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PREFACE 

"If we dig precious metals from the land, we will invite 

disaster" (Hopi prohecy). 

"We are all afraid--for our confidence, for the future, for 

the world. That is the nature of human imagination. Yet every man, 

every civilization, has gone forward because of its engagement with 

what it has set itself to do. The personal commitment of a man to 

his skill, the intellectual commitment and the emotional commitment 

working together as one, has made the Ascent of Man" (Bronowsky, 

1973). 

"During the second half of the 20th Century, history has 

taken an apocolyptic turn; our capacity to produce, to multipy, to 

pollute, to lay waste and to annihiliate has frightenly outgrown our 

capacity to control, to foster and ha~onize" (Wiener, 1978). 
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ABSTRACT 

MAYA is a prototype computerized population dynamics model 

de~igned to enhance decision making in wildlife management. Initially, 

the basis of scientific and philosophical design and implementation of 

enhanced computer modeling are discussed. This discussion forms the 

foundation for the development of the actual model. 

The model is a general population model, utilizing previously 

known data on seasonally migratory mule deer (Odocoileus hemionus) as 

both an example and a test of the model's capabilities. By combining 

detailed sub-models at the single species level, the behavior of a 

larger system is mimicked. The mathematical parameters of this system 

are restricted to those which correspond to known biological processes. 

Feedback control is utilized to regulate the dynamic interplay of 

processes related to specific recogpizable structures or physiological 

functions. 

The model maintains the identity of the individual organism as 

the mediator of all transactions within the system. The primary focus 

of these transactions is energy; specifically consumer energy budgets 

and their mechanisms of regulation. 

Equations are presented in finite difference form for digital 

computer implementation, utilizing a time step of unit length. The 

result is a Fortran program, MAYA, and a description and discussion 

of a number of simulation trials. 
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This model was created with an eye not only for computer 

simulation, but also to raise issues, both pholosophic and scienti

fic, as to the reason for, and purpose of, computer management in our 

society. Thus, it is not until Chapter 4 that an actual discussion 

of MAYA is to be found. Logic dictates that one should understand 

the philosophic and theoretic approach of the person creating a model 

to best understand, question and, hopefully, improve upon the final 

product. These issues are discussed in Chapters land 2. 

The greatest value of this model is to provide, based on the 

ensuing sets of assumptions in Chapter 3, the logical consequences 

that would otherwise ta~e a great deal of tedious arithemetic--it is 

a tool to assist the imagination. 
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CHAPTER 1 

INTRODUCTION 

In this age, changes follow each other at such a pace and with 

such a degree of complexity that the best of all possible leaders or 

scientists cannot possibly know where we are going. The underlying 

reasons for these changes and their pace are neither purely technolog

ical nor demographic. The scale of these phenomena has jumped an order 

of magnitude in terms of the amount of parties involved in any manage

ment decision as a result of our increasing global interlinkage and 

interdependence. 

This "quantum jump" which affects the whole of mankind should 

not be seen, however, as a dead end of our evolutionary process, but 

rather as one of the discontinuities that we can observe in history, 

e.g., the transition from the Middle Ages to the Rennaisance: "the 

unconscious phase of history is now past • Consciousness of 

specialized and technical methods must now be balanced by conscious

ness of general developing forms" (Schrodinger, 1978), and this last 

activity is first and foremost the task of science. 

What, it may be asked, have these philosophical statements 

to do with systems and simulation? The key words for bridging the 

gap between problems and solutions are SYSTEMS and PROCESSES; 

because, although "the Newtonian 'God'--the God who made a clockwise 
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universe, wound it and withdrew--died a long time ago, and • • • the 

groundrules of that universe, upon so much of our western world is 

built, has dissolved" (McLuhan, 1969); "process thinking leads the 

observer to recognize a universal formative process in nature, a 

process in which forms are developed and' transformed. Nature is not 

a chaos of particles, but a process which consists in the development 

and transformation of patterns (such as are evidenced in the structure 

of molecules, tissues, organs, and in organisms and their behavior 

patterns" (Whyte, 1948). OUr simplified, mechanistic view of the 

world around us as some gigantic, optimizable semi-static machine (a 

machine whose operating parameters can change but of which we cannot 

conceive the structure itself to be modifiable), is an anachronism. 

This does not, however invalidate the impossibility of conceiving that 

same world as being a system of processes with time-varying relations. 

Although the odds of current practice are against it, and the trend in 

the management of global affairs is t~wards the incremental approach 

(a unique--and strictly temporal--response to every stimulus), there 

is no doubt that management of global ecosystem problematics based on 

(even limited) knowledge of the system as a set of dynamically related 

entities is the only viable approach to coping with the complex task 

of controlling and understanding our self-induced changes. 

The argument against a strictly systematic approach has been 

that we are too ignorant, too divided in our aspirations, too unstable 

in our psychological equilibrium and too anarchic in our social orga

nization to attempt systemic planning. The argument against the 
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incremental approach has been that, since it is passively adaptive, it 

uses only past experiences to guide present responses for future re

sults. Since it cannot respond innovatively to unprecedented situa

tions, it will usually provide only pallative solutions rather than 

real cures to ecosystemic problems, and to neglect the side effects 

(externalities) of these most acute problems; in the long run, it will 

exacerbate our fundamental ecosystem disorders. Therefore, the choice 

for systemic management approaches is a necessary one. possibly the 

most important aspect of this approach is the setting of a course of 

action only after a rational evaluation of the effects of alternative 

courses. This implies simulation. 

3 

Simulation consists of carrying out mathematical similarity 

studies using computers. It is a common practice in many fields of 

science, including land and wildlife management, psychology, fisheries, 

aeronautics, ecology and urban population control to name a few. Sim

ulation can solve only three fundamental types of problems: 

1. Assuming that knowledge is available on a system and its input 

vector, compute its resulting output characteristics (Analysis/ 

Prediction); 

2. Assuming knowledge of input vector and resulting output char

acteristics, establish the nature of the system (Synthesis/ 

Identification); 

3. Assuming knowledge of the system and the desired output char

acteristics, compute the corresponding necessary input vector 

(Management/Control) (Karplus, 1976). 
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Postulating that there exists a similarity between an abstract 

model in a computer and its real-life counterpart, it should eventually 

be possible to construct similarity laws between this abstraction and 

the real system. A basic tenent of this project has been the assump

tion that a real system under consideration can be decomposed into 

subsystems which can be analyzed and understood. This means that the 

combined result of the aggregation of the analysis of the total sub

systems under consideration forms a complete analysis of the original 

system. 

The nature and fundamental aspects of simulation also depend 

to some extent on the purpose of the exercise. Three working "modes" 

are recognized as: 

1. Simulation Mode: understanding/designing/planning by imita-

tion; 

2. Performance Mode: designing/controlling based upon whatever 

goal-oriented principal one can discover; 

3. Theory Mode: designing (abstract) theories based on analogies 

(Weizenbaurn, 1976). 

The origin of simulation hails from the imitation of apparent 

reality. Modern simulation, however, must progress closer to the per

formance mode. Its promise is to provide a systemic, interdiscp1inary 

and experimental activity, dealing with the structure and behavior of 

large and complicated systems in which alternative behaviors are 



studied in accordance with intuitive and/or theoretical expectations 

with respect to goal achievements. 
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At this stage, it should be realized that applying the best of 

our knowledge, the most competent of our people, and the best of our 

modeling techniques will not, in itself, imply that we can manage 

change. Modern history has shown that coping with change is no longer 

merely a matter of strong national leadership, mankind faces the 

dilemma. Novel social structures will have to be created to divine 

the framework in which large numbers of people can participate in the 

necessary adaptation to new circumstances. Time cannot be turned back. 

These structures have clear implications for the structuring of societal 

models which should help to manage change. A primary step in modeling 

ourselves as an aid to change is to understand and model the ecosystems 

with which we are surrounded and upon which we depend. 

Many will object to being presented with such an involvement 

of modeling in our society. The problem nevertheless is that "Accept

able Man is competent no longer. But Competent Man is not yet accept

able. Here lies the dilemma" (Beer, 1975). 



CHAPTER 2 

GENERAL CONCEPTS OF MODELING 

Models are abstractions of real-world phenomena. They are used 

to frame concepts and organize knowledge so the right questions may be 

asked. Some are mathematical; these do not differ in any basic way 

from non-mathematical models. They are expressed in formal notation, 

tend to be more explicit, and proceed in a natural sequence from the 

conceptual to the quantitative form. This mathematical model, MAYA, 

attempts to specify, and thereby provide a means of quantifying, some 

generally held eco- and biological concepts about the dynamics of 

natural communities--specifically employing Rocky Mountain mule deer 

(Odocoileus hemionus hemionus) as an example. 

In ecology, many modern conceptual methods are difficult. 

Mathematical modeling may prove useful in several ways. First, it 

provides a means of systematically organizing that which is already 

known. The discipline of setting down a logical whole often focuses 

attention on some relationship that heretofore had been ignored. If 

a model can be quantified, then a test of the validity of the ideas 

involved in its creation may be possible. Systems analysis provides 

the ideas that make an attack upon so complex an entity as an ecosys

tem possible; this is that the complex whole can be studied by model

ing its separate parts and then combing these subsystems into the 

whole. 
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The nature of the correspondence observed between the real 

system and the model is a fundamental concern to people involved in 

management-making decisions. In the development of a mathematical 

model, when the biological rationale is being discussed for a parti

cular mathematical statement, an isomorphism is being described (Hall 

and Fagan, 1956). The rationale amounts to a discussion of properties 

of the real system in relation to the mathematical expressions chosen. 

The fewer the constraints placed upon the model by the mathematics, 

the closer the situation is to being isomorphic, and the more realis

tic results may be expected to be. It should be noted, however, that 

every model is a homomorphism. Simulation is the use of mathematical 

models to quantitatively reproduce some aspect of the real world. 

To understand the nature of mathematical models, one must 

understand the nature of mathematical theory, i.e., a body of knowl

edge constructed by an axiomatic method. One begins with a series of 

undefined concepts and makes a series of statements about the proper

ties possessed by, and the relations between, these concepts. These 

statements are the axioms of the theory. By means of logical deduc

tion, various propositions or theorems are obtained from the axioms. 

Although the theorems do not refer directly to the real world, they 

do represent conclusion about real phenomena. The theory used is the 

mathematical model. The abstract objects of mathematical theory are 

variables of the mathematical model; the axioms are statements of 

relationships among the variables. 
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The mathematical models then lead to new conclusions, i.e., 

ideas and predictions. But, the conclusions to which this technique 

leads assert nothing that is theoretically new in the sense of not 

being implicit in the mathematical model. They may well be psycholog

ically new, however; in fact, they frequently are (Hemple, 1965). An 

apparent requirement for this method of work is that the real world 

operates with the same logic with which human beings think. The fact 

that increasing numbers of mathematical arguments do lead to practical 

results suggests that this may be true, at least in some applications. 

In the act of identifying variables of the model with aspects 

of the real world lie many of the problems in formulating mathematical 

models. These acts of identification must be operational definitions 

(Bridgman, 1927) of the variables, i.e., specific instructions on how 

to make measurements which evaluate the variables. If the variables 

are not operationally defined, predictions made by the model do not 

correspond to any real-world measurements, and the model cannot be 

tested. Such a model may be an interesting intellectual exercise, but 

it is not useful to any management-making decision process. 

Each variable in the model is an abstract concept connected to 

the real world directly or indirectly through some specific physical 

measurements. Thus, some real-world phenomenon might underly many 

different variables. Moreover, the way a variable is defined is often 

determined by convenience, i.e., availability of certain types of 

data or instruments. 
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Since the model is to be tested by comparing its predictions 

with data from the real world, the model becomes a hypothesis, al

though a very complex one, consisting of numerous "subhypotheses." 

The predictions themselves may also be regarded as hypotheses, rather 

than the model which generated them. Since the predictions are neces

sary consequences of the model, one can veiw the model as including 

the predictions (Hemp1e, 1965), and as such it seems more reasonable 

9 

to consider the model as the hypothesis. Moreover, in hypothesis test

ing one does not accept or reject predictions; one compares predictions 

with real-world observation, and then accepts or rejects the model. 

The formulation of mathematical models of complex real-world 

phenomena requires one to (1) operationally define important rea1-

world variables, and (2) precisely state the hypothetical relationships 

among these variables. The model then represents a complex hypothesis 

which can then generate predictions about the real world. The predic

tions can then be tested against real-world measurements, and the model 

either accepted or modified in some way. If the model is modified, the 

cycle must be repeated until predictions agree with measurements at 

some satisfactory level of significance. 

The category of phenomena which change with time may be con

sidered spatially homogenous, i.e., without space effects. Although 

for some purposes such a restriction is unrealistic, the gain in 

tractability of the mathematical model is great. Ecological data re

quirements include: (1) energy and material flow within food webs, 



(2) ecological succession within small areas (so spatial variation is 

not relevant), and (3) population changes. 
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In MAYA, the independent variable is time, and the state of 

the system at any point in time is affected by the state of the sys

tem at a previous point in time, i.e., the system has a finite memory, 

or is state determined. Thus, the system is dynamic, and may be math

ematical structured using ordinary differential equations. Where the 

variables are measured or have meaning only at regular discrete points 

in time, the corresponding ordinary difference equations may be used. 

Integral equations may be used as an alternative to the differential 

equations, but their theory is not yet been well developed (Hart, 

1967). 

In this study, it is important to consider the model as a 

continuous, dynamic system which is spatially homogenous. The math

ematical disadvantages of trying to account for spatial effects, i.e., 

dealing with a distributed system, are tremendous (Schwartz and 

Friedland,1975). 

The formulation of a mathematical model as a set of coupled 

algebraic and ordinary differential equations may be divided into five 

steps: 

1. specification of variables of interest; 

2. construction of a control diagram; 

3. classification, operational definition, and unit specifica

tion of variables; 



4. specification of forms of equations; 

5. evaluations of constants. 

In ecosystem management, variables of interest will include 

biomasses, fluxes, rates and characteristics of the physical environ

ment. The choice of variables is explicitly stated further on'. 
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Once the variables of interest have been chosen, it is neces

sary to define the paths in which immediate cause-and-effect relation

ships operate among the variables. To do this requires the addition 

of new variables, gradually building up a control diagram, until all 

the primary causes are variables outside the system of interest. 

These variables have causes outside the mathematical model and are 

regarded as input data into the system. The extent of the diagram, 

i.e., the number of variables to be used and how far back one should 

go for primary causes depends upon the availability of basic data. 

Once the control diagram is completed, the variables can be 

classified into three types: "input variables" (v), "nondynamic 

state variables" en), and "dynamic state variables" (x). 

The input variables are the primary causes of the control 

diagram, and lie outside the system represented by the mathematical 

model. In this ecosystem they represent input fluxes such as births 

or immigration, or environmental controls such as temperature. 

The state variables represent the system, i.e., at any point 

in time the set of values of the state variables is the state of the 

system. The non-dynamic state variables are those considered to be 



zero-memory, instantaneous or non-energy-storing, e.g., rates. Thus 

at any point in time the value ofa non-dynamic state variable does 

not depend upon its previous value, and the variable may be defined 

by an algebraic equation. The dynamic state variables are those con

sidered to be finite-memory or energy-storing, e.g., biomass. Thus, 

at any point in time, the value of a dynamic-state variable depends 

upon its previous value, and the variable must be defined by a dif

ferential equation. The existence of dynamic state variables within 

a system results in the system itself being state-determined. 

