its structure, while a CES (chemically defined,
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mass-insignificant) on the contrary, sequesters an oxygen

buffer, which is the equivalent of its reduced organic

buffer. Thus it can be argued that the comparative

eutrophication seen in the open systems appeared to be due

to a limitation in oxygen availability (or delivery) rather

than to unlimited access to carbon and nitrogen. This

argument is supported by the fact that the opened system did

not convert input carbon into live biomass (Table 8.3). Nor

was there evidence for e~cess nitrogen uptake (Chapter VIII)

in open systems. The observation that closed systems use

only around half of their inorganic carbon pool (even though

apparently not because of N or P limitation) indirectly

suggests that carbon availability itself was not the

determining factor as to TBC concentrations in open

systems. Hence, to approach a stable configuration the open

system is forced to excessively takeup and sUbsequently bury

carbon as a way of freeing up oxygen. Thus, C:N ratios were

higher, but standing nitrate pools were about the same,

between parallel open and closed systems, as seen in the

previous experiment (Table 8.5).

In contrast, the amount of carbon buffer excess ( in

relation to how much TBC a system can produce) probably is

the factor that determines how long it may take either an

open or closed microcosm to reach TBC-stablilty. Sediment

type CES, like the one encountered above (100 series; Table

7.1), required a longer stabilization period than their more
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oligotrophic counterparts. This system (which included

large initial inorganic and organic carbon pools) also

showed some fluctuation in TBC (Figure 7.1), but much less

than that of the opened system (Figure 9.1). Also, because

the closed sediment-type system was physically closed and

thus retained a high level of 02 availability, TBC levels

never appeared to become relatively as great as that of open

systems.

The general behavior of open systems should be taken

into consideration when ( open) microcosms are constructed

for the purpose of modeling ecological or environmental

processes. A microecosystem once constructed using a sample

removed from its natural microenvironment, will reorganize

itself rapidly following the dictates of its new set of

forcing functions. Open microcosms, at the very least, may

generally be expected to increase in detrital concentration

relative to its parent system. Results showed that even

opening a closed microcosm under conditions where many

common bottle effects could be negated was sufficient to

cause significant changes. Temporary high net production

rates, for example, can cause erroneous conclusions to be

drawn regarding how some factor may operate in natural

systems.

Regarding bioregenerative systems research, this

experiment indicates that material closure is an integral

factor that must be accounted for in the preliminary design

of such systems. Closed systems appear to possess superior
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payload to performance characteristics over gaseously open

ones, since CES can support equal amounts of live biomass

and live turnover using about two-thirds less material.

This infers that CES make more efficient use of their

material/energetic storage buffer, i.. e. the detrital pool.

However, this may have occurred at the price of greater

internal fluctuation. Future research in this area should

examine whether some optimum degree of material closure

relative to the engineering stand point exists.
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ORGANIZATIONAL ASPECTS OF THE TOTAL BIOMASS STABLE STATE IN

CES AS A FUNCTION OF MATERIAL POTENTIAL

10.1 Introduction

The study of the ways by which CES manage to achieve

stability (operationally defined as total biomass stability)

in relation to the constraints and potentials dictated by

their given chemical environment can provide an entry-point

to an investigation of the borders of self-organization

differentiating biological from physical systems.

Collateral evidence of homeostatic mechanisms must be found

by examining energetic/material flux rates and patterns,

internal work (or energy efficiency), as well as aspects of

the general biological signature. CES are unique models

where associated ecosystem forces and fluxes can be followed

quantitatively from an initial (oxidized) to a final stable

state. The following attempts a systematic investigation of

CES leading to preliminary analysis of stable-organization

as a function of material potentials. The experiment was

designed with 'the primary objective of testing Hypothesis II

(Section 5.2): the stable configuration of a CES will be a

unique function of its material potential, even in

situations where 2 systems differ only in the relative

amount of a non-limiting bioelement.
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'J'his necessarily comparative experiment used CES

prototypes that were arranged as a C,N and P concentration

matrix. Except for the concentration of these 3 bioelements

all other factors impacting on the systems, including

biological inoculum, were identical. All the assays

described in Materials and Methods (Section VI) were

employed in this experiment in order to characterize TBC

stable organization, with the exception of the MPN-metabolic

functions.

Practical considerations limit how rigorously the

hypothesis can be tested. In order to minimize potentially

ambiguous results the following strategy was used: 1) C,N

and P were initially present in inorganic and soluble form,

so as to be directly available to ecological processes; 2) a

naturally-derived, but mass-insignificant inoculum was

employed, so that the systems could be easily quantified;

they initially contained no significant stored chemical

energy or material, and retained a high biological potential

to self-assemble as necessary; 3) in order to minimize

extraneous factors the experiment was designed so that the

maximum expected biomass would not exceed about half of the

maximum carrying-capacity of the culture vessel; and 4) the

experiment was run for a period of time long enough to

include at least one complete turnover of relevant pools so

that some level of internal autonomy would be achieved.

A second objective of this experiment was to find out

if there existed an optimal stable-state configuration in
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the CES. Such an optimal system must be evaluated both in

the context of energetic-ecological considerations, and in

regard of practical application in life-support research. A

discussion of metrics to evaluate optimization is presented

below in Appendix A.

10.2 Experimental Design

The CES prototype matrix was designed using 5 different

concentrations of carbon, 2 of nitrogen, and 2 of

phosphorus; for a total of 20 prototype systems. Each

prototype CES included 30 replicate systems, thus, a total

of 600 separate CES were constructed for this experiment.

The 5 carbon concentrations (carbon vectors) increased

in increments of 30 umol C/ml from a low of 30 umol C/ml to

a high of 150 umol C/ml. The low carbon vector is denoted

by C: N: P notation of [ 5 , Y, z ], and the high concentration

vector by [l,y,z]. Media carbon was added as NaHC03. It

had been determined beforehand that the maximum amount of

bicarbonate that could be added to the basic salt background

(EXO III media; Table 6.1) at the desired pH of 8, without

causing precipitate, was approximately 190 umol/ml.

Each system contained 8 ml of medium, thus, at the

highest concentration of carbon there was 1200 umol

C/system. If all of this carbon were reduced to TBC, it

would equal less than 75% of the average TBC observed in the

open microcosms in sections VIII and IX. From the previous
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data, discussed above, only about 50% of the total system

carbon was expected to become TBC in a closed system. It

follows that the maximum expected TBC concentrations for any

prototype system should be less than half of the TBC

carrying-capacity. For the media, high and low

concentrations of either nitrogen or phosphorus differed by

a factor of 3. The high nitrogen concentration vector,

denoted by [x, 1, z], contained 12.75 umol N/mI. The low

vector, denoted by [x,2,z] was 4.25 umol N/ml. Nitrogen was

added as NaNO.,.
J

The high and low phosphorus concentrations were 0.85

umol P/ml and 0.28 umol P/ml. These are denoted by vector

notation [x,y,1] and [x,y,2], respectively. Phosphorus was

added to the medi~ as K2HP04•

These concentrations of nitrogen and phosphorus were

chosen partially on an empirical basis and also as regards

the soluble carbon loading capacity of the media (to

encourage TBC-maximal systems). The strategy was to set up

a concentration matrix using the Redfield (1958) seawater

ratios (C:N:P = 106:15:1) as a general guide. Table 10.1

gives the initial set-up conditions of the matrix-elements

(prototype-systems). There were 19 unique C:N:P ratios, and

2 elements that were both at the Redfield ratio, but at

different absolute concentrations. The matrix spanned a 15

fold range in C:N, and C:P system ratios, and a 9 fold range

in N:P ratio. Characterization of the systems regarding
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Table 10,1. CES Setup-Matrix

Total Concentrationa
(umo1/8 ml-system) Bioelement Ratio

systeE
Label

A (1,1,1]
B (1,1,2]
C (1,2,1]
D (1,2,2]

E (2,1,1]
F (2,1,2]
G (2,2,1]
H (2,2,2]

I (3,1,1]
J [3,1,2]
K (3,2,1]
L (3,2,2]

M (4,1,1]
N (4,1,2]
o (4,2,1]
P (4,2,2]

Q (5,1,1]
R (5,1,2]
S [5,2,1]
T (5,2,2]

C

1200
1200
1200
1200

960
960
960
960

720
720
720
720

480
480
480
480

240
240
240
240

N

101.9
101.9

34.0
34.0

101.9
101.9

34.0
34.0

101.9
101.9

34.0
34.0

101.9
101.9

34.0
34.0

101.9
101.9

34.0
34.0

P

6.8
2.3
6.8
2.3

6.8
2.3
6.8
2.3

6.8
2.3
6.8
2.3

6.8
2.3
6.8
2.3

6.8
2.3
6.8
2.3

C:N

11.8
11.8
35.3
35.3

9.4
9.4

28.3
28.3

7.1
7.1

21.2
21.2

4.7
4.7

14.1
14.1

2.4
2.4
7.1
7.1

C:P

176.5
529.4
176.5
529.4

141.2
423.5
141.2
423.5

105.9
317.6
105.'9
317.6

70.6
211.8
70.6

211.8

35.3
105.9

35.3
105.9

N:P

15.0
45.0
5.0

15.0

15.0
45.0

5.0
15.0

15.0
45.0
5.0

15.0

15.0
45.0
5.0

15.0

15.0
45.0
5.0

15.0

System
Typec

C-exc,L
P-lim,C
N-lim,C
C-exc,H

C-exc,L
P-lim,C
N-lim,C
C-exc,H

Redfield
P-lim,R
N-lim,R
e-exc

C-lim,R
P-lim,N
N-lim,P
e-exc

e-lim
N-exc
P-exc

Redfield

a Carbon (C), nitrogen (N), and phosphorus (P) were all
initially as inorganic, oxidized salts, except for
negligible amounts present in the biological inoculum.

b The vector notation (x,y,z] reads as (C,N,P], with a
lower number designating a higher respective bioelement
concentration; thus prototype-system "A" (1,1,1], for
example, was the most concentrated in C,N, and P.

c The designation of system-type in terms of excesses (exc)
and limitations (lim) is relative to the Redfield (1958)
seawater e,N, and P ratios (106:15:1): "P-lim,c", for
example, indicates a P-limitation with an overall relative
excess of carbon; "P-lim,R", indicates C and N were Redfield
balanced and P was limited; in all cases where 1 bioelement
was in excess (such as, "P-exc"), the other 2 bioelements
were Redfield balanced. Low (L) and high (H) relative
excesses for carbon are indicated. systems I and T were at
the Redfield ratio, but differed in total e,N,p
concentrations by a factor of 3.
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initial bioelemental excess or limitation relative to the

Redfield ratio are given in the table.

since there were 20 media, rigorous attempts were made

to minimize pipetting errors. Semi-completed medium was made

up in a single large batch and then progressively sub

portioned and modified until 20 final media were

constructed. Differing amounts of NaCI were used in order

to balance the sodium carrier ion of the added bicarbonate

and nitrate. It was not possible to balance the

accompanying chloride ion by the addition of chlorine acid

or base without effecting pH. Thus, the total chloride in

the system was inversely related to the amount of

bicarbonate (CI range = O. 34M to O. 48M; see Table 6.1).

This arrangement increases alkalinity in inverse proportion

to total system carbon (TSC), and thereby slightly

facilitates bicarbonate availability in those systems with

lesser amounts of initial carbon. The amount of sodium in

all matrix systems was the same, as were all media

components other than C,N, and P. All media were the same

as to osmolarity (el being balanced in part by bicarbonate),

and all were at an initial pH of 8.00 +j- 0.04.

The inoculum was a cyanobacterial mat, which was

processed as described in section IX. All systems received

a mass-insignificant biological input of approximately 1.38

umol organic carbon (as estimated by pyrolysis). All

systems were sealed gas-tight immediately upon final
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construction to avoid any carbon loss. The culture vessels

were 23.1 ml boro-silicate glass scintillation vials. All

glassware was acid-washed, rinsed and autoclaved prior to

use. Rubber and silicone septa were autoclaved in saturated

sodium carbonate to remove any trace of leachable material.

These were rinsed and reautoclaved in dH20 prior to use.

