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ABSTRACT

Materially closed energetically open ecological systems have been

observed to support biological activity for over 10 years. It has

been suggested that closed ecological systems (CES), as models of the

earths biosphere, will support life indefinitely. Undefined excesses

in the amount of bioelements included in the construction of the first

studied CES have made it impossible to quantify the length of time for

which life will persist in aCES.

This work presents a metric which can be used to predict the

length of time which biological activity can be expected to persist in

a CES. This metric is based on the measurement of carbon biomass and

carbon cycling rate in materially defined CES. Two independent

methods, radiocarbon labeling and the increase in pressure in aCES

from the accumulation of gaseous oxygen as a result of the reduction

of carbon have been used. The turnover time of carbon is determined

for a CES with a stable biomass and carbon cycling rate. Predictions

are then made for the length of time that a detectable level of

biological activity will exist in a CES. The CES containing a complex

natural community are predicted to persist for a minimum of 6 years

and perhaps indefinitely.
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I. INTRODUCTION

Presently, there is a need for research and development in space

technology. Improvements in our capabilities to live and work for

extended periods of time in near earth orbit must be made. As large

scale activities in space begin, the requirements of an open system of

continuous material exchange with earth (Le., food, water, and

oxygen) will exceed our ability to supply (Myers, 1963; Odum, 1963;

Taub, 1963). Development of a completely closed rec~clable biological

system for life support is essential. Toward this goal, NASA is

funding development of self-contained regenerative life support

systems for human life in hostile environments, The work presently

being undertaken explores the use of natural ecological systems,

similar to and separated from our earth, which may be developed to

support human existence on a large scale.

To develop such a system a variety of approaches have been

attempted (Taub, 1974). Physical science provides us with an

engineering approach which has the ability to satisfy human needs

through mechanization. This method is being used exclusively in the

present day space program. However, long term reliability is low and

complete recycling of all materials has not been achieved.

For these reasons, space biologists have attempted to extract the

information from nature which is needed to develop an earth-like

regenerative liZe support system. Research into the construction of a

compartmentalized biological system to replace the mechanical

components with designed biological units is underway. This approach
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has also met with limited success due to lack of information on

ecological regulatory mechanisms. Much needs to be learned about

ecological principles and system dynamics in biology before we can

design a system to satisfy our biological needs efficiently, reliably,

and continuously, independent of the earth's natural environment.

To develop a closed recyclable biological system a ne~ field of

research has evolved. This field is called Closed System Biology and

seeks to understand the behavior of ecological systems which are

completely self-contained. The advantage of such an approach relies

on the robustness and efficiency'of natural ecological systems. A

natural self-regulated ecological system which satisfies human needs

without any requirement for human intervention is the optimal design.

Prior to the development of this field the only system which matched

this description and had undergone serious scientific study was the

earth itself.

With the earth as the only example of a closed ecological system,

we have been grossly limited in our ability to experiment. The field

of ecology has compiled much data in an attempt to deal with so

monumental a task. Understandably, progress is slow where there is no

real laboratory model to use as an aid. It 'is necessary to develop

systems which mimic the behavior of the earth's biosphere but which

are completely separate and independent from it.

Recently such a model has become available. Hermetically sealed

flasks containing sand and seaw~ter from a coral reef maintain overt

signs of biological activity if left closed and in subdued light.
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These closed ecological systems (CES) appear to maintain life for

extremely long periods.

This discovery has lead to studies which test properties of these

systems and which make comparisons with our own ecology. Close

observations have aiso shown that these systems produce oxygen

concentrations in their atmosphere which exceed that of the earth.

This is of significance considering the importance of oxygen for life

support in an extraterrestrial environment. This evidence indicates

that CES have the pcteptial for direct application to the problems of

long term survival away from the earth (Kearns and F~mer 1981).

In addition, closed ecosystem research offers 'insight into the

workings of global ecology. With these laboratory systems to serve as

models, tests ce~ be done to determine the degree of simila~ity

between the CES and the earth. If the properties prove to be similar,

many global parameters may be studied with a greater degree of control

and reproducibility than could be attained in the natural system.
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II. BACKGROUND

With the dawn of the space age, unique problp.ms arose ~or science

and engineering. To transport v~uple from the surface of the earth

creates an entirely new set of cond~tions never before studied.

Further research was essential to fill these gaps of knowledge. A

primary concern was to understand our biological needs and to satisfy

these needs as efficiently as possible without relying continuously on

the earth's natural resources. A system closed to material exchange

was deemed best (Odum, 1963; Botkin, 1978; Richards, 1981; Taub,

1963).

The earliest studies to design a closed system to support human

life in space are summarized in a series of articles published in the

American Biology Teacher (1963). These articles were the result of a

symposium at the American Institute of Biological Sciences meeting in

August 1962. The symposium was arranged for the Ecological Society of

America by Dr. Frieda Taub and co-8ponsored by the the American

Society of Zoologists, the Botanical Society of America, the Society

for Industrial Microbiology, and the American Fisheries Society. This

symposium was designed to "increase communication and facilitate

understanding between engineers and ecologist~' (Taub, 1974). Prior

to this meeting, closed life support systems design was dealt with

mainly as a problem of engineering. The advice of ecologists was

being sought to aid in development of a system designed to follow more

closely natural ecological precesses (Myers, 1963).
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From each group'opposing approaches were taken to deal with the

problem of manned space flight. The first group approached the

problem by inductive reasoning, and the second by deductive reasoning.

The first school, composed mainly of engineers and biologists,

attempted to devise a system by analytically predefining individual

components, linking them together and applying external regulation to

control the system. This is inductive logic because it relies on the

concept that the whole is no more than the sum of its parts. The

second school, generally composed of ecologists, is a specialized

group of biological system experts. By deductive reasoning an

existing system is studied to understand its components and the

interrelationships. It was hoped that from the analysis of natural

systems a better understanding of ecological processes would lead to

greater insight into the development of a system that would support

human life away from the earth.

Initial difficulties were found when neither school would accept

the logic of the other." Both directions, though, have been followed

for the last twenty years and only recently has each approach led to

some conclusions regarding the direction of future research on closed

life support system design.

From proponents of the inductive school of reasoning, many types

of subunits were studied separately and in linked systems. Various

experiments using mono-algal cultures were devised to determine

specific growth parameters relating to energy an~ nutrient

requirements (Matthern and Koch, 1963; Miller and Ward, 1966;

Gite1'son, 1976). Higher plants and animals were also studied to
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determine all products and requirements (Golueke and Oswald, 1963;

Ward, Wilks, and Craft, 1963). Theoretically, when all inputs and

outputs are known, these systems, linked together, should supply each

other's needs (Brown, 1966; Richards, 1981). When they were linked,

difficulties were found in regulation which led to system degeneration

(Golueke and Oswald, 1963; Tischer and Tischer 1963; Shabel'nikov,

1975). Much of this work is summarized in a review article by Taub in

1974.

The following conclusions were drawn from these attempts to

construct a closed system from ecologically unrelated subunits:

1. Biological systems are far more complex than anticipated~

2. We do not possess sufficient understanding of the behavior of

individual organisms to decide how an ecosystem can be constructed.

3. External regulation cannot replace the natural internal

regulation of an ecosystem.

While this work was being undertaken, other ecologists followed

what may be considered the classical approach by analyzing working

ecological systems for insight into their functioning. Microco~ms

were suggested to be the best model for research in the development of

closed ecological systems to include humans (Odum, 1963). A microcosm

is a small subset of a natural ecological system which serves as a

laboratory model for reproducible, controlled studies. The concept

was not new to ecology having originated in theory much earlier (Atz,

1949). The furthering of this approach inspired the development of

closed ecological life support sY9te~3.
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A flurry of work began in the early 1960's on microcosms (Beyers,

1962a, 1962b, 1963a, 1963b; Heath 1979). Though these ecosystems were

not closed to material exchange, aspects of replicabi1ity, stability,

and persistence were studied toward the design of closed systems

(Brockway, 1979; Giddings and Eddleman, 1979; Harte, Rees, and

Saegebarth, 1980; Heath, 1979). Many studies directed strictly toward

the better understanding of ecological principles have also been done

using microcosms. Aspects of productivity, efficiency, cycling rates,

nutrient limitations, and toxic products have been studied (Abbott,

1966; Giddings and Eddleman, 1979; Isensee, 1976; McConne:l:4 1962;

Heath, 1979; Cairns, 1979; King, 1980; Schindler, 1980). These

studies may be applied to closed life support systems.

Though this information has led to an increased understanding of

the behavior of ecologic~l systems, it has done little to help in the

design of a closed system which is to include humans. The main

failing in these studies is the lack of material closure. In open

systems the earth acts as a material buffer. These studies

demonstrate the amount of research that still needs to be done.

The lack of direct application for these open microcosm studies

led to a transition to truly closed ecosystem research (Taub, 1974).

Pioneering work in the field began durdng the last decade. Sealed

microcosms were used to yield more reliable information on the

~ehavior of closed ecological systems (Kearns and Folsome, 1981).

Ecological models have been developed to aid in this area but

none has yet been successfully designed to operate as a closed system

for any reasonable length of time. In an attempt to develop a closed
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model of an open system Dr. Mark Wilson, in cooperation with Dr.

Daniel Botkin of the Department of Environmental Studies at the

University of California at Santa Barbara' took an algal growth model

for a lake ecosystem and closed it to material exchange with the

environment. A mass balance for the system was determined through

several compartments including gaseous and liquid phases of biological

and abiological components. Five species of algae were included with

the system. Light and heat input through photosynthesis and

respiration dro~~ the model system. Nutrient kinetics were specified

for each organism which determined the bioelemental cycling rates and

individual growth rates in accordance with generalized uptake and

release relationships. Mortality and recycling rates were

approximated in order to close the material cycles for carbon,

nitrogen, phosphorus, and silicon. This model CES was limited by its

one to two year lifespan but it was still in the developmental stage

(Wilson, per. com m.).

Significant accomplishments have been made in describing the

behavior of CES in relation to fundamental biological and

thermodynamic pri~ciples. Bioelemental cycling, energy efficiency,

and entropy change can be quantified in laboratory systems closed to

material exchange but open to energy flux (Onsager, 1931a, 1931b;

Morowitz, 1968).

To apply these principles, oxygen production in CES was used as

an indirect measure of biomass and relative stability (Kearns and

F~me, 1981). Oxygen was found in concentrations higher thar!
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ambient, which demonstrated the potential for the use of closed system

studies- for the development of closed life support systems.

Other methods to determine the state of an ecosystem have been

tested. ATP and total cell counts served as descriptors of ecosystem

stability and were correlated to oxygen measures (Takano, F~ome, and

Karl, 1983; Obenhuber and Fclsome, 1984). Biomass was used as an

indirect method of measuring a point of stability in CES as well as to

determine bioelemeiltal cycling relative to energy input. Most

recently, work on quantum efficiency of CES has cast light on

similarities between laboratory CES and the earth's natural energy

utilization (Kearns, 1983).

From its inception the study of CES has been approached from many

directions. There are few examples of truly closed systems in

ecological research. A good deal of data has been accumulated, most

of which is inconclusive. It seem~ necessary to establish a logical

sequence of steps required to describe the essential and fundamental

attributes of CES.

In 1982, a workshop was held at the NASA Jet Propulsion

Laboratory, California Institute of Technology (Hanson, 1982) to

review the state of closed system research-and to set the direction

for future research. New approaches are being taken as a result of

this conferences and will be the major concern of this work.
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III. CONCEPTS IMPORTANT TO THE STUDY OF CES

3.1 Closure in Ecology

To understand the value of closed system research and to

appreciate the uniqueness of this new branch of biology, the

significance of closure must be stressed. A review of past attempts

to answer questions dealing with closure will reveal that only

recently has the concept been fully realized.

The field of closed system biology arose to meet the needs of

NASA, though the observations which motivated the use of CES were not

new. For years scientists and laymen alike, had inadvertently been

sealing up living organisms only to find that they remained alive

after long periods of time. Only through anecdotal accounts had this

information been passed along. It had commonly been assumed that life

cannot exist in a closed container for very long (Atz, 1949). It has

only been through the need for the application of these observations

that controlled studies have begun.

Until recently, closure was assumed to be a fragile state,

survival being a func~ion of the immensity and complexity of the

system with any small subset of the natural environment doomed to

degeneracy. This has now been shown repeatedly not to be the the case

(Kearns and Falsome, 1981; Kearns, 1983; Obenhuber and Folsome, 1984;

Takano, Falsome and Karl, 1983).

Closure to isolate biological systems has been approached with

great skepticism. The principle is not new. Thermodynamics seems to

offer the best definition regarding the phenomena of closureo Closure
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has been fundamental to the understanding of physical processes for

hundreds of years. Now these same principles can be applied

extensively to the biologica~ sciences.

In terms of thermodynamics, closure describes the segregation of

matter into that which is included within a system and that which is

outside of the system. In a closed system there is no exchange of

material between these two components. Energy, however, is free to

pass between the two parts. Only an isolated system is closed both to

material and energy exchange.

With this in mind, the ecolog~cal systems under study are defined

by strict thermodynamic nomenclature as closed systems, hence the name

closed ecological system (CES) or closed ecosystems. It is absolute

closure which makes this area of research unique (Taub, 1974).

Previousl:, closure had been used colloquially to refer to any

intact system removed from its natural state. Little regard was given

to the system's material exchange but only to the exchange of

organisms with the environment. At times, this was also only a

theoretical and not a practical reality. Present studies of closed

ecosystems have been directed to~ard evaluating the effects of true

closure in the case of small microecosystems composed solely of

microorganisms.

3.2 Properties of CES

To determine whether experimental CES behave as equivalent yet

independent biosystems from that on earth, direct comparisons must be

made between the two. CES must represent a model system exhibiting
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the same basic properties as our own biosphere. The study of CES not

only offer direct application to the development of self-contained

regenerative life support systems, but also yields information

relating to the present natural biosphere in which we live. The

primary objective of this work is to demonstrate that CES are good

models of global ecology and they can be used as a workable model for

the developme~t of artificial biospheres to support human existence.

In taking a small part of our biosphere and closing it up, there

exists the potential to include all necessary components and

properties of the original system. It is assumed that a portion of a

system can possess fundamental properties of the whole system. This

is assumed to be the case for small CES as a part of the whole earth

biosphere. The size of the portion necessary to include all essential

properties of the whole is uncertain. There very well might be no

portion which will suffice if a system is a single unit. However,

based upon observation, CES behave in a way that mimics the earth's

biosphere.

To determine whether this small portion of our own ecosystem can

serve as a model of our own natural system, it must be decided what

components or properties of our biosphere need be present in the small

CES. Because the total of all the components of the natural system

are not defined, a direct compoaent analysis on the small CES is not a

useful means of comparison. Obviously, it could not be determined if

something were missing or in different proportion if we cannot

determine those quantities of our own biosphere. Also the arrangement

of these components, considered here to be the information content of
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the system, is unknown. Overt system properties of our biosphere

which we could expect to find in our small CES must be sought.

The eRrth's present day biosphere persists in its ability to

support life. By deduction, the biosphere haa sustained life under

the same conditions for an extremely long time. If it is to be an

ideal model, small CES should persist for what may be assumed to be an

indefinite length of time given constant conditions. Persistence has

been observed in CES for 18 years and inspired this line of research.

Persistence can be defined silnply as continued biological

activity. Any closed system will persist physically but it is the

persistence of life within it that is of concern to us. This is a key

issue, to measure and test the continuity of life in a sys~em separate

from the earth's natural environment.

There are fundamental components and processes essential to the

original development and continued persistence of life on earth which

must be present in our CES. These are energy flow, raw materials, and

the continuous trend toward organization, integration, and information

accumulation (Mizutan4 1982). From first principles, the earth

requires energy flow to maintain biological activity and also stores

some part of it, so then must aCES.

Our working definition of life is that information must also be

generated and stored as a result of energy flow through our biosphere.

Information generation and storage is unavoidably accompanied by loss

through natural processes, but the net yield leads to an increase in

the information present in our biosphere. The information required to
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produce the present biosphere is far greater than that required at the

time of the first protocell. For CBS, information will be included in

the initial construction in the form of an initial inoculum. It will

not be necessary to rely on the original set of events responsible for

the all important information building process that occurred on earth

(evolution). This does not preclude the fact that information may

increase over time as it has in the natural environment.