12 

Since MAYA must later be tested by comparing measured values 

of state variables with,predicted values for state variables, opera

tional definitions must be given for each input variable and state 

variable. These definitions are often implicit, since many ecological 

measuring techniques are standardized, but even these must be explicit 

in the model, since different definitions yield different variables. 

Since statements of relationships among model variables are 

mathematical equations, the unit of each variable must be explicitly 

stated. As with operational definitions, the best units to be used 

depend upon the objectives of the model. Where relevant, most vari

able dimensions will contain three types of units: (1) a measure of 

amount, e.g., weight, length or number of individuals; (2) a measure 

of distribution in space, e.g., inverse area or inverse volume; and 

(3) a measure of distribution in time. Where possible, identical 

units are used to simplify computation. 
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specifying the equation forms represents the filling in of 

details of the control diagram. Each equation expresses a state vari

able as a function of both input and other state variables which have 

an effect on the state variable being described. The arguments of 

each function are the sources of information flowing to each variable. 

The equations are the axioms of the mathematical structure which is 

the model. 

Each equation may contain a number of constants. Since both 

sides of the equation must contain the same units, the constants may 

be unusual, such as inverse degrees Celsius. In the case of differ

ential equations in MAYA, right-hand terms are fluxes, e.g., rate 

times mass (or density). 

Each term on the right-hand side of each equation is a func

tion of several variables. These arguments are the sources of con

trol. In MAYA many dynamic state variables are biomasses of organisms. 

Terms on the right-hand sides of equations for these variables describe 

fluxes. The question arises of what variables, besides physical en

vironmental controls, are the sources of control of each flux, i.e., 

whether the source taxons of food, or the receiver taxon, or both, 

exert control. Where the flux represents a physiological process, 

such as respiration or excretion, the assumption of control by the 

source taxon is entirely logical. The answer is more difficult when 

the flux represents a flow of food from the source to the receiver. 

It is sometimes assumed that the feeding rate is controlled 

by the food source compartment. The biological interpretation of 



this assumption is that consumers are controlled by competition for a 

limited food supply, or perhaps, niches; the biomass of the consumer 

has no effect on the amount eaten. A more realistic assumption would 

be that each feeding rate is controlled by both the source and the 

consumer. Thus, the more consumers present, the more is eaten; the 

more food, the more is eaten. An interpretation of this assumption 

is that food supply and consumers mutually control each other. 

One might chose the "Hairston-Smith-Slobodkin" alternative 

(Hairston et al., 1960) for the sources of control of feeding rates. 

In this case feeding rates from plants to herbivores would be con

trolled solely by the herbivores; feeding rates from herbivores to 

predators would be controlled by both. The biological interpretation 

of this assumption is that competition for a limited food supply does 

not control herbivores; herbivores are controlled by predators, and 

predators are controlled by the supply of herbivores. Increasing 

herbivores result in decreased plant material, but the amount of 

plant material has no effect on the feeding rate. This last conse

quence is unrealistic unless some ecosystem exists where a limitless 

supply of useable plant material is present. This is not the case 

in MAYA. 

In the case of the predator-prey feeding flux, it is common 

to assume that the rate is expressed by a function of the form: con

stant times prey density times predator density. This is the Lotka

Volterra assumption that the rate of interaction between two species 

is directly proportional to the product of their populations--the 

14 



mass action law of physics. watt (1966) has criticized this 

hypothesis, but as yet, enough information to justify a better one 

is not available. 

15 

MAYA consists of a system of coupled algebraic and differential 

equations, and, as such, are converted into a digital computer pro

gram. In formulating this program, algebraic equations posed no 

problems; they could be solved exactly. The digital computer oper

ates in discrete time steps, and differential equations are continuous. 

Thus, the change in differential equations must be approximated. In 

this model, differential equations are converted into their corre

sponding difference equations using Euler's method (Nielson, 1964): 

dx/dt = f(n,s,v) 

x/t f9N,x,v) 

x = tf(n,x,v) 

where f(n,x,v,) is the vector-valued function of the nondynamic state 

vector, the dynamic state vector and the input vector; t is the time 

increment of the algorithm, and x is the resulting dynamic vector 

increment. In the computer program, each dynamic state variable 

increment is, thus, approximated by the product of the right side 

of the corresponding differential equation and a suitable time incre

ment. At each step in the computation, state-variable increments are 

calculated from previous values of dynamic state variables and current 

values of variables to approximate their next values: 
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x(t) = x(t - t) + tf(n(t), x(t- t), v(t)]. 

This process is repeated over the total time period for which a solu-

tion is desired. I 

In MAYA, insofar CLS is practical, only algebraic components 

analgous to known biological phenomena are admitted. A mathematical 

function without any biological analog may provide better curve fit-

ting, but it explains notlling. Conversely, if a model analogous to 

known or intelligently-poEtulated details of a system shows little 

correspondence to long-texm system behavior, then a significant fact 

is learned: the hypothesjs is too limited. By looking elsewhere, 

postulating new biologica~ mechanisms, and introducing them into the 
I 

model, it may be possible to improve the model's output. Such feed-

back between model simulation and the direction of research and 

thought is one of the promises mathematical modeling can make in the 

advancement of ecological understanding. Such an approach is valid, 

however, only to the extent that the system is built of components 

analgous to the real system as we comprehend it. 

Differential equations have been used the most in the develop-

ment of ecological models, and computers employed as their solutions 

have become more intractable (Garfinkel, 1962, 1967; Garfinkle and 

Sack, 1964; Wangersky and Cunningham, 1957; King and Paulik, 1976). 

Solutions become more intractable as greater reality and resultant 

complexity are introduced. Here, a differential equation is used 

throughout as the basic population model. When used with short 

computing intervals, it allows the statement of an action to reflect 



the influence of many other factors, all of which may be varying 

simultaneously from interval-to interval. The characteristics of 

this method are discussed in detail by Watt (1966, 1968). 

All results are available at the end of each computational 

interval. Because of the large number of biological parameters in 

any realistic, multispecies model, and the enormous number of compu

tations, calculation of population size by computer is the only rea

sonable approach. 

17 

In living systems, feedback control mechanisms are related to 

recognizeable structures or physiological forms. Another type of 

regulation pointed out by von Bertalanffy (1956) results from a 

"dynamic interplay of processes." This type of regulation is possible 

only in systems which are sufficiently complex and dynamic to include 

great numbers of interactions. Conceptually, an ecosystem model has 

the requisite complexity and dynamism, and therefore should contain 

this type of regulation. 

Khailov (1967) points out that systems are comprised of sub

systems that are hierarchically subordinated. Subsystems may function 

suboptimally if that is the cost of whole-system optimization. An 

example of such "suboptimization" may be seen in the fact that popu

lations of a community are restrained by competition for resources. 

Presumably, the community system is optimized in the sense that there 

is maximum utilization of energy. 

A system may be open or closed depending on whether there is 

an exchange with other systems. In constructing models: of particular 
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communities, the simplication introduced by assuming a closed system, 

in which no inter-community interactions occur, is a practical and 

attractive approximation. There is, however, some exterior exchange 

of matter and/or energy for every ecosystem; hence, all ecosystems are 

open systems (Spanner, 1964; von Bertalanffy, 1956; Botanariuc, 1966). 

The statement of King and Paulik (1976) that ecosystems are "highly 

organized closed structures" presumably referred to the idea expressed 

by Slobodkin (1964) that the biotic community is characterized by a 

particular set of ecological interactions, i.e., that the biological 

processes occurring within the ecosystem are the significant ones. 

The mutual interaction of biotic populations, as influenced by 

abiotic factors, with a goal of effective management decision-making 

has guided the construction of this model. The biotic community is 

the main subsystem of interest, but it cannot be considered apart 

from abiotic influences. The model contains some parameters which 

have been measured for some populations, and others which have never 

been proposed in a model. 

Ecosystem processes are best understood if the identity of 

individual organisms is maintained. Energy budgets and changes in 

body energy stores must be calculated for the individual. The unit 

of predator-imposed mortality is the individual predator. population 

interactions take place between individuals, although ordinarily the 

interactions of individuals within populations are distinguished from 

those between populations. On the other hand, some of the most 



important measures of population dynamics are best understood as 

populational rather than individual phenomena; an individual lives or 

dies, but a death rate, or a statement of the probability of death is 

a population parameter. Further, it is often convenient to treat 

population biomass as an entity, growing or furnishing food to some 

other popUlation. 

Energy flow in biotic communities has come to be considered 

a process of trophic level ·transfer. But energy transfer and biomass 

changes occur when individual predators eat individual prey. To ac

count for transfer, one must identify the species, but need not iden

tifythetrophic level. Thus, the problem of overlapping and 

indeterminate trophic levels does not arise in this model. Energy 

is transferred between individuals; the population flux then becomes 

a matter of summation. 
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The absolute upper bound of energy transfer is by availability. 

But when food is abundant, the operational upper bound is set by the 

energy needs of the individual organism. MAYA considers the effect 

of satiation as well as those of malnutrition and starvation, in 

computing individual energy budgets. 



CHAPTER 3 

THE POPULATION MODEL 

The recurrence or difference relationship is used to 

represent population change. Thus, the population at time t is deter-

mined by (1) the population at time t-l, and (2) the population rate 

of change during the interval (t-l, t). With time of unit value, cer-

tain equations may be used without explicit statement of the variable 

t. The basic equation describes equations in a single population in 

response to all abiotic and biotic factors allowed to interact. Thus, 

the basic building block is the sum total of interactions by individ-

uals of one species with the ecosystem, including members of the same 

or different species. The model of a community is built from a set 

of these submodels, one for each species. 

The form of the population model follows the Malthusian equa-

tion of change in population size proportional to the size of the 

population 

with 

dNl../dt = r.N. , l. l. 

r. = b.' - d.', l. l. l. 

where 

b. ' l. 

1 
= gi (1T Bih) 

n=l 
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(1) 



and 

m 
d. I = I: mik 

I 

J. 
k=l 

so that 

dN/dt = [b. (! B. h ) 
J. h=l J. 

m 
I: 

k=l 
m~ N. 
~ J. 

N. is the number of individuals of the ith species; b. is the 
J. J. 

(2) 

physiologically maximum instaneous rate of population increase, or 
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birth rate for animals; b. is the adjusted or ecological instananeous 
J. 

rate of population increase; Bih is the hth modifying factor, out of 

1 such factors, for the rate of increase of b. for the ith species 
J. 

(always 0 <" B'
h 

< l); d. I is the instantaneous rate of mortality for 
- J. - J. 

the ith species, or death rate; and mik is the instantaneous rate of 

the kth mortality factor, out of m such factors for the ith species. 

Any influence on population change is limited to an effect on 

birth or death rates. Thus the population rate of change is the dif-

ference, the rate of increase minus the "rate of decrease, with the 

direction of the change denoted by the sign of the difference. 

Both rates of increase and decrease are modified through 

biotic and abiotic influences. The rate of increase starts with 

some maximum value b. and is modified toward zero by various influences 
J. 

including crowding, energy deficit, and deviations of abiotic factors 

from optimum values. The rate of mortality starts at zero and is 

modified upward without limit through the addition of instantaneous 

rates of mortality mik from different causes. These include a 
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constant for each species that may represent such unspecified 

mortality as that from disease or fighting. This mode of expressing 

the influence of environmental factors allows the action of limiting 

factors, anyone of which may suppress, increase or generate mortal-

ity. 

The working model is the integrated difference of Eq. (2), or 

N. 
~ 

1 1 
= N~(t_l) {exp b. [( ~ B~h) - r m. k]}, 

• ~ h=l· k=l ~ 
(3) 

where none of the 1 birth-modifying factors or m death rates is made 

an explicit mathematical function of N. As will be pointed out, if 

any of the modifying factors or death rates is a function of N, it is 

not always easy to use an integrated difference form. 

In using this model, several approximations have been intro-

duced in concession to both practicality and realism in simulation. 

A closed system is assumed, with two major exceptions. Unlimited 

energy is made available to primary producers, and immigrations bal-

ance emmigrations except where the action of mortality in one interval 

may reduce the population number to less than unity. Here, the next 

interval is arbitrarily started with a single individual, simulating 

a continuous low-level exchange with surrounding populations. From 

interval to interval, the population of each species is calculated, 

with species biomass following as the product of number and average 

weight. Average weight is accounted separately using a constant 

basic body weight of non-fat components and a fat weight varying by 

interval in response to the energy balance of the animal (for plants, 
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a constant fat weight is used) (Robbins, 1983). New individuals, 

animal or plant, are immediately accounted as average size, with 

energy expenditure of reproduction taken to include any cost of pro

ducing offspring. The increase from reproduction (including growth of 

p~ants) is calculated for each interval from the number of individ

uals and the modified rate of increase, with no consideration for 

distribution of individuals by age or sex. Seasonal patterns are im

posed on both increase and mortality through the effects of a season

ally fluctuating abiotic factor thatsimulates combined effects of 

climatic factors. For the convenience of being able to divide a year 

into equal parts of several different magnitudes, a 360 degree com

puting interval span is used, creating a sine wave of 12 equal months 

(Figure 1). 

This form provides for population change as a function of 

factors operative within the system. Regardless of what happens in 

the environment, only those influences which in some way affect the 

birth or death rates are allowed for here. Such influences are of 

two types, biotic and abiotic. 

Biotic Factors 

Biotic factors are considered as crowding or competition 

effects, or as energy relationships; this distinction is provided for 

the purposes of discussion only. 

The concept of crowding/competition implies some resource in 

short supply. Often this is space, but the supply of energy is 



finite. Other items are in limited supply; all may be grouped as 

resources for which there may be competition. Crodwing and competi

tion imply the existence of a density-dependent factor. 

The best known expression for a denstiy-dependent modifica

tion of growth is the statement for the logistic relationship 

dN/dt = rN(l - NK-l ) , (4) 
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where K is the maximum possible population size. Andrewartha and 

Birch (1954) have interpreted this model biologically. Each individ

ual organism, of which there are N, requires l/K of the available 

ecological space. When N = K individuals, then all the ecological 

space is used--there is zero rate of change, and a steady state re

sults. The density-dependent factor is (1 - N/K); this becomes more 

restrictive of the growth rate at higher population densities. The 

integrated form, as given by Andrewartha and Birch (1954), is 

N = K[l + exp(a - rt)]-l , (5) 

where a = In(K/N - 1) when t = O. All other symbols are as previous

ly defined. 

A difference form is readily available as well. Rewriting 

the differential form (Eq. (4» as 

r dt = dN/[N(l - N/K)] (6) 

and integrating over the interval (t-l, t), we obtain 

Nt = Nt _l exp(r)K/K - Nt_l/l - exp(r). (7) 

This expression contains only r in the exponent, and involves a 

density-dependent factor. This form allows the influence of current 
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environmental factors through changes in the upper asymptote K, or 

in the maximum rate of increase r, or in both, but this manipulation 

is more complex in concept and less easily handled than Eq. (3) which 

has the basic form 

Nt = Nt _l exp(b' - d') , (8) 

where exponents b' and d' are the modified birth and death rates. 