The aquatic to head-space proportions of 8:15.1 was chosen

in order to avoid the necessity of lowering gas pressure

when performing ADC-measured respiration. All vials were

cultured under continuous light to minimize the number of

external forcing functions. Radiant input was supplied by

grow-lights at a surface photon flux density of 120 uE m- 2

sec -1 (about 95 uE internally). This intensity is about

90% saturation for cyanobacteria (Javor and Castenholz,

1984), and is noticeably less than that commonly used for

short-term algal batch cultures. The CES were kept in a

small room at an incubation temperature of approximately

24 oC. All vials were rotated daily.

10.3 Results and Discussion

10.3.1 Biomass

Total biomass carbon (TBe) was estimated by the GC

method. Data were taken at approximately 1-week intervals

between day 15 and day 184 post-closure, using virgin

replicate systems. Generally, after gas-phase oxygen was

measured, the vial was then used in one of the destructive
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assays (ATP, viable counts, etc). Seventeen of the time

points correspond to single vials, except on three occasions

when measurements were done on 3 replicates. Live biomass

carbon (LBC) was estimated from ATP measurement at

approximately 2-week intervals (1 vial per prototype per

time point). Figure 10.1 is a graphic representation of

both the TBC and LBC data, triplicate TBC time points are

shown here as an average value. The Figure shows all 20

prototype systems were alive and contained appreciable

levels of total biomass at the conclusion of the experiment.

Regarding stability, both total and live biomass rates of

increase, in all systems, were leveling off between days 40

to 85 post-closure, with matrix members of lower TBC levels

generally reaching this point sooner than those systems that

eventually reached higher biomass concentrations.

10.3.2 The stability of TBC

In order to simplify analysis concerning TBC-stability,

day 85 was chosen as a conservative reference point to

designate the start of a tentatively defined TBe-stable

period for all 20 prototype-systems. Table 10.2 gives mean

stable period TBC data and linear regression (TBC as a

function of time). These data correspond to the

determinations taken between days 85 to 184 post-closure.

It was not possible to track a single set of

replicates over time due to the inability of the septa to

accept multiple puncture. Hence, it is important here that
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Figure 10.1. Changes over time of total biomass carbon (TBC)
and live biomass carbon (LBC) in micromoles/system for 20

CES-C,N,P matrix prototypes systems.
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Figure 10.1. (Continued) TBC and LBC over time for different
CES prototypes
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the behavior of TBC over time be evaluated regarding 2

extraneous sources of possible variation: 1) expected

internal error associated with the operations and equipment

used to assay the parameter; and 2) variations due to

differences between replicates.

According to the operational definition of non

fluctuating (constant-value) TBC st'ibility offered above,

fluctuations less than twice the expected internal error of

the GC measurement (=20%) will be presently considered as

not significant. The data in Table 10.2 show that in 15 out

of the 20 systems the coefficient of variation was under

11%, in 4 systems CV was under 17% and the highest CV was

for series fiR" with 19. 6%• Therefore I all systems were TBC

stable (within the given level of resolution) and a non

linear analysis for oscillatory .behavior will not be

considered warranted.

Table 10.2 shows that the average standard deviations

(SD) of the 2 triplicate measured time points were similar

in magnitude to that of individual vials measured at

different points during the stable period. This further

supports the conclusion that the systems can be considered

operationally TBC stable; small variations in time can be

mostly attributed to internal variation between replicates.

Differences

pipetting errors,

initial inoculum,

between replicates may be caused by

sampling variation associated with the

time of day variations, or to slight
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Table 10.2. Stable Total Biomass Carbon (~BC) as a Function
of Total System C,N, and P for a 20 Member Matrix CES.

Defined Stable Perioda

System
Label
[C,N,P]

Mean
TBC SD

(umol TBCjsys)
CV
(%)

Regressionb

RA2 SLOPE
AvgC

SD
(3)

A [1,1,1]
B [1,1,2]
C [1,2,1]
D [1,2,2]

E [2,1,1]
F [2,1,2]
G [2,2,1]
H [2,2,2]

I [3,1,1]
J [3,1,2]
K [3,2,1]
L [3,2,2]

M [4,1,1]
N [4,1,2]
o [4,2,1]
P [4,2,2]

Q [5,1,1]
R [5,1,2]
S [5,2,1]
T [5,2,2]

357.4
431.7
312.0
271.9

301.2
294.2
306.1
282.8

229.8
232.5
230.2
249.2

172.6
205.0
195.6
190.3

120.0
127.1
110.1
124.0

37.2
15.2
27.5
26.4

32.7
24.5
31.6
29.3

29.5
39.0
16.5
16.4

25.6
17.9
21.1
11.2

15.3
25.0
10.2
13.1

10.4
3.5
8.8
9.7

10.9
8.3

10.3
10.4

12.8
16.8

7.2
6.6

14.9
8.7

10.8
5.9

12.8
19.6

9.2
10.6

0.441
0.091
0.014
0.001

0.095
0.045
0.015
0.054

O.OCO
0.057
0.029
0.025

0.200
0.180
0.022
0.083

0.293
0.025
0.233
0.004

0.80
0.14
0.10

-0.03

0.32
0.16
0.12
0.20

-0.01
-0.31
-0.09
-0.09

0.36
0.24
0.10
0.10

0.26
0.12
0.16
0.02

24.0
25.8
19.3
19.2

33.3
20.5
27.5
26.6

13.0
25.5
20.0
11.4

15.1
4.6

18.5
12.0

12.6
9.5

23.6
11.4

a All values correspond to data taken from day-85 to day-184
post-closure. This period is termed the defined stable
period. CV = coefficient of variation, SD = standard
deviation.

b valuef are from linear regression analysis - TBC versus
time. R = correlation coefficient.

c Time course measurements were done on single replicates,
except on 2 occasions where triplicates (3) were used.
Values here are standard deviations for those 6 stationary
point replicates.
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physical differences in peripheral materials and culture

conditions. As discussed above strenuous attempts were made

to minimize these types of variation. Another more

problematic cause of replicate variation could result from

probabilistic bifurcational events, or Markov processes

(Gatlin, 1972); the idea that initially identical systems

may randomly develop along different state trajectories

toward different property defined stable-states. Overall,

results presented here and elsewhere in this dissertation,

suggest CES are repl icable regarding stable-state TBC

values.

In summary; the data suggest that all 20 prototype CES,

each with a different C,N and/or P concentration, possessed

sufficient material, biological, and radiant-energy

potentials to establish TBe stability. The low values of

the linear correlation coefficient (R2), is an indication

of little linear correlation between TBe and time (Table

10.2). This indication, along with the low regression slope

values , further supports the assumption that the TBC data

sets correspond to a stable period. Assuming the linear

regression slopes were to continue unchanged, then the

minimum expected length of the operationally defined stable

periods beyond the 184 day post-closure mark (allowing 0.5

standard deviations to define the acceptable stable

fluctuation range) equals slope/+SD. This value averaged to

about 120 days for most prototypes with a range of 46 days

to 3000 days.
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10.3.3 Stable TBC Values as a Function of Material
Potential.

The quantitative relationship between stable-TBC

structures and the given material compositions was examined.

If this correlation is poor, then perhaps the stresses on a

system, as it attempts to achieve a given value of TBC

(relative to its particular bioelemental potential) will

manifest itself somehow in its flux rates or LBC pool

structure.

Mean-stable TBC values given in Table 10.2 are arranged

to highlight 2 obvious trends: 1) average TBC values for

each group at the same total system carbon (TSC), appeared

to cluster around a similar value; and 2) these values

decreased as the TSC decreased. The preliminary analysis is

that stable systems can exist at different biomass

concentrations. This is in agreement with the first 3

experiments presented above; except, since this experiment

does not involve inoculum dilutions, differences in initial

biological potential can be ruled out as the causative

factor determining relative stable-TBC concentrations.

Results indicate TBC levels are primarily a direct function

of the total system carbon (TSC), and furthermore, not some

mulitivariate function also involving the total system

nitrogen and/or phosphorus. It follows that TBC was not

sensitive to initially defined Redfield (1958) -derived

limitations or excesses (Table 10.1).
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A two-tailed Student's t-test (Armitage, 1971) was used

to evaluate the significance of the data suggesting stable

TBC to have been solely a function of total system carbon.

The statistic was performed on all the possible permutations

(6) interrelating each of the 4 prototype-systems that

comprised each one of the 5 total system carbon

concentrations (carbon vectors; Table 10.3). For the t-test,

it was assumed that each TBC data set was drawn from a

normally distributed population. Analysis tested the

hypothesis that any 2 TBC data sets, from day 85 to day 184

post-closure, could have been drawn from 2 populations whose

means were identical (Ho = u1 - u2 = 0) versus the

alternative hypothesis that these samples were drawn from 2

populations having different means. The significance of the

t-statistic was evaluated for n1 - n2 2 degrees of

freedom. Results are given for both the 0.01 significance

and the 0.05 significance levels (Table 10.3). The

convention is adopted that a rejection of HO at the 0.05

level of significance only, is "probably significant",

whereas rejection at both levels is "highly significant"

(Spiegel, 1961). The Table shows that within the 4 lower

total carbon vectors [ 2 , Y , z ] to [ 5 , Y , z ] there were very

little significant differences in stable-TBC values among

its representative 4 prototype-systems. The 4 systems

comprising the C1 vector (where total system carbon was at

the highest concentration) showed an anomalous pattern. In

this group, all 4 stable TBe values appeared to be unique;
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Table 10.3. Carbon Vector: Results of two-tailed Student' s
t-test comparing the Uniqueness of Stable-Mean TBC Values
Within the 4 Member Systems of a given Carbon Vector.

Matrix- significance levela
Carbon- Systems ------------------
Vector Compared t-statistic 0.01 0.05
------------------------------------------------------------
C-1 A:B b -5.77 S S

A:C 2.98 S S
A:D 5.30 S S
B:C 12.03 S S
B:D 16.14 S S
C:D 3.12 S S

C-2 E:F 0.54 NS NS
E:G -0.34 NS NS
E:H 1.24 NS NS
F:G -0.94 NS NS
F:H 0.90 NS NS
G:H 1.61 NS NS

C-3 I~J -0.16 NS NS
I:K -0.03 NS NS
I:L -1.64 NS NS
J:K 0.15 NS NS
J:L -1.12 NS NS
K:L -2.31 NS S

C-4 M:N -3.27 S S
M:O -2.19 NS S
M:P -1.81 NS NS
N:P 2.01 NS NS
N:O 1.07 NS NS
O:P 0.63 NS NS

C-5 Q:R -0.76 NS NS
Q:S 1.56 NS NS
Q:T -0.58 NS NS
R:T 0.32 NS NS
R:S 1.80 NS NS
S:T -2.36 NS S

------------------------------------------------------------
a US" indicates significant reason to reject the Hypothesis
(at either of the 2 given signif icance levels) that the
stable TBC mean values of the 2 systems compared were not
significantly different; and "NS";; not significant - the
hypothesis should be accepted.

b The notation "A:B", indicates system A versus system B,
etc, as in Table 10.2.
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the rejection of the HO hypothesis was highly significant in

all 6 permutations (Table 10.3).

The average stable TBC in systems "c" [1,2,1] and "D"

[1,2,2] from the C1 carbon vector were lesser in value

relative to the other 2 members of this carbon-vector, "A"

[1,1,1,] and "B" [1,1,2] (Table 10.2). The former 2

systems, appeared to have TBC values similar in range to

those members of the C2 carbon vector. The common factor

between systems "C" and "D" was that these both contained

the lower concentration of total system nitrogen. In Table

10.4 Student's t-tests were performed to compare the 2 low

nitrogen systems of each carbon group to the 4 members of

the next descending carbon vector. Regarding the C1 vector,

the table shows no significant differences. Thus, while

systems "C" and "D" were not significantly related to each

other, either could have belonged to the same TBC cluster as

the 4 members of the C2 group. In contrast, analogous

comparisons between the rest of the carbon vectors proved

essentially no between-vector correlation of stable-TBC

values. Overall, this clustering pattern was found to be

the general case for all other between carbon-group

permutations (data not shown). This additionally

indicates: 1) no correlation of stable-TBC value and total

system nitrogen (TSN) or phosphorus (TSP); and 2) overall,

the range in mean stable TBC values for the 4 members of

each carbon vector were unique to that particular carbon

vector.
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Table 10.4. Nitrogen Vector: Results of Student's t-test
Comparing the Relatedness of Stable-TBC Values for the 2 Low
Nitrogen Systems of a Carbon-vector to the 4 Members of the

Next Lower Carbon-Vectora.