In addition the earth provides geochemical support for life

processes by acting as a buffer against short-term variatt~ns in the

environment. Inorganic geochemical support must, similarly, be

present in our CES. These components of our biosphere (energy flow,

information accumulation and geochemical support) are essential to its

persistence and must be present in a CES if it is to mimic the

behavior of the earth.

Not only does our biosphere show persistence, it demonstrates the

ability to persist even if conditions are not constant. It resists or

absorbs changes which otherwise might lead to the end of its

persistence. This attribute will be defined as stability, persistence

in the face of change. Such changes may be expressed as the result of

any variation in the parameters of energy"flow, geochemical support,

or information content.

Stability is a relative term with limits yet undefined for our

earth. If energy flow stopped then the earth's biosphere could not

persist, though slight changes in intensity are tolerated. The

stability of CES must be similar and limited to a range of conditions

which could be expected from the earth itself.
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In summary, the earth's biosphere is a materially clcGc~

energetically open system that obeys all known physical laws of matter

and energy. It requires energy flow for biological activity; it

maintains it's own storage of energy and information (life); and it

relies upon geological support of the earth itself. These properties

are continuous over time leading to the long term persistence of the

system, and resist changes that allow the system to be considered

stable to some degree. The fundamental properties of persistence and

stability must be described and tested in CES if they are to be useful

in the study of global ecology. These properties must be optimized in

the creation of replicas of the earth's biosphere.

3.3 Persistence and Stability in Ecology

The concepts of persistence and stability will be reviewed to

make comparisons between classical ecological usage and the usage in

closed system ecology. Literature references will be cited from

various fields so that a broad base can be established for development

of these ideas. Generalizations will be made to link together the

various usages as applied to each field and differences will be

determined. Conclusions can then be drawn about t4e correct

terminology in the appropriate field,

To consolidate resources only references from within the last 25

30 years will be cited, though occasional inferences to earlier work

will be made. Examples will be used only in the simplest form to

avoid lengthy descriptions. Concept and theory will be stressed

though references will be given for representative examples.
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To understand the evolution of the ecological terms persistence

and stability, one must first look at it's original scientific usage.

Probably the first studies of stability were done in the physical

sciences (LeiphQlz, 1970). Historical records of the works of

Aristotle and Archimedes already show differing points of vieW'. In

the mechanical sense Aristotle investigaced the motion of an object

after a perturbation and he determined the stability of the

unperturbed state from the course of motion. Archimedes adopted a

geometric approach based on the static system. Later, a third major

conceptual approach to physical stability was based on energy criteria

(Morowitz, 1968).

Each approach was adopted by a different field of science.

Aristotle's approach became the foundation for measures of stability

in celestial mechanics. Engineering usage of stability can trace its

earliest roots back to Archimedes and modern thermodynamics uses the

energy criteria for measures of system stability'.

Stability is a concept which is understood in very general terms.

The stability is defined as "the resistance to sudden change,

maintenance of equilibrium, self restoring ability" (Morr.ls, 1976).

The concept is relative to the application and must be defined in

specific terms to be scientifically useful.

The common characteristics of all stability definitions in the

physical sciences consist of the following stipulations and concepts.

An unperturbed state whose stability is under study must be specified.

A perturbation is then defined and applied to the unperturbed state so
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that it is transformed into a perturbed state. Norms must be

characterized and the changes of these norms are measured between

perturbed and unperturbed states. If a change in a norm does not

exceed its established limits for a given perturbation the state is

stable. Otherwise, the state is unstable (Huseyin, 1976).

The physical sciences offer reasonable generalizations which can

be applied to the biological sciences. In biology, as in many

physical sciences, almost all studies are done on a system. Stability

is usually used to describe the state of a system. This description

of a system as stable is useful if the state of a system can be

defined.

Extremely complex processes can be most easily studied by

dissecting them into a large number of very simple units. A system is

a group of interacting, interrelated, and independent elements

forming, or regarded as forming a collective entity. The state of a

system at present is a function of the sta~e of ~ system at a previous

time (Watt, 1966). The state of a system is then defined as all

elements, interactions, and relationships which comprise the system

relative to time.

Persistence, as a term, is easier to define. It is defined as

"the continuance of an effect after the cause is remoi~d; continued

existence" (Morris, 1976). This is generally accepted in both

physical and biological sciences. Persistence is usually used in

conj~~ction with the definition of stability. Stability can be

defined as persistence of a given variable through a perturbation.
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In ecology, an ecosystem is described as a "biotic community and

its abiotic environment" (Krebs, 1978). The terms persistence and

stability have derived their meaning from the definitions used in the

physical sciences. A key issue for applying the term to ecology is

that the state of an ecosystem must be described sufficiently.

A variety of definitions of stability have been put forth all

being phrased somewhat differently, though all containing essentially

the same criteria as the definition used in physical science. The

following excerpts are representative of the majority of definitions

of stability in ecology.

The interplay of material cycles and energy flow
in a large ecosystem generate a self correcting
homeostasis with no outside control or set points
required. (Odum, 1971)

Absence of fluctuation in populations; ability
to withstand perturbation without large change in
composition. (Krebs, 1978)

The major difference between these definitions is the quantity which

is being measured as stable and the perturbation used to test

stability.

In order to determine the stability o£ an ecosystem a metric of

stability must be established. The experiments which test stability

usually take a metric, perturb it by some defined amount so that a

change in the value of the metric can be seen, and then follow its

return to the vriginal value. In most cases the metric used to study

stability is at the discretion of the investigator. Because any

definition of stability of an ecosystem is relative to the metric
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used, a great deal of confusion and controversy has arisen in the

recent past as to which methods actually measure·the stability of a

system correctly.

rne primary metric to study stability in an ecosystem has been

species diversity. The number of species and the number of

individuals of each species is what is meant by species diversity.

This metric has come under scrutiny recently as many contradictory

conclusions have been drawn. The issue is termed "complexity vs,

stability" and the essential arguments question the validity of using

species diversity to determine ecosystem stability.

At the heart of this controversy is a paper by MacArthur (1955)

which first describes species diversity as a measure of stability. In

an experiment testing the stability of a system several representative

populations are identified and sized (Wa~ 1965). The system is

perturbed in one of many ways. A population can be added, removed, or

changed in size, or a physical parameter of the system is altered

(i.e., food, light, temp, etc. ) so that a change in the species

diversity results. Such changes in natural systems were studied by

Elton (1958). If the system returns to original species diversity

after the perturbation the system is deeIIled·stable. "A given

stability can be achieved either by a large number of species each

with a fairly restricted diet or a smaller number of species each

eating a large variety of other species. " (MacArthur, 1955).

It became widely accepted that increased species diversity

affords a system stability (Wa~ 1973; Odum, 1971; Krebs, 1978; Pimm,

1982). From numerous examples natural systems were concluded to be
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more stable as species diversity increases. It appeared a reasonable

tenet that later stages of succession demonstrated greater ~pecies

diversity and logically should possess greater stability. Stable

complex tropical systems were compared to unstable simple arctic

systems. Stable complex natural systems were compared to unstable

'simple agricultural systems (May, 1975; Elton, 1958).

The validity of the assumption that complexity enhances stability

quickly came under close scrutiny. No formal mathematical treatise

that supported this idea was available (Watt; 1965; Gallucci, 1973).

Many experiments to test it showed contradictory results (May 1973,

1975). Within a decade species diversity as the best measure of

ecological stability was no longer accepted (O~: 1975; Yod~

1981; Margalef, 1975; Connell, 1983; Whittaker, 1975; Tilman, 1982).

Species diversity is very important in ecosystem dynamics but it

could not be the only significant information necessary to understand

ecosystem dynamics. This was also evident in donor controlled models

of ecosystem behavior (Pimm, 1982).

H~n (1968) pointed out the significance of trophic level of

species interaction on ecosystem stability. In an experiment using

several species at different trophic levels, he demonstrated that the

level at which species composition is changed affects the stability of

the system.

Orians (1975) noted that physical variations between different

systems being compared can be a confounding variable. The question of

stability should be more sharply defined as to the exact measure to be

..
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used. Stability measures must include information on characteristics

of the different species. Life cycle, fitness for environmental

conditions, and resource utilization must be included for a more

complete overall picture. It may be that only when all necessary

information is included, stability measurements will be consistent for

all systems.

Spacial heterogeneity has also been suggested to be a reason for

variable results in stability experiments (Or.ian~ 1975; Pimm, 1982;

Tilman, 1982). There is no sound mathematical treatment of this

problem to determine its effect on ecosystem stability.

Interaction strength must also be considered in ecological theory

for a transportable definition of stability (Yod~, 1981). Finally,

the interpretation of stability data may not be consistent. Systems

may exhibit multiple points of stability or a stable range (Marg~,

1975). This possibility must be explored in any attempt to determine

ecosystem stability.

Ecosystem modeling has tested the species diversity versus

stability question extensively. In most cases it has been found that

stability is not greatest in complex systems and stability increases

in more simple systems (Austin, 1974; McMurtrie, 1975; K:irkwood, 1981;

Gilpin, 1975). In addition, Gardner (1970) found there to be a

critical level of species diversity which determined maximum

stability, above or below which systems stability decreased.

A variety of alternate metrics of stability have been proposed

and tested. Rob~ and Tregomrlng (1980) suggested three levels of

complexity for an ecosystem. The first measure of stability is based
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upon species abundance. The second is pair interaction and the third

is nesting and overlap of component subsystems. From this third

level, a measure of stability termed "robustness" can be derived. A

large amount of tertiary interactions found in a robust system leads

to greater ecosystem stability.

H~g (1973) suggested that instead of species diversity as the

measure of system stability, persistence of the species in a system

was a satisfactory indicator. Resilience of a system was defined as

the persistence of all species in a system following a perturbation.

The stability of the system was defined as the speed of return to

equilibrium. The faster the return the more stable the system.

This simplification was an attempt to by-pass the enormous

logistic problems encountered by ecologists trying to incorporate as

much information as possible into a metric of stability. This

represents the reductionist philosophy and implies that there exists a

simple indicator which includes all the significant attributes of a

much more complicated and cumbersome measure. Many types of

biochemical indicators were developed, such as biomass, total density,

pigment ratios, etc. (Pimm, 1984).

Hallam (1979) defined persistence of a system as one that does

not include a trajectory which leads to one or more species becoming

extinct. This definition expands the term persistence used by HOlling

(1973) from a population parameter to a system parameter. A stable

system, then, is one which persists in species composition through a

perturbation.
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Although much has been written about ecosystem stability, overall

acceptance of any of the present defi~itions is lacking. In measuring

stability in terms of diversity it is impossible to make comparisons

between different systems, and modeling data may net be sufficiently

complete to explain natural systems. Marga1ef (1975) stated, "I am

convinced that diversity cannot be reduced to a statistical problem

and stability is not a matter of definition or of multiple

definitions." Lewin (1983) felt that it may be true that ''The theory

has caused a generation of ecologists to waste a monumental amount of

time. "

The major problem in determining ecosystem stability appears to

be the measure of complexity. Attempts to describe the total system

by using species diversity do not seem adequate. Any simpler measure

of the total system is also apparently inappropriate as an indicator

of stability due to lack of universal acceptance and wide spread

experimental verification.

By describing an ecological system in terms of species diversity

a static view of the system is obtained. Any system is a series of

dynamic processes and any attempt to define it with a static metric

will certainly fall short of complete. To incorporate dynamics into

the description will involve measure of flux rates for energy and

matter along existing pathway. In most natural systems this is a

monumental undertaking and probably beyond possibility at this time.

So many interactions oc~ur that defining each is a difficult and time

consuming process (Cole, 1982).
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In summary, the definitions of persistence and stability are

universally accepted in their general form. A metric of stability

must show persistence through a perturbation for a system to be

considered stable. In ecology it is the application of the terms

which causes confusion and disagreement. Species composition and

species diversity are each only a part of the necessary information to

describe an ecosystem. Therefore, neither is probably a complete

measure of 'system' stability in ecology. If a specific attribute of

a system is to be studied (i.e., species diversity, species

composition, biomass, etc.) then it must be specifically stated in the

definition and conclusions limited to the scope of the measure. A

metric of system stability should include all information necessary to

describe the system or it may not be consistent between different

systems. Perturbations must be defined by type and magnitude because

system stability is related to the perturbation imposed. It might be

noted that perturbations are not necessarily a negative influence on

the stability of a system. It has been demonstrated that some systems

require perturbations to persist (Paine, 1979).

3.4 Persistence and Stability in CES

A potential solution to the issue of complexity versus stability

is to study a complete ecosystem which is intrinsically simple, and is

easily handled in the laboratory. No example of a simple defined

system is available at the present time. The potential exists,

though, in an ecological system which is closed to material exchange
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with the environment. The system contents and fluxes can be

determined.

These studies use closed ecological sy~tems as laboratory models.

CES are ecosystems which were derived from natural systems and sealed

in glass to prevent material exchange with the environment. They

possess all of the attributes of natural systems.

Stability has been measured by use of indi:ators such as the

biophysical property of the system, atmospheric oxygen concentration

(Kearns and F~me, 1981). ATP measurements of the liquid phase

(Takano, F~me and Kar~ 1983), as well as species diversity r~ve

been used as ecological indicators, (Obenhuber and F~me, 1984). By

all indicators used stability was reached within a few months of

closure.

The ultimate application of CES research requires that the

prim~ry attribute of a closed system is to support life indefinitely.

Because of the inherent limitation of the present measures of

stability, system stability will be defined qualitatively with respect

to the persistence of life within the system. If life in a CES

persists, then the system is stable under present environmental

conditions.

A severe perturbation of a CES may be sufficiently destabilizing
•

to prohibit the continuance of life. Different from natural systems,

there is no opportunity for invasion to occur after a destabilizing

perturbation. Were a nutrient limitation reached or recycling

insufficient the system could be reduced to sterility. To test this
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possibility, the stability of the system must be determined with

respect to the persistence o~ life in aCES.

If the persistence of a CES can be demonstrated beyond any

potential nutrient limitation and through a constant set of diurnal

perturbations, then it can be predicted that the system should survive

indefinitely. The system will be stable relative to the persistence

of life. The system will persist.

In future research a CES, which adheres to this definition of

stability, will be simplified in terms of biological composition. The

system, which has minimum biological composition and is still stable

to the persistence of life, may be useful in determining the

attributes necessary for a stable ecosystem.

In conclusion, stability and persistence as ecological terms are

derived from the physical sciences. Because qU8rytities are not well

defined in ecology, an exact definition is still uncertain. Each use

of the term stability requires its own definition at present. A

universal ecological definition of stability will require more

information about ecosystems than is presently available. Closed

ecological systems may be the least complex system retaining the

properties of stability and complexity. Defined CES may allow a

complete ecological description, which is sufficient to determine the

minimum amount of information necessary for a universal definition of

ecosystem stability.
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IV. HYPOTHESIS

For the earth, persistence is taken for granted. No evidence has

been uncovered which supports or refutes the contention that life on

earth is not a finite quantity approaching a near or distant endpoint

regardless of a constant physical environment.

In laboratory CES the first opportunity to study the concept of

persistence exists. With what has been assumed to be an example of

persistence from empirical observations the potential exists to

uncover the true nature of persistence in CES. It must be determined

if CES do in actuality sustain life indefinitely. If this is so, then

one must determine what properties are essential to their continued

persistence. A measure of persistence must be devised.

Thermodynamically all systems are persistent in the physical

sense. If closure is absolute all material must remain within the

system indefinitely. All systems which receive an energy flux will

tend to possess complex material cycles (Onsager, 1931a, 1931b). All

systems are then, by definition, physically persistent and exhibit

elemental cycling under energy flux.

Biological persistence or the persistence of life must be defined

differently. A materially closed energetically open ecological system

is a metastable biological system in which the major bioelements

traverse cycles from oxidized to reduced states in a coupled fashion.

These cycles are ultimately driven by radiant energy. It must be

stressed t~at cycling is an essential property of a persistent

ecological system. Bioelemental cycling can then be an indicator of
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persistence in CES. Not only must the cycling exist but it must also

attain a certain rate. As stated previously it must occur at a higher

rate than that which is found in abio10gical systems. A living system

is defined not only by its ability to cycle matter but by its rates

and efficiencies.