The simplicity of Eq. (3) makes it especially useful for com-

puter simulation. The modifying factors for the birth rate (B .. of 
~J 

Eq. (3» and the mortality rates (mik of Eq. (3» may be changed as 

desired and readily inserted into the model. In comparison, while 

the difference form (Eq. (7» can be manipulated with the single gen-

eralized factor r. Eq. (7) becomes difficult when generalized to 1 

factors (only part of which are density-dependent) modifying the birth 

rate and to m death rates (where again only some are density, 
dependent). But ease of use is not sufficient justification if Eq. 

(3) departs from reality. For density-dependent factors, the form of 

Eq. (3) may not be strictly applicable because the integration has 

not taken into account that the adjusted birth and death rates b' and 

d' are functions of N. This question requires examination. 

Cook (1965) has noted that if the logistic equation applies 

on a per-generation basis, with the interval (t-l, 1) representing 

one generation, and if "adult numbers in any generation are deter-

mined by the number of adults in the previous generation," then the 

difference form may be written as 



-1 Nt = N
t

_
2 

exp[r(l - N
t

_
l 

K )]. (9) 

A generation is too long an interval to be used in simulation, but 
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the form of the equation is ideal. For a given value of r, the popu-

lation size increases faster because it is always one time interval 

behind in applying the density-dependent modifying factor. The dif-

ference form of the logistic adjusts continuously to the current 

population level. But the shorter the interval, the closer the 

appxoimation. Further, it seems unlikely that populations adjust 

their birth rates instantaneously and with perfect precision to accom-

modate to the population size. When the lag period is actually known, 

it can one day be used instead of a single interval. 

The logistic form was not directly used here due to the need 

to separate effects of density-independent factors. This model uses 

a logistic-like form, as one of several modifiers of the birth rate 

and uses a different method to treat mortality as a function of the 

population size. 

Most users of the logistic have held to a basic interpreta-

tion that the rate of increase r is modified by the density-dependent 

factor (1 - N/K), with the population growth rate approaching zero as 

N approaches K. NOW, r is ordinarily accepted as made up of two 

rates, b and d, so the logistic may be written as 

dN/dt (b - d)N(l - N/k) 

bN(l - N/K) - dN(l - N/K) (10) 
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The latter form suggests that both birth and death rates are affected 

identically by the density-dependent factor. This implication is not 

readily understood on a biological basis. One expects rather to find 

two types of responses, a reduction of birth rates and an increase in 

death rates. The use of the logistic has been more general and di-

rected toward describing the result that a larger population in-

creases more slowly (Slobodkin, 1964). 

MAYA incorporates a direct density-dependent mechanism in the 

fonn 

-1 Nt = N
t

_
l 

exp[b 1 (1-N
t

_
1

K )_d 1
], (11) 

where b l and d 1 are defined as in Eq. (2). The density-dependent 

factor is stated explicitly here, but functions as one of a series 

of B values (Eq. (2), reducing the population birth rate in propor-

tion to the fraction of space taken up. In the computer program the 

operation of the density-dependent restraint on the birth rate is 

optional for each species. Mortality rates are not made a direct 

function of population size, but indirectly so by increasing mor-

tality when food is limited (discussed later). 

Consider competition for all resources together. For a model 

in the present level of the state-of-the-arts, it is immaterial what 

behavior causes competition for what resources. It is required, 

however, that at any time the total amount of resource can be 

specified and that the amount of that resource needed by an indi-

vidual be known. These values need not remain constant for longer 

than the basic computational interval. This view of "known" leaves 
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open the possibility for further detailed modeling, for if the 

mathematical formulation of the requirement for a resource can be 

found, it can be incorporated. 

Let space be used as an example of a resource for which there 

i~ competition. If there are n species of organisms in a biological 

community and an individual of the jth species takes up an amount of 

space a .. , which an individual of the ith species cannot 
1J 

simultaneously utilize, we may construct a matrix An(n) of these 

requirements. This matrix, consisting of n2 elements, is similar 

in appearance to the predation matrix to be discussed later, in that 

the effect of each species upon every other is represented and may be 

addressed by its row-column index. Let row i represent the com-

petitor species, and column j represent the species being crowded, 

for which the competition effect is being calculated. 

Thus far, elements have either zero or negative values. For 

example, in a small community of three species, the competition 

matrix may be represented as 

A = a 21 a22 a 23 

a31 a32 a33 

In this matrix, a .. for i-j is the amount of space required by an 
1J 

individual of a species for which contemporaries of the same species 

are in competition. This would be equal to unity as used in the 

logistic, but space might also be specified as units of space or 



volume uniquely occupied by an individual. Now, a .. for a=j is 
l.J 

analogous to the "coefficient of competition" of Gause (1935). In 

general, a .. does not necessarily equal a .. and, except where each 
l.J Jl. 
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is near zero, equality may be expected only rarely. Values near zero 

may be expected often for space, especially with animals, since 

territoriality is often intraspecific. 

As an example, consider the competition matrix for a community 

in which there are two competing plant species and three animal 

species that compete for space only intraspecifically. The competi-

tion matrix would appear as follows, where the plant species are 

indexed 1 and 2, and the animals are 3, 4and 5. 

all a12 0 0 0 

a12 a 22 0 0 0 

A = 0 0 a
33 0 0 

0 0 0 a44 0 

0 0 0 0 aS5 

There is some amount of space available to each species, the 

same amount for each if we only consider physical area. But, there 

are more interesting meanings for available space. If the amount of 

space available was different for each species, then we could repre-

sent the community space as a vector for the n species 
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K = [Kl , K2 , ••• , Kn1, 

where! is the community space vector. The modifying factor for the 

effect upon the birth rate of crowding by all n species on the birth 

rate of species j is 

B . = 
aJ 

n 
E -1 

(K. + '-la .. N. )K. for 
J ~= ~J ~ J 

n 
E 

. la .. N. 
~= ~J ~ 

o otherwise 

< K 

(15) 

The sign change in the numerator reflects the negative a .. values. 
~J 

The presence of a species may be beneficial to another, and 

may even be required for its survival, referring to space, not food, 

and carrying the discussion beyond the present program. This would 

be the inverse view of competition, with the a .. values, the "co
~J 

efficients of competitionU being positive in contrast with the 

negative signs thus far associated with all non-zero values. Volterra 

(1928) proposed an analogous formulation with what he called the 

"true coefficients of increase." His general statement of population 

rate of change for species j, in the presence of n
21 

species, 

becomes 

n 
E 

dN./dt = (r.-. IP .. N.)N., 
J J ~= ~J ~ J 

(16) 

where Volterra's Pij "are any constant whatever" and the rest of the 

symbols match those defined here. Volterra does not, however, 

discriminate effects on birth and death rates. 
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The generalization of the competition matrix (Eq.(13» to 

accept positive coefficients to indicate symbiosis would allow for 

possible inte~actions between two species with respect to a resource. 

These might then be for the ith and zjth species any element of the 

set of relationships 

{(+,+), (+,0), (+,-), (0,+), (0,0), (0,-) (-,+), (-,0), (-,-)} 

This representation resembles that of Odum (1959) but differs in that 

predation is excluded here. 

If symbiosis were to be included in the model, Eq. (15) 

would have to be modified. The amount of some resource available to 

species j would, in effect, be increased due to the symbiotic species. 

One adjustment could be that in K! (Eq. (17», only positive values 
J 

for a .. be added to K., the measure of space otherwise, changing 
~J J 

Eq. (15) to 

n • 
B . = (K. + ~ a .. N. )/K. 

aJ J i=l ~J ~ J 
(17) 

where 

n 
K . = K. + ~ a. . N. for all a. . =0. 

J J i=l ~J ~ ~J 

Note that K. is not necessarily zero, but represents space available 
J 

otherwise. 

Ecological succession may be viewed as a long-term result of 

symbiotic relationships. In the succession of an old field to a 

forest, there many unidirectional changes (Daubenmire, 1947). The 

dry, sunny habitat is converted to a moist, shady condition, with 



species change both a cause and effect of the shift in microclimate, 

It is not inconceivable that succession may be modeled, and a com

petition matrix like Eq. (17) may be useful in representing some 

phase of the process. But the present model is not yet at such a 

capability. 

Analysis of how the biota uses the available energy is basic 

to ecology. The ideas of Lindeman (1942) have stimulated much re

search on energetics of species and communities. The trend has been 

towards studies of mass results, assuming a steady state, without 

concern for the mechanisms. For simulation, the results of mechan

isms must be described whether understood in detail or not. 
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In MAYA, energy influences a population by changing rates of 

increase and death. But consideration of how this may happen expands 

the inquiry to include questions of: tI) the sources, use, and 

storage of acquired energy; (2) types of energy expenditures; 

(3) natural controls exercised over the rates of energy capture, 

consumption, utilization and storage; and (4) the mortality imposed 

upon prey species through food acquisition by a predator. A simpli

fied view of this physioecological system is presented in Figure 2. 

Energy relationships representing the postulates upon which 

this model was built are considered in the following sequence: 

1. Energy requirements of producers are met in excess by the 

sun. Energy requirements of consumers are met by ingested 

food, with a constant fraction of stored fat mobilized in 



each interval, and in starvation, by catabolism of body 

proteins. Excess energy is stored as fat. 

2. The effect of an altered energy supply is realized through 

modified rates of increase and mortality. For producers, 

no energy fluctuation is postulated. For consumers, when 

energy (stored fat or food) is abundant, population changes 

are controlled by other factors. When energy is scarce the 

birth rate is depressed and the death rate is increased. 
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For the population, these changes begin before the individual 

reaches an energy deficient state. 

3. The energy expenditure budget of the individual consumer 

organism if quantified by: (1) a basic component related 

to body size; (2) a set of expenditures proportional to devi

ation of all abiotic factors from optimal levels; (3) the 

costs of reproduction and growth, and of activity (for food 

gathering and escape from predation). 

4. Control of food intake, the rates of predation, is by 

satiation, brought about by glucostatic and lipostatic 

mechanisms. 

5. Predation has the dual aspect of food gathering by the 

predator and mortality for the prey. Rate of prey capture 

is controlled by numbers and vulnerability of prey species, 

and, under appropriate conditions, by the development of 

satiation. Prey mortality rate if the summation of instan

taneous rates of mortality of all predators on the species. 
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Figure 2. Schematic representation of the control scheme for energy 
intake, storage and expenditure. -- Solid lines indicate 
physical or chemical transfer; broken lines indicate 
physiological influence. 
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Producer organisms receive energy from the sun and store it 

as tissue. While the energy supply is unlimited, the rate of tissue 

growth and energy storage is subject to modification by abiotic fac

tors, by the action of consumers, and by density-dependent limitations 

imposed by space. As a result, the plants store energy in a varying 

tissue biomass that has a constant proportional composition of 

digestible carbohydrate, fat, protein and bulk residue. 

For consumer organisms, the energy content of ingested food 

becomes available through digestion, when the energy is used, and the 

excess stored as tissues or fat. If there is an energy deficit, 

stored energy will be used. In MAYA it is assumed that all food in

gested during an interval is disposed of during the same interval, 

either digested, stored and used, or excreted. Therefore, an inter

val here corresponds to a 24-hour feeding cycle. It would require a 

more elaborate accounting system to provide for lags in the use of 

energy, or to describe better the case of a continuously feeding 

organism. 

Assume that digestion is proportional to time within the 

computational interval and set dl as the instantaneous rate of 

digestion for unit time. A constant proportion of food ingested 

will be digested. Then with f
t 

representing the amount of food 

ingested by an individual during the interval, the amount digested 

may be represented by 

ft[l-exp(-dl )], 

with the amount being excreted being 
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The energy content of food depends upon the amount ingested 

and proportions of carbohydrate, fat, and protein. The diet composi-

tion is calculated from the known composition and amount of each 

species eaten. The proportions of dietary elements for plants remain 

constant for anyone species. Where animals are eaten, the propor-

tion of fat in animal prey changes with its energy status, with a 

resultant change in fat content of the predator's diet. A running 

account of all fat stored is maintained and the fat content of each 

predator's ration of food is determined for each computing interval. 

For each time interval, a set of three partial digestion 

rates is calculated as a product of the overall rate dl and the 

proportional composition in the diet of the three nutritional ele-

ments. These partial rates will be dll , d
12

, and d13 with the 

second subscript designating carbohydrate, fat and protein respec-

tively, and with 

(18) 

The amount of each available to the animal indigested form will be 

the corresponding fraction of the total digested. For example, 
I 

For convenience we may identify the average amount of undigested food 

during the interval as 

(19) 



Further, our primary interest is in the energy contributed by 

digested food, so let ql' q2' and q3 represent the respective unit 

caloric equiv~lents of digested carbohydrate, fat and protein. Then 

the separate sources of energy become 

from carbohydrate = qldllf 

from fat = q2d12f 

from protein = Q3d13f , 

where f is the average amount of digested food during an interval. 

Animals catabolize carbohydrate over fat, and fat over pro

tein (Guyton, 1966). This heirarchy uses carbohydrates when avail

able, and catabolizes some fat if sufficient carbohydrate is not 

available. By a complementary mechanism, it anabolizes carbohydrate 

into fat when energy intake from carbohydrate exceeds the amount 

expended. Further, there exists energy from fat mobilized from 

storage. 
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MAYA assumes that a fixed proportion of the body fat store 

ois mobilized in a unit time. Bates et al. (1955), stydying various 

strains of mice, found that an amount of fat proportional to the 

amount present was mobilized daily. This occurred under experimental 

conditions where need remained constant. He also noted weight gains 

up to 70% due to fat depositions. Apparently mobilized fat is 

availabie as raw material to the lipolytic process which itself 

proceeds at a rate dictated by energy expenditure. 
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Using the idea of a constant proportion d2 of the initial fat 

store Ft _l , being mobilized during the interval, the total amount of 

fat a.Yailable from ingested food and body stores becomes 

and the total amount of energy available EI may be written as 

(20) 

assuming that all fat ingested in an interval will be available in 

the same interval. 

The energy balance in an animal is reflected in changes in 

the body stores of fat. As developed in the model, this is 

for El > E - w 

where F
t 

is fat store at the end of the interval; F
t

_
l 

at the beginning of the interval; d
2 

is the proportion 

mobilized during the interval; El is available energy; 

(21) 

is fat store 

of fat store 

E is required 
w 

energy; and q2 is energy equivalent per unit of fat. Fat stores 

are reduced unless the available energy exceeds the demand of fat 

mobilized. 

Starvation is defined here as the state when demand for energy 

exceeds the total amount available; the deficit can be met only by 

the catabolization of protein. In MAYA, mortality is increased when 

starvation occurs. There is a state of less severe malnutrition 



where the animal must draw upon its fat stores to exist. This lies 

between the starvation level, where demand exceeds supply, and the 

level where supply exceeds demand by just enough to maintain the 
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body stores. This intermediate state is accompanied by a reduction in 

the birth rate. 

This model of energy intake, use and storage uses approxima

tions that will require more exact treatment in more sophisticated 

applications. While the catabolism of body protein is assumed with 

starvation, there is no allowance for a corresponding reduction in 

body protein weight. There is no explicit energy allowance for the 

energy cost of storing fat beyond the energy content of the tissue, 

though the energy needs for producing new animals are included under 

energy expenditures for reproduction. 