Carbon
Vector

Matrix
Systems
Compared t-statistic

Significance level

0.01 0.05

C1 vs. C2

C2 vs. C3

C3 vs. C4

C4 vs. C5

C:H
C:G
C:F
C:E
D:G
D:F
D:E
D:H

G:L
G:K
G:I
G:J
H:I
H:J
H:K
H:L

K:P
K:O
K:N
K:M
L:M
L:O
L:N
L:P

O:T
O:S
O:R
O:Q
P:S
P:R
P:Q
P:T

2.17
0.44
1.52
0.80

-2.45
-1.86
-2.05
-0.78

4.60
6.13
5.42
4.43
3.71
2.92
4.42
2.83

5.66
3.80
3.08
5.50
7.31
5.89
5.40
8.38

8.35
10.47

6.47
9.16

14.98
6.57

11.81
10.86

NS
NS
NS
NS
NS
NS
NS
NS

s
S
S
S
S

NS
S

NS

S
S
S
S
S
S
S
S

S
S
S
S
S
S
S
3

NS
NS
NS
NS

S
NS
NS
NS

S
S
S
S
S
S
S
S

S
S
S
S
S
S
S
S

s
S
S
S
S
S
S
S

a As explained in Table 10.3 legend.
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Type 1 linear regression (mean-stable TBC as a function

of total system carbon) was calculated from the TBC data of

the "non-anomalous" carbon-vectors C2 to C5 (16 systems).

These data are shown graphically in Figure 10.2. The

regression equation (TBC = 0.238*TSC + 67.65) had a

significant correlation coefficient of R2 = 0.974 (or R2 =

0.995, if the as s umpt.Lon is made that there was no

difference in the stable-mean values within a carbon vector,

Table 10.3). This result indicates a strong first-order

relationship between TBC and TSC in CES (bringing into

focus the results of the previous experiments) .

Importantly, this relationship occurred despite the fact

that the stable-state inorganic carbon pool was very large

in all systems.

In order to understand why the Cl vector deviated from

the other ones in behavior, the regression line was

extrapolated for this TSC concentration. As can be seem in

Figure 10.2, matrix-system A [1,1,1] fell near the

regression line (353 umol TBC versus 357), whereas prototype

B [1,1,2] (high nitrogen/low phosphorus) was above the line,

and systems C [1,2,1] and D [1,2,2], both at low nitrogen

were as expected, below this line.

Next the maximum expected TBC/system was calculated

from the Redfield (1958) biomass ratio (C:N:P = 106:16:1)

for the low N or P concentrations, to determine at what

point in the observed (final-state) data these bioelements
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Figure 10.2. Stable-Mean total biomass carbon (TBC) values as a
function of total system carbon (TSC). A linear regression line
was calculated using results of the 4 lower carbon-vectors, and
extrapolated to the high TSC vector (1200 umol TSC/system). Also
shown is the point where stable-state TBC Values would have been

under Redfield (1958) -derived Nand/or P limitation.
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would in theory be limiting. This value was approximately

the same for either bioelement: for N it would be 106/16 *
34.0 = 225.3, and for P it would be 106/1 * 2.3 = 243.8

umol TBC/system. The line representing the average of these

2 values (234.5 umol TBC/system) passes through the C3

carbon group, (Figure 10.2). These results indicate a

responsiveness to both a near-Redfield (1958) N- or P

limitation: total biomass carbon deviated from the

empirically derived linear relation to TSC once the Redfield

C:N, or C:P ratios were exceeded by about 25%. In the 2

cases where (final-state) Redfield nitrogen limitation W;;lS

the common factor (systems C and D) stable-TBC levels were

depressed relative to the general behavior of the matrix. In

contrast, system B, which was Redfield limited in

phosphorus, eXhibited higher than expected stable-TBC

concentrations: possibly due to the burial of some portion

of carbon-enriched, phosphorus-depleted detritus - necessary

to maintain P levels within a saturation range. The

results in the preceding experiments (and elsewhere in the

literature: see above) indicated that Redfield-deriverl

phosphorus limitation does not limit biomass levels over a

fairly wide range. In this comparative-based experiment

there is the indication that near-to Redfield P-limitation

may actually stimulate TBC levels: at least in the presence

of excess amounts of nitrogen.

Once again, while the Redfield ratios were not useful

straightforward to predict how a system will develop, this
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ratio seems referential toward und.erstanding the behavior

of other empirical relationships (and deviations from these

relationships) in final (stable-state) systems. The linear

relationship discovered between stable-TBC and TSC in non

near-Redfield (1958) N or P limited CES is an important

preliminary finding concerning the mechanisms or principles

by which a system self-organizes (see below). This finding

would also have bearing on both the design of

bioregenerative systems, and regarding certain theoretical

biogeochemical aspects of global evolution; for example,

what principle governed the final oxygen content of the

atmosphere.

10.3.4. The stability of the Live Carbon Pool.

A majority of the systems exhibited maximum levels of

live biomass carbon (LBC) at the early time point (day 40

post-closure; Figure 10.1). These maximum levels decreased

by about 30 to 70% as the systems approached the TBC stable

period. This indicates a "bloom" type behavior, where

initial live biomass overgrowth was followed by some die

back, which perhaps involved an equivalent exchange of live

for detrital biomass carbon. Overall, the timing of LBC

"stability" (as a decreasing rate of change) paralleled in

time that of TBC stability (Figure 10.1).

The expected internal error (as a coefficient of

variation) for the ATP assay was determined to be about 9%
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to 15%, as estimated from portioning an homogenized

cyanobacterial-mat sample in 3 parts and determining ATP

content immadiately (data not shown). Data over the

apparent stable periods (after initial maxima had sUbsided)

show that only 4 of the 20 prototypes (systems E,I,J, and P)

had a coefficient of variation similar to the expected

internal error, wi,th about 10 systems within a range of

twice this number (Table 10.5). Linear regression analysis

indicated no obvious linear trends in the data (with the

exception of a high R2 value in system Q, which may have

been dying out, Table 10.5). Thus, while LBC generally

seemed to be a consistent parameter, the results do not

strongly support the view that all systems were constant

value stable to the same degree established for the TBC

data. It maybe that LBC requires a longer period than TBC

to reach stability, and thus a longer observation period is

warranted to properly evaluate the LCB behavior or these

systems.

Overall, the fact that in a few of the systems LBC was

within a significant range to be considered constant is

noteworthy. If a state of constant LBC can exist concurrent

to a state of constant stable TBC, then contrary to

Perchurkin (1989), autogenic fluctuations in live biomass

may not be necessary to promote a stable CES. The

possibility that only certain systems are able to be LBC

stable due to their particular material potential needs to

be examined in greater detail in the future.
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Table 10.5. Characteristics of the Live Biomass Carbon
(LBC) Pool in 20 CES Prototype-Systems.

Apparent Stable Period
----------------------------------------------------
umol Linear Regression
Mean ----------------- Onset
LBC SD CV R"2 SLOPE Daya

(/sys) (%) (LBC vs. Time)

System
------------------------------------------------------------

A 47.8 9.1 19.0 0.000 -0.01 53
B 51.5 13.4 26.0 0.121 0.13 53
C 40.5 9.7 24.0' 0.160 -0.11 85
D 35.7 11.0 30.8 0.159 0.07 85

E 35.4 5.8 16.5 0.001 0.02 85
F 42.3 8.6 20.3 0.000 0.00 53
G 39.0 9.4 24.1 0.015 -0.03 53
H 34.4 12.0 34.8 0.068 -0.07 53

I 38.4 6.3 16.3 0.142 -0.08 53
J 40.6 4.7 11.6 0.096 -0.03 40
K 37.8 10.4 27.5 0.016 -0.04 53
L 33.7 8.8 26.1 0.023 -0.03 53

M 17.1 6.8 39.6 0.206 -0.14 53
N 12.1 6.8 56.3 0.205 -0.07 53
0 14.5 5.9 41.1 0.094 -0.04 62
P 16.1 2.6 16.1 0.071 -0.02 53

Q 9.7 2.9 29.4 0.891 -0.07 53
R 10.7 4.1 38.6 0.009 0.02 62
S 12.6 4.4 34.6 0.018 0.01 53
T 12.0 3.0 25.0 0.072 -0.,02 53

-----------------------------------------------------------------

a The onset day (post-closure) was the earilest time-point
where a data set appeared to have stabilized after an
initial maximal bloom (apparent stable period). All
calculations in the table correspond to data taken from the
onset day to the end of the experiment on day 184; this
period of time is defined as the apparent stable period for
the LBC (see text).
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10.3.5. LBC as a Function of Material Potential

Mean LBC values corresponding approximately to the TBC

stable observed period were given in Table 10.5. Time-point

measurements that were greater or equal to 2 standard

deviations from the mean of a data set were considered

outliers and were disregarded in calculating these values.

In 8 of the 20 sets 1 point was dropped, and in 1 set 2

points were dropped. For the remaining 11 data sets no

points could be considered outlier points.

The data indicate some clustering of the mean stable

period values relative to the total system carbon. While

possibly there was some linear relationship between TSC and

mean-listable" LBC, these data more precisely appeared to

follow a IIS"-shaped curve (the linear regression correlation

coefficient was only about 0.8, data not shown).

statistical analysis using student's t-test supported this

analysis by failing in general to uncover notable

significant differences among LBC concentrations in the 12

prototype-systems comprising carbon vectors C1, C2, and C3

(with the exception of systems "A" and liB"), and the 8

systems comprising the carbon vectors C4 and C5 (data not

shown). Thus the data show basically 2, or possibly 3,

distinct levels of "stable" LBC had occurred. Between total

system carbon concentrations of 60 to 90 umol/ml, a critical

structural and organizational threshold existed whereby some

incremental increase in TSC allowed for the maintenance of

about a 2.5 increase in the size of the living biomass pool.
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10.3.6. Respiration Rates

Dark respiration was measured by the ADC method using

the modifications of Obenhuber's (1986) original setup that

were outlined in Materials and Methods. Since this matrix

experiment was done under continuous light it was necessary

to introduce a perturbation in the form of a dark period in

order to measure respiration. The systems were placed in a

temperature controlled waterbath within a growth chamber

under approximately the same incubation lighting conditions

as the rest of the replicates. Ten systems, either "A"

through "J", or "K" through "T", were then hooked up to the

ADC apparatus along with 2 thermobarometric controls.

Pressure was then recorded to establish a base line and the

systems were incubated under continuous light for 3 days in

order to accustomize them to the growth chamber.

Thereafter, the lights were turned off for 4 hrs on day 4,

6, and 8 of assay, and pressure change was recorded at

approximately 73 second intervals. The set up was then

broken down and the next group of 10 systems was then

measured on the ADC. The 2 time-point data given in Table

10.6 correspond to day 58 and 149 post-closure for systems A

through J, and to day 75 and 162 post-closure for systems K

through T. A different set of replicates were used in the

early and later runs. Only the first measured day's data

set (day 4 of assay) is given in the Table because this

should most accurately reflect the non-perturbed (constant-
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light) situation. In general, the coefficient of variation

rarely exceeded 20% for a given run, and the latter 2 data

sets were used as a check on whether there was evidence of

system-leakage. 02-pressure changes were converted to

respiration rates and normalized as umol Cjsystemjday as

described in Materials and Methods.

While the protocol was not specifically designed to

ascertain whether respiration was stable, the reSUlts of the

2 data sets taken at pre- and post-stable onset TBC time

points do not give any strong indication otherwise (Table

10.6). There appeared to be 2 somewhat distinct respiration

levels; a low and a high, which differed by approximately a

factor of a little more than 2. In the C1 to C3 carbon

vectors respiration was strongly correlated to nitrogen (but

not phosphorus) levels. This effect was not evident in the

2 lower TSC groups, where respiration rates were generally

similar. By the Redfield (1958) ratio all systems in the C5

and C4 carbon vectors, regardless of nitrogen concentration,

were non nitrogen limited relative to TBC. Also, all

systems given the higher nitrogen concentration and

belonging to carbon vectors C3,C2, and C1 (systems

A,B,E,F,I,J), were also non nitrogen limited relative to

TBC (see Figure 10.2 and text). Since, LBC concentrations

were on average 2.5-fold lower in the C4 and C5 systems as

compared to the C3, C2~ and C1 systems (Table 10.5), the per

unit Iive-C respiration rates were similar in all systems

that were non nitrogen limited. This result suggests that
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System
[C,N,P]

Table 10.6. Respiration Values in 20 CE8 as Measured by
Light-Dark Pressure Change.