Persistence of life in a CES may be defined as some yet

undetermined constant cycling rate of bioe1ements for a given energy

flux. This rate will be greater than that seen in any natur~11y

occurring abiological system. At present the difference in cycling

rate can only be estimated from gross comparisons between natural

cycling rates in biological and abiological systems.

The hypothesis presented here is: A CES containing sufficient

material and information and ~ adequate energy flow ,will posses

complete bioelementa1 cycles which have cycling rates that~

constant and exceed the rate of abiologica1 cyc1ill&. The rate of

cycling is a function of the information available to the system and

the materials available within the system. A theoretical maximum

cycling rate could be reached as the efficiency of energy utilization

(8 function of information available) approaches 100 percent. For a

given energy flux, a constant cycling rate should be achieved after

the system reaches maximum biomass. Persistence will be determined

when a stable cycling rate is reached which is not zero and continues

past the complete turnover of carbon and information within the

system.

A critical difficulty in applying this working hypothesis is not

in the measure of cycling rate but in the determination of turnove~

---- ---------
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time for system material. For determinations of carbon turnover time,

carbon cycling rates and the total carbon pool m~st be known. This

requires that a materially defined system be used for study.

From the rate of carbon cycling, assumptions can be made about

all other bioelem~ntal cycles. If the carbon cycle is complete, it is

assumed that all other bioelemental cycles are complete because all

other bioelements are intimately involved in the cycling of carbon.

In the case of a living system, in which biomass and cycling rate are

stable at some detectable level, a life expectancy for the system can

be predicted which is based on the accuracy of the measurements.

In summary, experimental CES as models of the earth's biosphere

were tested to determine if ~hey were ncomplet~' closed biological

systems which would persist indefinitely, cycling all major

bioelements at a constant rate relative to the amount of energy input

and nutrient limitations. Anything less than complete cycling of all

essential bioelements will inevitably lead to the creation of an

unavailable pool of essential nutrients and the eventual decay of the

system's cycling. By analogy, coal and oil deposits on the earth are

an example of buried carbon. Wh~ther or not the earth is truly

persistent may be reflected in CES and evident by their tendency to

cycle completely without the burial of any major bioelements.

-----------~---~--~----



30

V. ~ODS

The methods chosen to determine persistence in CES used the

cycling of bioelements as an indicator of biological activity. Since

the major bioelement in a CES is carbon, carbon cycling was studied

primarily.

The experiments outlined below test carbon cycling but do not

determine cycling of other bioelements. It was assumed that complete

carbon cycling relies on linked cycling of all other bioelements. In

a defined system which contains known amounts of all bioelements in

the normal biological ratio, the absence of complete cycling of any

one should quickly lead to the decreased cycling rate of the entire

system. In a system where all nutrients are compJetely solubilized,

any excess of a non-cycling compound should be depleted during the

extended course of the experiment. The complete cycling of carbon

should reflect the complete cycling of all bioelements in a CES. This

is an untested but commonly accepted assumption and should be tested

in future experiments.

Two methods were used to follow the cycling of carbon. The first

method used direct labeling of the carbon to determine biomass and

cycling rate. The second method employed the indirect approach of

following oxygen production as a means of measuring carbon reduction.

5.1 C-14 Experiment

Carbon-14 radioisotope techniques may be employed simply and

inexpensively for CES as in many other fields and has proven effective

in preliminary work. In general, C-14 radiolabeled carbon simplifies
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methods of measuring total carbon. Total carbon can be quantified

leaving no uncertainty in the measurement of carbon flux rates. In

addition, inorganic carbon can be fractionated from organic carbon by

acidification and each measured separately.

An overview of the procedures required to determine persistence

of life in CES using C-14 methodology is as follows. Several hundred

replicate, materially defined CES were constructed using sodium

bicarbonate as a sole carbon source. All other bioelements were

initially included in their oxidized forms. The CES were inoculated

with an insignificant amount of material which comprised the living

component of the system. Half of the replicate CES were C-14 labeled

at the onset of the experiment. The incorporation of C-14 label into

organic carbon over the course of the experiment was used as a measure

of total biomass in the CES. Groups of unlabeled replicates were

pulse labeled periodically throughout the experiment. Uptake of C-14

pulse label into the organic carbon, was used as and indicator of

carbon cycling. For all replicates C-14 incorporation into the

organic carbon pool was determined by extracting the residual

inorganic carbonate through acidification and evacuation and then by

measuring the activity of the remaining organic carbon by

scintillation counting. By continuous monitoring of replicate systems

change in total biomass and carbon uptake rate were determined.

The C-14 experiment was designed to test for complete carbon

cycling in four sets of CES with inocula which ranged from complex

natural communities to simple artificial communities. The simple

---------- -_.- --_.
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communities were composed of mono-algal cultures originally isolated

form marine algal mats. Four sets of 200 replicate CES were

constructed in 20 ml borosilicate scintillation vials with polyseal

caps. Batch preparation of each set began by adding one gram of

sodium bicarbonate to one liter of defined artificial seawater (Allen,

1968) which was then inoculated appropriately from 1 to 10 milligrams

living material for each set as specified below.

Set

11

#2
#3
#4

Inoculum

1 shrimp (Halocardinia rubr~ and
Phaeodactylum tricor~~tum (monoculture)
Community from 3 year old CES
Phaeodactylum tricornutum (monoculture)
Chlorella sp. (monoculture)

These CES were constructed with a determinate, yet

inconsequential, amount of carbon added as an initial inoculum. This

inoculum contains the information provided for the system development

and will ultimately be the determining factor regarding the systems

final cycling rate. The nutrient composition of the system was

designed such that carbon was not limiting but existed in slight

excess. In this way growth would never consume one hundred percent of

available carbon. The medium and inocula" had been test~d to evaluate

total carbon utilization. Preliminary open system growth exveriments

were done to determine the amount of carbon which could be r~duced in

the specific nutrient regime designated. It was determined that

approximately 0.5 mg/ml dry weight biomass was recovered from a

complex community or monoculture after a 6 month growth period. Twice

this carbon concentration was included in all systems to be sure
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carbon was not limiting or in great excess.

The. inoculated medium ~as divided in half with one half receiving

10 ml of C-14 labeled sodium bicarbonate solution (4 uCi/ml; 0.1

uCi/mmol). Each half was distributed into the 100 scintillation

vials. At 5 ml per vial, this provided 5 mg sodium bicarbonate per

vial or approximately 60 uM carbon per vial. A single shrimp was then

placed in each of the vials of set 11. The average dry weight of a

brine shrimp is about 0.5 mg +/- 0.1 mg from a random sample of 10

shrimp. The shrimp added about 10 percent to the total carbon content

of the system. Vials were sealed and placed in the light of a window

on the buildings north face where they remained for the 230 days of

the experiment. This process was repeated for each of the 4 sets.

Total biomass measurements were taken directly from the total

amount of C-14 in the organic carbon remaining after acid

fractionation to separate organic from inorganic carbon. At about

weekly intervals two labeled systems from each set were measured for

C-14 incorporation into organic carbon. The protocol for extraction

includes the addition of 0.2 ml lIN HCI to each CES, homogenization,

evacuation for 5 min, bubbling with C02 for 15 min at 100 Torr,

evacuation for 5 min, followed by the addition of 10 ml scintillation

fluid and counting. Biomass was calibrated to the specific activity

of the C-14 label which was determined by measuring the activity in

replicate unextracted systems.

Upon reaching maximum biomass, cycling rate measurements were

conducted. Previously constructed CES of the same composition which
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lacked any C-14 label were used. These systems received a pulse of C

14 sodium bicarbonate equivalent to that included in the labeled

systems. Beginning at week four at approximately bi~eek1y intervals

each of 10 unlabeled replicates from each set received 0.4 uCi pulse

of C-14 sodium bicarbonate at 55 uCi/mmol. Extraction of these

systems was done in duplicate over approximately a 10 day time course

following the pulse to determine uptake rate of C-14 label into the

existing biomass. This value of uptake should be realistic and

reliable because the added label does not affect the size of the

inorganic carbon pool present at the time.

The uptake rate should yield a value for carbon cycling. Carbon

cycling rate and total biomass were determined over the time course of

the experiment and any changes noted. The size of available carbon

pools were known for exact determinations of turnover times. Were the

CES to maintain a constant cycling rate of carbon and a constant

biomass beyond the turnover time of carbon before the end of the

experiment, it would be presumed that the system was persistent.

5.2 Pressure Experiment

Carbon cycling was followed indirectly by monitoring changes in

the partial pressure of oxygen in a closed ecosystem which experience

diurnal light cycles. It is known that the photosynthetic reduction

of carbon releases oxygen in equimolar amounts. The accumulation of

reduced carbon in a closed system must produce gaseous oxygen due to

the low solubility of oxygen in water. This increased partial
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pressure of oxygen will result in an increase in pressure within the

container.

Biological carbon oxidation or respiration reverses the process

permitting photosynthetically reduced carbon to return to the oxidized

state while releasing stored energy. Both processes occur

simultaneously and should be equal in magnitude in a CES with a stable

biomass.

The cycling rate is the amount of carbon which passes through

this cycle in a given period of time. The rate was measured either by

following the carbon reduction rate or the carbon oxidation rate,

independently. In the previous experiment photosynthetic carbon

reduction was used as a measure of rate of carbon cy~li~o. In this

experiment the oxygen consumption rate was used as a measure of carbon

cycling.

Because photosynthesis is a light-depende~t process and

respiration occur simultaneously in the light, it was necessary in

experiment #1 to use C-14 carbon labeling to follow carbon reduction

independent of respiration. Respiratory processes, alone, occur in

the dark and therefore can be isolated and measured independently at

that time. The decrease in total reduced" carbon should be an

indicator of respiratory activity and readily measured as decreasing

partial pressure of oxygen in a closed system. It can be demonstrated

experimentally that any significant pressure increase in a CES is due

solely to increased partial pressure of oxygen (p02).

By determining the total pressure difference due to oxygen in a

closed system total biomass was derived. By following the maximum and
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minimum values of biomass during a normal diurnal light dark cycle

respiratory rates were derived.

The solubility of oxygen in water~ as a missing component in the

total pressure calculation, may be included in the calculation of

total biomass. The proportionate increase in total oxygen due to that

which was dissolved in water was only 5 percent and was, therefore,

treated in this experiment as negligible.

The measurement of biomass and cycling rate by use of total

pressure determinations allowed non-intrusive measurements to be made

in a closed system. The experiment to measure total pressure within a

CES used an automated monitoring system capable of measuring 16

separate systems each fitted with a pressure transducers. CES were

constructed in 96 separate 20 ml vials with plastic screw-on caps, 16

vials were used for presoure measurements and the remaining 80 were

used for direct p02 measurements. Air tight seals were insured by

rubber o-ring connections at all joints. Bulk head tubing connectors

(1/4 inch) were used to attach a pressure transducer to the cap of

each of the 16 vials. Glass wool was packed into the tubing connector

to biologically isolate the transducer from the contents of the vial.

The pressure transducers used had a working range of 0-5 psig for

accurate low pressure measurements (PI 136-005GV Omega Eng., Stamford,

eN). A 12 bit, 16 channel analog to digital converter (ADC-l; Remote

Measurement Systems, Seattle, WA) was used to monitor the 16 pressure

transducers. An H/Z 89 microcomputer provider data manipulation and

storage capabilities (see appendix for software employed)o Effective
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sensitivity of the pressure measurements with this apparatus were

approximately +/- 0.17 torr. Pressure determinations were made at 10

minute intervals for 24 hours a day over the course of several months.

Occasional loss of data occurred due to uncontrollable power failures.

The 8 sets of 12 replicate CES were constructed using the

following materials. Defined algal growth medium following the

requirements of (Rippka, 1979) was used in all systems. All essential

bioelements were included in the medium in their oxidized forms except

carbon. Sodium bicar~onate was added to the media later to a final

concentration of 2 mg/ml. This amount was used to provide at least a

two-fold excess carbonate beyond the growth potential of the media.

All materials were autoclaved prior to the beginning of the experiment

except the pressure transducers.

Each CES received an inoculum of less than 0.1 mg dry weight

living organic matter, except the set which contained a single brine

shrimp (Halocardinia rubra). Each inoculum was chosen to provide

significant biological differences between each set of CES. In all

but set #2 the amount of each inoculum was less than 1 percent of the

total pool of carbon already present in each system. In set #2 the

amount of inoculum may have reached as high'as 10 percent of the total

biomass.



SET

#1
#2
#3
/14
/15
/16
#7
/18

INOCULUM

ChIorella community
1 shrimp (Halocardinia rubra)
Calothrix sp. (monoculture'
Anabaena sp. (monoculture)
Oscillatoria sp. (monoculture)
Undefined green algal community
Mixture of sets # 1-6 (except #2)
Sterile Control
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The set--uu procedure involved the batch preparation of the media

and addition of filter sterilized sodium bicarbonate solution.

Approximately 150 ml aliquots of media were each inoculated with 1 ml

of fresh living material as appropriate. The vials were sealed

immediately at ambient temperature and pressure with poly-seal caps

(10/set) or fitted with pressure transducers (2/set). The vials were

all placed in a water bath and submerged to within 1 em of the

transducer. The water level in the waterbath was maintained by use of

a Marriot flask.

All vials' were kept in a controlled environmental chamber at 26 C

and with an external light intensity of 4CO uE/m2-sec. The light cycle

was set at 18 hours light and 6 hours dark. Periodically, over the

first 50 days pressure was released from vials by gently cracking

seal. This was necessary to prevent pres~ure from exceeding the range

of the transducer.

Data was collected by computer in raw pressure units for 16

channels taken in sequence /11-16 with a time stamp and light status

indicator. Pressure units correspond directly to voltage output of

the pressure transducer. At 10 VDC and 10 milliamps excitation a 50

millivolts full scale output over 0-5 psig range was obtained. On the
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12 bit digital output with a 100 mV full scale usable range this

equals ,2048 digital units for full scale on the pressure transducer (1

pressure unit = 25 microvolts). The transducers range could be

exceeded both in the positive or negative direction but for

measurements outside of the the specific range, voltage output slowly

departed from linearity with pressure change.

Measurements of the partial pressure of oxygen were done by gas

chromatography (GC) using a silica gel column and a thermal

conductivity detector on replicate CES at about 100 days into the

experiment.



40

VI. RESULTS

6.1 C-14 Experiment

After 230 days of experimental study the four sets of replicate

CES had each progressed through the classical growth stages expected

of any microbial population or community. Each set exhibited a

different time course of growth as a result of the varied inoculum.

Growth was easily observed as an increase of pigmentation on the

bottom and walls of the glass vessel. The color ranged from blue

green to red-brown depending on the inoculum.

Data for the C-14 experiment are presented in figure 6.1. Both

percent total carbon incorporated into biomass and micromoles carbon

biomass were computed on the graphs. The data were based on specific

activity of C-14 label as measured independently throughout the course

of the experiment (table 6.1). Counts per minute for systems after

extraction were divided by the counts per minute of unextracted

labeled replicates to determine percent incorporation of label.

Actual biomass in micromoles was calculated by multiplying the total

number of moles of carbon initially included in the system by the

percent incorporation into biomass.

There were 9 carbon uptake rate determinations done at

approximately 3 weeks intervals throughout the experiment by use of a

C-14 pulse of sodium bicarbonate. Carbon cycling was estimated from

th~ uptake kinetics assuming uptake was considered to be half of the

complete carbon cycle. At the point of constant biomass it was

assumed that there existed an equal carbon oxidizing component to
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Legend for Figure 6.1

The following 8 graphs represent the total biomass and carbon

uptake rates measured in the 4 sets of C-14 labeled closed ecosystems.

Each set is individually labeled above the top graph on each page.

The top graph on each page shows the percent C-14 incorporated

into organic carbon during the 230 day experiment. There are 48 data

points on each graph with a solid line connecting the average value of

the two replicates at each time point. Percent C-14 incorporated into

organic carbon is converted into biomass in micromoles carbon on the

right axis.