There is no specific model for protein metabolism. Proteins 

play a role in food intake; amino acid imbalance and excessivly high 

proportions of proteins in the diet are cited in situations where 

proteins affect food intake. Krauss and Mayer (1963) found that 

digesting protein may affect food intake independently of the homeo

static satiety mechanism, to prevent the excessive intake of protein. 

The energy equivalents used in this work (q1' Q2' Q3) are 

those given by Hawk et ale (1954) as 4.1 kca1/g for carbohydrates 

and proteins, and 9.3 kcal/g for fat. Other values for particular 

species may be obtained in Gol1ey (1961), Slobodkin and Richman 

(1961), CUmmins (1963), watt and Merrill (1976), and Robbins (1983). 
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When the food supply is inadequate, the animal has increased 

difficulty maintaining physiological integrity. In MAYA, food short

age affects both birth and death rates. The reduction of the birth 

date is assumed to start when the individual commences to draw upon 

b~dy reserves for energy, and increased mortality to begin at the on

set of starvation. But, effects on the population cannot be reasoned 

directly from the status of the average individual. When the indiv

idual's average energy balance is at a threshold value, the population 

rates of birth and death will already have been affected, since about 

half the individuals will be experiencing greater than average depri

vation. To properly calculate an effective rate for the population 

requires knowledge of both energy distribution status throughout the 

population and the functional relationships between energy deficit 

and the biological result. An approximation is based upon the ob

servation that the closer the population approaches the stressed 

condition, the more individuals will be under stress. A constant 

value L between zero and unity, subtracted from the ratio of energy 

supply to energy needs will have the effect of calculating the 

average individual to be in somewhat greater stress than it is, a 

correction in the right direction to make an allowance for that seg

ment of the population in worse condition than the average. 

That the birth rate is lower and survival of young less when 

food is scarce has been reported. Lack (1954) summarized some of 

the information for birds and marr~als; Slobodkin (1964) described 

the effect of starvation upon reproduction in Daphnia. 
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I have hypothesized that the birth rate of a population begins 

to decrease when the energy in the food ration is no longer adequate 

to meet the demands, and that the birth rate becomes zero when none 

of the energy demands are met. The effect is introduced into the 

model as one of the modifying forces B for the birth rate, with the 

inclusion of the constant ~ inserted to reduce the population birth 

rate below the minimum as a result of undernutrition before the aver-

age individual is undernourished 

B' 
b 

B'-L for L < B' < 1 + L 
B b-

o 

1 otherwise 

where LB is constant, 0 < L < 1 and 
- B 

(22) 

Increase in mortality rate due to starvation reflects a more 

severe deprivation than the reduction in the birth rate since starva-

tion also natality. In the model, increased mortality begins at the 

point needs are not met by energy intake, including both food con-

sumed and that mobilized from body fat. Here, proteolysis begins; 

an organism can tolerate some loss of protein, but the probability 

of death increases as proteolysis continues. The severity of stress 

is inversely related to the proportion of energy demand met by avail-

able energy. Designating this proportion as I, then 
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(23) 

The inverse relationship may be represented as 

drn IdI = Mil, s (24) 

where m is the instanteous rate of mortality due to starvation and M 

is a constant. Integrating obtains 

m = lo1 lnI + C, (25) s 

and since m = 0 when I = 1, C = O. In practice, the value of I, no 

matter how small, must exceed zero; and here, although not below, 

m = 0 for I > 1. 
s 

There is still the need to start increasing the population 

death rate while the average individual is not yet starving by sub-

tracting a constant, L from the ratio I. The constant L serves a 
m m 

populational function similar to LB which reduces the birth rate, 

though the two constants are not necessarily equal. The model for 

mortality due to starvation becomes 

M In(I - L ) 
m 

M = M In I 
s 

o 

for L < I < 1 + L 
m m 

for L > I m- (26) 

The form of this model results in a time lag from the develop-

ment of a food shortage in one interval to its effect on the popula-

tion in the next interval. This lag offers a means for describing 

naturally occuring lags (Wangersky and Cunningham, 1957; Slobodkin, 



1964). It could be increased if biological information 

warranted. 
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Energ~ expenditures for an individual are calculated as the 

sum of separate items of the energy budget for an individual. The 

items includes are: (1) cost of body maintenance as a function of 

body size, (2) energy drain imposed by the action of abiotic factors, 

(3) costs of reproduction and growth of young, and (4) energy demands 

of activity (Moen, 1968). 

Studies in ecological energetics have usually been based on 

mass energy exchange over long intervals of time, with a budget of 

the individual set aside in favor of the large goals. McNab (1963), 

in contrast, has constructed an energy budget for a wild mouse. In 

simplest form, his model is a function of time, environmental temp

erature and rate of metabolism; the term for metabolism includes 

several environmental factors. Porter and Gates (1969) have con

sidered thermodynamic equilibrium in'several species. 

The possibility of interactions among energy-demanding activ

ities presents questions that cannot be resolved without detailed 

biological study. There may be di[ferential responses to changes in 

one factor at different levels of another, algebraic functions may 

describe these interactions. On the other hand, in magnitude the 

interaction expenditures are probably of less import than direct 

effects. Thus, for the initial model, an algebraic summation is 

utilized for the components of energy expense after each is computed; 
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this does not mean that anyone component is necessarily a linear 

function. 

The commonly accepted relationship between energy use and 

weight of an animal is used here for energy need for body maintenance 

(27) 

Where Elk is the energy expended which may be accounted for by body 

size for species k, and u lk and vk are constants characteristics of 

the relationship for species k (Englemann, 1966). Metabolism under 

standard basal conditions specifies the maintenance requirement for 

energy, to which other needs must be added. In MAYA, the exponent vk 

is given the generally used value of 2/3 (Englemann, 1966) even 

though there is some question of its universal value (Prosser and 

Brown, 1961). 

Departure of the abiotic factor from the optimum may require 

an additional energy expenditure. Such abiotic factors may include 

temperature, light, day length, precipitation and humidity; two 

abiotic factors are provided in the model. It is assumed that the 

basal energy requirements Elk which have been determined for species 

k in the optimum zone increase for each abiotic factor, i.e., where 

energy expenditure due to the particular factor is at a minimum. Any 

departure from the optimum zone increases the energy needed; here, it 

is assumed that the energy consumption increases by the same amount 

per unit deviation regardless of direction. Hence, the model 
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f 

E2k = L U2kxD
kx

, (28) 
x=l 

where 

zero for ° = F = kxl x °kx2 

Dkx = °kxl - F for F = °kxl x x 

F - °kx2 for f = °kx2· x x 

E2k is the total energy demand due to f abiotic factors acting on 

species k; F is the current level of abiotic factor x with respect x 

to energy expenditure by species k (subscript 1 indicates the lower 

bound, subscript 2 the upper bound); and u2kx is a proportionality 

constant defined as the increase in energy requirement (kcals) per 

unit deviation of factor x from the optimum zone for species k. 

Population increases demand large quantities of energy. This 

reproductive function includes the cost of growing the new individual 

to average size and costs of gamete production, courtship, and care 

of young. The cost of growth must include building new tissues as 

well as the energy content of those tissues. Both costs are provided 

for by calculating the energy expenditures to be 1.5 times the energy 

content of the tissue produced. This factor falls within the range 

of values given by Needham (1964) for a number of species. It is 

assumed that energy is expended in proportion to the number of new 

individuals produced per unit time, or, on the per-individual basis, 

proportional to the current value of the modified rate of birth b l
• 

Thus, the amount of energy expended in reproduction is 
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(29) 

where E3k is the energy required for the birth and growth of young by 

an individual of species k; u
3k 

is the energy cost per new individual 

as a ratio to the average energy content; bk is the modified birth 

rate for the species; and Qk is the average energy content of species 

k. 

The final category of the energy model for animals is that of 

activity. Two activities considered in MAYA are food gathering and 

escape. 

In food gathering it may be observed that (1) the more avail

able the food, the less effort required to obtain it, and (2) the 

more food needed, the more effort required to obtain it. Thus, and 

expression proportional to need and inversely proportional to avail

ability is suggested. The measure of food requirement is the satia

tion level to be given in Eq. (40). The measure of food availability 

is the potential food ration to be given in Eq. (50). Combining the 

two expressions as suggested yields 

(30) 

where E4k is the energy expended for food gathering in the interval by 

an individual of species k; Elk is the energy expenditure accountable 

to body size, or basal rate (Eq. (27»; Sk is the amount of food re

quired to produce satiation for an individual of species k in this 

interval; ~ is the maximum amount of food that an individual of 

species k could gather during this interval, or potential food 



ration; and u4k is the energy needed to gather the food required to 

reach satiation level for species k, under conditions where exactly 

this amount can be ingested during the interval. Note that the 

fraction Sk/Pk has a value of 1 when the food for satiation equals 

that which can be captured during the period. 

Values for the fraction greater than unity will result here 

when food is relatively scarce, implying that under such conditions 
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the expenditure of energy can be greater than for a full day of hunt-

ing (but with a limit here of twice the basal metabolism). The 

implicit concept of hunting deficiency is unsupported; factual infor-

mation on predator beh~vior and physiology is needed. Two reported 

values. for the energy spent in food gathering set reasonable bounds 

for most species; Pearson (1964) showed that less than one-third of 

the energy budget is spent in food gathering by a hummingbird, while 

Lucas (1964) reported that a steer spends about 5% of its daily bud-

get in grazing. 

To develop a model for energy expended in escaping from 

predators, it is assumed that a prey species spends energy in an 

amount proportional to the energy that all predators spend in cap-

turing that prey species. It will be shown later that the number of 

prey taken by an individual predator of species i from n prey popula-

tions is 

n 
L c .. N., 

. 1 l.J J J= 



with the amount taken by the predator from the kth prey population 

being 

where N. is the mean number of individual prey j present during the 
J 

interval; and c .. is the adjusted predation rate of predator i upon 
~J 
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prey j. The proportion of the total amount of food taken by predator 

i which comes from the kth prey population is 

n 
c 'kNkl (.Llc .. N.) • 
~ J= ~J J 

Now, to find the amount of energy spent by an individual of the ith 

predator in hunting food from the kth prey population, multiply the 

above fraction by the amount of energy the predator of species i used 

in capturing its food and obtain 

n 
E4 . c . kNkl ( . Llc .. N .) • 

~ ~ J= ~J J 

This expression describes the amount of energy expended by an 

individual predator of species i in capturing prey of species k. 

Considering that there are N. such individuals of this predator 
~ 

species, and that the energy spent must be accounted for per indiv-

idual of the Nk in the prey species, then multiplication by the 

fraction Ni/Nk is required. Further, such quantities must be summed 

over a total of y predator species. Thus, the submodel of energy 

spent in escaping predators by an individual of prey species k 

becomes 



y n 
ESk = (uSkNk/Nk)·El[N.E4·c·k(·E.c .. N.)], 

1= 1 1 1 1=1 1) ) 
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(31) 

where uSk is a proportionality constant characteristic of prey species 

k. 

The energy budget model may be written out in full for an 

individual of species k as 

(32) 

Davis and Golley (1963) have pointed out that the energy cost of nor-

mal activity for mammals is about twice the restin metabolism, ex-

pressed as Ek = 2Elk • 

The control of energy balance through limitation of food 

consumption has attracted relatively little attention among ecologists 

considering its apparent importanace in governing energy flow through 

populations. A notable contribution is the work of Holling (1965, 

1976). Physiological investigations of regulation of food intake 

have been made by Mayer (1964). The ,mechanisms have been studies 

most for mammals, but additional research by Rozin and Mayer (1961, 

1964) on goldfish and Dethier and Bodenstein (1958) on the blowfly 

indicate that regulatory mechanisms of widely divergent animals may 

be simple versions of the mammalian mechanisms. 

Food intake appears to be regulated by two mechanisms, termed 

glucostatic and lipostatic as more obvious upper limit of food intake 

set by the physical capacity for ingesting, or the "biometric limit." 

In discussing the regulation of food intake, Mayer (1964) emphasizes 

the development of a satiation level which is adjusted by the 
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gluostatic mechanism according to the recent exchange of energy. This 

is termed "short term" regulation to the lipostatic component of 

regulation which is call~d "long term." In addition, there is bio

metric regulation which JI:efers to the physical limits on the ability 

floOd at one t:un' e. of the animal to ingest This clearly sets an upper 
I 

level below which the average rate of energy expenditure must lie. 

Ivlev (1961) identified yhis limit as the maximum ration and Holling 
i 

(1965, 1976) as the maxiIlllum amount of food the gut can hold. 

A mathematical md'del is now needed to describe the satiation 

level as a function of t1lle variables discussed above, which are: (1) 

the biometric maximum fOCld intake, (2) the glucostatic mechanism, and 

(3) the lipostatic mechanism. 

The gluocstatic mechanism functions in short-term regulation 

by adjusting satiation level commensurate with the difference between 

recent energy intake and output (Mayer, 1964). The satiety center, 

the ventromedial area of the hypothalamus, contains glucoreceptive 

cells that control the nearby feeding center. As the animal feeds, 

there is an increase in glucose concentration at the satiety center, 

and its resulting activity results in inhibition of further feeding. 

As glucose is metabolized, activity is decreased in the satiety 

center, releasing inhibition on the feeding center. But, for a 

satiation level to operate in large mammals, the satiety center 

must be activated much sooner than would be possible through the 

increased blood glucose from digested food. This has been observed 

and has been explained in two ways. Mayer and Thomas (1976) quoted 



observations showing that blood glucose is elevated at the onset of 

feeding by the release of endogenous hepatic stores. Maller et al. 

(1967) suggested another possibility, metering the intake through 

direct pathway to the brain from the oropharyngeal region. They 

were able to show that this was indeed the case not only for glucose 

but also for several compounds. Further, Mayer and Thomas (1976) 

point out that other receptors located in the stomach and possibly 

elsewhere are complimentary in the operation of the whole mechanism. 

52 

In small animals as the blowfly, the mechanism may be more 

simple. Because of the small size a direct influence of the carbo

hydrate level in body fluid could be exerted on a satiety center with 

time lags sufficiently small that oversupply could be presented 

(Dethier and Bodenstein, 1958). It does not appear, however, that 

the glucostatic mechanism can be the only operative in all mammals, 

especially for predators (carnivores) as they commonly ingest only 

small amounts of carboyhydrates. 

Suppose that only the glucostatic component and the biometric 

maximum accounted for the satiation level. The effective satiation 

level can never pass the biometric maximum. The satiation level then' 

increases on response to an energy expenditure in direct proportion 

to the difference between the biometric maximum and the most recent 

satiation level. Thus, the satiation level could increase more if it 

had recently been low, than it could if it had been high. Some type 

of memory, possibly physiological is implied here. The model then is 



dS/dE = k(B-S), 
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(33) 

where S is the satiation level; E is the energy expense; k is the 

proportionality constant; and B is the biometric maximum food intake. 

After integration, Eq. (33) becomes 

S = B - C exp (- kE), (34) 

where C is a constant of integration. As an initial condition to 

evaluate C, let S = 0 when E = 0; thus B = C, and Eq. (34) may be 

written 

S = B[l - exp (.- kE)]. (35) 

The satiation level is set by total energy expenditure. It 

seems reasonable to set satiation according to the amount of energy 

used above the basal metabolism. Further, the constant k is a func

tion of animal size and carries the units cal-I. Both difficulties 

are corrected by standaradizing the statement of energy expenditure 

above the basal level in terms of basal value (calculated as EI in 

Eq. (.27». Rewriting, the basic expression becomes 

S = B(l - exp[-kl(E - El)/el ]), (36) 

where kl is a modified rate constant, now a limitless number. The 

standardized statement of energy expenditure above the basal meta

bolic expense may range in value from some high multiple, where the 

satiation level approaches the upper (biometric) limit, down to zero, 

where satiation level is zero. This last case implies that if no 

energy is expended beyond that required for maintenance, then no feed

ing will occur. 