Respiration (umol C/system/day)
Measurement Date Relative to Onset of TBC-Stability
---------------------------------------------------

Early onsetb LaterC

A[l,l,l] 20.7 17.9
B[1,1,2] 20.9 19.0
C[1,2,1] 9.1 13.1
0[1,2,2] 8.2 15.2

E[2,1,1] 34.1 31.6
F[2,1,2] 20.9 21a9G[2,2,1] 8.9 nd
H[2,2,2] 8.7 7.8

1[3,1,1] 19.0 15.4
J[3,1,2] 14.9 17.4
K[3,2,1] 9.2 8.3
L[3,2,2] 9.8 8.4

M[4,1,1] 7.8 8.3
N[4,1,2] 10.6 8.1
0[4,2,1] 6.4 8.3
P[4,2,2] 6.0 7.4

Q[5,1,1] 6.6 9.1
R[5,1,2] 3.4 7.9
8[5,2,1] 3.8 7.7
T[5,2,2] 6.2 8.3

Avg Controla 0.6 0.2

a Measures the amount of variation in 1 thermobarometric
control versus the second control.

b For systems A through J the measurement was done on day 58
post-closure and for systems K through T on day 75 post
closure.

c For systems A through J the measurement was done on day
149 post-closure and for systems K through T on day 162
post-closure.

d Not determined due to gas leakage from the septum.
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these particular systems differed more as to scale than to

qualitative differences in organization.

10.3.7. CES Self-Catabolism

A kinetic experiment was performed, whereby member

systems from the first 2 carbon vectors (A through H) were

measured for respiration (via ADC-method) over a period of

179 hrs of uninterrupted darkness. The aim here was to gain

some understanding of the interplay of metabolic activity

and the composition of the biomass and abiotic compartment;

i.e, the system's internal organization. In the absence of

new photosynthetic input, this procedure may be a means of

estimating how refractory is the TBC (by average rate of

dark respiration), and also how heterogeneous it may be (by

change pattern in rate). For example, an early sharp drop

in respiration rate would indicate that the system is

primarily run directly on newly fixed carbon (the sUbsequent

new lower rate may prehaps be taken as an estimator for the

background detrital decomposition rate). A more gradual rate

decline would indicate a longer retention time, more

photosynthate assimilation and thus increased recycling

activi ty. continuous slopes would indicate a certain

homogeneity of structure and function, whereas discontinuous

patterns would signal a change to a qualitatively different

substrate range. Moreover, with the removal of the external

energy flux, this procedure investigates the "reversibility"

of these non-equilibrium systems as they proceed to re-

187



establish static equilibrium. A. Brittain helped formulate

much of the rationale of this procedure.

02-pressure changes were taken at 10 min intervals.

Respiration rates (as umol C sys-1 day-I) are given in

Figure 10.3. Rat~s are shown in the Table as calculated, at

a resolution of approximately 5 hr blocks of time. Gaps in

contiguous data blocks are due to computer and equipment

maintenance down-time. The experiment was begun on day 176

post-closure.

The results were unexpected. In the CES-prototypes at

higher respiration rate (systems A,B,E,F), those shown here

(Figure 10.3) and above (Table 10.6) to correlate to higher

nitrogen levels, there was a substantial drop in rate after

10 hrs to a level closer to the initial rate of the lower

N, lower respiration systems. with some exception in system

C, this early rate drop response was not evident in the

lower N vector systems (C , D,G, H) . The latter group

demonstrated a more gradual rate decrease commencing at

around 33 hrs. On average the high N-vector systems were

all approximately 50% higher in average rate over the

observation period. These results indicate a fundamentally

different internal organization between the 2 nitrogen

defined groups. The initial 10 hr rate drop in the high N

group may have involved both high initial heterotrophic

respiration due to a relatively greater concentration of

free algal exudate, or high initial algal dark respiration
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Figure 10.3. (Continued) Respiration rates in CES over 179
hours of darkness
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due to relatively greater intracellular storage pools.

Whatever the mechanism, some important aspect concerning the

internal organization of the higher N group was relatively

more dependent on a readily metabolizable carbon energy

source (perhaps also utilizing a greater standing source of

reduced nitrogen compounds that had resulted from secondary

production) •

Overall, after the 10 hr threshold, respiration rate in

all systems tested decreased only slowly over most of

observation time, which suggests a certain lack of

complexity in the reduced material as substrate. In a few

systems there appeared some marked rate-discontinuity after

about 110 hrs of darkness, which suggests some definitive

change in substrates being utilized.

On average approximately 20% of the TBC was completely

oxidized by the conclusion of the measured period (7.5 days

of darkness) in the 8 CES examined. This occurred even

after multiple mass-equilivant turnovers of live and total

biomass carbon (see below), which suggests that the systems

maintained an organization whereby they were easily able to

draw upon a large part of their stored chemical energy

reserves. Thus, a fairly large fraction of TBC was

probably functionally non-refractory relative to newly fixed

carbon.

If the respiratory machinery had been found to shut

down quickly and more-or-Iess completely, then persistence
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(and stabil i ty) would have been fragile - relative to

external, or internal perturbations. Given this

hypothetical scenario, the systems would possess little

"biologically useful" free-energy storage buffer;

heterotrophic processes must depend primarily on a short

circuit from algal exudate and real-recyling may not be very

eff icient. It would also follow that the detrital

compartment should be expected to become even more

refractory over time (steadily increasing in entropy) until

some threshold is reached whereby a rapid system-failure

(crash) would be indicated. In contrast, the results of

this procedure suggest the CES were homeostatic, in the

sense that the net production rate of highly-refractory

carbon was probably small relative to standing reduced

carbon buffers. Thus, CES appear to self-maintain a level

of order conducive to persistence.

Futhermore, these results suggest stable systems of

higher respiration rates are potentially less resilient to

perturbation. This is because the internal organization of

the high system nitrogen group CES (that organization that

permitted higher non-perturbed respiration rates) depended

to a greater extent on a proportionally small, but highly

active reduced organic pool. This conclusion is regardless

of the f act; that this group of CES maintained a higher

overall forced-dark-period respiration rate than that of the

systems with the lower total nitrogen concentrations.
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10.3.8. Carbon Production as Determined by Tritiated Adenine
Uptake

Two data sets were obtained from the matrix using the

adenine uptake or carbon production assay (Table 10.7). One

data set corresponded in time to a pre-TBC defined-stable

onset-period (day 60) the second set was done around 85 days

after TBC stability was established (day 170). All

measurements were on triplicate vials, and incubations for

the entire matrix were done over a 3 day period (the day of

assay given represents the middle day).

The vertical comparison within either of the 2 data

sets showed some indication of an overall dilution relative

to TSC, but no general correlation of higher rates to

nitrogen or phosphorus concentrations.

In general, the carbon production results, unl ike the

respiration rate data, showed a substantial drop in average

rate during the 110 day interval. This decline was

particularly evident in the first 3 carbon vectors (Table

10.7). The 2 lower carbon vectors C4 and C5, which, due to

their lower TBC values, were the least under relative N or P

limitation, also tended to have both the least within

carbon-vector variation and generally to exhibit the least

amount of decline over time.

The carbon production assay is dependent on the rate of

labeling of DNA (see Materials and Methods) and is an

estimator for the gross rate of live biomass increase.
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Table 10.7. Carbon Production Rates at 60 and 170 Days Post
Closure in 20 CES Prototypes.

Mean of 3 Replicates +/- SD
(umol Carbon/system/day)

System Day 60 Day 170
--------------------------------~----------------
A
B
C
D

E
F
G
H

I
J
K
L

M
N
o
P

Q
R
S
T

38.8 +/- 3.7
59.1 +/- 32.6
30.3 +/- 2.2
41.2 +/- 9.1

50.9 +/- 25.3
26.1 +/- 15.8
46.6 +/- 38.1
73.5 +/- 40.5

96.1 +/- 31.2
21.1 +/- 6.7
26.9 +/- 13.5
30.9 +/- 14.2

29.2 +/- 8.2
11. 2 +/- 1. 7

6.2 +/- 0.8
9.1 +/- 5.8

13.1 +/- 4.4
13.7 +/- 2.5
19.0 +/- 4.1
10.3 +/- 2.7
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11.4 +/- 6.1
4001 +/- 37.9
16.2 +/- 3.4
22.7 +/- 9.7

11. 3 +/- 9.7
6.1 +/- 2.5
5.2 +/- 1.8

15.9 +/- 8.8

18.7 +/- 5.2
17.6 +/- 6.1

3.8 +/- 2.8
6.7 +/- 0.4

12.7 +/- 4.5
9.7 +/- 2.4
5.0 +/- 0.3

10.3 +/- 1.7

5.9 +/- 1.2
7.2 +/- 5.1
8.0 +/- 4.1
7.4 +/- 2.8



Therefore, the higher rates recorded for the earlier time

point may perhaps be attributed to a net increase in live

biomass, though this scenario is, in general,

contraindicated by the ATP data (Figure 10.1). Thus, the

systems appear to have slowed down sometime after the early

onset of TBc-stability. Since the ATP data (Table 10.5)

showed some consistency over the latter part of the defined

stable period , it is assumed that the latter carbon

production results (Table 10.7) reflect a state of near

parity between birth and death rates. Overall, the data do

not indicate carbon production was stable over the TBC

stable period. Not enough time point data was taken to

properly ascertain whether carbon production is a stable

parameter of CES. On face value, the data suggest that

important internal changes occurred after the TBC was stable

in most systems. These changes thus could not have been

inferred from the behavior of the TBC.

10.3.9. Comparison of Carbon Pools and Turnover Times

The highest ratio of live to dead carbon occurred in

the C3 carbon vector (Table 10.8). The relative amount of

detritus increased in the first 2 vectors, similar in some

sense to the increase seen in the carbon-unlimited opened

system of section IX, yet was proportionately highest in the

lower 2 carbon vectors. Thus, a definitive optimum may

exist, relative, at least, to the particular physical givens

of these systems. The live to dead relationship appears to
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Table 10.8. Summary of the Ratio of Various Carbon Pools,
and Carbon Pool Turnover Times in 20 Comparative CES over

the Defined Stable Period.

Ratio of
Carbon Pools

Carbon Pool
Turnover (days)

System
[C,N,P]

LBC:
Deada

TBC: TBC:
Inorg. b TSC

A[l,l,l]
B[1,1,2]
C[l,2,1]
D[l,2,2]

E[2,1,1]
F[2,1,2]
G[2,2,1]
H[2,2,2]

I[3,1,1]
J[3,1,2]
K[3,2,1]
L[3,2,2]

M[4,1,1]
N[4,1,2]
0[4,2,1]
P[4,2,2]

Q[5,1,1]
R[5,1,2]
S[5,2,1]
T[5,2,2]

0.15
0.14
0.15
0.15

0.13
0.17
0.15
0.14

0.20
0.21
0.20
0.16

0.11
0.06
0.08
0.09

0.09
0.09
0.13
0.11

0.42
0.56
0.35
0.29

0.46
0.44
0.47
0.42

0.47
0.48
0.47
0.53

0.56
0.75
0.69
0.66

1.00
1.13
0.85
1.07

0.30
0.36
0.26
0.23

0.31
0.31
0.32
0.29

0.32
0.32
0.32
0.35

0.36
0.43
0.41
0.40

0.50
0.53
0.46
0.52

1.9
1.0
1.7
1.1

1.1
2.6
1.5
0.8

0.7
2.1
2.5
1.8

0.8
1.2
2.6
1.7

1.0
1.0
0.9
1.3

18.5
21.6
28.1
23.1

9.2
13.7
34.2
34.2

13.3
14.4
26.3
27.3

21. 3
22.0
26.5
28.2

15.4
22.4
19.2
17.1

62.2
60.1

108.2
102.4

29.2
44.8

107.3
116.3

41.9
44.6
82.2
78.8

59.5
51.5
65.1
71.2

30.7
42.3
41.9
33.1

a Dead (detrital) carbon was calculated as total biomass
carbon (TBC) - live biomass carbon (LBC).

b The stable-state pool of inorganic carbon was calculated
as total system carbon (TSC) - stable mean TBC.

c The turnover of the LBC was calculated as stable period
mean-LBC divided by the average of the data obtained in the
2 carbon production assays.

d The turnover of both the TBC and TSC as calculated by
dividing either value by the average of the data obtained in
the 2 respiration assays.
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depend only (but non-linearly) on the bioelement carbon.