The bottom graph on each page shows the uptake rate of C-14 into

organic carbon for the 9 C-14 pulse experiments. The uptake rate of

C-14 is given as percent per day for the initial rate of uptake of

labeled carbon into organic carbon during the linear range over the

first few days of the experiment. No immediate estimate of uptake

rate in micromoles per day can be given here, until the amount of

available carbon is independently determined from the top graph. Open

circles indicate the uptake rates obtained from each pulse experiment.

The solid line connects the points.
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Table 6.1

Relative Activity of C-14 label (*)

Set % avail % error

#1 17.5 7.2
#2 12.1-44.3
#3 52.6 2.3
#4 56.0 2.0

* Relative activity of C-14 label was determined at 8 points in

duplicate throughout the course of the experiment by measuring

labeled, homogenized, unextracted replicates for the 4 sets of CES.

Measured activity of C-l4 label is shown as percent of calculated

activity. Quenching of label was constant throughout the experiment

for sets #1, 3 and 4. Set #2 showed a non-linear quenching curve in

the range of the values presented in the table. Percent error

represents the standard deviation of the measured activity of C-14

label as percent of calculated activity.

46
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complete the balanced carbon turnover in the system. In this way the

rate of carbon reduction represented the rate of carbon cycling in the

CES.

Linear regression computations were used to determine the initial

rate of rise of the curve which was obtained in the uptake

experiments. Only data for the first three days of the pulse

experiment were used to represent the linearly increasing portion of

the curve for the uptake rate determination. Both replicates were

used independently for the calculation. Percent C-14 uptake per day

was calculated from the total amount of C-14 label used for the pulse.

For a determination of actual cycling rate the size of the available

inorganic carbon pool must be determined from the biomass computation.

This value for available inorganic carbon was then multiplied by the

percent uptake, yielding the cycling rate at that point in time.

For both biomass as well as cycling rate measurements the raw

data are presented as percent total label incorporated into organic

carbon. For biomass the percentage represented the actual amount of

carbon in the organic state relative to the total amount of carbon in

the entire system. However, in the 9 pulse experiments the percent

uptake was relative to the amount of avai~able inorganic carbon

present at that time. The amount of available inorganic carbon was

assumed to be the amount of remaining carbon not included in the

biomass measurements. The amount of available carbon was multiplied

by the percentage nptake to yield the actual amount of carbon being

cycled at that time. These calculations were done only for sets #1 to

13. Set 14 had not reached a stable value for biomass (table 6.2).
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Table 6.2

C-14 Experimental Data Summary (*)

Biomass Determination

Exper Average SD Scatter Slope Corr Time
UI) (% Label) (+/- %) (+/- %) (%/day) Coeff (Days)

1 70.01 19.91 12.15 0.025 0.071 186
2 86.53 9.53 9.60 -0.019 0.090 129
3 24.08 4.26 2.55 -0.01l 0.140 199
4 NS

Uptake Rate Determination

Exper Average SD Scatter Slope Corr Time
UI) (%/day) (+/- %) c-r- %) (%/day"2) Coeff (Days)

1 19.26 2.59 3.34 0.031 0.680 158
2 16.90 3.17 1.87 -0.024 0.423 158
3 0.23 0.38 .02 -0.001 0.161 178
4 .1.35 0.54. .15 0.008 0.754 158

* From figure 6.1 the average biomass and average uptake rates are

determined in table 6.2. 'The average biomass determinations are

presented as the average percent label incorporated into the organic

carbon. The average uptake rates are computed as the average of the

slopes of C-14 incorporation into organic carbon. The third column

for each table is the standard deviation of the values and is followed

in the fourth column by the percent sC2tter which would be expected of

replicate control data. The slope and correlation coefficient are

given for the set of values used to determine averages. The last

column is the t~me in days prior to the end of the experiment over

which this determination was made and is based on the 223 day

experiment for biomass and 226 days for cycling rate.
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The determination of stable values for biomass and cycling rate

was based on the assumption that the longer a CES exists the more

likely it is th~t the CES has reached stability. Also it is assumed

that under constant experimental conditions the populations contained

within a CES reaches a dynamic equilibrium. This equilibrium ~as

evident by damped oscillation about a constant average value and the

average represented the stable value.

In practice stability was determined by analyzing data points in

increasingly larger sets working backwards from the last time point in

the experiment to the first. A set of stable values was sought by

comparing experimental data with control data. It was assumed that

control data derived from steril~ CES which existed under constant

experimental conditions were stable. It could be expected that a

regression analysis of control data should yield a slope which

approaches zero. Experimental scatter should account for any

regression slope which is not exactly zero in contro~ data. If

biomass and cycling rate data for an experimental CES were to become

stable the regression slope of this data should also approach zero.

If an equal amount of scatter is assumed in experimental and control

data both slopes should be similar if both data sets are stable. For

this experiment a stable CES must reach a point where the slope of all

subsequent data for both biomass and cycling rate is less than or

equal to the slope of control data. Stable values for biomass or

cycling rate were determined from the average of values for the

greatest range working backwards over which a linear regression
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produced a line of slope less than the maximum slope expected from

scatter in control data.

The line connecting contiguous experimental data points must have

also intersected the regression line of the same data at least 5 times

for a reliable determination of stability. This is necessary to

eliminate any data set which produces a single rise and fall of 7alues

which average to zero. The regression analysis of such data may yield

a slope of approximately zero without any obvious signs of stability.

Only data sets which contain at least two complete cycles from maximum

to minimum values and possess a regression slope of less than control

data will be considered dynamically stable. In this experiment, the

standard deviation of the difference between replicates for all data

points was used to estimate the amount of scatter.

Set 11 which initially contained 5 ml of artificial seawater, a

single brine shrimp (Halocardinia rubra) and 10E3 cells of

Phaeodactylum tricornutum demonstrated a 19 day lag period followed by

rapid growth to day 36. At this point a dynamic equilibrium was

reached where biomass fluctuated with a period that appeared to be

damped out as time progressed. This set displayed the greatest

variation between replicates (+/-20 percent).

Initially in set 11 the water was clear with only the shrimp

feces observable at the bottom of the vial. The shrimp manipulated

the feces in a way that indicated feeding behavior. After 2 to 3

weeks there were obvious signs of pigmentation on the walls and

bottom of the vials. The colors were mostly red-brown. By 5 to 6

weeks the algal bloom had reached a level where all submerged surfaces

-------- --
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were covered with a film of growth ranging in color from blue-green to

red-brown.

The shrimp appeared to feed continuously in the light on all

surfaces unless disturbed. The nhrimp began dying after the second

week for no apparent reason at a rate of about 3 to 4 per week.

Though previous experimentation demonstrated that Halocardinia rubra

can survive several years in a closed system, by 94 days most of the

remaining shrimp had died. The few remaining CES with live shrimp

were separated and were no longer included in the experiment. The

experiment was continued using the remaining systems containing the

decomposed shrimp.

About 1 week after the death of the shrimp, the water in the vial

became turbid followed by au increase in algal growth. By 3 to 4

weeks after death all that remained of the shrimp was the chitinous

exoskeleton. At this point algal growth also appeared to stabilize.

For set #1 biomass was assumed to be constant at an average of 70

percent organic carbon after day 37. By day 68 the C-14 uptake rate

had also stabilized at an average of 19.26 percent incorporation per

day. By calculation 19.26 percent per day of the 29.9 percent

available carbon yields a cycling rate of 5.95 percent of the total

carbon in the system per day or about 3.57 micromoles per day.

In set 92 which was inoculated with an algal community from a 3

year old CES used in earlier studies (Kearns and FWsome, 1981) a

short lag period of about 4 days was observed before any growth

occurred. Growth followed a sigmoidal curve for about 94 days to a
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maximum stable yield of about 86 percent of the total carbon in the

system or about 50 micromoles. The type of algal growth appeared to

be quite similar in type and pigmentation to that found in set #1 and

equally diverse. C-14 uptake rate remained constant at 16.9 percent

per day after day 68. The constant cycling rate value was then

computed to be about 2.28 percent per day or 1.34 micro-moles carbon

per day.

Set #3 contained a monoculture of Phaeodactylum tricornutum. and

therefore followed classical growth kinetics most closely. After a

short initial lag of 1 to 2 days, the culture began to develop brown

pigmentatiu~ on the bottom of the vial. At 37 days growth reached

maximum potential of about 30 percent and began a slow decline to a

stable total biomass of about 24 percent at 52 days. During the

decline pigmentation began to fade and by 50 to 70 days little, if

any, color remained. During this time the remaining white film on the

walls of the vial began to fall and ~ollect on the bottom.

Eventually, all that remained was a white flaky material at the bottom

of the vial.

In set #3 biomass and C-14 uptake rate remained constant after

day 52. As noted earlier it was at thiQ same time that pigment

degradation occurred. A biomass value of about 24 percent correlated

with a 0.23 percent uptake rate and yielded a cycling rate of about

0.1 micro-moles per day. It must be noted that the level of

background cycling (table 6.3) which resulted f~om experimental design

scatter was between 0.1 and 0.2 percent per day over ten days.

Comparison of a sterile control and set #3 after 52 days demonstrated
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Table 6.3

Extraction Efficiency -(*)

# values %left %error Min Eff

No Organic
Organics

20
10

0.57
0.31

0.75
0.35

98.68
99.34

* Efficiency of the extraction procedure for inorganic C-14 from

CES was determined by extraction of two groups of CES from autoclaved

replicates. One group initially contained a culture of Chlorella at a

maximum biomass (lE6 cells/ml) grown in open culture and the second

group contained no organic carbon. To both groups C-14 labeled sodium

bicarbonate was added to the same concentration used in the

experimental systems (0.4 uCi). Both groups were extracted over a ten

day period. The percentage of the C-14 label remaining in the vials

after extraction is shown in the column ~itled "% lefrv• The percent

error was calculated as the standard deviation of the values divided

by the total amount of C-14 initially included. Note that the

extraction procedure with or without organics was 98 to 99 percent

efficient.
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no discernible difference in cycling rate. It was therefore assumed

that no detectable cycling was occurring in set #3 after 52 days.

Set #4 contained a monoculture of a Chlorella. The species was

unknown and no attempt has been made to identify it. The Chlorella

sp, al.sc demonat.rat.ed a sigmoidal growth curve reaching a maximum

biomass of about 40 percent in only 30 days. The culture exhibited a

bright green pigmentation at maximum biomass and covered all surfaces

as well as the gas liquid interface. This was followed by a rapid

decline to half maximum biomass by day 55 with a gross fading of the

pigment. At this point growth resumed very slowly with little change

in the outward appearance of the culture. Eventually, it could be

seen that patches of a much darker green pigmentation appeared at the

bottom of the vial. This darker pigment eventually became evenly

disbursed amidst the original lighter green pigment by the end of the

experiment.

Set #4 never demonstrated a stable biomass throughout the course

of the experiment and reached a maximum biomass in 27 days with a a

slope of 0.09 percent change per day from day 52 to the end o~ the

experiment. The C-14 uptake rate appeared constant after 68 days.

The analysis of these results was uncertain because it fell outside of

the hypothesized qualifications for a persistent system. It could be

speculated that because uptake rate was increasing and biomass was

increasing the system had not yet attained ecological stability with

regard to population composition. Although the inoculum was presumed

to be a monoculture p either contamination or population regrowth may
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have occurred, or evolutionary modification produced a more fit

organism for the environment in the CES.

It must be noted that the previous descriptions pertained to at

least 98 percent of the experimental CES. When an occasional variant

was observed, based on color or composition,' it was discarded to .

maintain uniformity between replicates.

6.2 Pressure Experiment .
Total pressure measurements for seven sets of 2 replicate CES

were done for 202 days. During this time, pressure measurements were

recorded as the average of 120 individual reading made on each of 16

CES every 10 minutes. At an average of 6 bytes per channel per 10

minutes it was only necessary to store data to disk once every six.
hours. This reduced any breaks in data flow to less than 4 times a

day. The total number of data points recorded during this

experiment was about half a milliou and required over 3 megabyte of

storage. Because each recorded data point was the result of the

average 120 real time readings, this experiment resulted in the

accumulation of over 50 million real time data points.

Plotted in figure 6.2 is the average pressure over the 50 minutes

just prior to the beginning of the daily dark period. Each value was

temperature compensated by the use of a thermobarometer. This was

accomplished by simultaneously measuring the pressure from an

identical sterile control which was subjected to the same

environmental conditions as the experimental systems and subtracting
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Legend for Figure 6.2

Figures 6.2 represent 7 sets of CES experiments with each

duplicate (A &B) individually displayed as a graph of total biomass

and a graph of respiratory rate for the 202 days of the experiment.

Each pair of graphs is identified on the top line. The top graph

represents total biomass and is displayed as the total additive

pressure produced in each CES as measured in pressure units. These

values were converted to mi;romoles carbon from prior assumptions.

Each point represents the average of 500 real time data points taken

in groups of 100 at 10 minute intervals during the 50 minutes prior to

the time the lights went off each day.

The bottom graph represents the respiratory rate as measured in

pressure unit difference from the time the lights were turned off each

day to the time the lights were turned on again 6 hours later. This

value was converted to micromoles carbon change for each day assuming

a constant daily rate. Each time point represents the rate determined

for that days dark period.
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this value from the experimental value. This accounted for all

uncontrollable temperature fluctuation in the growth chamber.

Data were adjusted to account for the periodic pressure release

necessary to maintain the pressure within the range of the sensors

over the first 50 days. This was done by adding any new pressure

change after an opening of the system to the pre-existing pressure

measured prior to the opening. Micromoles of biomass were calculated

from total pressure by converting total pressure change to moles

o~ygen ~~oduced and then assuming a one to one ratio of carbon reduced

to oxygen produced.

In all cases a typical gr.owth curve was observed which was

characteristic of a rapidly dividing microbial population or

community. Eventually, each system reached maximum biomass based upon

some undetermined nutrient limitation and was followed by a stable

biomass or a slow decline. From the bioelemental composition of the

media used in construction of the systems, it could be estimated that

the limiting nutrient was probably phosphorus. No experiment testing

was done though, to confirm this.

Stability for both biomass and respiratory rate were determined

as in the previous experiment. For this experiment to be considered

stable a set of experimental values must possess a regression slope of

less than the slope due to the scatter of control data (figure 6.3).

Set #1, replicates A and B contained a community predominated by

an unidentified species of Chlorella. This inoculum was similar to

the inoculum used in the previous experiment (set #4) except that it
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Legend for Figure 6.3

The following two graphs represent control data for the pressure

experiment. The two graphs show the pressure values obtained fo~ a

sterile CES calibrated against the same thermobarometer as for all

experimental systems. Total biomass and respiratory rates was

determined identically as in experimental systems. Control data was

given for a partial range of the entire time course of the experiment

due to hardware problems. These data were used to calculate the

amount of scatter expected of the hardware used to measure pressure

changes in the experiment.
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was microscopically observed that the culture was to no longer a

monoculture.

Biomass for replicate A reached a maximum by day 75. For the

remainder of the experiment there existed a slight decline in biomass

which never stabilized (table 6.4). Replicate B arrived at a stable

biomass represented by a value of 4988.9 pressure units at day 90.

Visual observations made during this experiment mimicked those seen in

the previous experiment.

Total pressure estimates of biomass were verified independently

for all sets through measurements of the partial pressure of oxygen

by GC (table 6.5). If total pressure change was due solely to the

increase of oAygen, then p02 measurements of several replicate systems

should yield equivalent values. Values for total pressure

measurements generally were within the 95 percent confidence limits

for the GC determinations of partial.pressure of oxygen. Only for set

#2 which initially contained the shrimp was there any inconsistency.

Respiratory rate measurements were available daily from the total

pressure data. This value was derived from the difference in pressure

between the time the dark period began and the time the dark period

ended each day. This value represented carbon cycling in the system

at the point where there was a stable biomass resulting from zero net

productivity.

These values must also be considered to be at best an

underestimate of the a~~ual values of cycling rate for the system.