The satiation level graphed against energy expenditure is 

illustrated in Figure 3 on the following page. For some value of 

energy expenditure, the amount of food the animal can ingest before 

satiation will exceed its energy expenditure, and fat will be stored 

(provided, of course, that the availability of food is such that it 

will be possible for an animal to ingest a ration sufficient to 

satiate). These values of energy expenditure consistent with fat 

storage all lie below some critical point, while above this point it 

is not possible for the animal to counteract the expenditure by 

intake. 
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The lipostatic mechanism is hypothesized by Mayer (1964) to 

function through metering of blood lipids. The amount of fat mobil

ized in a given interval of time, and thus the blood lipid levels at 

any time, are proportional to the size of the fat depot (Bates et al., 

1955; Mayer, 1964). There is a "priviledged body weight," i.e., 

an adult animal tends towards some body weight typical of the 

individual and this tendency involves adding or losing weight only 

due to changes in the size of the fat depot (Mayer, 1964). The 

further the animal's weight moves from this priviledges weight in 

one interval of time, the more likely is an accommodating change in 

food intake during the next interval. Thus, if an animal has 

depleted his supply of stored fat, it will, given the opportunity, 

consume a larger amount of food to replenish fat reserves. Conversely, 

if the animal has accumulated an excess, it will reduce intake to 
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Figure 3. Model relating energy intake to energy expense.--The 
model assumes that all energy expenditures except basic 
bodily processes generate drive for energy intake. 
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utilize some of the excess fat; this may be called long-term 

regulation because fat stores do not usually change much from day to 

day, and because the amount of the fat stored exerts a continuing 

influence on the effective asymptote for satiation level (Mayer and 

Thomas (1976). They also speculate upon a possible mechanims for 

lipostatic control of satiety through some type of interference in 
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the functioning of glucostatic mechanism instead of being a completely 

independent process. Fats are converted to glucose to some extent 

in the gluconeogenetic process. Now, if this gluconeogenetic glucose 

is in proportion to the amount of fat present, then the stores fat F 

can give rise to a background amount of glucose exerting an effect on 

the satiation level, and this could occur independently of blood 

glucose levels which originated from the ingested carbohydrates. 

Whatever the mechanism, the effect of the lipostatic component 

upon satiation level is a function of fat deposition. It is expected 

that satiation levels remain high while fat stores are low, given that 

energy expense is such that the glucostatic component requires a 

large satiation level. But, with larger fat stores, the lipostatic 

component tends to subdue the satiation level so that priviledged 

body weight is not exceeded. One simple model to approximate this 

component, given that energy expense is maximum, might be 

sD/dF = - KF, (37) 

where F is the size of the fat depot. After integration, this 

becomes 
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S = - KF2/2 + C, (38) 

where C is the integration constant. When fat stores approach zero 

with energy expense high, the satiation level is then B; this supplies 

the initial condition: when F = 0, B = C. Substituting gives 

(39) 

-1 where k = K/2, a proportionality constant (whose units are grn ); this 

is the equation used for the lipostatic component of food intake 

regulation. 

Since Eq. (39) sets the level of satiation when energy expense 

is high, it is in effect a modified biometric maximum level of food 

intake. Satiation is bounded by the value set by fat stores regard-

less of energy expense. This, and not the value of B, is the true 

limiting factor or value for the glucostatic model. Combining the 

lipostatic with the glucostatic model, it is possible to use the 

maximal satiation level set by the lipostatic model as the asymptotic 

value for the glucostatic model. The final model for food intake 

regulation becomes 

(40) 

Under experimental conditions, with a rigidly controlled 

activity regime in a controlled temperature environment, a long-term 

regulation to priviledged body weight is observed (Ivlev, 1961). The 

model mimics this observation. Thus, the satiation level may be 

computed as 
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(41) 

If F could reach such high levels that k2F2 = B, then S would equal 

zero. But this will seldom happen in practice. When fat storage is 

big, part of the energy expense is paid for by food intake and part 

by mobilized fat. Thus, there is a continual drain on fat stores 

during periods of low satiation level resulting from a large fat 

depot. 

Holling (1965, 1976) developed a model for hunger identical 

to that developed here for the gluostatic mechanism. Holling's 

experiment, designed to elucidate the effect of hunger is a predation 

model, was to starve mantids for varying lengths of time after sati-

ation. Times varied from 1/2 hour to 72 hours. Hunger was measured 

as the amount of food required to satiate after the planned period 

of deprivation. He postulated that hunger was a measure of the 

amount of food left in the gut. From this, he wrote, in terminology 

used here, 

dH/dt = dl(B - H), (42) 

where H is hunger; t is the length of time of food deprivation, d l is 

a constant (digestion rate); and B is the maximum amount of food the 

gut can hold, or biometric maximum for the corresponding time inter-

val. Integrated, this results in 

H = B[l - exp (- dlt)]. (43) 

His experiments were conducted under controlled temperature and 

relative humidity with standard mantids. Assuming activity was 



closely regulated, then energy utilization is a function of time: 

E = ct 

and Holling's (1976) equation may be rewritten as 

H = B [1 - exp (- kE)], 
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(40) 

(44) 

w~ere k = dl/c. The form is identical to that used for the satiation 

level in the glucostatic model. No effect of energy storage is in

cluded, although there was evidence that some type of energy storage 

existed. In testing his model against his data, departures were 

found 1I1hich Holling recognized as biologically meaningful. He said 

this was primarily due to the fact that prolonged deprivations may 

not be compensated for by one sustained feeding, but shows its 

effects on subsequent feedings as well. This is of much the same 

meaning as Mayer's (1964) "priviledged body weight. II The nutritional 

deficit was created by the utilization of the mantid's energy stores. 

with the deficit, just as Holling (1976) pointed out, the mantids 

tended to eat more until there has been a return to the priviledged 

body we~ght. It is likely that Eq. (40) here would better describe 

Holling's results. 

Predation has a dual meaning. While it serves one species in 

food gathering, it imposes mortality on the other. The mortality 

rate on the prey describes the process, but it is a property of 

interaction of two species. It is true that any predator may cap

ture and consume any member of a prey species, and any species may 

be preyed upon by several predators. Nevertheless, the essential 

act is pairwise, one predator with one prey, in a process vital to both. 
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Consumption of plants by herbivores is predation, in terms 

presented here, not to be distinguished from the eating of one 

animal by another (except content and context). In fact, identifi-

cation of discrete trophic levels, while convenient, is not necessary. 

A matrix P of predation rates for various predator and prey 

species may be formed. These are instantaneous rate of mortality that 

characterize, pairwise, all the predator-prey interactions. They 

state the mortality rate imposed upon a prey population by a unit 

density of predators, and are thus implicitly significant for some 

time unit and for some area (for statements of densities). A preda-

tion rate may have any.positive value, including zero. Thus, the 

matrix may include any non-negative value, including zero. Any ele-

ment p .. of the matrix may be identified by its row-column index, 
~J 

where row i pertains to the predator species, and column j to the 

prey. 

Consider the matrix representation of a simple five-species 

food web with trophic structure in the form 

0 0 0 0 0 

0 0 0 0 0 

P = P
31 

P
32 

0 0 0 (45) 

P
41 P42 

0 0 0 

0 0 P53 P54 0 

In this matrix, the row indicates the predator or consumer and the 

column the prey, species I and 2 are autotrophic and are eaten by 

species 3 and 4 but do not prey on any others (rows I and 2 are all 



zeros). Species 3 and 4 eat species 1 and 2, and are eaten only by 

the carnivorous species 5, which is eaten by none of the species. 

There is a discrete trophic structure here, with three levels; Zl' 

Z2' and Z3' as indicated by the predation matrix. 

As a second illustration, a predation matrix consisting of 

five species in a food web is constructed. These five species 
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shall include: (1) a completely autotrophic plant, (2) a carnivorous 

plant, (3) a small omnivore that is cannibalistic, (4) an herbivore, 

and (5) a top carnivore. Taking the species in ther order mentioned, 

the predation matrix could be: 

r 
a a a a a 

a a a P24 a 

P = P31 P32 P33 P34 a (46) 

P41 P42 a a a 

a 0 P P a 

Here, though trophic structure may not be clear, the feeding relation-

ships in a matrix are illustrated. 

Predation rates used here are the instantaneous rates of 

mortality. Two properties are used (Ricker, 1978). First, the 

instantaneous rates when several types of mortality are acting in-

dependently; this property has been used previously when summing the 

death rates. The yield to anyone type of mortality, in this case a 

predator, may be calculated as the product of a particular instaneous 

rate and the mean population level during the interval. The mean. 
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population level during the interval is calculated, in the present 

context, following Ricker (1978) as 

m m 
Ni = Ni[exp (bi - k~lmik) - l/(bi - k~lmik)J, (47) 

where N. is the mean population number during the interval; N. is 
~ ~ 

the population number at the beginning of the interval; 
m 

adjusted birth rate for the population i; and k~lmik is 

b~ is the 
~ 

the sum of m 

mortality rates acting on population i, taken at this point to include 

predation. 

The predation rate p .. is specific to the time interval and 
~J 

also to the unit area on which population densities are stated. Thus, 

the predation rate reflects home ranges, activity patterns, and be-

havior of both predator and prey. Further, predation rates provide 

a measure of vulnerability of prey species to a predator or for any 

preference exercised by predators among prey items. 

To illustrate the use of predation rates, suppose that in 

a unit area there are N individuals of prey species j, preyed upon 

by an individual (or unit density of) predator species i, and the 

resulting predation rate is Pij. If this predation is the only type 

of mortality experienced by the prey, and assuming no reproduction 

in the interval, then during the unit time interval the probability 

of death for any individual of the prey population will be 

and the number of prey captured by the predator on average will be 

N. [1 - exp (- p .. )] • 
) ~J 



Next, if there are two individual predators, the effective 

predation rate is the sum of the rates of separate predators, or 

with N. individual predators, the prey is exposed to an in
l. 

stantaneous rate of mortality, or effective predation rate, of 

N.P ..• Here with the same assumption as above, the total number of 
l. l.J 

prey captured becomes 

N. [l-exp(-N.p .. )]. 
J l. l.J 
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Under these conditions, each of the N. predators takes an equal share 
l. 

-1 
(on the average, Nl ) of the total prey captured. The amount of 

food ingested by an individual predator is the average weight of the 

prey multiplied by the number captured. The potential ration R. is 
J. 

the amount of food an individual of species i would consume, feeding 

for the interval at the maximum predation rate Pij' becomes 

R. = W. [l-exp(-N.p .. )]/N., 
J. J J. l.J l. 

(48) 

where R. is the potential ration an individual predator of species i 
l. 

can capture in the interval under given conditions of prey abundance 

and weight; W. is the total bimass for the prey species j at the 
J 

beginning of the interval; N. is the number of individuals of the 
l. 

predator species i; and p .. is the predation rate on the prey 
l.J 

species j, exposed to a unit density of predator species i. Other 

factors being equal, R. will decrease with increasing N .• This is 
l. l. 

the so-called "law of diminishing returns" as encountered by 

sportsmen who are predators on game and fish populations. 
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This description of predation is oversimplified. Other types 

of mortality, including other predators, compete for anyone prey 

population. During some intervals the prey populations increase 

through birth, and some of the prey increase may be taken up by 

predators •. Further, any predator'.s food ration is made up of a 

number of components, one for each prey species that it exploits. 

Finally, satiation may stop a predator before he has consumed the 

potential ration. 

When considering the total potential ration for an individual 

predator of the species i, the whole ration is the sum of its 

separate components in the form 

R. = 
~ 

n 
L R' .. , 

i=l ~J 
(49) 

where R.. is the component of the whole ration R. for an individual 
~J ~ 

predator of species i due to prey species j; these components are 

summed over all n prey species. Each component of the complete ration 

for any predator is calculated separately, species by species, for 

all prey. Use is made here of the property of instantaneous death 

rates, illustrated earlier, for calculating yield of one predator 

when there are several kinds of mortality, and possibly prey in-

creases, during the interval. The form for a single component of 

the ration is 



y m 
p .. W. [exp(b!- L N .p .. -kLlm'k)-l 

R!. = ~J J J i=l ~. ~J = J 
~J -------------------------------Y m 

(b!- L N.p .. - L m.
k

) 
J i=l ~ ~J k=l J 

(50) 

y 
where b! is the adj·usted birth rate for prey species j; LN. p.. is 

J i=l ~ ~J 

the sum of effective predation rates on prey species j for all y 

m 
predator species; L mjk is the sum of all m other instantaneous 

k=l 

rates of mortality on prey species j, excluding any effect of 
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predation which here is included in the previous term, and all others 

are as defined above. 

The total food ingested by a predator in its ration R. may 
~ 

exceed its satiation level S. already set according to the biometric 
~ 

limit, the recent history of energy balance, and the fat store. If 

this is true, the predator. must cease to feed when satiated (or 

reduce the rate of feeding to accomplish satiation within the 

interval), feeding at the predation rate c .. that is less than the 
~J 

definitive rate p ..• At the same time, other predators mayor may 
~J 

not operate with reduced predation rates. The new predation rates 

must reduce the ration to the satiation level, in the form 

s. = 
~ 

where 

n 
L S!., 

j=l ~J 



S ~ . 
~J 

y m 
c .. W. [exp(b!- L N,c .. - L m.

k
)] 

~J J J i=l ~ ~J k=l J 
y m 

(b~- L N.c .. - L m' k J i=l ~ ~J k=l J 
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(51) 

y 
where elements are as previously defined, except that E N.c .. is the 

i=l ~ ~J 

sum of adjusted effective predation rates on prey species j for all 

predator species y (including any such rates where adjustment is not 

necessary because S.>R.). The method for changing each definitive 
~- ~ 

predation rate P .. to the corresponding adjusted rate c .. needed to 
~J ~J 

establish the above equality is discussed later. 

If, on the other hand, the sum of all components of the 

ration is less than or just equal to the satiation level for the 

predator (R.=S.) then the potential ration may be used without ad
~ ~ 

justing the predation rates; adjustment is required only with 

S./R.=l. 
~ ~ 

Calculation of a set of adjusted rates c .. is accomplished 
~J 

for any predator species by reducing all definitive rates in some 

constant proportion. This argument implies that when near satiation 

an animal exercises the same relative degree of selection as when 

hunting at full capacity. This adjustment seems a reasonable 

approximation in light of existing knowledge, though Holling (1965) 

reported that certain sizes of prey were favored when his mantids 

were near satiation. 
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The calculation of adjusted rates is carried out by an 

iterative process. Trial c .. values are calculated from p .. values 
~J ~J 

in the ratio of satiation to potential ration (S./R.). These new p .. 
~ ~ ~J 

values substituted and a new R. calculated, the process is repeated 
~ 

until the potential ration is suitably close to the satiation value. 