Further support for the notion of some homeostatic

relationship is indicated by the results showing live to

dead ratios to be approximately equivalent in the C1 vector,

even though this carbon-vector was the only one to

demonstrate real variation among its 4 member systems in

both stable-period mean TBC and LBC concentrations (Table

10.3, Figure 10.2, Table 10.5, and text).

The ratios of total biomass carbon to the stable-state

free inorganic carbon pool, and of TBC to the total system

carbon are mathematically equivalent expressions to the

linear relation between TBC and TSC in the non-near Redfield

(1958) limited CES discover.ed and discussed above. These

ratios were similar in the first 3 carbon-vectors, with the

exception of the deviant systems B, C, and D, and then

increased in the latter 2 low carbon-vectors. Thus, the C3

carbon-vector, as it did with the independently measured

parameter LBC, marks the start of a saturation point

relative to the TSC. Whether this vector's coincidence to

the Redfield (1958) ratio demarcation (Figure 10.2 and text)

is merely fortuitous, or whether this indicates some general

principle in operation, is potentially an important future

area t09xamine. In this regard, data was presented above

indicating that the Redfield (1958) C:N ratio appeared to

relate actual C: N biomass ratios in CES to TBC and net

oxidation equivalents produced (Section 8.3). Therefore, a
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more comprehensive understanding of what the Redfield (1958)

ratio exactly signifies would be of value.

There was a two-fold difference in TBC to inorganic

carbon ratio between the deviant systems Band 0 - these 2

systems differed, regarding bioelemental composition, in

nitrogen concentration only. The TBC to inorganic carbon

ratios were also about 2 times higher in the C5 vector than

in the higher carbon vectors. These data indicate that

reduced carbon can equal or exceed oxidized amounts in

initially mass-insignificant CES.

The turnover-time data indicate that all systems

underwent a minimun of approximately 1 complete equivalent

turnover of carbon during the stable period (Table 10.8).

The systems all had mUltiple turnovers of their reduced

carbon pools. The range of turnover values was similar for

the 3 pools presented; the systems differed over a factor

range of about 3. The turnover time data underscores the

observation that 2 stable CES can have the same TBC

concentration and yet be organized differently.

lO.3.10G General Community Observations

Despite a certain amount of variation in aspects of

physical appearance, and in relative types of organisms

observed, all 20 prototype systems developed a similar

general architecture, which resembled a cyanobacterial mat

type ecosystem. Growth was mostly limited to the bottom of
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the culture vessel. This occurred as an intact clump

cemented by filamentous cyanobacteria and detritus.

Direct microscopic observation of wet mounts showed the 20

CES to be dominated by 1 to 3 forms of nonheterocystous

filamentous cyanobacteria; as many as 5 or 6 other types

were also present in smaller number. Common were small

(about 0.8 to 1. 2 urn diameter) unicellular cyanobacteria.

The addition of silicate to the EXO II medium appeared to

have promoted the notable presence of diatoms ( in higher

concentrations than in previous experiments). EUkaryotic

algae were also represented by dinoflagellates and

chlorophyceae, particularly unicellular 10 urn diameter

ChIarella-like organisms. On occasion, larger filamentous

eUkaryotic algae were observed. All systems contained

various phagotrophic organisms, commonly represented by

flagellated protozoa and also larger attached ciliates. Most

of the heterotrophic bacteria appeared actively motile.

High concentrations of these bacteria were, on occasion,

observed within the intact shells of dead cyanobacterial

trichomes, presumably feeding. In summary, all systems

exhibited a fairly complete trophodynamic profile spanning

from primary producers to predators and decomposers.

Minor differences between the parent cyanobacterial mat

community and the CES would include in the latter, a higher

proportion of unicellular algal forms and the absence of

heterocyst forms or formation (generally contra-indicating

active cyanobacterial nitrogen fixation). Larger metazoan
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feeders, such as snails and nematode worms were absent in

the CES (or not included in the inoculum).

10.3.11. Enumerations of Heterotrophic Bacteria

The data presented in Table 10.9 pertains to separate

enumerations of heterotrophic and autotrophic microorganisms

and were meant to round out and corroborate the picture of

the CES drawn from the material pools and flux data. The

data correspond to 2 time points day 56, a pre-TBC stable

defined state, and day 164, at least 80 days after the onset

of TBC stability. Epifluorescent counts of total

heterotrophic bacteria (acridine orange stained) and

unicellular cyanobacteria were done on day 164 only.

Results of the heterotrophic viable counts show a range

of values at either time point of approximately similar

magnitude as that observed at corresponding times for TBC

and LBC (Figure 10.2).

prototypes had around

By 164 days post-closure, all

107/ml platable heterotrophic

organisms, indicating a fairly robust ecosystem. with few

excetions the data, particularly for the later time point,

showed a grouping into 2 distinct ranges, with the break in

ranges occurring between the C3 and C4 carbon-vectors. This

is in general agreement with the results presented above for

the live carbon data (Table 10.5). Overall, the viable

counts decreased about 50% over time; again, similar to the

ATP and also the adenine data responses presented above. In
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Table 10.9. Direct and Indirect Enumerations of
Heterotrophic and Autotrophic Microorganisms in a 5 by 2 by

2, [C,N,P] CES-Matrix.
------------------------------------------------------------

Viabl~ Hetero. Countsa
(X 10 /sys) and
#/sys morphotypes (MT)

day-56 day-164

Epifluorescents
Direc~ Counts
(X 10 /sys)

day-164
Chlorophyll-a

(ug/sys)

Viable MT Viable MT
Sys.

Hetero. Cyano. day-56 day-164

[l,y,z]c
A 22.4 6
B 12.8 8
C 12.0 12
D 14.4 9
[2,y,z]
E 21.6 11
F 4.3 12
G 10.4 10
H 4.3 8
[3,y,z]
I 8.0 13
J 12.2 12
K 10.4 6
L 8.4 12
[4,y,z]
M 8.8 7
N 4.0 10
o 6.4 7
P 2.4 9
[5,y,z]
Q 2.3 7
R 4.0 8
S 6.9 8
T 1.7 7

15.7 9
3.4 7
3.3 11
4.5 12

3.9 11
<swarmer>
4.2 12
5.2 13

8.2 13
3.3 8
4.2 9

14.0 11

3.1 12
0.9 8
0.6 4
0.9 8

5.8 9
1.5 11
2.9 11
0.6 5

46.4
54.1
42.7
38.9

73.8
53.2
53.9
49.4

41.4
35.7
36.9
45.1

37.7
52.0
44.0
1.7.0

17.9
14.1
20.6
14.1

108.3
216.4
34.9
47.5

39.8
98.8

485.5
445.0

372.5
321.6
332.0
405.7

339.1
53.1
42.5
39.6

41.8
56.5
48.1
33.0

16.2
12.3
14.5
6.3

21.2
11.7
16.5
18.4

15.9
12.6
17.7

8.2

7.6
6.4
6.7
9.1

1.4
2.4
1.8
2.4

15.6
10.8
4.7

10.8

8.8
6.7
3.8
5.4

5.5
5.4
7.5
3.4

2.8
1.5
6.5
5.8

5.8
3.5
3.3
1.3

AVG: 8.9

SD: 5.7

9.1

2.2

4.3

4.0

9.7

2.5

39.4

15.4

217.5

166.3

10.0

5.7

5.9

3.4

a Viable heterotrophs were counted by plating 10-6 to 10-8
system dilutions on EXO-III agar medium as described in
materials and methods

b Heterotrophic bacteria were emunerated by Acridine-orange
staining, and autotrophic unicellular cyanobacteria by
autofluorescence. Heterotrophic counts are total acridine
counts minus autofluorescent counts.

c Systems
decreasing

are grouped as to carbon-vector,
total system carbon; [x,y,z] =
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light of the ATP data and the morphotype data (which were

constant over tim~; see below), results here suggest some

post-bloom die-back in the heterotrophic compartments.

Acridine orange total heterotrophic bacterial counts

exhibited an obvious change in value-range between the C4

and C5 carbon vectors. Again, the general indication was

that bacterial counts were not particularly sensitive to the

given nitrogen and/or phosphorus concentrations, and were

only sensitive to total system carbon at the lower extremes.

On the average, direct enumerations were only about 9

times higher than viable counts. This was a noticeably high

recovery: recovery rates of only between 0.01 to 1% of the

viable organisms in an ecosystem is more generally expected;

this phenomena is both an effect of microenvironmental and

physiological changes due to containment (Furgensen et al.,

1984), and also involves the specific nutrient

concentrations and the overall selectivity of the isolation

medium (Olsen and Bakken, 1987). The high recovery seen in

this experiment may be attributed to the relative simplicity

of the microecosystems and the fact that the EXO-III agar

medium was a more appropriate isolation medium than is

generally possible to have in a field study (see Materials

and Methods). The high viable recovery also in some ways

agrees with the relatively high turnover rates (Table 10.8):

given that a certain fraction of the acridine orange

epifluorescent count includes non-platable heterotrophic

bacteria, results suggest that dead or non-viable cells were
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probably not accumulating in the systems to any great

extent.

Heterotrophic morphotypes were enumerated with a

dissecting microscope from the viable count agar plates

(Table 10.9). The number of different morphotypes observed

in a system, generally were counted on the lowest dilution

agar plate (10-6). This number in all matrix prototypes

averaged 9.1 +/- 2.2 and 9.7 +/- 2.5 for the first and

second data time points. These results suggest platable

viable heterotrophs decreased over time in number but not

diversity. The number of separate morphotypes/system did

not show any discernible vertical trends in diversity as a

function of carbon (or Nand P, as well). wi th few

exception, these values ranged within the standard

deviation, which indicates each system probably required

roughly the same number of heterotrophic morphotypes (or

species) to maintain the state of TBe stability

(independent of the particular organization of this state).

The actual kinds of morphotypes were quite unique to each

system, some forms were seen only in 1 or 2 systems. Fungal

colonies were absent on the plates. About 10% of the

colonies for each system were agar hydrolysers; the one

exception was element I which had about 90% agar-hydrolyser

colonies on the day-56 time point. This result may

partially explain the high pre-stable carbon-production

value recorded for system I (Table 10.7); assuming that a

203



high proportion of agar hydrolysing organisms may be

indicative of a higher activity regarding detrital turnover

in general.

10.3.12. Autotrophic Data

Data that pertains to the autotrophic compartment is

represented by the measurement of chlorophyll-a, and by

epifluorescent counts of small autofluorescing unicellular

synechococcus-like cyanobacteria (Table 10.9). The

concentration of chlorophyll-a at the earlier time-point

(day-56 post-closure) decreased corresponding to a decrease

in ttie total system carbon. Reminiscent of the ATP data

(Table 10.5), the most obvious break in pigment

concentration-pattern occurred between the C3 and C4 carbon

vectors in this pre-stable data set. This overall pattern

seems to be about the same in the day 164 data set, except

there appears to be a lessening of the gradient in

chlorophyll-a concentrations over the matrix. since a

correction for the presence of phaeophytin-a was not done,

it is possible that chlorophyll-a concentrations may have

been relatively over-estimated in the lower concentration

carbon vectors. The horizontal comparison of the 2 data

sets shows an overall average decrease of about 40% in the

autotrophic compartment - assuming that a constant ratio of

chlorophyll-a to living material was maintained. Again

these data support and extends the ATP and heterotrophic

viable count data (Tables 10.5, 10.9), indicating post-
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stable period die-back also occurred in the autotrophic

compartment as well.

If the conversion factor of ug chlorophyll-a equals

1.5% of the cell carbon (wt/wt) (Greenberg et aI, 1981) is

used, then the pigment values account, on average, for over

80% of the amount of cell carbon measured by ATPI showing

that values extrapolated from both assays were in reasonable

agreement. This also suggests that autotrophic biomass may

have been greater than heterotrophic biomass.