Some non-linearity occurred between the beginning and the end of the

dark period. This must account for a lessening of the true slope

~-------------------------
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Table 6.4

Summary of Pressure Data (*)

Biomass

Exper Average SD Slope Corr Time
(#) (PU) (+/-) (PU/day) Coeff (Days)

1a 0.00 0.00 0.00 0.00 0
1b 4988.90 145.90 0.44 0.10 112
2a 0.00 0.00 0.00 0.00 0
2b 1836.38 24.44 1.26 0.52 35
3a 647.21 15.43 -3.69 -0.97 13
3b 1146.46 15.75 -1.94 -0.93 25
4a 0.00 0.00 0.00 0.00 0
4b 0.00 0.00 0.00 0.00 0
Sa 0.00 0.00 0.00 0.00 0
5b 0.00 0.00 0.00 0.00 0
6a 0.00 0.00 0.00 0.00 0
6b 4858.05 21.16 1.11 0.69 44
7a 5657.59 321.88 0.17 0.03 188
7b 5564.01 416.93 0.17 0.02 189

Control 1122.51 50.04 -1.39 -0.60 68

Respiratory Rate

Exper Average SD Slope Corr Time
(#) (PU/6hr) (+/-) (PU/6hr/day) Coeff (Days)

1a 9.31 5.45 -0.03 -0.08 56
1b 12.75 29.32 -0.01 -0.02 143
2a 4.20 9.67 -0.01 -0.03 149
2b 9.18 13.31 -0.01 -0.01 156
3a 5.67 5.29 -0.02 -0.08 70
3b 5.83 4.99 -0.01 -0.09 107
4a 2.34 6.65 -0.05 -0.08 35
4b 0.36 6.88 -0;02 . -0.08 101
5a 0.49 8.72 -0.01 -0.05 106
5b 8.39 23.76 -0.01 -0.01 178
6a 9.80 16.09 -0.01 -0.02 109
6b 5.84 21.87 0.01 0.02 200
7a 14.78 5.43 -0.01 -0.05 107
7b 23.75 20.82 -0.01 -0.02 126

Control 0.58 15.86 0.09 0.12 59
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* Average biomass and respiratory rate measurements are presented

for the stable ranges. Control data used as the means of determining

stable range are shown at the bottom of each table. Data for each of

the replicates for the seven sets of experimental CES was reduced to

the greatest stable time span where the slope was less than that

expected of control data for an equivalent time period. Also the

experimental data curve must intersect the line of minimum slope at

least 5 times to be considered representative of the set. Standard

deviation (SD), regression slope and correlation coefficient were

calculated for the time span over which the average values were

derived.
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Table 6.5

Pressure vs Percent Oxygen

Gas Chromatography Total pressure

Set # N Ave P02 SD CL P02 P02
(%) (+/-) (+/-) (a) (b)

1 8 52.05 5.71 13.51 59.85 56.99
2 13 20.85 2.77 6.03 31.08 35.02
3 8 26.99 5.38 12.72 32.74 35.54
4 6 51.72 6.13 15.75 26.48 39.04
5 7 42.67 13.87 33.93 55.08 56.92
6 8 46.92 9.45 22.33 54.97 52.82
7 5 48.96 9.00 24.98 59.21 58.55

Control 11 21.07 0.66 1.46

* Partial pressure of oxygen was measured by gas chromatography in

seven sets of replicate CES. Average values for partial pressure of

oxygen, standard deviation, and 95 percent confidence limits are

presented along with the calculated oxygen concentration in the

systems which were monitored by total pressure. Calculations were

based on the total amount of oxygen produced in the system which would

account for the measured pressure difference. GC measurements were

done over a three week period and were compared to the appropriate

pressure value measured on that day.
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value. Instantaneous rate measurement over the first few time points

of the dark period were useful but an excessive amount of scatter

between data points required that measurements be taken over a larger

part of the dark period to obtain reproducible results.

In set #1 both replicates had a high respiratory rate for the

first 50 days. The high respiratory rate appeared to correspond to

the time of maximum growth and diminished as the system approached

maximum biomass. This effect can be easily visualized from the plots

of raw data in figure 6.4. In the beginning of the experiment total

pressure for set #1 demonstrated a much greater amplitude of diurnal

cycling than after the biomass had reached stability.

By about day 60 the respiratory rate appeared stable. The.
average value for respiration was about 11 pressure units per 6 hour

dark period for the two replicates or 44 pressure units per day (table

6.4). This rate was equal to 2.5 micromoles carbon per day.

Set #2, replicates A and B, were initially constructed using a

single brine shrimp (Halocardinia rubra) per vial. A small algal

inoculum was included along with the shrimp. Unfortunately, after 2

weeks all shrimp died. The experiment was continued to study the

behavior of the CES that remained. As can be seen in figure 6.2,

biomass increased slowly throughout the course of the experiment never

reaching a stable value until late in the experiment. The respiratory

rate decreased to a value of 16 to 36 pressure units per day or 1.4

micromoles per day.
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Legend for Figure 6.4

Figure 6.4 represents raw data as recorded for a single CES over

the course of several days. The data are for set #6, replicate A, and

are displayed as pressure units on the top graph for the first 3 days

and on the bottom graph for the last 4 days of the experiment. Each

data point is the average of 100 real time points taken at 10 minute

intervals for 144 points per day. The time the lights were on or off

is indicated by the bar at the bottom of the graph, a white bar

indicates lights on and a black bar indicated lights off. Time was

measured in millidays. The difference between the respiratory rate at

the beginning and at the end of the experiment is evident by the

reduced slope of the dark period data between the top graph to the

bottom graph.
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Sets #3, #4, and IS each contained monocultures of different

blue-green algal species. _1be inocula were undetermined species of

the genera Calothrix, Oscillatoria, and Anabaena, respectively. Each

set showed rapid growth to maximum biomass from between 20 to 40 days.

These periods of rapid-growth were followed by a periods of gradual

decreasing biomass over the next 50 to 100 days. None of these

systems demonstrated a stable biomass over the next 100 days.

From.day 177 to 189 replicates A and B of set #3 demonstrated

stability. The numerical determination of stability indicated a very

shurt stable time period relative to the total amount of time of the

entire experiment. The correlation coefficient indicated that there

was still a significant trend within the range of scatter. Tne

stability of a system for such a short period was not useful to this

experiment.

Minimum detectable respiration occurred as decreasing biomass

reached its lowest point. A late increase in total biomass though was

not immediately reflected in respiratory rate. Data from set #3

yielded an average respiratory rate of about 15 pressure units per 6

hour period, while set #4 stabilized at a value of 1.S PU and set 15

showed an average respiratory rate of 4 PU per 6 hours.

It must be mentioned that in set #4 replicate B hardware problems

prevented any useful data from being recorded for the first 40 days of

the experiment. Because the system was sealed during this time and

pressure was released on the same schedule as replicate A, the data

for replicate B was adjusted to the same value as replicate A at day



82

42. Monitoring of both systems was unimpaired from this point to the

end of the experiment.

Sets #6 and #7 were composed of undefined natural communities.

The inoculum for set #6 was derived from the shrimp holding tank and

was used because it demonstrated a rapid growth rate in open cultures

using defined algal growth media. No attempt was made to evaluate the

composition of the inoculum. Set #7 contained equal portions of all

previous inocula from sets #2 through #6, only the shrimp included in

set #3 was omitted. This composite inoculum was created with the hope

of obtaining a more complex inoculum than those in any of the other

individual set.

Set #6 showed a gradual rise to maximum biomass at day 60 to 75.

Thereafter, replicate A fluctuated while replicate B remained stable

after day 158. There was no obvious explanation for this difference

except for the undefined source of the original inoculum. Because

replicate B reached maximum biomass earlier, it was expected to attain

a stable biomass earlier. Continued monitoring of replicate A may

reveat a stable biomass in the near to distant future.

Respiratory rate again appeared to match the changes in biomass.

In replicate A a constant respiratory rate of about 10 PU/6 hours was

observed. For replicate B an average value of 6 pressure units per 6

hour dark period was measured after 125 days.

Lastly in set #7 the combination of all ~nocula displayed a

complex mosaic of all the other growth curves combined. Initially, a

rapid growth to maximum biomass in 20 to 40 days repeats that which

was seen in the set inoculated with monocultures. The drop off in
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biomass from day 40 to 60 may also be a result of these same

organisms. The following return to maximum biomass by day 60 to 80

could have resulted from the competition of more versatile, slower

growing members of the community. After the return to maximum biomass

stability was reached by day 100 as was seen in the Chlorella

community.

Changes in respiratory rates followed biomass fluctuation and

reached values much higher than those attained in any other set of

CES. A value of 14 to 24 pressure units per 6 hour dark period equals

3 to 5 micromoles carbon per day. This set was, therefore, the most

biologically active as well as, the most complex set in the

experiment.

6.3 Summary of Results

There were eleven sets of replicate CES for both the C-14 and

pressure experiments. Biomass and carbon cycling rates in the first

4 were measured by C-14 labeled carbonate uptake and in the remaining

7 by total pressure change. All systems were inoculated with an

insignificant amount of biomass at the onset of each experiment and

demonstrated a increase inorganic carbon"to'a maximum value between

20 and 85 percent of the total amount of inorganic carbon initially

included in the system.

Those systems inoculated with a monoculture of algae showed a

significant decline in biomass shortly after reaching maximum biomass.

None of the monocultures were observed to stabilize in biomass or

cycling rate. The systems inoculated with microbial communities all

--------------- -----
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proceeded to maximum biomass and if attained, with only short term

fluctuation, remained stable near maximum biomass until the end of the

experiment. Carbon uptake rates and respiratory rates produced data

on carbon cycling rates which ranged between 0.1 and 5 micromoles of

carbon per day. In all cases carbon cycling was stable when total

biomass was stable. .
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VII. ANALYSIS AND DISCUSSION

7.1 Data Analysis

From the previous data a measurement of persistence was derived

from the complete cycling of carbon in a CES. For this measure it was

essential for a system to maintain a stable biomass, as well as, a

stable carbon cycling rate. If biomass and carbon cycling rates were

stable at values greater than zero, then it was presumed that the

system was persistent. A predicted life expectancy for such a system

was then calculated based on the precision of the measurements.

In table 7.1 the average values for biomass and cycling rate are

given in micromoles per day for the CES which demonstrated stability.

Those systems not attaining a stable value fer either biomass or

cycling rate were omitted. From these stable values a turnover time

for the available inorganic pool of carbon was determined. The

available inorganic carbon pool was determined by subtracting the

stable biomass from the total amount of carbon initially included in

the experimental CES. For the C-14 experiment the total amount of

carbon was 59.9 uM and in the pressure experiment the total is 357 uM.

By dividing the amount of inorganic carbon in the stable pool by

the stable cycling rate turnover time was derived. This turnover time

represented the time necessary for the living biomass to cycle all

available inorganic carbon in the system from oxidized to reduced

states.

The turnover time of inorganic carbon pool was used as an

indicator of biological activity because it was the most rapidly
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Table 7.1

Turnover Time and Life Expectancy (*)

EX8er Biomass Cycling Turnover Number Max % Life Exp
( ) (uMoles) (uM/Day) (days) Turnovers Error (days)

#1 41.73 3.43 5.19 30.42 25.44 621.13
li2 51.57 1.34 5.92 21.80 22.44 574.92
#3 14.33 0.10 434.78 0.41 77.39 230.00

1b 269.45 2.75 31.83 3.52 11.22 998.60
2b 99.18 1.98 130.07 0.27 16.99 205.96
3a 34.96 1.22 263.02 0.05 24.69 52.65
3b 61.92 1.26 234.39 0.11 18.35 136.21
6b 262.39 1.26 75.10 0.59 34.25 128.48
7a 305.57 3.19 16.15 6.62 7.24 1478.00
7b 300.51 5.13 11.04 11.42 5.31 2375.00

,
* Calculations presented in this table-used the ave~ege biomass and

average cycling rates from the C-14 and pressure experiments to

estimate the turnover time and minimum predicted life expectancy for

each of the experimental CES. Average values of biomass and cycling

rate are given in micromoles and micromoles per day. Turnover time

was measured in days and represents the turnover of residual inorganic

carbon which was not incorporated into the systems biomass. The time

span was the lesser of the either the time span used to calculate the

average biomass or the the average cycling rate. Maximum percent

~rror is the maximum error derived from the slope of the data set

multiplied by the time span. Life expectancy is a measure of the

shortest period for which carbon cycling was detectable if maximum

error in the data was in actuality a real slope approaching zero at

some future time point.
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Table 7.2

Formula for Calculations

1. Biomass (micromoles) = Total reduced carbon in a CBS as measured by
C-14 inr.o!"1'0ra1l:icn or total pressure change.

2. Cycling Rate (micromoles/day) = Rate of carbon reduction or
oxidation in a CES as measured by C-14 pulse chase or nocturnal
pressure changes. .-

3. Stable Range (days) = Largest date set of biomass or cycling rate
with a slope of a regression line less than the slope of a regression
line of control data, also having 5 or more intersections of data
points with regression line.

4. Average Biomass (micromoles) = Average value of biomass for stable
range.

5. Average Cycling Rate (micromoles/day) = Average value of cycling
rate for stable range.

6. Total Carbon Pool (micromoles) = Total amount of carbon included in
the CES.

7. Inorganic Carbon Pool (micromoles) = Total carbon pool minus
average biomass.

8. Turnover Time (days) = Inorganic carbon pool divided by the average
cycling rate.

9. Number of Turnovers (no units) = Shortest stable range of either
biomass or cycling rate divided by turnOVQr time.

10. Maximum percent error (%) = Slope of data set over stable range
multiplied by the stable range divided by biomass. This represents
the percent change of the stable value during the stable range from
the greatest detectable slope in either the biomass or cycling rate
data sets.

11. Life Expectancy (days) = Stable range divided by the maximum
percent error. If maximum percent error = 100 percent then life
expectancy = stable range. The less error the greater is the
predictability of persistence in the CES.



Table 7.3

Sample Calculation
for set 7B

of the pressure ~xperiment

1. Biomass = (see figure 6.2)

2. Cycling rate = (see figure 6.2)

3. Stable range = 12~ d~ys

4. Average biomass = 300.51 micromoles

5. Cycling rate = 5.13 micromoles/day

6. Total Carbon = 357 micromoles

7. Inorganic carbon pool = 357 micromoles - 300.51 micromoles
= 56.49 micromoles

8. Turnover time = 56.49 micromoles / 5.13 micromoles/day
= 11.04 days

9. Number of turnovers = 126 days / 11.04 days
= 11.42 turnovers

10. Maximum error = (-0.01 PU/6hr/day * 126 days) / 23.75 PU/6hr
= 5.31 %

11. Life Expectancy (days) = 23.75 PU/6hr / 0.01 PU/6hr/day
= 2375 days

Note: Conversion of Pressure units to micromoles

2048 PU = 5 psig
6021 Pu = 1 Atm.
6021 PU = 8 mls airspace in CES
1 ml 02 = 40.65 micromoles at room temp. and 1 atm.
325 micromoles 02 =6021 PU
1 micromole 02= 18.5 PU
54 nanomoles 02 = 1 PU
1 micromole oxygen produced = 1 micromole carbon reduced

------- -- - ---
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cycled carbon in the system. Change in cycling rates of this pool

would be the easiest to detect in the shortest time span. This le~

to a more rapid determination of stable biological activity. In most

other ecological studies only turnover times in the stable organic

pool can be used for estimation of cycling rate because of the

uncertainty in measurements of the natural available inorganic. carbon

pool.

The objective in these experiments was to select a nutrient

regime that would limit biomass to a point wher~ the available

inorganic carbon pool was small enough to allow several turnovers to

occur during the experiment. In t~is way any loss of carbon in the

available inorganic pool should be quickly and easily detectable.

This also allowed long term predictions to be made relative to the

sensitivity of the measurement of stability.

To demonstrate the validity of the stability measure, the number

of turnovers of the available inorganic carbon pool is also given in

table 7.1. To determine the number of complete turnovers, the time

period for system stability must be known. The time for which both

biomass and cycling rate values were stable was the time for which the

system was considered stable. Both biomass and cycling rate must be

stable simultaneously for a useful determination of persistence to be

made. The number of complete turnovers was derived by dividing the

smaller stable range of either the biomass or cycling rate value by

the turnover time.

The number of turnovers was used to assess the reliability of

the stability prediction for the CES. At least two complete turnovers
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of carbon in the stable time period are necessary for a reliable

prediction. The greater number of complete turnovers of inorganic

carbon the more reliable is the stability of life in the system. The

more likely the system will persis~

It was necessary to quantify persistence in order to make

reliable predictions'about the future behavior of a CES. The

quantification of persistence had to be based on the precision of the

measures of biomass and cycling rate. The greatest error must be used

for the prediction.