To illustrate the calculation of the c .. value, consider the 
~J 

first example given for a predation matrix. Suppose that both the 

satiation levels (S3' S4' and SS) and the potential ration values 

(Rl , R2 , and RS) have been calculated for three species of animals 

other organisms. Then, as the first approximation, each c .. element 
~J 

is the product of p .. S./R. 
~J ~ ~ 

0 0 

0 0 

c* P31s3/R3 P32S3/R3 

P41S4/R4 P42S4/R4 

0 0 

0 0 0 

a 0 a 

0 a 0 (S2) 

0 0 0 

PS3SS/RS PS4sS/RS 0 

where C* is a C matrix conditional upon calculation of the food ration 

values that match the satiation levels. Where any of the S./R. values 
~ ~ 

exceeds unity, a value of 1.0 is used in the adjustment process. 

Calculation of a single C* matrix cannot be expected to yield final 

c .. values. It will be a first approximation. The second C* matrix 
~J 

will be closer, and with repetition the differences (R.-S.) will be-
1 1 

come less than the predetermined value e. 
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Effective predation on each species may be calculated as the 

sum of effective rates for each predator, as calculated above for the 

c,' values in t~e expression of the satiation ration. This sum will 
l.J 

enter into the basic expression for population change of the prey 

(Eq. (2». as one of the m
jk 

values for mortality as 

y 

m J'k = L N,c, " 
i=l ]. l.J 

where k denotes mortality due to predation. 

(53) 

To summarize, the iterative computation of all elements of a 

predation matrix provides predation rates for the interval being 

simulated. These rates are such that the predator's energy needs will 

be satisfied whenever prey levels are high enough for a full ration 

to be captured. There is a lag caused by basing energy need on the 

activity of the previous interval. This is realistic, but the 

amount of lag, one interval of time, is special to this model. If 

this period proves too restrictive, it should be altered to suit the 

particular problem at hand. The present degree of refinement, 

however, allows enough leeway in biological systems expressions to 

encompass variations in the exact requirements for these lags. 

Abiotic Factors 

Abiotic, or physical factors influence populations. This 

section concerns their direct effects upon birth and death rates. 

Indirect effects resulting from increased energy demands have been 

discussed. If the total energy needed exceeds caloric intake, the 
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birthrate will be reduced; and if the demand exceeds the energy in 

food plus mobilized fat, starvation begins and the death rate will be 

increased. 

Although the mathematical model puts no limits on the number 

of abiotic factors, this model contains a provision for two factors. 

One is programmed to vary as a sine curve with a period of 360 in

tervals, simulating seasonal changes throughout the year (Figure 1). 

This cyclic factor is used for two reasons. First, it is a composite 

factor representing all influences that operate in a seasonal manner. 

Second, it allows the future inclusion of more specific seasonal ef

fects where the cinusoidal factor may serve to describe natural 

processes that fluctuate with the earth's orbit and axial inclination. 

It is maintained at the value set, and represents some constant en

vironmental influence. Neither factor need by specifically identified 

as, for example, water, light or minerals--factors important in 

terrestrial systems (Clements 1949). Much could be done in simulation 

of abiotic factors for particular ecosystems; as a start, the mathe

matical descriptions for a number of factors are considered in the 

volume .edited by Van Wijk (1963). 

The effect of an abiotic factor upon population birth and 

death rates is made a function of deviation from optimum range for an 

organism. This mode of action in the model derives from ecological 

concepts of tolerance (Shelford 1913) and niche (Hutchinsin 1957). 

With respect to anyone factor, an organism may exist within a range 

of values, or the tolerance range. Within this tolerance range, 
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there is a shorter range, perhaps only a point, where conditions are 

optimum. 

Changes in birth and death rates are unknown and probably 

complex mathematical functions of the deviation from the optimum. 

Within a population, individual variations in the precise physical 

definition of optimum and tolerance may be expected, as well as in 

the functional response to change. Too little is known to approxi- . 

mate population response more than roughly, except possibly in the 

specialized area of toxicology (Finney 1972). 

The model assumes a linear response to changes in an abiotic 

factor between the optimum zone and limits of tolerance. As devia

tion from the optimum increases, both the birth and survival rates 

decrease from unity towards zero. The optimum range and the slopes 

of the linear responses are specified, defining the zone of tolerance. 

The model provides options for a different optimum range for 

each species, with different constants for response to deviation 

from the optimum (and for birth and death rates, different values for 

deviations above or below the optimum). Further, different sets of 

values and responses may be set for the increase of energy expendi

ture (as already discussed), reduction of birth rate, and the in

crease of the death rate. Thus, any species may be given a unique 

set of optimum ranges and responses. 

Reduction of the birth rate by an abiotic factor is brought 

about by the modifying value which takes values only in the interval 

(0,1). At optimum, the modifier has a value of unity, hence no 



effect. In nature, the modifier decreases as the abiotic factor 

departs from optimum. The decrease is assumed to be linear to a zero 

value; all population increase is cut off outside the zone of toler-

ance (Figure 4). The model permits different rates of change above 

or below the optimum. The model is; 

1 for °i (1)2~Oi (2) 

l-Yi(l) (Oi(l)-Fx ) for 0i(l»F ~Oi(l)-[l/i(l)] 
b. = (54) 
~x 

l-Yi (2) (Oi(2)-Fx ) for °i(2)<Fx~Oi(2)-[1/i(1)] 

° elsewhere 

where b. is the modifying value for the birth rate of the ith species 
~x 

for abiotic factor x, with O~bi~l; Yi(l) and Yi (2) are slopes of 

decrease in the modifying value as abiotic factor x deviates from 

optimum range. Subscript (1) indicates deviation to lower values, 

and subscript (2) deviation to higher values, with a negative sign 

associated for species i. ° and 0;(2) are bounds of the optimum 
i(l) ... 

zone for the abiotic factor with respect to birth rate of species i 

(subscripts (1) and (2) indicating upper and lower bounds, respec-

tively); and F the current value for abiotic factor x. 
x 

This model may only approximate nature generally, but will 

allow specification of a seasonal pattern of reproduction with 

intervening periods of no increase and the separate description of 

characteristics of each species. 
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Function relating current value of abiotic factor F to x 
proportional modification of birth rate. 
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Mortality rate increases as the abiotic factor deviates from 

the optimum. Complete survival is assumed in the optimUm range (under 

the hypothetical condition of no other mortality), and will decrease 

toward zero as the factor departs from optimum. The corresponding 

instantaneous rate of mortality is the natural logarithm of this 

rate, providing survival exceeds zero by some quantity. This quantity 

is here arbitrarily a value of exponent (-4). 

° for °i U)=FX=Oi (2) 

-lncl-y i (1) (Oi (1) -F x) for °i(l)=Fx=Oi(l)-[l/Yi(l)] 
m. (55) 
~x 

-lncl-Yi (2) (Oi(2)-Fx ) for °i(2)=Fx=Oi(2)-[1/Yi(2)] 

4.0 elsewhere, 

where m. is the instantaneous rate of mortality due to abiotic x, 
~x 

for species i; Yi(l) and Yi(2) are slopes of decrease in the survival 

rates as abiotic factor x deviates from the optimum range (subscript 

1 indicates the lower bound and subscript 2 the upper); and F is the x 

current value for abiotic factor x. 

This model provides for elimination of a species when an 

abiotic factor is outside the range of tolerance. This provides the 

capability of imposing as heavy a mortality as may be required; if 

the species is to remain in the community it must have tolerance 

ranges that include the values for all abiotic factors. 
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Computer Routines 

The subsystem of routines which correspond to mathematical 

models of the biotic factors is made up of four subroutines and one 

subprogram (Figure 5). The four subroutines are PRED, ENERG, MORT and 

ROOM. The function is SATE. With one exception, computations for the 

entire biological community proceed for the values of a particular 

routine with one entry into the program. The exception is SATE, which 

is called once for each species. 

PRED, as can be seen in Figure 6, is a routine which itera

tively determines a set of predation rates which satisfy satiation 

levels as computed by SATE. SATE is called with PRED. Following es

tablishment of the matrix of predation rates, the energy'expense sec

tion of the energy budget for the current interval is computed in 

ENERG. Predation rates for the current interval are required to 

construct the energy budget because activity is largely a function 

of these rates. Based on factors of food intake as determined by 

predation rates computed in PRED, the population sizes, the energy 

expense as determined in ENERG, and the residual fat depot, sub

routine MORT computes energy expense from food and residual fat 

stores. The size of fat stores at the end of the interval is also 

calculated. Depending upon the energy balance, birth rates may be 

reduced. Subroutine ROOM computes competition and the logistic-like 

density-dependent adjustment of rates of increase. The sequence of 

operations of the routines should be noted (Figure 6). SATE com

putes satiation levels for the current interval based on expenditure 
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Figure 5. Schematic diagram of subroutine interactions of MAYA. 
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START 

I 
/ READ OUTPUT CONTROL VALUES / 

1 
/ READ INPUT DATA FOR SIX SPECIES / 

1 
INITIALIZE COUNTING AND INTERVAL VALUES I 

A -~ 

~ 
CALCULATE RANDOM WEATHER (SIN) VALUES I 

_1 
CALCULATE CURRENT INDIVIDUAL BIOMASS I 

1 
CURRENT STORED FAT + BASIC BODY MASS I = INDIVIDUAL BODY MASS 

.1 
I CALCULATE CURRENT PREDATION RATES J 

1 
I INITIALIZE CURRENT SATIATION LEVEL J 

B ~ 

CALCULATE DEATH RATES FOR MAX. PREDATION 

.1 
RECALCULATE DEATH RATE REDUCTION 

DUE TO PREDATION 

.1 
RECOMPUTE NO. DEAD WITH 
ADJUSTED PREDATION RATE 

1 
TEST APPROXIMATION OF CURRENT PREDATION 

TO SATISFY SATIATION LEVEL NEEDS 

~ 

Figure 6. Flowchart of MAYA. 



CALCULATE NEW SATIATION 
LEVel REQUIREMENTS 

CALCULATE ENERGY EXPENSE 
DUE TO BODY MASS 

CALCULATE ENERGY EXPENSE 
DUE TO ABIOTIC FACTORS 

CALCULATE ENERGY EXPENSE DUE TO FORAGING 

CALCULATE ENERGY EXPENSE 
DUE TO ESCAPING PREDATION 
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CALCULATE NO. CALORIES AVAILABLE 
IN EACH SPECIES (CURRENT) 

CALCULATE AMOUNT FAT TAKEN BY PREDATOR 

CALCULATE AMOUNT CARBOHYDRATE 
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CALCULATE AMOUNT PROTEIN TAKEN BY PREDATOR 

Figure 6. (continued). 

CALCULATE INDIVIDUAL BIOMASS 
REMOVED BY PREDATOR 
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STORE RESULTS 
INPUT TO €) 

STORE RESULTS 
INPUT TO G> 

CALCULATE AMOUNT UNDIGESTED 
FOOD IN INTERVAL 

CALCULATE MEAN FOOD 
AVAILABLE DURING INTERVAL 

CALCULATE CARBOHYDRATE DIGESTED 

CALCULATE FAT DIGESTED 

CALCULATE ENERGY ACQUIRED FROM 
DIGESTION DURING INTERVAL 

RECALCULATE SPATIAL REQUIREMENTS 
FOR NEW POPULATION SIZE IN INTERVAL 

CALCULATE EFFECT OF ABIOTIC 
FACTORS ON BIRTH RATE 
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FACTORS ON DEATH RATE 

SUM ALL VALUES FOR SPECIES BIOMASS, 
PREDATION, MORTALITY, AND POPULATION 

NUMBERS FOR CURRENT INTERVAL 

RECORD ALL CURRENT VALUES 

Figure 6. (continued). 
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of energy and the fat depot as the end of the previous interval. 

The other programs are sequenced in the order in which values are 

required. In this case the sequencing is used to take care of the 

lag in satiation levels by allowing computations to be based on the 

previous interval. These satiation values supply initial conditions 

so other values for the current interval may be used. 

The effects of abiotic factors are included in subroutines 

ABMOD and ABFATL (Figure 5). Both subroutines require the operation 

of subprogram CLIMAT (Figure 6) to scale a sine wave whose amplitude 

is the specified range (100 units fluctuating 5-105), and whose 

period is 360 intervals, commencing with a specified argument : 

(Figure 1). ABMOD is a computation for modifying the birth rate, 

Eq. (54), for each species in the community, and ABFATL is a similar 

computation of mortality rate by Eq. (55).. 



CHAPTER 4 

RESULTS AND DISCUSSION 

Simulation Trials 

The computer program for MAYA is listed in Appendix A. A 

listing of input data required, with a sample set of data, is in 

Appendix B; and an example of the output in Appendix C. A glossary 

of symbols used appears in Appendix D. 

The sample community simulated in the program had six species: 

two each of plants, herbivores and predators. In selecting input 

values needed to implement the model, a general format of two plants 

of relatively small biomass (perennials), two herbivores (deer and 

elk), and two predators (coyotes and mountain lions), were used. 

These were generalized in terms of body size. Values needed to 

implement the model currently not available were approximated, often 

with incomplete information. Few sets of trial input data were re

quired to find values that gave reasonable results. The first set 

tried was instructive in that heterotrophs became extinct in a few 

years due to starvation and repression of reproduction; predation 

rates were not high enough to transport sufficient energy through 

the food chains. 

Four simulations are reported, each for a 20 year span 

(Figures 7-10). Input data were similar for each, runs consisting 
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Figure 7. Plot of biomass (logarithmic scale) of six species.--(from 
top down: tow plants, two herbivores, two predators) for 
20 year simulation; input data as listed in Appendix B. 
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Figure 8. Plot of biomass (logarithmic scale) of six species.-
(from top down: two plants, two herbivores and two pred
ators) for 20 year simulation where herbivores have upper 
population limits; input data as listed in Appendix B ex
cept that herbivores are assigned limits for space and 
coefficients of competition. 

20 
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Figure 9. Plot of biomass (logarithmic scale) of six species.--(frorn 
top down: two plants, two herbivores and two predators) 
for 20 year simulation where effect of predators is elimi
nated; input data as listed in Appendix B except that pred
ators are started at zero and assigned zero birth rates. 
Notches in lines represent periods of starvation and no 
weight gains. 
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Figure 10. plot of biomass (logarithmic scale) of real population 
data for six years on the Kaibab North mule deer herd.-
(bottom line) verses population data for the same herd 
as predicted by MAYA (top line). 
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of a "standard" set of values and three variations. The final 

variation consists of a test of the model against data on the Kaibab 

North mule deer herd in Northern Arizona (Russo, 1964). Standard data 

were listed in Appendix B. Space limits and thus the upper limits on 

population growth, were imposed on two producers. Maximum rates of 

increase were highest for plants, less for herbivores, and still less 

for predators. Optimum climatic conditions were defined somewhat 

differently for each species (Appendix B). The simulation based upon 

these standard data is shown in Figure 7, setting an upper asymptote 

on herbivore growth in Figure 8; and effectively removing predators 

yielded Figure 9. 

Each species clearly responded to the annual cycle of the 

simulated climate with periods of growth and of decline (Figure 7). 

This pattern reflects ranges set in the input data for the climatic 

optimum. The heterotrophic species had two optimal periods each 

year, resulting in two peaks of increase. 