In this regard, direct counts (in columns 3 and 4,

Table 10.9) show that unicellular cyanobacteria, alone,

generally outnumbered heterotrophic bacteria. These

autofluorescing unicellular organisms were all under 6 um in

diameter, and the majority were > 1 um , These cells

probably made the lesser contribution to the total

autotrophic biomass; the major portion of autotrophic

biomass (and thus the chlorophyll-a measurements) appeared

by observation to be due to the larger matrix forming

filamentous cyanobacteria, these were not enumerated

directly.

10.3.13. Heterotrophic Metabolic Diversity

In order to characterize heterotrophic metabolic

diversi ty, the 20 CES elements were assayed with the

Biologt m (Biolog Inc. Hayward, Cal micro-culture test system
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at 164 days-post-closure. The Biolog assay system allows

for the determination of single carbon source usage for 95

different substrates; ranging from simple precursor

metabolites and fermentation by-products to more exotic and

refractory compounds. The assay employs tetrazolium dyes

and is sensitive to respiratory (oxidative) use of

substrate. The Biolog system was modified for use with my

systems by using a modified, buffered version of the basic

EXO-III medium as dilutent. The assay was quantitated

spectrometrically (550 nm) ~ with a multiple channel plate

reader unit. Optical density readings were done at both 10

and 21 days, and no essential differences in endpoint was

found (data not shown). In Table 10.10, spectrographic 00

readings are rounded to the nearest integer, thus weak

positives (0.10 to 0.49) were counted as a negative result.

Both are shown in Table 10.10 as a blank space. Optical

density readings of greater than 2, visually appeared to

correspond to a near saturated culture. In order to avoid

medium carry-over, a 10-4 (final-well) dilution of CES was

used. Since, the number of morphotypes (Table 10.9) were

generally read at a 10-6 dilution, at least that number

species would have been included in the Biolog assay.

Results showed an average 00 of 0.086 for negative

control wells (water), and about the same for negative

substrate wells (data not shown), indicating no significant

carry-over growth. As results reflect end-point
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concentrations a different value for a particular (positive)

substrate regarding 2 systems potentially suggests a

different species or consortium was involved in its

catabolism (as opposed to a simple difference in number of

organisms/inoculum). However, the types of substrates used

were similar for the most part in all 20 CES. The average

number of substrates used was 53 +/- 6.4. Overall the

results of the Biolog assay collaborate those of the

morphotype enumerations, suggesting little apparent

difference in the pattern of gross metabolic repertory as a

function of initial or final CES-state.

The average number of Biolog substrates used by the CES

represents about 56% of the total given substrates. In

comparison, there are many single organisms reported to be

able to utilize in the neighborhood of 80% of the Biolog

substrates (Marello and Bochner, 1989). Since the CES

averaged 9.7 morphotypes (Table 10.9), the Biolog data does

not contradict the notion that there existed a high degree

of specialization within the heterotrophic bacterial

compartment of the CES prototypes. In theory, a closed

recycling small scale ecosystem, would require a high degree

of coordination between distinctive non-over-Iapping niche

space.
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Table 10.10A. Biologt m assay for Heterotrophic Oxidative
Substrate Range in a 20 CES Member lofatrix on Day-164 Post
Closure. Numbers are optical density (OD) rounded to the
nearest Integer. Negative Results and Weak positives (OD < 0.49)
are Recorded as Blank-Spaces to Aid Readability.

A). systems labelled A to J.

System Label

A B C D E F G H I J

Substrate

umol Total System Carbon
1500 960 720

optical Density

Alph a 7cyclodextrin
T"\_ .....",-_,",_
UCA '-.L. .LJ..l

Glycogen
Tween 40
Tween 80
N-acetyl-D-galactosamine
N-acetyl-D-glucosamine
Adonitol
L-arabinose
D-arabitol
Cellobiose
L-erythritol
D-fructose
L-fructose
D-galactose
Gentiobiose
Alpha-D-glucose
M-inositol
Alpha-lactose
Lactulose
Maltose
D-mannitol
D-mannose
D-melibiose
Beta-methyl glucoside
psicose
D-raffinose
L-rhamnose
D-sorbitol
Sucrose
D-trehalose
Turanose
Xylitol
Methyl pyruvate
Mono-methyl succinate
Acetic acid
Cis-aconitic acid

2
2
1
1

3

3

3
3
3
2

3
3
2

2

3
3
3
3
3

3
2

2
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2
1
2
2

1

2

3

3

3
3
1

3
2
3
3
3

3
2

2

2
1
1
1

1
3

2

3

3

3
2
2

3
3
3
3
3

2
1

2

2
1
1
2

1
2

2

3
2
3
3

3
3
1

2

2
2
3
3
3

2
1

2

1
1
1
2

2

2
2
2
2

3
3

1

2

3
3

1

2

2
1
1
2

2

3

3
2
3
2

3
3
1

2

3
3
3
3
3

2
2

3

1
1
2

2

3

3

2

3
2
2

2

3
2
3
3
3

2
1

2

2

1
1

1
2

2

3
2
2
2

3
2
1

1

2
2
2
3
3

2
1

2

2
1
2
2

1
2

2

3
2
3
3

3
3
2

2

2
2
2
3
3

2
1

2

2

2
1

1

3

3

3

3
2
1

2
3
3
3
3

2
1

3



Table 10.10A. (Continued) Biolog tm Assay - systems A to J.

-----------------------------------------------------------------
A B C D E F G H I J

Substrate Optical Density
-----------------------------------------------------------------
citric acid 2 2 2 2 2 2 2 2 2
Formic acid
D-galactonic acid lactone 1 3 1 1 1
D-galacturonic acid 2 2 2 2 2 2 2 2 2
D-gluconic acid 3 3 3 2 2 3 2 2 2
D-glucosaminic acid
D-glucuronic acid 3 3 2 2 3 2 2 2
Alpha-hydroxy butyrate
Beta-hydroxy butyrate 3 3 2 2 2 2 2 2 2 2
Gamma-hydroxy butyrate 2 3 2 1 2 2 1 2 1
p-hydroxy phenylacetate 2 2 1 2 1 2 1 1 2
Itaconic acid
Alpha-]~atc-butyrate

Alpha-keto-glutarate 3 2 2 2 2 2 1 2 2 1
Alpha-keto valerate
D,L-lactate 2 2 2 2 2 1 2 1 2 2
malonic acid 1 1 1 1 1 1 1 1
Propionic acid 1 1 1 1 1 1 1
Quinic acid 3 3 3 2 2 3 3 2 3 3
D-saccharic acid 1 1
Sebacic acid 3 2 2 3 2 3 2 2 3 2
Succinate 2 2 1 1 1 1 1 1 1 1
Bromo-succinate 1 1 1 1 1 1 1 1 1 1
Succinamic acid 1 1 2 2 1 2 1
Glucuronamide
Alaninamide 1
D-alanine 3 2 3 2 2 2 2 2 3
L-alanine 3 2 3 2 2 2 2 2 2
L-alanyl-glycine 3 3 3 2 2 3 2 2 2 3
L-asparagine 3 3 3 3 2 3 3 3 3 3
L-aspartate 3 3 3 3 2 2 3 3 3
L-glutamate 3 3 3 3 3 3 2 3 3
Glycyl-L-aspartate
Glycyl-L-glutamate 1 1 1 2 2 1 1 2 1
L-histidine 1
hydroxy-L-proline
L-leucine
L-ornithine 1
L-phenyl-alanine 2 2 2 2 2 2 2 2
L-proline 3 3 3 3 3 3 3 3 3 3
L-pyro glutamate 3 2 2 2 2 2 3 2
D-serine
L-serine 2 1
L-threonine
D,L-carnitine
Gamma-amino-butyrate 3 3 3 3 2 3 3 2 3 3
Urocanic acid
inosine 1 1 1
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Table 10.10A. (Continued) Biolog tm Assay - Systems A to J.

A B C D E F G H I J
-----------------------------------------------------------------
Uridine
thymidine 2 1 2 2 1 2 1 2 2 1
Phenyl ethylamine
putrescine 1
2-amino ethanol 2 1 2 2 2 2 1 2 2 1
2,3-butanediol
glycerol 3 3 3 3 2 3 3 2 3 3
D,L-alpha-glycerolphosphate
GlucoSe-i-phosphate
Glucose-6-phosphate

no. Posi.tives 49 52 51 55 37 51 45 56 51 48
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Table 10.10B. Biolog tm Assay for Heterotrophic Substrate Range.

B) • systems Labelled K to T.

system Label

K L M N 0 p Q S S T

umol Total system Carbon
720 480 240

Substrate Optical Density
-----------------------------------------------------------------
Alpha-Cyclodextrin
Dextrin 2 2 2 2 2 2 2 2 2 1
Gl}"ccgen 2 2 1 2 1 1 1 1 1
Tween 40 1 1 2 1 1 1 2 1 1 2
Tween 80 1 2 1 1 1 1 1 1 1
N-acetyl-D-galactosamine
N-acetyl-D-glucosamine 3
Adonitol
L-arabinose
O-arabitol 2 2 1 1 1 1 1 1 1 1
Cellobiose 3 2 3 2 2 2 2 2 1
L-erythritol
D-fructose 3 3 3 3 2 2 2 3 3 2
L-fructose
D-galactose 3 3 3 2 3 3 2 3 3 2
Gentiobiose 2 2 2 2 2 2 2 2 2 1
Alpha-D-glucose 3 2 3 2 2 2 2 3 3 2
M-inositol 3 3 3 3 3 3 2 3 3 2
Alpha-lactose 3
Lactulose 3
Maltose 3 3 3 3 3 3 3 3 3 3
O-mannitol 3 3 3 2 3 3 2 3 2 2
O-mannose 1 1 1 2 2 2 2 2 1
O-melibiose 2
Beta-methyl glucoside 2 2 2 2 2 2 2 2 2 1
psicose
O-raffinose 2
L-rhamnose 3 2 3 3 2 2 3 3 2
O-sorbitol 3 3 3 3 2 2 2 2 2 2
Sucrose 3 3 3 3 2 2 2 3 3 2
D-trehalose 3 3 3 3 2 3 3 3 3 2
Turanose 3 3 3 3 3 3 3 3 3 2
Xylitol
Methyl pyruvate 2 2 2 2 2 2 2 2 2 2
Mono-methyl succinate 2 2 2 2 2 1 1 1 1
Acetic acid 1
Cis-aconitic acid 2 2 2 2 2 2 2 2 2 2
Citric acid 2 2 2 2 2 2 2 2 2 2
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Table 10.10B. (Continued) Biolog tm Assay - Systems K to T.
-----------------------------------------------------------------

K L M N 0 P Q R S T
Substrate Optical Density
-----------------------------------------------------------------
Formic acid 1
D-galactonic acid lactone 1 3 2 2 2 2
D-galacturonic acid 2 2 2 2 2 2 2
D-gluconic acid 2 2 2 2 3 2 2 2 2 2
D-glucosaminic acid
D-glucuronic acid 3 3 3 2 3 3 2
Alpha-hydroxy butyrate
Beta-hydroxy butyrate 3 2 3 3 2 2 2 2 2 3
Gamma-hydroxy butyrate 2 1 1 2 2 2 1
P-hydroxy phenylacetate 2 2 2 2 2 2 2 1
Itaconic acid 2 1
Alpha-keto-butyrate
Alpha-keto-glutarate 2 2 2 2 2 2 2 2 2 2
Alpha-keto valerate
D,L-lactate 1 2 2 2 1 1 1 1 1 1
malonic acid 1 1 1 1 1 1 1 1 1 1
Propionic acid 2 1 1 1 1 1 1 1
Quinic acid 3 3 3 3 3 2 2 2 3 2
D-saccharic acid 1 2 2 2 2 2 2
Sebacic acid 3 3 3 3 3 2 2 2 2 2
Succinate 1 1 1 1 1 1 1 1 1 1
Bromo-succinate 1 1 1 1 1 1 1 1 1 1
Succinamic acid 2 1 2 2 2 2 2 1 1 1
Glucuronamide
Alaninamide
D-alanine 2 2 2 2 2 2 2 2 2 2
L-alanine 2 2 2 3 2 2 2 3 3 2
L-alanyl-glycine 2 2 3 2 2 2 2 2 2 2
L-asparagine 3 2 3 3 3 3 2 3 3 2
L-aspartate 3 2 3 2 3 3 2 2 2 3
L-glutamate 3 2 3 2 3 3 3 3 3 2
Glycyl-L-aspartate 1
Glycyl-L-glutamate 2 2 1 2 2 2 2 2 2 1
L-histidine 1 1
hydroxy-L-proline 2
L-leucine 1 1 1
L-ornithine 1
L-phen¥l-alanine 3 2 2 2 2 2 2 2
L-proll.ne 2 3 3 2 3 3 2 3 3 2
L-pyro glutamate 2 2 2 2 2 2 2 2 2 2
D-serine
L-serine 3 2 2 2 1
L-threonine 1
D,L-camitine 1
Gamma-amino-butyrate 3 3 3 3 3 2 2 3 3 2
Urocanic acid 2 2
inosine 2 1 1 2 1 1 1
Uridine 1
thymidine 2 2 2 2 2 2 1 1 1 2
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Table 10.10B. (Continued) Biolog tm Assay - Systems K to T.