By calculating the maximum error from the data considered to be

stable, predictions were made on minimum life expectancy of the CES.

For each stable set of values a regression slope was calculated.

Whether this slope was due to random error or a predictable trend in

the data was difficult to determine. If the worst case was assumed,

the data considered to be stable may still possess a tendency to

deviate from the assumed stable value. This deviation was used to

estimate a time span which accounted for a 100 percent change in the

present v~lue. If the slope found on stable data was negative, a 100

percent change would imply that any presently stable cycling rate or

biomass would approach zero. If the slope of the data were positive,

a 100 percent change would be a doubling of the stable value also

implying the definite departure from presumed stability.

The maximum percent error in table 7.1 was calculated by

.multiplying the slope of a stable data set by the time of the stable

period. This value was then divided by the average stable value from
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the data set to yield a value which represents the maximum deviation

from the average value during the given stable period. If this trend

were to continue, a value termed life expectancy for the CES could be

estimated. By dividing the stable time period by the percent error,

an estimate of the total amount of time needed for a 100 percent

change could be provide~. This value could be useful in comparing

systems with different biomass, cycling rate and stable periods and

gives a rough idea of the reliability of the dat~

This value could be used to compare the reliability for the

prediction of persistence between different sets. These values do not

represent predicted outcomes for the CBS, only the possibility of

error due to the technique used to determine persistence. The longer

the measure of stability for the biomass and cycling rates of the CES

the more reliablE! the prediction of persistence. For this experiment

which was limited in length due to practicality, these predicted life

spans may be a useful means of evaluating the relative measure of

persistence. This method of quantifying persistence was most probably

a gross underestimate for the life expectancy of the system due to the

asymptotic effect, evolutionary potential, and the calculation based

on extremes.

This work did not produce evidence fQ~ non-persistent systems but

only for the persistent ones. Any apparently non-persistent systems

may evolve toward persistence when it is assumed that, as is always

the case for terrestrial ecosystems, total system information cannot

be eliminated evolutionarily as readily as it can be evolved or

preserved. It was far more unlikely that a system would change from
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persistent to non-persistent due to evolutionary maladjustment.

Therefore, a persistent system should undoubtedly maintain or increase

its ability indefinitely under constant environmental conditions.

It can be seen f~om table #6 that replicate 7a and 7b of the

pressure experiment offer the greatest reliability for the prediction

of persistence. The turnover time for these two re!':t.icates was

relatively short as a result of the small amount of available

inorganic carbon in the system. The stable period was long enough to

allow for several complete turnover of carbon. The accuracy of the

measure indicated that these values were quite reliable for a long

term prediction of persistence.

In the C-14 experiment, each of the first two sets demonstrated a

short turnover time and many complete turnovers of the inorganic

carbon pool. Due to the large amount of error in the data set, these

data are not nearly as reliable as the pr~viously mentioned set.

Set #3 of the C-14 eh~eriment and the stable replicates of sets

#2, 3, and 6 of the pressure experiment demonstrate predictions of

persistence which were not very reliable. Due to the low stable value

for biomass, the inorganic pool was relatively large and would require

an extremely long period to turnover at the present stable cycling

rate. Less than one turnover of carbon occurred during the time

course of this experiment and predictab:n :'...1 ,". poor. If a syste1l1 is

not persistent, it implies that sufficient time may not have elapsed

for a reliable prediction to be made. Such a problem is the result of

a flaw in experimental design and could be eliminated in future
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experiments by reducing the size of the available carbon pool. Were

the available carbon pool reduced, persistence could be predicted in a

much shorter time period.

For set #1 replicate 3, persistence can be considered reliable at

nearly a 1000 day life expectancy. The final practical determination

of persistence in a GES.must be based on the end use of the persistent

system. A persistent CES used as a means of life support for man in a

hostile environment with life expectancy of 1000 days might not be

sufficient. A predicted life expectancy of 10 to 100 times longer

might be deemed necessary. In experimental work such a life

expectancy might be adequate for short; term studies.

Finally, it should be noted that the values for cycling rate and

biomass must be evaluated independently to make certain that they are

above background levels. In set #.3 of the C-14 experiment, the

cycling rate was below the detectable level and therefore is unworthy

of further scrutiny. Calculations done to yield a value for life

expectancy were essentially meaningless for this set. as can be seen

in the table. Such a system which exhibits no detectable cycling

cannot be considered persistent.

In summary, by analyzing the stable values of biomass and

cycling rate obtained from the experimental data p turnover time and

life expectancy can be derived for a CES. Turnover time refers to the

time necessary for a CES to cycle once all the available inorganic

carbon present in the system. The number of turno~er of this carbon

pool is an indicator of the amount of biological activity in the

system.
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Life expectancy for a CBS can be derived from the accuracy of the

measurement used for the determination of stable value. By dividing

the stable time period by the maxfmum percent error of the data a

minimum time period over which the system can be predicted to persist

is obtained. These values together with those of stable biomass and

cycling rates can give a good indication to the behaviors of a CES at

.r- present and in the future.

In the C-14 experiment, two experimental CES appeared to be

persistent, while in the pressure experiment, three individual system

demonstrated reliable persistence. The pressure experiment yielded

data of greatest reliability and therefore a CES with the greatest

predicted life expectancy.

7.2 Conclusion

The materially closed ecosystem offers ecologists the first true

example of a complete and self-contained system with which to study

ecosystem dYnamics. A closed ecological system is the only totally

quantifiable laboratory model of a functioning ecosystem. CBS allow

the fundamental principles of ecology to be established experimentally

in a defined and reproducible way. Only in studies where all system

material is completely accountable can useful ecosystem information be

derived. It is implicit in the concept of closure that all material

cycles be balanced. Only in a closed ecosystem can reliable

ecosystems studies be accomplished.

Previous work has proposed that bioelemental cycles in CES are

the result of well defined thermodynamic principles (Morowitz, 1968).
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The description of life as a non-equilibrium thermodynamic precess

dictates the need for closure. Ttds has previously been shown to be

the case in CES (Kearns and Folsome, 1981).

The ability of life to persist in a CES can be determined

experimentally. The reliability of the determination is subject to

the Dr~ctical limitations of the methods employed. The determination

of persistence in a CBS depends on a reliable method of determining

the stability of biomass and carbon cycling. The more reliable the

measurement of stability the more reliable the prediction of

persistence.

An absolute determination of persistence is only possible in

theory. Experimentally, a practical approach must be acceptable and

limited in use to the requirement of the CES.

In this work, total biomass and carbon cycling rate in CES are

measured directly by using labeled ~arbon and indirectly by following

the change in total pressure within the system. Each method is only

limited by the sensitivity of the detection equipment available.

The assumption of this work is that a persistent materially

closed ecosystem, receiving a constant energy flow, must posses

complete bioelementa1 cycles. If any essential cycle is not complete,

none of the cycles can persist. By monitoring the biomass it can be

determined whether or not there is any change in the amount of organic

carbon. If there is no change in the amount of organic carbon and

there is a detectable carbon turnover then the carbon cycle is

apparently complete. By measuring the rate of the carbon cycle it can
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be determined at what rate any change in total biomass would be

evident. By calculating the turnover time of available inorganic

carbon relative to the stable period, it can be demonstrated whether

the carbon cycle is complete.

It can be concluded by this approach that 5 of 11 sets of

materially defined CES ~xhibited persistence and that within the

limits of sensitivity they should survive for at least several years.

Wi~h more precise and sensitive equipment or an experiment of a longer

time span stable biomass and cycling rates can be verified more

accurately. Predictions of much longer life expectancy can then be

made.

From the data presented it can be concluded that there exists

some correlation between the complexity of an inoculum and the rate of

bioelemental cycling. Monocultures of algae are least likely to

display detectable levels of biological activity after a short period

()f closure, while mixed natural communities are mest likely to display

overt signs of persistence. This supports the earlier contention that

information content must reach a sufficiently high level for life in a

CES to be metabolically stable.

It can be assumed that the essential components of all

bioelemental cycles are present in a persistent CES. Any CES which

lacks a primary component from a single essential bioelemental cycle

will not persist. It is this distinction which probably explains the

difference in behavior of a CES constructed from a complex natural

inoculum and a simple mono-algal culture. Though a monoculture has

the arility to utilize oxidized bioelements and reduce them into
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living organic matter they lack the ability to recycle all reduced

forms of the waste organics. This may have accounted for the rapid

rise to maximum biomass followed by the continual decline in biomass

and cycling rate (i.e., Fig 6.2, set 13). Only in the complex CES was

there a sufficiently diverse community to support the recycling of all

reduced forms of carbon (i.e., Fig 6.2, set 17). This was evident by

the systems ability to maintain a high level of biomass and a

significantly high carbon cycling rate.

Those CES which showed an initial rise in biomass, followed

shortly thereafter by a decline in biomass, but ending in a repeated

rise in biomass (i.e., Fig 6.2, set '4), may be showing the effect of

succession or an accumulated toxic produc~ Successional changes may

only indicate that sufficient time was not allowed for the CES to

maintain a stable populations. If a toxin was responsible for the

changes, it may have been a complex organic or simply the high level

of gaseous oxygen in the CES. As biomass increased a toxin may

accumulate and become inhibitory or lethal to the photosynthetic

component of the system. Only after the level of toxin is reduced

through decomposition can photosynthetic activity return. These CES

may not have reached a stable biomass during the course of this

experiment but as the cyclic increase and decrease in biomass is

damped a stable value may eventually be reached. These systems cannot

be demonstrated to be persistent in this experiment but 'were they

followed longer persistence may become evident.
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Lastly, due to the limited sensitivity of the equipment low

levels of carbon cycling were difficult to measure in this experiment.

Fine structure was therefore difficult to observe in the carbon

cycling data. More sophisticated measuring techniques may reveal more

information on carbon cycling at these low levels. Biomass changes

may be predicted from e~rly changes in carbon cycling rate and the

overall relationship between carbon pool size and cycling rate may

become more clear.

Future studies. will be directed at more carefully defining the

biological and ptysical composition of a persistent CES. It will be

necessary to determine the essential biological components and optimal

proportions of bioelements so that a closed system can be constructed

to maximize efficiency. In an attempt to dccomplish this task a

persistent, completely defined ecosystem, both materially and

biologically, must be sought. The existence of such a laboratory tool

should lead to greater understanding of closed systems as well as

ecology overall.
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VIII. APPENDIX

The following three programs were used as the main utilities in

collecting and reducing the data for the pressure experiment. All

programing was done in Microsoft Basic version 5.31 and run on either

a BIz 89 or Kaypro 2 microcomputer.

T~e first program is for primary data collection. This program

was used to control the BIz 89 microcomputer for data collecting from
"'

the ADC-l an analog to digital converter. The system operated for 24

hours 'a day for most of the 202 days of the experiment.

The second program was used for primary data reduction. For each

Jata file collected over the course of the experiment this program

produc~d a subfile which contained each of the following;

1. Maximum pressure per day was recorded as the average of the 5 point

prior to the time the lights were turned off.

2. Minimum pressure per day was recorded as the average of the 5

points prior to the time the lights were turned cn.

3. Range of pressure change over the dark period represented the

maximum minus the minimum for each day.

The regression slope of the first 30 points of the dark and light

period were also recorded. Turnover times were also estimated on a

daily basis from biomass, range and slope determinations but not used

in the final results.

The last program included here calculates the stable range from

the reduced data for either biomass or respiratory rate. This program

does a regression on the combined reduced data files in order to



determine the longest period from the end of the experiment working

backwards, where the data displays less slope than an equivalent set

of control data.

100
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8.1 Program 11

data acquisition program
D.C. Obenhuber
version 11/11/84

1000 ' ADG-1
1010 '
1020 '
1030 '
1040 ' Set up parameters

•••••••••••••• 0 ••••••••••••••••••••••••••••••••

:' first channel to sample

:' delay char length in time

:' number of cycles for data

:' repeat delay loop for multiple

:' last channel to sample
:' backup data file

:' sampling times (10 min.)
:' delay char start position in

:' serial data port address
:' serial status port address
:' serial input status mask
:' clear input port of old bytes

:' initialize storage

1050 '
1060 CLRS$=CHR$(27)+CHR$(122)+SPACE$(100)
1070 WIDTH 80 '
1080 DIM Z(5000)
1090 SI1$="000":SI2$="000"
1100 DCS=7-LEN(SI1$)

time string
1110 DCL=IJrrT(SI1$)

string
1120 ST=36

storage
1130 PN=216
1140 8=221
1150 M=l
1160 X=INP(PN)
1170 N=l

array
1180 REPEAT=100

samples
1190 FSTCN=O

(O=channel 1)
1200 LSTCN=15
1210 FILE2$="C:DATA.BAK"
1220 '
1230 ' Main program...................................................

:' delay to allow drive to finish
:' delay

check

:' sign-on screen
:' create new data file
:' set time
:: open data file

1240 '
1250 PRINT CLRS$
1260 GOSUB 1520
1270 GOSUB 1640
1280 GOSUB 1720
1290 GOSUB 1790
1300 PRINT CLRS$
1310 PRINT "Initial Test Sample"
1320 GOSUB 1930 :' sample and display
1330 GOSUB 2130 :' check lights
1340 GOSUB 2250 :' storage check
1350 FOR I=l TO ST
1360 PRINT CLRS$
1370 PRINT "CYCLE =";I;" OF";ST
1380 FOR .r-i TO lOOO:NEXT J
1390 GOSUB 2360
1400 PRINT CLRS$

option



102

1410 PRINT "CYCLE =";I;" OF";ST
1420 GOSUB 1930
1430 GOSUB 2130
1440 NEXT I
1450 GOSUB 1790
1460 GOSUB 2250
1470 GOTO 1350
1480 '
1490 ' Sign-on screen

:' sample and display
:' check lights

:' open data file
:' storage

••••••••••••••••••••••••••••••••••••••• ca ••••••••

ADC Data Acquisition
".,

1500 '
1510 PRINT
1520 PRINT ",--------";"

Program
1530 PRINT ",--------"
1540 PRINT:PRINT
1550 PRINT" Channels =";FSTCN+1;" tolV;LSTCN+l
1560 PRINT:PRINT " Number of cycles =";ST
1570 PRINT:PRINT " Sampling at ";SIl$;" and ";SI2$
1580 PRINT:PRINT REPEAT;" repetitions per channel
1590 PRINT:PRINT
1600 RETURN
1610 '
1620 ' Create data file

.0 ••••••••••••••••••••••••••••••••••••••••••••

1630 '
1640 INPUT" NAME of Data file (8 char) ";FILE1$
1650 FILE1$="C:"+FILE1$+".DAT"
1660 INPUT" NEW Data file (YIN) ";YN$
1670 IF YN$=''Y'' OR YN$="y" THEN OPEN"O",I,FILEl$:CLOSE
1680 RETURN
1690 '
1700 ' Set time

.a 0 •••••••••••••••••••••••••••••••••••••••••••••••••••••

1710 '
1720 INPUT " TIME ######";A$
1730 PRINT CHR$ (27) ;"X"; A$
1740 RETURN
1750 '
1760 ' Open data file

•••••••••• III •••••••••••••••••••••••••••••••••••••••

II.,

1770 '
1780 PRINT
1790 PRINT "--------";"

disk
1800 PRINT ",--------"
1810 PRINT
1820 OPEN"I",l,FILEl$
1830 OPEN"0",2,FILE2$
1840 IF EOF(l) TfIEN 1880
1850 INPUT #l,X

DATA being stored to



1860 PRINT //2,!;
1870 GOTO 1840
1880 RETURN
1890 '
1900 ' Sampling and display

103

:' got;o channel start and read

•• eoccQQ •••••••••••••••••••••••••••• O ••• OO

1910 '
1920 PRINT
1930 PRINT ",--------",;"

n.,
1940 PRINT ",--------"
1950 PRINT
1960 PRINT:PRINT ''Time = ";A$:PRINT
1970 Z(N)=VAL(A$):N=N+1
1980 FOR CN=FSTCN TO LSTCN
1990 TOTA1=O
2000 FOR DELAY=1 TO REPEAT
2010 GOSUB 2490

subroutine
2020 TOTA1=TOTAL+Z
2030 NEXT DELAY
2040 Z=INT(TOTAL/REPEAT)
2050 PRINT TAB(CN*10);Z;
2060 Z(N)=Z:N=N+1
2070 NEXT eN
2080 PRINT:PRINT
2090 RETURN
2100 '
2110 ' Chech lights on/off