The climatic factor (Figure 1) passed through the optimum 

range as it increased in the spring and as it decreased in the fall 

(Figure 7). The two predators were almost eliminated (Figure 9) by 

assigning them a zero increase rate. Whenever any species count 

drops below unity, the program starts the next computing cycle with 

a single individual. Thus, predators were maintained at a low level 

and had minimal effect on herbivores. 

The oscillations produced with a standard set of input data 

(Figure 7) mimic generally the fluctuations of the natural 
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populations. If these were all verified field observations, it would 

be possible to postulate long-term cycles for the hetertrophs, with 

nadirs occurr~ng about 11 years apart on an irregular basis. Like 

natural fluctuations, these would seem to be only generally predict

able. Here, of course the model is deterministic, each fluctuation 

is predictable and any time sequence can be reproduced by starting 

over with the same data. The oscillations result from species inter

actions. Left to itself with an adequate energy supply, each would 

follow a smooth curve reflecting the seasonal effect. Thus, it is 

these interactions that are responsible for the observed irregulari

ties. 

The plant populations in Figure 7 fluctuated in regular annual 

cycles, following the climactic pattern, until an herbivore popula

tion grew to where consumption reduced plants to a low level during 

the dormant season. When this happened, the plants usually returned 

to their summer maxima and, thus, oscillated over a wider range when 

under hervibore pressure. When herbivores are reduced, however, by 

a lack of food, predator action or both, the plants returned to a 

regular annual cycle. In Figure 7, both herbivore species were made 

selectively predatory upon the two plants, and consequently both 

plants and herbivores were permitted to oscillate with different 

time relationships. 

Effects of herbivores on plant populations may be regulated by 

imposing upper limits on growth of each herbivore species. If these 

limits are beneath the point where the herbivores constitute important 



87 

mortality factors, then the producers will fluctuate primarily under 

climatic influences. The data that produced Figure 8 were so ad-

justed~ other asympotic ['herbivore limits would produce 

results. Note that the I ariable period of oscillation 

selective predation on Pllants disappears in Figure 8. 
i 

different 

caused by 

Herbivore populations oscillated under control of available 

food level at some times!, in response to predator pressure at other 
I 

times, and under the combined influence of both at still other times 

(Figure 7). When the prl9dator effect was removed (Figure 9), herbi

vores oscillated as they do with predators present, but they reached 

levels high enough to reduce plant populations more often. When 

present, predators occasionally reached levels high enough to re-

duce the herbivores significantly (Figure 7), their effect in these 

trial seemed to be to long then the period between low values. 

When there is an upper asymptote limiting herbivore growth, 

fluctuations may all but disappear as in Figure 8. Where the upper 

limit for herbivores is set as a higher point, they may fluctuate 

under the control of periodic predator increases. When herbivores 

are given higher birth rates equal to those assigned to the producers, 

oscillations of the lower two trophic levels became more frequent, 

while the predators were almost eliminated. 

Predator species fluctuated according to food availability. 

This response is to a threshold level above which predators may ob-

tain food to reproduce and below which they starve. When herbivores 



are above the threshold, predators increase until herbivores fall 

below the threshold, either due to increasingly heavy predation or 

to starvation. At this point, predator populations crash and main

tain low levels until herbivores again exceed the threshold level 

which allows predators to increase. Thus, in MAYA, predators are 

controlled by their prey levels. 
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The predators of the community simulated in Figure 7 are kept 

at low levels by the timing of fluctuations in their food supply. 

Herbivore populations, given high birth rates, oscillated rapidly 

and frequently dropped below the threshold that controlled the pred

ators. Thus, the predators never increased long enough to attain 

control of herbivore populations. 

The seasonal cycle built into MAYA clearly exerts an impor

tant influence on the oscillations. The most important population 

reductions occurred during the non-growing seasons. starvation, 

then, is important, though it may occur during any season. The 

general ecology of the temperate zone is reflected in the choice of 

optimum seasons and the adjustment to climactic flucutation built 

into the model. 

The effects of changing numerous biological parameters of 

the model has not been explored. Results of changing one value 

raises interesting questions. In the standard set of data, the 

proportion of fat store mobilized each day is set of 0.10 for species 

4 (one of the herbivores). Reduction of this fraction to 0.018 re

sulted in virtual elimination of this species from the simulated 
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community, but could be counterbalanced by raising its birth rate by 

half. Apparently in MAYA, a low fat mobilization results in fre

quent undernourishment and reduced birth rate even when an animal 

has a large fat store. Another compensating adjustment might be 

control of the satiation level as exercised by fat stores. 

Having a model that will simulate a hypothetical situation, 

the next step is to simulate a set of measurements to characterize 

a real population. For example, relatively minor changes, such as 

altering the fat mobilization constant or the initial number of 

species, will produce marked changes in biomass and numbers of all 

the species in a short time (10 years). Useful measures to quantify 

such changes are required with an analysis of time series, not only 

by the usual mathematical techniques, but also with parameters of 

biological meaning. There is a need to program a running summary, 

perhaps over a quarter or full years, to record the energy consumed 

by each heterotroph, the organic production of each species, and the 

cumulated rates of mortality or increase. 

There are certain deficiencies in the model, including the 

absence of any age-class effect. The hypothesis of increased mortal

ity in populations that exceed habitat carrying capacity should be 

incorporated. Some values currently inserted into the program as 

constants could be made species-specific as more information becomes 

available. Digestion rates should vary among the species. In 

earlier sections, comments were made where increased sophistication 
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might be introduced as our fundamental knowledge of specific 

ecological parameters is increased. 

A test run for the program MAYA against known population 

levels of mule deer on the Kaibab North area from 1956-1951 is 

presented in Figure 10. Program results were consistently higher 

than the actual population values given by Russo (1964); this may 

be due to effects of hunting, which is not accounted in the model. 

According to Mirham (1972), a model may be validated by 

testing for the equality of means and/or variances of the two popula-

tions. Proposing the hypothesis that there is no significant dif-

ference in the variance of the simulated and known populations, the 

null hypothesis may be stated as 

against 

At a .02, H is accepted, (.78 ~ 3.23 ~ 24.7), there are no signifi-

cant differences in the variances of the two populations. 

This result is not proof that the model is accurate and 

should not be construed as a statement on the model's validity. 

Rather it is just one step in the validation process and therefore 

does indicate a viable approach. 

It is possible to have some degree of confidence in the model. 

But, as others (Forrester, 1968; Oshimi and Fukuda, 1972; Medin,and 

Anderson, 1979) have indicated, the only definitive test of a computer 



simulation is its repeated application and testing against real 

phenomena. Confidence is built by withstanding the test of time. 
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CHAPTER 5 

SUMMARY 

As discussed in previous chapters, sufficient biological 

information to simulate a real community is not presently available. 

Many specific data demands of MAYA are not met, and some variables 

have not been measured in natural populations. It is by no means 

clear that further development of MAYA into a more sophisticated 

mathematical form is justified before we know more. 

The model is heuristically useful, in that it has required 

delineation of specific information needs and identified areas of 

greatest deficiency. The results appear realistic, and able to give 

answers about the effects of changing various parameters within these 

constraints. Further the work suggests certain general questions. 

MAYA emphasizes contingency as determining population change. 

Population dynamics may be described as a set of potentials for action, 

with final action contingent upon the set of factors instantaneously 

influencing the population. What happens next is contingent upon the 

present status. That this principle governs the model means, of 

course, only that it was built upon this view of natural events. Any 

natural programming of future events requires processes be set up now 

which will approach a future set of predisposing conditions step by 

step as time passes. As population growth follows some curve, each 
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instant the population changes in response to some set of influences 

to which it is immediately exposed. One important influence is the 

popuiation level itself. Other influences are population characteris

tics such as sex and age distribution, reproductive status, and pres

sures of abiotic factors. What the population does at the moment 

must be determined only by the set of influences at the moment. 

In trials of MAYA, whenever the same set of initial conditions, 

rates and characteristics are provided, the same output follows; i.e., 

MAYA is not stochastic. But, if a single condition is changed, the 

resulting series of population fluctuations differs to some degree. 

Even with the oversimplified description of nature illustrated in 

Figure 7, it seems unlikely to return to exactly the same set of con

ditions, to predispose it to generate the same set of responses. Any 

degree of predictability seems remarkable under these circumstances. 

The population fluctuations in Figure 5, several orders of 

magnitude on occasion, seem too violent to be "natural." Other trials 

produced results which were even more so. Yet, in making such a 

judgment, there exist no real standards, for there is little real 

knowledge of the actual scale of local flutations for natural popu

lation year after year. Most series of records are for economic forms 

(such as pests) over large areas. 

The factors which control populations are the most important 

and most interesting features of population study. In the natural 

world, no populations increase without limit and few decrease without 

limit. It has long been held that prey species are controlled in some 
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manner by predators as well quality and quantity of habitat (Wallmo, 

1981). It has beell suggested (Murdoch, 1979) that a logical require

ment for control by predation is the phenomenon to "switching" or 

an increased efficiency of predation upon the more common species. 

Holling (1959,. 1965) has pointed out the importance of satiation in 

limiting predation effectiveness. Other influences stabilizing num

bers below some asymptotic upper limit are density-dependent factors 

acting within populations. One density-dependent mechanism is the 

postulated increase in vulnerability to predation as number exceed 

the carrying capacity of the habitat; another aspect of the "switch

ing" mentioned above. Finally, there exists the possibility that the 

interrelationships among many species in a community (i.e., a rich 

community) impart stability not to be found in communities of few 

species. MAYA is restricted to a few species and therefore does not 

include this factor. 

The effect of predator-prey relationships in MAYA is clearly 

one of control of predator populations by prey density; control in the 

reverse direction is less clear, in apparent conflict with the 

principle of prey control by predators. When prey availability is 

above a certain threshold level, the predators may increase. Other

wise, they decrease under mortality pressure of several kinds, to 

which starvation is added when prey populations become low enough. 

What has been called a threshold is actually a zone of rapid change 

with decreasing numbers of prey, the predator passing from conditions 
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of adequate food, to less than adequate food, to no food. This 

phenomenon comes about because an individual predator cannot capture 

enough food to meet its energy requirements unless the prey population 

is at a certain level (Eq. (50». When prey exceeds this level, they 

can support any number of predators, but below this level they can 

fully support none. 

As a control factor for prey populations, this threshold of 

predator well-being is density-dependent. When prey reaches a certain 

density predators increase and so does prey mortality due to predation. 

This may not be able to reduce an increasing prey population of itself. 

But this density-dependent factor may be combined with others, such as 

decreasing food supply for the prey, or perhaps a graded series of 

similar releases of other predators, to control the prey numbers. 

Satiation of the other predator tends, however, to reduce the 

effectiveness of any prey control. When the prey population exceeds 

that level with the predator needs for capture of a satiation ration, 

the effective predation rate is reduced (Eqs. (51) and (~2» more and 

more as they prey increases and the predator numbers remain constant. 

The food intake per predator remains constant beyond a given point 

of prey density. This phenomenon has been discussed by Holling (1959, 

1965) for several conditions. If it is allowed that predators will 

increase when food is abundant, then in the long run, satiation would 

seem only to slow rather than prevent, the ultimate overtaking and 

reduction of the prey in coordination with other factors. Further, at 

the point where prey no longer satisfy food needs of predators, the 



mortality rate experienced by prey increases disproportionately as 

each predator now hunts with full effectiveness. 
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switching is supposed to increase the effectiveness of preda

tion as a population control when a prey species becomes abundant 

(Murdoch, 1979). But, under these conditions effective predation 

rates are set at the reduced levels needed just to achieve satiety; 

changes in the definitive rates may have relatively little effect. 

switching can only increase the portion of the ration, already pre

dominant, that is drawn from the abundant prey species by substituting 

it for some of the food otherwise to be drawn from less numerous forms. 

The total amount of food will not increase; this would seem less im

portant in controlling the abundant form than in sparing rare species 

(the buffer species concept). 

An asymptotic upper limit of population growth can provide 

stability of numbers when adjusted to the correct level. To both 

achieve stability and retain a community of species, such upper limits 

must be set high enough that the species transmits enough energy to 

sustain those organisms that feed upon it, yet low enough that the 

species cannot generate important predatory pressure on its prey. A 

stable community can be achieved by postulating enough such limits; 

the interesting question seems to be whether realistic stability can 

be achieved without them. 

Hairston et ale (1960) concluded that producers are resource 

limited. The results of MAYA support this concept regarding producers; 

a space limit was built in although energy was assumed to be unlimited. 
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Regarding predators, support is also complete, as predators are here 

provided with a capacity to increase unless food is limiting. Regard

ing herbivores, however, control comes about both by predator action 

and by limitation of their food supply. Even when predators are 

effectively removed from the model, the herbivores are eventually 

limited by food. 

The question may be raised of whether herbivores may not be 

limited, at least in part, by the food supply. The remarks of Hairston 

et al. (1960) were based upon a general observation of nature. Even 

so, they take precedence over results of this model where any resemb

lence to nature arises from logical factors built into it. But, it 

may be instructive to examine the instances where food supply con

trolled the herbivores, either in Figure 7, where predators are 

essentially absent, or in Figure 5, where their effect does not seem 

too great. When herbivores reach high levels, their effect on pro

ducers is principally to reduce the winter minima; effects on summer 

maxima are much less frequent and pronounced. Thus, the herbivores in 

MAYA exert ~onsiderable influence on producers, but fail to limit them 

in the strict sense of appearance during the growing season. Hairston 

et al. (1960) argued that because herbivores do not reduce their food 

supply, they are not food limited. It is suggested here that, if 

herbivores are not limited in some other way, they will be food 

limited. If the growth rate of producers is sufficiently high, 

plants may then approach the limit of some resource each growing 

season even though at some other time of year they may be reduced by 



herbivores. Thus, a law of minimum foo~ resource operating in time 

may limit herbivores, even though the producers may not be limited 

during the growing season. 

MAYA may prove a useful tool for both research and wildlife 

management. It may be used to: 

1. organize piecemeal bits of information into a unified and 

logical framework to help guide research or management deci

sions; 

2. help managers develop realistic, specific management objec

tives; 

3. show what types of data are most useful in management and 

·what information is lacking; 
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4. help managers define the range of possible management options 

from which one must be chosen; 

5. estimate, in general terms, the effects of various strategies 

on wildlife populations; 

6. make conditional forecasts of potential harvests or other 

variables of interest; 

7. stimulate critical and constructive thought about assumptions 

on which wildlife management decisions are based; 

8. help biologists and others re-evaluate intuitive notions 

about wildlife population dynamics; and 

9. aid in decision-making with regard to the impact of hunting 

strategies when coupled with a hunting program such as that 

of Anderson et al. (1974). 
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CONCLUSIONS 

Construction of an ecosystem model with emphasis on energy 

exchange, even one as simple as six species and two abiotic factors, 

has forced attention on a number of neglected phases of population 

dynamics and suggested questions that must be carried to nature for an 

answer. There are important deficiencies in the biological knowledge 

required to construct such a model on more than very general terms. 

Medin and Anderson (1979) identified three reasons why simulations may 

not be expected to provide totally accurate numerical predictions for a 

real population: (1) uncertainty in estimates of a model's essential 

parameters, including the initial conditions; (2) possible omission 

of some important relationships and incorrect modeling of others; and 

(3) unpredictable fluctuations in environmental conditions that in

fluence the dynamics of populations. Such constraints should not, 

however, preclude the acceptance of conditional predictions. The 

principle weakness lies in methods for describing and comparing re

sults when simulating an ecological system. 