Substrate
K L M N 0 P Q

Optical Density
R s T

Phenyl ethylamine
putrescine 2 1 1 2
2-amino ethanol 2 1 2 1 2 2 2 2 2 2
2,3-butanediol
glycerol 3 3 3 3 2 3 2 2 2 2
D,L-a-glycerolphosphate 1
Glucose-I-phosphate
Glucose-6-phosphate

nO.Postive 70 55 51 51 50 62 59 55 55 54
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10.4 Summary and Conclusions

Some of the results of this experiment concerning the

effects of C,N, and P are summarized below:

1) The net release of °2 , which is taken as a direct

estimate for the total amount of reduced carbon (mole/mole)

or simply TBC, was described by a linear function (R2>O.974)

of the total concentration of carbon added to the system at

closure (Figure 10.1 and text). Nitrogen limitation

decreased expected TBC values, whereas P limitation in the

presence of excess N caused an increase of TBC. Both Nand

P limitation occurred at about 25% greater than predicted by

the Redfield (1958) ratios.

2) The amount of living biomass carbon was, like the TBC,

dependent on the concentration of TSC. The relation here

appeared to be a positive step function with a threshold

occurring between the C3 and C4 carbon vectors. Mean stable

period LBC concentrations clustered at 2 major levels among

the CES: carbon vectors C5 and C4 had an average of 2.5

times lower values than the average cluster-value of vectors

C3, C2, and C1.

3) There was a depression in respiration rate which

coincided to aN-limitation. Nitrogen limitation occurred

at that predicted by the Redfield (1958) ratio (relative to

the TBC). All non N-limited systems, regardless of

respiration rate, were similar regarding their per-unit live
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biomass-C respiration rate. This indicates that the

respiration rates were also partially dependent on TSC, as C

controlled the amount of live biomass. 5) The dark shut

down experiment indicated that systems with the higher

nitrogen-respiration pattern could maintain this respiration

level only for about 10 hr in the absence of new

photosynthetic input. Thereafter, respiration rate in these

types of systems was more similar to the initial rate of the

lower N vector.

4) The carbon production rate, unlike the respiration rate,

showed a marked decrease in most systems between day-60 and

day 170 post-closure. There were no obvious vertical C,N,

and/or P determined relationships regarding the magnitude of

carbon production. Yet, in about 75% of the systems the LBC

turnover time (LBC/carbon production rate; Table 10.8) was

1.0 +/- 0.3 days, indicating a certain functional similarity

among these structurally different systems.

5) The ratio of live to dead C was solely a function of TSC

and appeared to be polynumeric with a maximum value of 0.2

occurring at the C3 carbon vector (Table 10.8). An

analysis of the ratio of TBC to the inorganic C pool versus

TSC showed that the C3 vector occurred on a C-dependent

infliction point (Table 10.8 and text).

6) There was an overall basic similarity in the 20 systems

regarding general trophic profile, organism diversity, and
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heterotrophic metabolic range. All 20 systems of the

matrix were biomass-stable. The hypothesis that CES must

exhibit different stable-state parameter-defined

configurations if given different total C,N, and/or P

concentrations was not supported by the data. In general,

differences between 2 systems occurred only where a definite

N- and/or P-limitation vias suspected. Therefore, CES are

somewhat flexible regarding how C, N, and/or P will be

partitioned.

Furthermore, a Redfield (1958) ratio based analysis did

not predict what bioelement would be in limitation relative

to first principles (the initial or total state of the

system), but these ratios were useful to analyze what

bioelement may have most affected the value of a parameter

at the final stable system-state.

Finally, the data showed that there was no unique

concentration of stable biomass for a given radiant energy

flux and analogous culture conditions. Moreover, a given

concentration of stable biomass was not necessarily

associated with some unique system configuration.
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CHAPTER XI

DISSERTATION SUMMARY CONCLUSIONS, AND CONTRIBUTIONS

The goal of this dissertation was to achieve some basis

toward a more functional understanding of the phenomenon of

biomass-stability in closed ecological systems.

The objective was to compare various

biomass-stable CES, relative to some

experimentally controlled variables.

parameters

set(s)

of

of

Stability is a concept that required a relevant

operational definition. The most concise definition of

stability was argued simply to be constant biomass (in the

absence of external perturbation).

When I began CES research, what was known was that CES

appeared to reach and maintain a stable biomass level

lasting as long as 25 years.

Earlier CES were semi-quantitative, containing a large

amount of sediment and detritus (Kearns and Folsome,

1981,1982: Kearns, 1984). Obenhuber, who worked with algal

monocultures, introduced the use of a chemically defined

mineral medium using standard algal medium (Obenhuber,

1986) . He achieved a biomass stable-state only for one

system: the one which received the most number of

monocultures. This system also demonstrated a constant
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respiration rate. From these data, Obenhuber was able to

demonstrate that the stable-state inorganic carbon pool had

turned over a number of times.

The departure point of this dissertation was to refine

the basic model CES. A specific CES mineral medium was

developed. Monoculture (gnotobiotic) inoculated systems

were abandoned in favor of CES initiated with naturally

occurring microbial assemblages. In this manner, the

inoculum would be maximally complex regarding the

establishment and maintenance of a functioning stable

microecosystem, and yet, it could be used in a small amount.

Thus, the inoculum was only informational to the system.

The experiments presented in chapters VII and VIII using a

dilution-to-extinction protocol were successful in finding a

suitable system. Metabolic functions data (Tables 7.5, 8.4)

and epifluorescence counts (Table 9.3) were used to

corroborate that the systems had some minimal complexity to

suggest that these were indeed ecosystems.

This dissertation presented 28 CES prototypes, 27 of

which were biomass stable and were shown to have completely

recycled an equivalent of their total C allotment. These

data support the idea of Folsome and Hanson (1986) that

biomass-stability is easy to establish in CES (of the

sediment-type). By extending this observation to

chemically-defined, biologically-complex, mass-insignificant

systems, this dissertation offers a more quantitative model
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system: one that will demonstrate a functional

autonomy (ecologic-closure ) within a few

level of

months.

Concurrent to generating a model system was the need to

decide upon a strategy to study stability. The best

approach, I felt, was to investigate the relationship of

stability relative to the system's concentration of the

major bioelements C, N, and P. The Redfield ( 1958) ratios

were used to construct a C:N:P concentration matrix. These

ratios are based on the observation the C: N: P ratios of

aquatic organisms are approximately the same as those found

in their near-steady-state aquatic environments.

The preliminary experiments comparing gas-open

microcosms to CES (Chapters VIII and IX) were important for

2 reasons. The first was that open systems functioned as a

necessary positive control regarding the relative behavior

of C,N, and P in the CES. Measurement of biomass C levels,

mass budget calculations, and assay of metabolic functions,

all suggested that neither P nor N were limiting in CES

prototypes, even though these could have been so, based

solely on a Redfield (1958) ratio analysis.

The second reason for the importance of the gas-open

microcosm work is that it helped to define the scope of CES

research. The gas-open microcosm research of Beyers (1963c,

1964, 1965) and Odum (1969) indicated a number of

similarities in attribute profile between climax in natural
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ecosystems and :microcosms. In this regard, McConnell's

(1962) observation that microcosms established a "pseudo"

metabolic balanced growth suggested to me that: 1) gas-open

microcosms would require a relatively longer time to reach a

biomass-stable state; 2) biomass levels should tend to

fluctuate as it approachs stability; and 3) after initial

exponential growth, average biomass levels will be

significantly higher than in comparative CES. These points

follow from the argument that in order to obtain a stable

biomass (by approaching a true metabolic balance growth), it

would be necessary to minimize the loss of oxygen due to

diffusion. Net oxygen loss would be most easily minimized

by the maintenance of a relative large store of organic

reductant. The results presented in chapters VIII and IX

supported my hypothesis and indicated that comparative

eutrophication in microcosms was due only to excessive net C

reduction. The open systems, in fact, were similar in size

and turnover of their living pools, and in terms of number

of heterotrophic morphotypes.

The above data suggested a simple hypothetical

mechanism to account for the relative ease of establishing

the biomass stable state in CES. Given that once a system is

sealed its net oxidation potential is fixed by its initial

conditions, this in turn should increase the linkage (or

coupl ing coefficient) between C and 02 cycl ing • Thus, a

given mass of C reduced releases a given mass of 02 within

and, to, the system. There is no possibility of net loss or
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gain: thus the CES stores more actual free energy. It

follows that under closure the biomass pool becomes

relatively less important as a regulatory buffer in C/02

cycling. Thus, stability is promoted by material closure,

at least on the scale of laboratory-sized systems.

Hypothesis 2 (Chapter V) was next offered: under

material closure even a non-limiting bioelement will effect

some change of a measurable ecologic parameter of the

stable-state system. This, in part; follows from the

observation that a CES has no means of exporting unnecessary

material. Results presented in Chapter X supported this

hypothesis only in regards to the non-partitioned or total

ratios of C,N, and P, relative to the Redfield (1958)

ratios. In contrast, relative to the final, biomass-stable

state, systems generally only differed (regarding the values

of various measured parameters) where a definite (and in

some sense self-determined) Nand/or P limitation existed.

Nonetheless, the occurrence of suspected Nand P limitations

showed a correspondence to those predicted by the Redfield

(1958) ratios relative to the systems' final state.

Furthermore, data were obtained concerning: 1) what effects

C,N, and P hava on various relevant parameters measurable in

CESi and 2) which parameter-defined relationships have

relative optimal values, or appear to approach a constant

value regardless of CES configuration.

In general, the experiments presented above indicated

that there was no single volume, biological, or radiant
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energy defined level for stable-state biomass, but

concentrations would vary. Moreover in contrast, the amount

of stable biomass, under comparative conditions, was itself

not unique to a particular set composed of other various

ecologic parameters. Therefore, a knowledge of the stable

biomass concentration will not be sUfficient, by itself, to

describe the system to the extent that may be necessary from

the point of view of bioregenerative human life-support. On

the other hand, the semi-independence of stable-state

parameters indicates that, while the principles which govern

CES internal organization are complex, this knowledge itself

puts us one step closer toward a science of ecosystem

closure. The discovery of a linear relation between TBC and

TSC (Chapter X), for example, suggests that perhaps a first

priority of CES organization is to achieve some

characteristic C pool structure. Flux rates and even energy

efficiency (see appendix I) may vary, in some unknown

manner, in accordance to the energetic requirements

necessary to achieve this structure.

Finally, empirical relations offered in Chapters VIII

and X (regarding C, N, and 02 pool structures), suggest the

possibility that CES scale-up designs for human-sized life

support can be conducted in a predictive manner. since

bioregenerative research commonly involves multi-million

dollar single-shot test systems, any degree of

predictability would be of value.
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APPENDIX:

THERMODYNAMICS, OPTIMAL CES, AND ENERGY EFFICIENCY

At TBC-stability, as a first approximation, there is no

further energy-storage occurring within a CES: the energy

captured in photosynthesis must account for the amount of

heat generated by respiration and given off to the

surroundings. Thus, all of the free-energy of carbon

fixation is dissipated during catabolic and anabolic

reactions within the cell, and ultimately via the friction

of cyclic ecosystem self-work (the small amount of entropy

and enthalpy directly associated with photosynthate

oxidation is "reversed" upon re-fixation). The first law of

thermodynamics implies that the amount of work that such a

system performs cannot exceed its energy of photosynthesis.