Sampling data

..............................•............
2120 '
2130 FOR DELAY=l TO REPEAT
2140 GOSUB 2710
2150 NEXT DELAY
2160 DCH=l
2170 DTEST=2A(DCH-1)

2180 IF DTEST AND DIG THEN Z(N)=l ELSE Z(N)=O
2190 IF Z(N)",,! THEN PRINT "LIGHTS ON" ELSE PRINT "LIGHTS OFF"
2200 N=N+1
2210 RETURN
2220 '
2230 ' storage

•••• D ••••• 0 •••••••••••••••••••••••••••••••••••••••••••

2240 v

2250 FOR r=l '1'0 N-1
2260 PRINT #2,Z(I);
2270 NEXT !
2280 N=1
2290 CLOSE
2300 KILL FILE1$
2310 NAME FILE2$ AS FILE1$
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2320 RETURN
2330 '
2340 ' Delay

••••••••••• D ••••••••••••••••••••••••••••••••••• Q=tt ••••••

:' command ADe-l to return A/D

:' wait for ADC-! response to

:' mask for 4 high order bits

(last places of time string)"

:i' tell ADC-l to return AID high

:' select temp sensor; start A/D

:' wait for reply and read byte
:' read low byte from A/D into

:' get response from ADC-l
: ' return to calling program

2350 '
2360 PRINT:PRINT:PRINT "STAND-BY -- D1l.TA TAKEN AT ";SI1$;" AND

";SI2$
2370 PRINT "
2380 PRINT
2390 PRINT CHR$(27}+"e";
2400 A$=INPUT$(7)
2410 IF MID$(A$,5,2)~"40"OR MID$(A$,5,2)="10" THEN 2420 ELSE

2430
2420 PRINT "STAND-BY -- STAND-BY -- STAND-BY -- STAND-BY"
2430 IF MID$(A$,DCS,DCL)<>SIl$ AND MID$(A$,DCS,DCL)<>SI2$ THEN

2390
2440 PRINT:PRINT
2450 RETURN
2460 '
2470 ' ADC data acquisition output control
2480 '
2490 OUT PN,CN

conversion
2500 GOSUB 2650

start command
2510 OUT PN,129+32

byte/status
2520 GOSUB 2650 :' wait for reply
2530 HBYTE--GHIN :' save high byte from A/D
2540 IF(HBYTE AND 128)<>0 THEN 2510 :' check status for A/D

finished
2550 OUT PN,129+16

low byte
2560 GOSUB 2650
2570 LBYTE--GHIN

LBYTE
2,)80 HMASK=HBYTE AND 15

from A/D
2590 Z=LBYTE+256*HMASK :' combine all 12 bits from A/D
2600 IF (HEYTE AND 16)=0 THEN Z=-Z :' fix sign if negative flag

set
2610 RETURN
2620 '
2630 i ADC data status check and input control
2640 '
2650 IF(INP(S) AND M)=O THEN 2650 :' waits for response byte

to come
2660 CHIN=I~~(PN)

2670 RETURN
2680 '
2690 ' ADC digital output control



2700 '
2710 OUT PN,129
2720 GOSUB 2650
2730 DIG=CBIN AND 15
2740 OUT PN,128
2750 GOSUB 2650
2760 RETURN

:' check digital input (on/off)
:' check status

:' reset latch
:' check status

105
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8.2 Program 12

D.C.OBENHUBER

(SETSIZE=6 (5 pt.s.)

(CALTBRATED DATA FOR TRN)

(TEMP ADJUST COMMENTED OUT OF TRN)

(SETSIZE-1 FOR MAX/MIN CALC)
(OUTPUT TURN OVER TIME (TRN»

(Y NOT INTERGERIZED)
(UPDATE DISPLAY AND FILE OUTPUT (VER»
(100 PTS MAX FOR MOVING SET)

(FIX TURNOVER TIME OUTPUT IF RNG=O)
(REMOVE CALIBRATION)

(ELIMINATE DATA DUMP IN DOC FILE)
(OUTPUT TURNOVER 'l'IME FROM SLOPE DATA)

(STANDARD ADC DATA FILE FORMAT)
-(REAL TIME COMPUTATION)
(MOVING SET COMPUTATIONS)
(DARK PERIOD SLOPE COMPUTATIONS)
(LIGHT PERIOD SLOPE COMPUTATION)
(MAX AND MIN COMPlITATIONS)
(RANGE COMPUTATION)
(DISK FILE OUTPUT)
(STANDARDIZED STARTING TIME)
(ABORT ON F.~C KEY)
(MULTIPLE FILE INPUT)
(INTERGERIZED VARIABLES)
(CORRECTED FOR ZEROS IN DATA)
(MAX/MIN AT LIGHTS ON/OFF)

DATA REDUCTION PROGRAM FOR ADC DATA
USE MBASIC /F:9 (to use 9 files

1000 ,*************************************. I I I:t *************************
1010 '
1020 '
1030 '

simultaneously)
1040 '
1050 '
1060 '
1070 '
1080 '
1090 '
1100 '
1110 '
1120 '
1130 '
1140 '
1150 '
1160
1170
1180 '
1190 '
1200 '

4/24
1210 '
1220· ,

4/25
1230 '

5/1
1240 '

5/4
1250 '

5/6
1260 '
1270 '
1280 '

5/16
1290 '
1300 I

5/21
1310 I

1320 I

1330 '
1340 '**********************************************************
1350 '
1360 I SETUP
1370 '
1380 VERSION=25
1390 WIDTH LPRINT 79
1400 WIDTH 79



1410 DEFINT I-L
1420 ' 100 POINTS MAX FOR MOVING SET
1430 DIM A(17),X#(100),Y(100, 17), Y1#(16),Y2#(16),XY#(16), YBAR(16)
1440 DIM NUM#(16),SLOPE(16),INTERCEPT(16),CORREL(16)
1450 DIM YMAX(16),YMIN(16),TMAX(16),TMIN(16)
1460 DIM YMX(16),YMN(16),TMX(16),TMN(16)
1470 DIM CONST(16),CAL(16)
1480 DIM FILE$(10)
1490 LSTCN=16 : ' NUMBER OF CHANNELS
1500 SETSIZE=6 : ' ACTUAL SETSIZE IS 5 (pts.#2-6)
1510 GOSUB 4990 : ' TURN OVER CONVERSION COMPUTATIONS
1550 ' . -
1560 ' OPENING SCREEN
1570 '
1580 PRINT CHR$(26);CHR$(27);CHR$(122):FOR 1=1 TO 100:NEXT I
1590 PRINT:PRINT "ADC DATA REDUCTION PROGRAM

(ver.";VERSION;")":PRINT
1600 '
1610 ' FILE SPECIFICATIONS
1620 '
1630 INPUT "HOW MANY FILES 00 YOU WISH TO REDUCE (MAX OF 10)";NF
1640 PRINT "INPUT";NF;"FILE(S) AS (MMDDYI)"
1650 FOR FILE=l TO NF
1660 PRINT "INPUT FILE #";FILE;
1670 INPUT; FILE$(FILE)
1680 INPUT;" DRIVE ";DRIVE$
1690 OPEN"I",1,DRIVE$+":T"+FILE$(FILE)+".DAT":CLOSE:PRINT" OKI"
1700 NEXT FILE
1710 PRINT
1720 'INPUT "NUMBER OF POINTS FOR SLOPE DETERMINATION"; IN
1730 'INPUT "CHANNEL FOR CONTROL DATA (O=NONE)";CONTROL
1740 'INPUT "DO YOU WAN'l' HARDCOPY (YIN) ";HC$
1750 'INPUT "HOW ABOUT DISK FILE OUTPUT (YIN) ";DF$
1760 PRINT" SLOPE DETERMINED FOR FIRST 30 POINTS":IN=30
1770 PRINT " CHANNELS FOR CONTROL DATA ARE #1 AND #9":CONTROL=l
1780 PRINT " DOC FILE WILL BE RECORDED ON DISK" :DF$="Y"
1790 PRINT:PRINT
1800 '
1810 ' STANDARDT7.ED STARTING TIME
1820 '
1830 MONTH=2
1840 DAY#=10
1850 YEAR=1985
1860 GOSUB 4880
1870 '
1880 ' BEGIN FILE SELECT AND REINITIALIZE
1890 ' .
1900 FOR FILE=l TO NF
1910 FOR 1=1 TO LSTCN
1920 YMAX(I)=O:YMIN(I)=O:TMAX(I)=O:TMIN(I)=O
1930 YMX(I)=O:YMN(I)=O:TMX(I)=O:TMN(I)=O

107



1940 NEXT I
1950 INIT=O
1960 1.=1
1970 N=O
1980 MM=O
1990 TZERO=O
2000 DAY=O
2010 IF IN<SETSIZE THEN SET=IN ELSE SET=SETSIZE
2020 RESET
2030 '
2040 f INITIALIZE FILE STARTING TIME
2050 '
2060 MONTH=VAL(MID$(FILE$(FILE),1,2»
2070 DAY=VAL(MID$(FILE$(FILE),3,2»
2080 YEAR=1900+VAL(MID$(FILE$(FIJ~),5,2»

2090 '
2100 ' DATA INPtrr
2110 '
2120 OPEN"I",I,DRlVE$+":T"+FILE$(FILE)+".DAT"
2130 OPEN"0",2,DR1VE$+":T"+FlLE$(FILE)+".SLL"
2140 OPEN"0",3,DRlVE$+":T"+FlLE$(FILE)+".SLD"
2150 OPEN"0",4,DRlVE$+":T"+F1LE$(FILE)+".MAX"
2160 OPEN"0",5,DRIVE$+":T"+F1LE$(FILE)+".MIN"
2170 OPEN"0",6,DRIVE$+":T"+F1LE$(FILE)+".RNG"
2180 OPEN"0",8,DR1VE$+":T"+F1LE$(FILE)+".TRN"
2190 OPEN"0",9,DRlVE$+":T"+F1LE$(FILE)+".TRS"
2200 IF DF$=''Y'' OR DF$="y'" THEN

OPEN"0",7,DR1VE$+":T"+F1LE$(FILE)+".DOC"
2210 IF EOF(l) THEN 4520
2220 IF CHR$(27)=INKEY$ THEN 4520
2230 FOR 1=0 TO LSTCN+l
2240 INPUT 'l,A(I)
2250 NEXT I
2260 L1=L
2270 1.=A(l7)
2280 IN1T=INIT+1
2290 '
2300 ' TIME TRANSFORM
2310 '
2320 A$=STR$(A(O»
2330 A$=SPACE$(7-LEN(A$»+A$
2340 IF A(O)=O THEN DAY=DAY+l
2350 HOUR=VAL(MID$(A$,2,2»
2360 MINUTE=VAL(MID$(A$,4,2))
2370 SECOttD=VAL(MID$(A$,6,2»
2380 TIME$=STR$(MONTH)+" -"+STR$(DAY)+" -"+STR$(YEAR)
2390 TlME$=TIME$+" "+STR$(HOUR)+":"+STR$(MINUTE)+"

:"+STR$(SECOND)
2400 IF TZERO=O THEN TZERO$=TIME$:TZERO=l
2410 DAY#=««SECOND/6O+MINUTE)/60)+HOUR)/24)+DAY
2420 '
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2430 ' TIME COMPUTATION
2440 '
2450 GOSUB 4880
2460 TIME=INT(T!ME#*10000)/10000
2470 IF 11<>L THEN PLOTTIME=TIME
2480 '
2490 ' MOVING SET
2500 '
2510 X#(O)=TIME#*lOOO
2520 FOR J=l TO LSTCN
2530 IF CONTR01=O THEN OFFSET=O ELSE OFFSET=A(CONTROL)
2540 Y(O,J)=A(J)-OFFSET-
2550 NEXT J
2560 Y(0,LSTCN+i)=A(LSTCN+1)
2570 FOR I=IN TO 1 STEP -1
2580 X#(I)=X#(I-1)
2590 FOR J=l TO LSTCN+1
2600 Y(I,J)=Y(I-1,J)
2610 NEXT J
2620 NEXT I
2630 IF INIT<IN THEN 2210
2640 '
2650 ' LIGHT TEST
2660 '
2670 IF 11=L AND N=O THEN PRINT".";:GOTO 2210
2680 IF 1=1 THEN TITLB$..·rLIGHT SLOPE" ELSE TITLE$='.'DARK SLOPE"
2690 '
2700 ' MAX/MIN CALCULATION
2710 '
2720 IF MM=l THEN 2860
2730 FOR J=: TO LSTCN
2740 TOTAL--D
2750 FOR I=2 TO SET
2760 TOTAL=TOTAL+Y(I,J)
2770 NEXT I
2780 AVE=TOTAL/(SET-1)
2790 IF 1=0 THEN YMAX(J)=AVE:1'MAX(J)=TIME
2800 IF 1=1 THEN YMIN(J)=AVE:TMIN(~)=TIME

2810 NEXT J
2820 MM=l
2830 '
2840 ' REGRESSION COUNTER
2850 '
2860 N=N+l
2870 IF N=l THEN TSTART$=TIME$:TSTART=TIME ELSE TEND$=TIME$:

TEND=TIME
2880 PRINT Tft~«N-l)*4);N;

2890 IF N<IN THEN 2210
2900 '
2910 ' REGRESSION COMPUTATION
2920 '
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2930 GOSUB 4590
2940 N;.o
2950 MM=O
2960 '
2970 ' DISPLAY
2980 '
2990 PRINT CHR$(26);CHR$(27);CHR$(122):FOR I=l TO 100:NEXT I
3000 PRINT "ORIGIN",TZERO$;TAB(50);TITLE$
3010 PRINT "START",TSTART$;TAB(50);IN;"POINTS"
3020 PRINT "END",TEND$;TAB(50);TEND-TSTART;"DAYS"
3030 PRINT "ver.";VERSION;
3040 PRINT TAB(20);SET-1 ;I1POINTS FOR

M/M";TAB(50);PLOTTIME;''LIGHTS ON/OFF"
3050 PRINT
3060 PRINT TAB(5);"AVERAGE";TAB(15);"SLOPE";TAB(30);"

CORREL";TAB(40);
3070 PRINT" MAX";TAB(50);"MIN";TAB(60);" RANGE"
3080 FOR J=l TO LSTCN
3090 PRINT

J;TAB(5);YBAR(J);TAB(15);SLOPE(J);TAB(30);CORREL(J);TAB(40);
3100 PRINT YMAX(J);TAB(50);YMIN(J);TAB(60);YMAX(J)-YMIN(J)
3110 NEXT J
3120 '
3130 ' HARDCOPY OUl'PUT
3140 '
3150 IF HC$="y" OR HC$="Y" THEN 3T60 ELSE 3440
3160 LPRINT TAB(25) ; "ADC-l DATA REDUCTION PROGRAM"
3170 LPRINT
3180 LPRINT "ORIGINIV

, TZERO$;TAB(50) ;TITLE$
3190 LPRINT "START",TSTART$;TAB(50);IN;"POINTS"
3200 LPRINT "END",TEND$ ;TAB(50) ;TEND-TSTART; "DAYS"
3210 LPRINT "ver.";VERSION;
3220 LPRINT TAB(20);SET-l;''POINTS FOR

M/M";TAB(50);PLOTTIME;"LIGHTS ON/OFF"
3230 LPRINT •
3240 LPRINT TAB(5) ;"AVERAGE";TAB(15) ;"SLOPE";TAB(30);"

CORREL";TAB(40);
3250 LPRINT" MAX";TAB(50);"MIN";TAB(60);" RANGE1'
3260 FOR J=1 TO LSTCN
3270 LPRINT

J;TAB(5);YBAR(J);TAB(15);SLOPE(J);TAB(30);CORREL(J);TAB(40);
3280 LPRINT YMAX(J);TAB(50);YMIN(J);TAB(60);YMAX(J)-YMIN(J)
3290 NEXT J
3300 'LPRINT:LPRINT:LPRINT
3310 'LPRINT ''DATA DUMP"
3320 'LPRINT
3330 'FOR I=IN TO 1 STEP -1
3340 'LPRINT X#(I),Y(I,LSTCN+l)
3350 'FOR J=l TO LSTCN
3360 'LPRINT TAB«J-1)*10);Y(I,J);
3370 'NEXT J
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3380 'LPRINT
3390 'NEXT I
3400 LPRINT CHR$(12)
3410 '
3420 ' DISK FILE OUTPUT
3430 '
3440 IF DF$="y" OR DF$="Y" THEN 3450 ELSE 3730
3450 PRINT #7, CHR$(12)
3460 PRINT #7, TAB(25); "ADe-l DATA REDUCTION PROGRAM"
3470 PRINT #7,
3480 PRINT #7, "ORIGIN" ,TZERO$;TAB(50) :TITLE$
3490 PRINT #7, "STAR't",TSTART$;TAB(50):n~;"POINTSn

3500 PRINT #7, "END",TEND$;TAB(50):TEND-TSTART:"DAYS"
3510 PRINT #7, TAB(50) :PLOTI'IME;"LIGHTS ON/OFF"
3520 PRINT #7,
3530 PRINT #7, TAB(5);"AVERAGE";TAB(15):"SLOPE":TAB(30);"

CORREL";TAB(40):
3540 PRINT #7," MAX";TAB(50):"MIN";TAB(60);" RANGE"
3550 FOR J=l TO LSTCN
3560 PRINT #7,

J:TAB(5):YBAR(J):TAB(15):SLOPE(J):TAB(30):CORREL(J);TAB(40);
3570 PRINT #7, YMAX(J):TAB(50);YMIN(J);TAB(60);YHAX(J)-YMIN(J)
3580 NEXT J
3590 'PRINT #7,:PRINT #7,:PRINT #7,
3600 'PRINT #7, "DATA DUMP"
3610 'PRINT #7,
3620 'FOR ·I=IN TO 1 STEP -1
3630 'PRINT #7, X#(I),Y(I,LSTCN+1)
3640 'FOR J=l TO LSTCN
3650 'PRINT #7, TAB«J-l)*lO):Y(I,J);
3660 'NEXT J
3670 'PRINT #7,
3680 'NEXT I
3690 PRINT #7,CHR$(12)
3700 '
3710 ' OUTPUT LIGHT SLOPE
3720 '
3730 IF 1=0 THEN 4210
3740 PRINT #2,PLO'ITIME;
3750 FOR J=l TO LSTCN
3760 PRIiir #2,SLO?E(J}:
3770 NEXT J
3780 PRINT #2,A(17)
3790 i

3800 ' OUTPUT MIN VALUES
3810 ~

3820 PRINT #5,PLOTTIME:
3830 FOR J=J TO LSTCN
3840 PRINT #5,YMIN(J);
3850 NEXT J
3860 PRI~~ #5,A(17)

------------------ - ~ ~.
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3870 '
3880 ' OUTPUT RNG VALUES
3890 '
3900 PRINT '6,PLOTTIME;
3910 FOR J=l TO LSTCN
3920 PRINT '6, IMAX(J)··YMIN(J);
3930 NEXT J
3940 PRINT '6,A(17)
3950 '
3960 ' OUTPUT TURNOVER TIME VALUES FOR RANGE (TRN)
3970 '
3980 PRINT '8,PLOTTrME:O:
3990 FOR J=2 TO LSTCN
4000 RNG=YMAX(J)-YMIN(J)
4010 CRNG=YMAX(l)-YMIN(l)
4020 TIME=TMIN(J)-TMAX(J)
4030 IF J=9 OR J=15 THEN RNG=lUiG*1.5
4040 ' .
4050 ' calibration
4060 'RNG=RNG*CAL(J)
4070 ' total pressure adjustment
4080 'RNG=RNG*«2Al1)*(14.7/5»/«(YMAX(J)+

YMIN(J»/2)+«2Al1)*(14.7/5»)

4090 'CRNG=CRNG*«2A11)*(14.7/5»/«(YMAX(1)+

YMIN(1»/2)+«2A11)*(14.7/5»)

4100 '
4110 llliG=RNG-CRNG
4120 IF IU~G=O THEN RNG=lE-lO
4130 TURNOVER=INT(TOTALBIOMASS/«RNG*PU)/TIME»
4140 IF TURNOVER<=O THEN PRINT #8,0; : GOTO 4160
4150 PRINT #8,TURNOVER;
4160 NEXT J
4170 PRINT '8,A(17)
4180 '
4190 ' OUTPUT TURNOVER TIME VALUES FOR DARK SLOPE (TRS)
4200 '
4210 IF 1=1 THEN 2210
4220 PRINT #9,PLOTTIME;0~

4230 FOR J=2 TO LSTCN
4240 IF J=9 OR J=15 THEN SLOPE=-SLOPE(J)*1000*1.5 ELSE
SLOPE=-SLOPE(J)*lOOO

4250 '
4260 ' calibration
4270 'SLOPE=SLOPE*CALIB(J)
4280 '
4290 TURNOVER=INT(TOTALBIOMASS/(SLOPE*PU»
4300 IF TURNOVER<=O THEN PRINT '9,0; : GOTO 4320
4310 PRINT '9,TURNOVER;
4320 NEXT J
4330 PRINT #9,A(17)
4340 '
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4350 ' OUTPUT DARK SLOPE
4360 '
4370 PRINT #3,PLOTl'IME;
4380 FOR J=l TO LSTCN
4390 PRINT #3,SL~PE{J);

4400 NEXT J
4410 PRINT #3,A(17)
4420 ' .
4430 ' OUTPUT MAX VALUES
4440 '
4450 PRINT #4,PLOTl'IME;
4460 FOR J=l TO LSTcN .
4470 PRINT #4,YMAX(J);
4480 NEXT J
4490 PRINT #4,A(17)
4500 '
4510 GOTO 2210
4520 CLOSE
4530 NEXT FILE
4540 PRINT:PRINT"END"
4550 END
4560 '
4570' REGRESSION ANALYSIS SUB
4580 '
4590 X1#=0:X2#=O
4600 FOR J=l TO LSTCN
4610 Y1#(J)=O:Y2#(J)=0:XY#(J)=O
4620 NEXT J
4630 '
4640 FOR 1=1 TO IN
4650 X1#=X1#+X#(I)
4660 X2#=X2#+X#(I)*X#(I)
4670 FOR J=l TO LSTCN
4680 Y1#(J)=Yl#(J)+Y(I,J)
4690 Y2#(J)=Y2#(J)+Y(I,J)A2
4700 XY#(J)=XY#(J)+X#(I)*Y(I,J)
4710 NEXT J
4720 NEXT I
4730 '
4740 XBAR=Xl#/IN
4750 DEN#=X2#-X1#*X1#/IN
4760 FOR J=l TO LSTCN
4770 YBAR(J)=Yl#(J)/IN
4780 NUM#(J)=XY#(J)-X1#*Y1#(J)/IN
4790 SLOPE(J)=NUM#(J)/DEN#
4800 'INTERCEPT(J)=YBAR(J)-SLOPE(J)*XBAR
4810 IF Y2#(J)=0 THEN CORREL(J)=999:GOTO 4830
4820 CORREL(J)=NUM#(J)/SQR(DEN#*(Y2#(J)-Yl#(J)A2/IN»
4830 NEXT J
4840 RETURN
4850 '
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4860 ' ••••• DAY/DATE CONVERSION SUB •••••
4870 '
4880 ])#=DAY#:M=MONTH:Y=YEAR
4890 IF M=>l AND M<=2 THEN 4900 ELSE 4920
4900 F#=(36s*Y)+DI+(31*(M-1»+INT«Y-1)/4)-INT(.7S*(INT«Y

1)/100)+1»
4910 GOTO 4930
4920 F#=(36s*Y)+DI+(31*(M-1»-INT(.4*¥:+2.3)+INT(Y/4)-

INT(.7s*(INT(Y/100)+1»
4930 IF FIRSTRUN~O THEN Fl#=F#:FIRSTRUN=l
4940 TIME#=FI-F1#
4950 RETURN
4960 '
4970 ' CALC MD..LIMOLES CARBON PER PRESSURE UNIT RNG
4980 '
4990 PRESS=(s/14.7)*(1/(2"1l»:' CHANGE IN ATM FOR ONE PRESSURE

UNIT OF ADC
5000 VOLUME=lO*PRESS:'VOLUME CHANGE IN SCINT VIAL CES (1Oml) PER

PRESS UNIT . .
5010 '
5020 ' ASSUME 1 MOLE C02 FIXED = 1 MOLE 02 PRODUCED
5030 '
5040 MTM=l/24.6 : ' NUMBER OF MILLI-MOLES IN A MILL:i:-LlTER GAS AT

25C
5050 PU=MTM*VOLUME : ' MILLI-MOLES CARBON PER PRESSURE UNIT (PU)
5060 ' .
5070 ' TURNOVER TIME OF BIOMASS
5080 '
5090 TOTALBIOMASS=.l : ' MAY RNG FROM .04 TO .4 (lml 02 - 10 ml

02 produced)
5100 RETURN
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8.3 Program 63

D.C.OBENHUBER

(INPUT SCATI'ER)

(INTERSECT CALC)

(REPLACE "2 WI'I'H * FOR SPEED)
(PRINTER OUTPUT)

(STANDARD ADC DATA FILE FORMAT)
(REGRESSION CALCULATIONS)
(CORRECTED CORREL FOR ZEROS IN CONTROL DATA)
(STANDARD DEVIATION CALC)
(YMX/YMN DATA CALC)

(MINIMUM SLOPE CALC)

1000 t****** U **************************************t***********1010 t

1020 t ADC-1 STATISTICS PROGRAM FOR REDUCED DATA
1030 t

1040 t

1050 ~

1060 t

1070 t

1080 t

1090 t

1100 t

1110 t

8/26
1120 t

9/6
1130 t

1140 t

9/9
1150 t

9/10
1160 t

1170 t **********************************************************1180 t

1190 t SETUP
1200 t

1210 DEFINT I-P
1220 DIM DAT(16,400),AVE(16),YMX(16),YMN(16)
1230 DIM SLP(16),YCX(16),CRL(16),TIM(16),STD(16),CRX(16)
1240 LSTCN=16 : ' NUMBER OF CHANNELS
1250 CR$=CHR$(13)
1260 INTERSECT=5 : t number of intersection required on zero

slope line
1270 I

1280 I OPENING SCREEN
1290 I

1300 PRINT CHR$(26)
1310 PRINT TAB(22);"ADC STATISTICS PROGRAM for REDUCED DATA"
1320 PRINT TAB(34);"MAX OF 400 PTS"
1330 PRIN'I':PRINT:PRINT
1340 INPUT "FULL FILENAME ~;F$

1350 PRINT
1360 INPUT "TarAL SCATI'ER = ",SCAT
1370 PRINT
1380 '
1390 I DATA INPUT
1400 I

14100PEN"I",1,F$
1420 IF EOF(1) THEN 1500
1430 PT=PT+1



1440 FOR 1=0 TO 16
1450 INPUT #l,DAT(I,PT)
1460 NEXT I
1470 INPUT#I,LIGHTS
1480 PRINT TAB(4) ;"LOADING POINT #";PT;CR$;
1490 GOTO 1420
1500 CLOSE
1510 PRINT:PRINT
1520 PRINT" ACCEPTABLE SCATTER IS +/-~;SCAT/2;"PU"

1530 PRINT" NECESSL~Y INTERSECTIONS ="; INTERSECT
1540 PRINT
1550 PRINT t1 CHAN "i'" POINT "r" SLOPE ";" SCAT "r" ZEROS

"r" TIME "r" CRX "
1560 '
1570' REGRESSION ANALYSIS
1580 '
1590 FOR 1=1 TO LSTCN
1600 '
1610 K=O
1620 T!M=O
1630 CRX=O
1640 '
1650 FOR IN=(PT-1) TO 1 STEP -1
1660 '
1670 N=O
1680 X1#=0:X2#=0
1690 Yl#=0:Y2#=0:XY#=O
1700 YMN=DAT(I,PT)
1710 YMX=DAT(I,PT)
1720 '
1730 FOR J=PT TO IN STEP -1
1740 X1#=X1#+DAT(0,J)
1750 X2#=X2#+DAT(O,J)*DAT(O,J)
1760 Y1#=Yl#+DAT(I,J)
1770 Y2#=Y2#+DAT(I,J)*DAT(I,J)
1780 XY#=XY#+DAT(O,J)*DAT(I,J)
1790 IF DAT(I,J»YMX THEN YMX=DAT(I,J)
1800 IF DAT(I,J)<YMN THEN YMN=DAT(I,J)
1810 N=N+1
1820 NEXT J
1830 '
1840 AVEX=X1#/N
1850 BOT=X2#-X1#*X1#/N
1860 STD=«Y2#/N)-(Y1#*Yl#)/(N*N»A.5
1870 AVF..=Yl'/N
1880 TOP=XY#-X1#*Y1#/N
1890 IF BOT=O THEN SLP=999:GOTO 1910
1900 SLP=TOP/BOT
1910 YCX=AVE-SLP*AVEX
1920 IF Y2#=0 THEN CRL=999:C~TO 1970
1930 CRL~TOP/(BOT*(Y2#-Y1#*Y1#/N»A.5

116



1940 t

1950 t DATA TEST
1960 t

1970 IF ABS(SLP»SCAT/(DAT(O,PT)-DAT(O,IN» THEN 2180
1980 K=K+1
1990 TIM=DAT(O,IN)
2000 '
2010 CRX=O
2020 FOR J=PT TO IN+1 STEP -1
2030 YPT=SLP*DAT(O,.J)+YCX
2040 IF (DAT(I,J»YPT AND DAT(I,J-1)<YPT) OR (DAT(I,J)(YPT AND.

DAT(I,J-l»YPT) THEN CRX=CRX+l
2050 NEXT J
2060 IF CRX<INTERSECT THEN 2180
2070 '
2080 SLP(I)=SLP
2090CRL(I)=CRL
2100 YCX(I)=YCX
2110 TIM(I)=TIM
2120 YMN(I)=YMN
2130 YMX(I)=YMX
2140 AVE(I)=AVE
2150 STD(I)=STD
2160 CRX(I)=CRX
2170 '
2180 PRINT USING "ii/ff/ii.liI ";I,IN,SLP,SCAT/(DAT(O,PT)-

DAT(O,IN»,K,TIM,CRX;
2190 PRINT CR$;
2200 NEXT IN
2210 NEXT I
2220 '
2230 ' DISPLAY
221}0 '
2250 PRINT CHR$(26)
2260 PRINT "AnC STATISTICAL RESULTS ON FILE ";F$
2270 PRINT "NUMBER OF POINTS";PT,nSCATTER =";SCAT
2280 PRINT
2290 PRINT "rWM "i" AVE ";" STn "i" MAX "r" MIN "r"

SLOPE "r" CORREL "r" INTR VI;" TIME";" CRI"
2300 FOR I~l TO 16
2310 PRINT I;TAB(5);
2320 PRINT USING ":fIlf/I.11 ";AVE(I),STD(I),YMX(I) ,YMN(I) ,SLP(I),

CRL(I),YCX(I),TIM(I),CRX(I)
2330 NEXT I
2340 '
2350 ' PRINTER OUTPUT
2360 t

2370 LPRINT CHR$(12) : ' form feed
2380 LPRINT
2390 LPRINT "ADC STATISTICAL RESULTS ON FILE ";F$
2400 LPRINT "NUMBER OF POINTS";PT, "SCATTER =";SCAT
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2410 LPRINT:LPRINT
2420 LPRINT "NUM "i" AVE "r" STD "s" MAX "i" MIN "r"

SLOPE "r" CaRREL "i" INTR "r" TIME "r" CRI"
2430 FOR 1=1 TO 16
2440 LPRINT I;TAB(5);
2450 LPRINT USING "1IIfI#.II#

";AVE(I) ,STD(I),YMX(I) ,YMN(I) ,SLP(I) ,CRL(I) ,
YCX(I) ,TIM(I) ,CRX(I)

2460 NEXT I
2470 '
2480 END
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