The second law implies that the amount of work done must be

less than the amount of energy released upon respiration.

For an equilibrium-displaced system to be at true

thermodynamic steady-state, energy input must equal energy

output. Hence, without actually knowing mathematically how

a CES may physically operate as a non-equilibrium system,

the TBC-stable state can be assumed to be an operationally

approximate indicator of true steady-state. More precisely,

TBC-stability is an ecologic analog for steady-state in the

sense that the informational decay term of Information

Theory is a straightforward analog for entropy. In
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perspective: the earth is presently biomass constant and

very near metabolically balanced (Walker, 1974). The amount

of solar energy input to the earth equals the earth's energy

output (the latter at a higher entropy content) to the

universe (Rosenberg, 1974).

A constant-volume CES has neither physical means nor

chemical vectors that can transfer work to, or from, its

surroundings. Inside the system work is performed on, and

by, the system itself. This internal self-work is the equal

of the amount of entropy produced within the system - or the

amount of disorder that must be "reversed" for the system to

maintain steady-state. Thus, the rate of natural dis

ordering is equal to its rate of ordering, and a time

independent steady-state is achieved. This cyclic. operation

is the mechanism that allows a system to maintain a high

degree of internal orlier; preventing this order from

degenerating back toward the equilibrium state (which for a

biosystem is death and disintegration). As Atkins (1987)

eloquently discussed, order in a system can only occur if

there is a net total increase in the entropy of the

universe: hence, even non-equilibrium systems must in some

hierarchical fashion ultimately obey the second law of

thermodynamics. The total amount of input energy that

appears as output entropy (the external, not the internal,

entropy produced) is the amount by which the universe is

steadily increasing due to the system.
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It follows that in a stable CES of fixed potential

energy, all internal work performed is cyclic and must be

degraded and vented as heat for the stable- or "steady

state" to continue. This latter statement applies

particularly to an isothermal stable CES, since as Morowitz

(1968) has shown such a system must transfer entropy

macroscopically as heat via conduction to a waterbath.

Yet, a measurement of the gross heat-flux through a CES does

not necessarily indicate how efficiently input energy was

utilized, nor how ordered the system may be. (The degree of

actual "steady-state" order in a CES may perhaps be inferred

by some sort of infra-red microcalimetry that could

quantitate the spatial heterogeneity of heat flux output).

The earth, for comparison, sits in the vacuum of space.

It also exchanges no work with the universe. But because

the earth transfers entropy via radiation it should be under

somewhat different constraints regarding to what extent

potential energy generated in cyclic (steqdy-state) internal

work must be degraded in order to be vented.

The question is, assuming that it is possible to

measure energetic fluxes pertinent to closed ecosystems, how

can this information be meaningfully evaluated in terms of

an underlying thermodynamic mechanism. The crux of the

matter is simply: 1) while theories exist concerning how

entropy production may behave regarding steady-state systems

far-displaced from equilibrium, there does not appear to be
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any theory that directly relates the level of internal order

of this system to the amount of total disorder that such a

system generates in the universe; and 2) the order of a

complex dissipative structure is a parameter that is

difficult to describe in purely thermodynamic terms. Since

in any closed steady-state system, energy input equals

energy output (which includes entropy), it seems especially

necessary to go inside the "Green-box" as a first step

toward a more accurate description of the thermodynamic

ecologic behavior of CES.

Respiration and photosynthesis (which should be

approximately equivalent at TBC-stability) will be termed

the external rate of carbon cycling in a CES. This follows

from the fact that cyclic carbon-fixation is the most

important vehicle by which energy/entropy transformations

occur between the system and surroundings (the growth

chamber). Carbon production (where under LBC-stability the

live production rate equals the death rate) is a measure of

the movement of carbon mass (work) necessary to maintain the

live portion of the ecosystem. Carbon production will be

termed the internal carbon cycling rate (also see Figure

6.1).

Ultimately, all, or most of the energy, that supplies

internal cycling must be derived from the external processes

of cyclic chemical energy capture and burning.

Symmetrically, the constant maintenance of the living
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structure via internal C-cycling, supplies the mechanism by

which the organization necessary for external cycling

continues. It follows that the ratio of external C-cycling

to internal C-cycling describes the amount of total useful

energy allowance of an ecosystem (in part self-determined)

relative to that fraction necessary to both maintain the

living portion of the system and to allow it to achieve its

apparent goal of reproducing itself. While different

scenarios are conceivable, it is hypothesized that at

ecosystem stability the magnitude of carbon production must

in some manner be sensitive to the total amount of internal

work performed. The ratio of internal to external cycling

will be labeled the ecological energetic efficiency (EEE) of

a CES. Since this term is assumed to relate energy to work,

it has a contextual meaning (in the sense of physics) as an

efficiency term applicable to ecosystems.

The EEE term reflects the sum total operation of an

ecosystem's organization - food chain lengths, chemical

gradients, amount of energy spent on food-capture, recycling

efficiency, complexity, primary and secondary biotic-abiotic

structures, etc. The term should also be somewhat

indirectly sensitive to non-carbon-fixation routes of non

passive energy entrance: systems that can supplement total

energy capture with greater amounts of cyclic

photophosphorylation may have more energy available for

carbon production. Also, systems that are organized so as
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to minimize the amount of intake energy that results in

mutational damage, photooxidation, and photo-respiration

should be more efficient because less internal energy will

be spent on repair or wasted in futile cycles. However, a

high EEE does not necessarily indicate a high level of

internal order of a system. The level of order must depend

on some function that also involves the magnitude of

respiration and carbon production as well as its structure.

Table 11.1 uses data gathered from the matrix

experiment (Chapter X). The results demonstrate the EEE

term of the CES both decreased over time, and was different

at the later time point between the individual systems.

The results preliminary suggest that efficiency is not an

organizational principle or state-constant, of "closed"

ecosystems; keeping in mind that the accuracy of EEE is only

as good as the product of the limitations of the methods

upon which it is calculated. The noteworthy observation

here is, stable CES, which were very similar in most

physical respects, appear to exhibit different efficiencies.

The fact that EEE can exceed unity does not contradict the

conservation of energy law as the term is a relation between

fluxes.

Odum and Pinkerton (1955) predicted by analogy to

mechanical and other systems that efficiency of energy usage

in an ecosystem (the term was never clearly defined) may

reach a constant but would not be maximized at the climax
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Table 11.1. Two Metrics to Evaluate Relative Efficiencies in
20 CES: Ecological Energy Efficiency (EEE) is given for an
Early and Latter Point in the TBC-Defined Stable Period, and
Specific Entropy (SEi Odum, 1969) is the Average Over this
Period. These Data are taken from The Matrix Experiment

(Chapter X).

--------------------------------------------------------------
EEEa optimal

---------------- Ranking
Early Later SEb Factor

System
----------------------------------------------------------------

A[l,l,l] 1.97 0.59 0.054 11.0
B[1,1,2] 2.95 2.01 0.046 43.3
C[1,2,1] 2.73 1.46 0.036 41.1
0[1,2,2] 3.52 1.94 0.043 44.8

E[2,1,1] 1.52 0.34 0.109 3.1
F[2,1,2] 1.22 0.28 0.073 3.9
G[2,2,1] 5.21 0.58 0.029 19.9
H[2,2,2] 8.91 1.93 0.029 65.8

1[3,1,1] 5.59 1.09 0.075 14.5
J[3,1,2] 1.31 1.09 0.070 15.7
K[3,2,1] 3.07 0.43 0.038 11.4
L[3,2,2] 3.38 0.73 0.037 20.0

M[4,1,1] 3.62 1.57 0.047 33.6
N[4,1,2] 1.20 1.04 0.045 22.9
0[4,2,1] 0.84 0.68 0.038 17.9
P[4,2,2] 1.35 1.53 0.035 43.1

Q[5,1,1] 1.68 0.76 0.065 11.6
R[5,1,2] 2.42 1.27 0.045 28.4
S[5,2,1] 3.31 1.40 0.052 26.8
T[5,2,2] 1.42 1.02 0.058 17.5

a The early and later dat~ were obtained by dividing the day
60 or the day 170 carbon production results by the average
of the 2 respiration assays.

b SE was average respiration/stable mean-total biomass
carbon ( TBC) .

c This factor equals the later EEE vaZues divided by SE (=
carbon production * TBC/ respiration j , A higher number
indicates a more efficiently organized system (see text).
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state. The authors believed power is the parameter

maximized - at some optimal efficiency, during successionary

development. Odum (1969) later offered a non-equilibrium

thermodynamically inspired efficiency term specific

(internal) entropy production (SE). Specific entropy

(termed a schrodinger Ratio by Odum) is defined as the

inverse of the total biomass turnover time

(respiration/total biomass) and was theorized to attain a

minimum in the climax ecosystem (Odum, 1969; 1971; also

discussed in thermodynamic context by Schneider, 1988).

(since, SE has the dimension of time, it may perhaps be

considered a power term). Matsuno's (1978) mathematical

inquiry into stability in dissipative structures supports

the notions of Odum. Matsuno considered biomass to be the

only extrinsic property of an ecosystem - and a measure of

its internal order. He derived an equation showing that

during succession the most probably configuration for a

climax ecosystem (having metabolic interactions with an

external ecosystem) is one exhibiting a minimum

irreversible decay rate of its structural biomass.

A comparison of SE (normalized to carbon) and EEE using

the data from the matrix experiment (Chapter X) is

demonstrated in Table 11.1. Regarding optimal CES, those

systems which were of highest EEE and lowest SE (high

optimal Ranking Factor) may have been the optimal systems in

terms of absolute organization; though some weighing factor

may be required for this evaluation. The results show
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slight correlation to P-limiting conditions and higher

optimun - systems B,D and H, all final-state Redfield (1958)

P-limited, were the 3 most optimal systems. Therefore,

phosphorus may perhaps be a less neutral bioelement

concerning organization than has been apparent so far.

Within the Cl to C4 carbon vectors, the system with the low

Nand P concentrations was the best. System E which

consistently showed the highest respiration rates was the

least optimal system by the above criteria. This last

result may complement some of the ideas of Odum (1969) and

Odum (1963) who associate lowered respiration rates with

stability (or climax) regarding succession, and have also

discussed why relatively higher respiration in stable

ecosystems is associated with higher supplemental (non

radiant energy) energy and material input. Table 11.1

offered a comparison of not the successionary stages of a

single ecosystem, but the stable end-point state of 20

analogous ecosystems: thus it is interesting that the system

wi th the highest respiration rate was in this type of

comparison apparently relatively inefficient in capitalizing

on this energy. This apparent "excessiveil external carbon

cycling in system E may suggest an underlying burden on some

regulatory feed-back system due to a de-stabilizing effect

caused by its particular bioelemental composition (which may

have been particularly acute due to containment).

The EEE term is dimensionless, because carbon cycling

is measured in units of mass/volume/time. It should be
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possible to recast EEE in bioenergetic terms by equating

carbon-fixation to free-energy, and experimentally

determining an energetic weighing factor regarding carbon

production. This would allow a more indepth analysis

regarding theoretical limits and, in general, the

significance of this term's quantitative measure in lieu of

a larger data base. Flow-analysis models of idealized CES

indicate that the single most important internal factor that

will increase EEE is a high detrital growth yield (live

carbon produced per unit of detrital substrate respired;

Shaffer, unpublished data). Thus, the dark respiration

experiment (Figure 10.3) may have indirectly suggested that

CES are relatively efficient ecosystems. The fact that I

disagree with Matsuno (1978), who regards high levels of

refractory organic material as the factor which promotes

stability, may reflect some fundamental difference between

materially closed and chemostatic-like open ecosystems; such

as the fact that closed systems are more forced to recycle.

Lastly, it should be noted that a bioengineer may

require criteria other than that of the ecologically driven

energy efficiency when evaluating a goal-oriented optimal

regenerative system - such as maximum 02/C02 exchange

capacity (system E; Table 10.6), maximun organic material

storage (system B; Table 10.2), maximum Li,ve biomass to

weight (system J; Tables 10.1, 10.5, and 10.8), or maximum

resistance to perturbation relative to carrying-capacity
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(low nitrogen-high biomass configuration, systems C,D,G, and

Hi Figure 10.2 and text).
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