This work emphasizes that contingency governs population 

changes; that is, a population will change in the next unit of time 

contingent upon its status and relationships with the rest of the 

ecosystem at the present time. Predator numbers may be controlled by 

prey density through a threshold effect that constitutes a 
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density-dependent factor in population regulation of the prey. 

Herbivore numbers are controlled, at least in part, by food availa

bility during some limited season, or in some limited form, and without 

apparent reduction in the general level of the food supply during the 

growing season. 

This type of mechanistic model is a synthetic test of the 

reductionist philosophy that has dominated much of biological and 

ecological research. Can the emergent properties of a complex system 

be simulated in a mechanistic fashion by summing the best data that 

is available in a dynamic model? There are ecologists with a great 

deal of experience who feel the answer is "no," and that those taking 

this approach are doomed, like "all the king's horses and all the 

king's men" never to put the system back together again. While there 

is reason for reservations, it is felt that the model described here, 

MAYA, as well as the results of a number of other modeling projects, 

provide evidence that this approach may be quite successful in pro

viding a powerful tool for ecosystem research (DiToro et ale 1971; 

O'Brien and Wroblewski, 1966; Nixon and Oviatt, 1973; Walsh, 1975). 

The simulation results tested the understanding of the eco

system, raised interesting questions and suggested new areas for 

further research. The modeling process is not an isolated activity; 

rather, it encourages the search for information from many sources. 

The inclusion of variable coefficients and forcing functions 

may have resulted in better simulations, especially of non-periodic 

phenomena. However, the current level of ecosystem data and 



understanding do not yet permit a reliable understanding of results 

which may be obtained from this method. For this reason, they were 

avoided in MAYA. As better data on animal energetics, such as 

satiation requirements, and reliable predictive data on abiotic 

factors in ecosystems become available, they may be built into the 

system as interactive variable coefficients. The current version of 

MAYA is good for many wildlife management purposes, as an indicator 

of the impact various management decisions will have on various 

wildlife populations, and the plant sources upon which their food 

chaind is based. As more knowledge is gained, the model may be made 

increasingly sophisticated. 
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New modeling methodology and the availability of computer 

services to remote natural and wilderness areas appear to be 

revolutionizing traditional resource management. Reaction to such de

velopments has been mixed. Some managers welcome the new systems and 

are excited by their applications. Others remain skeptical at best, 

viewing modeling as an anathema to wilderness. 

Yet, the central problem is that our nation must preserve its 

resources while providing for the public enjoyment of these areas. 

We cannot allow degredation of this heritage, nor can we lock the 

public out of the national parks and wilderness areas. Because of 

this traditional conflict between preservation and use, highly com

petent and more aggressive management is imperative. New modeling 

methods should offer an invaluable tool for both minimizing this con

flict and improving management quality. 
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Although some may be reluctant to admit it, the builders and 

users of models are engaged, both directly and indirectly, in the 

political process by which a society's decisions are made. Ultimately, 

how evaluation is treated in these models depends far less upon the 

repetoire of analytic techniques at our disposal than upon the funda

mental set of views that model builders hold about the purpose of 

modeling. There is not one best way to deal with evaluation in model

ing any more than there is anyone right set of values to use. Even 

such seemingly inocuous recommendations as the injunction to be ex

plicit in the treatment of evaluation may conflict with the aspira

tions of the modeler to be effective. The art of modeling is an 

arduous enterprise and ought not to be entered into in the mistaken 

belief that model creation is a routine matter or that we currently 

possess a methodological arsenal equal to the task. The art of model

ing is the opportunity to explore options and experiment with ideas 

prior to their implementation. This will surely enhance or preserve 

the quality of our ecosystems and out own existence. 

Final Note 

There are those who will wonder from whence came the name 

"MAYA" for this computer model. It is not new. According to Mahatma 

Gandhi (19271, "Maya is the famous word in Hindu philosophy which is 

nearly untranslatable, but has been frequently translated in English 

as 'illusion' or 'that which imitates reality'." 



Appendix A 

computer Program for MAYA 

C--MAYA: A POPULATION DYNAMICS MODEL 
common ck,datrun(9),ipage,stars(3) 
integer ck(l6) 
double precision s(6),size(6),pred(6,6),d(6,l0),ratio(6) 

1 ,sump(6),psum(6),bmetm(6),ske(6),skf(6),fat(6),energ(6), 
2 CHO(6),STARV(6),FFAMA(6),RSTRC(6,4),OPT(6,2,2),FL(2), 
3 g(6),point(6,2,2),prtn(6),slope(6,2,2),aslop(6,2,2), 
4 ALEVE(6,2,2),TERTR(6,6),A(6),SEASO,BIRTH(6),SIZ(6), 
5 e(6,5,2),diges,ebm(6),death(6),factr,weathR,SL(6), 
6 ratn(6,6),ration(6),csum(6),eind(6),y(6,5),diff(6), 
7 diffl(6),x(6) 

DATA RSTRC /24*0.8D0/,D/60*0.D0/,EIND/2*22S.,2*S0., 
1 2*325./ 

2 format (i3,l6il,9al,3a4) 
ipage=l 
WRITE(20,S) 

****read output control values, date & heading 
READ(2l,2)INTRVL,CK,DATRUN,STARS 
icnt=intrvl 
call readX(nospp,nofac,seaso,factr,fl,jst,jfin,s, 

1 size,pred,bmetm,ske,skf,cho,starv,diges,ffama,opt, 
2 point,slope,aslop,aleve,tertr,a,birth,siz,fat,energ,e, 
3 g,prtn,death,ebm) 

do 1 i=l,nospp 
SL(I)=0.D0 
ratio (I)=0.d0 
diff(I)=0.d0 

1 diffl(I)=0.d0 
do 4 idth=l,nospp 

4 d(idth,l0)=death(idth) 
do 1000 lengt=jst,jfin 
fl(l)=weathr(seaso,factr) 
call totsi(nospp,siz,size,fat) 
call pred (nospp,nofac,s,size,pred,d,ratio,sump,psum, 

1 bmetm,ske,skf,fat,energ,ebm,birth,rstrc,ratn,ration, 
2 csum,iheter,sl) 

call energ(nospp,nofac,s,size,pred,opt,fl,g,e,bmetm, 
1 ske,skf,fat,psum,energ,sump,ration,ebm,csum,d,eind,y) 

call mort (nospp,nofac,s,d,fat,cho,starv,energ,diges, 
1 ffama,rsrtc,psum,prtn,sump,ebm,ratn,eind,diff,diffl) 

call room(nospp,nofac,s,tertr,a,rstrc) 
call abmod(nospp,nofac,aleve,aslop,fl,rstrc) 
call abfatl(nospp,nofac,point,slopc,fl,d) 
call action(nospp,nofac,s,rstrc,d,birth,g,x) 
IF(S(3).LT.l.D0.0R.S(4).LT.l.D0.0R.S(5).LT.l.D0.0R. 

1 S(6).LT.l.dC )CALL RECORD (NOSPP,LENGT,RATIO,ENERG, 
2 fat,rstrc,d,s,size,fl,y,diff~diffl,x,sl) 

if(icnt.lt.intrvl)go to 3 
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call record(nospp,lengt,ratio, energ,fat,rstrc,d,s, 
size,f1,y,diff,diff1,x,s1) 
IF(S(3).LT.1.D~.OR.S(4).LT.1.D~.OR.S(5).LT.1.D~.OR. 
s(6).1t.1.d~)go to 1~~1 
icnt=~ 
ipage=ipage+1 
SEASO = SEASO +.8737746259971D-32*2.D0 
ICNT=ICNT+l 
continue 
stop 
end 
subroutine readX (n,nf,se,f1,f,js,jf,s,sz,p,bm,s1, 
s2,cho,stv,dg,fm,o,pt,sl,as1,a1v,t,a,b,siz,fat,eng, 
e,g,pr,dth,ebm) 
double precision f(2),s(6), sz(6),p(6,6),bm(6), 
s1(6),s2(6),cho(6),fm(6),o(6,2,2),pt(6,2,2),s1(6,2,2), 
as1(6,2,2),a1v(6,2,2),t(6,6),a(6),b(6),siz(6),fat(6), 
eng(6),e(6,5,2),g(6),pr(6),stv(6),dth(6),ebm(6),se, 
F1,DG 
OPEN(UNIT=23,DEVICE='DSK') 
OPEN(UNIT=25,DEVICE='DSK') 
OPEN (UNIT=26,DEVICE='DSK') 
OPEN(UNIT=27,DEVICE='DSK') 
OPEN(UNIT=28,DEVICE='DSK') 
OPEN(UNIT=29,DEVICE='DSK') 
OPEN(UNIT=30,DEVICE='DSK') 
OPEN (UNIT=31,DEVICE='DSK') 

1 fot:mat('6d13.4) 
2 format(4i5,4d13.4) 
3 format(1~d8.5) 
4 format(4d13.4) 
5 formate' ',6d15.4) 
6 format('1',4i5,4d15.4) 
7 format (' ',1~d12. 3) 
8 formate' ',4d15.4) 
9 format('l') 

read(22,2)n,nf,js,jf,se,f1,f(2),dg 
read(23,1)s,sz,siz,b,a,cho,fat,bm,s1,s2,eng,stv,fm, 

1 g,pr,dth,ebm 
read (24 , 1) ( (p ( i , j) , j = 1 , n) , i = 1 , n ) 
read ( 25, 1) ( ( t ( i , j) , j =1, n) , i = 1, n ) 
read(26,4)«(o(i,j,k),k=1,2),j=1,nf),i=1,n) 
read(27,4) « (pt(i,j,k) ,k=1,2) ,j=1,nf) ,i=l,n) 
read (28,4) ( (.( 51 (i , j , k) , k=1, 2) , j =1, nf) , i=1, n) 
read (29,4) ( ( (as1 ( i, j , k) , k=1, 2) , j =1, nf) , i =1, n) 
read (30,4) ( ( (a1 v ( i , j , k) , k=1 ,2) , j =1, nf) , i =1, n) 
read (31,3) ( ( (e (i, j , k) , k=l, 2) , j =1,5) , i =1, n) 
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C WRITE(2~,6)N,NF,JF,JS,SE,F1,F(2),DG 
C WRITE(2~,s)S,SZ,SIZ,B,A,CHO,FAT,BM,Sl,S2,ENG,STV,FM, 
C 2 G,PR,DTH,EBM 
C WRITE(2~,s)«p(i,j),j=1,n),i=1,n) 
C WRITE (5,5) «t(i,j) ,j=l,n) ,i=l,n) 
C WRITE(2~,8) «(o(i,j,k) ,k=1,2) ,j=l,nf) ,i=l,n) 
C WRITE(2~,8) «(pt(i,j,k) ,k=1,2) ,j=l,nf) ,i=l,n) 
C WRITE (2",8) « (51 (i,j ,k) ,k=1;2) ,j=l,nf) ,i=l,n) 
C WRITE(2~,8) « (as1 (i,j ,k) ,k=1,2) ,j=l,nf) ,i=l,n) 
C WRITE(2~,8) «(a1v(i,j,k) ,k=1,2),j=1,nf) ,i=l,n) 
C WRITE(2~,9) 
C WRITE (2~, 7) « (e(i,j ,k) ,k=1,2) ,j=l,S) ,i=l,n) 

return 
end 
double precision function weathr(s,f) 
double precision b,s,f 
IF(S.LT.1.~D~)S=1.~D" 
B=(DSIN(S)+1.D")/2.D~+.5D-~1 
weathr=b*f 
return 
end 

****totsi computes current individual biomass by adding 
****stored fat to basic protein-cho body mass 

subroutine totsi(n,sz,size,fat) 
double precision sz(6),size(6),fat(6) 

o WRITE(2~,9~~) 
9~~ FORMAT(lX,'TOTSI') 

do 1 i=l,n 
1 size(i)=sz(i)+fat(i) 

return 
end 
SUBROUTINE PRED(N,NF,SP,SZ,P,C,RATIO,SUMP,PSU~,B,SK1, 

1 SK2,FAT,ENERG,EBM,BIR,R,RATN,RATION,CSUM,IHETER,SAT) 
double precision sp(6),sz(6),p(6,6)~c(6,1~),ratio 

1 (6),sump(6),psum(6),b(6),sk1(6),sk2(6),fat(6),energ 
2 (6),EBM(6),SATIA,SAT(6),ZERO,CSUM(6),F(9),G(6), 
3 B1R(6),R(6,4),sdad(6),SDEAD(6),RATN(6,6),RATION(6) 
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11 format (lSx,'input error-positive sum of predation rates 
1 by species',i3) 

o WRITE(2~,9"~) 
9~~ FORMAT(lX,'PRDAT') 

zero=~.d~ 
iterat=zero 
iheter=l 
m=n+nf+2 
1=nf+2 
do 1~ i=l,n 
sump(i)=zero 
ratio (I) =zero 
sat(I)=zero 
csum(I)=zero 
G(I)=BIR(I) 

1~ psum(I)=zero 



do 2 i=l,n 
do 5 il=l, 1 

5 g(I)=G(I)*R(i,il) 
k=I+NF+l 
do 2 j=l,n 
c(J,K)=P(i,j)*sp(I) 
sump(Jj=sump(J)+c(j,k) 

2 psum(I)=psum(I)+P(I,J) 
do 1 j=l,n 
if (psum(J»l,3,12 

****iheter is a restriction in input to the system mod'e. 
****those species which are autotrophic are given the low 
****order subscripts; without any heterotrophic spp. having 
****SUBSCRIPTS LOWER THAN ANY AUTOTROPHS. IHETER=NO. OF 
****autotrophs +1. 
3 iheter=iheter+l 

go to 1 
12 WRITE(20,ll)j 

stop 
1 continue 

do 4 i=iheter,n 
****satiation levels remain constant 
4 sat(I)=satia(fat,energ,b,skl,sk2,i,ebm) 

do 14 i=l,n 
do 14 J=l,m 

****set death rates at max. values for primary computations 
14 csum(I)=csum(I)+C(I,J) 

do 8 i=1,n 
****ca1c. s~ead; (total deaths during interval) 

if(dabs(g(I)+csum(I»-0.1d-10)25,26,26 
25 sdead(I)=(-l.d0*csum(I)*sp(I» 

go to 8 
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26 SDEAD(I)=(-1.D0*CSUM(I)/(G(I)+CSUM(I»)*SP(I)*(DEXP(G(I)+ 
1 CSUM(I»-l.D0) 

8 CONTINUE 

C**** 
C 
C 
C 
C 
6 

30 
20 
C 
C**** 
C 
C 

DO 6 I=IHETER,N 
DO 6 J=l,N 

THE MAXIMUM RATION, THAT WHHICH WOULD OCCUR IF PREDATORS 
HUNTED THEIR MAXIMUM CAPABILITY FULL TIME, IS USED IN 
THEE INITIAL COMPUTATION. THE NAME"RATIO" IS RETAINED, 
EVEN THOUGH IT IS REDUCED. THE UNIT OF MEASURE FOR "RATIO" 
IS BIOMASS. 
RATIO(I)=RATIO(I)+P(I,J)/CSUM(J)*SDEAD(J)*SZ(J) 
DO 30 I=IHETER,N 
RATION(I)=RATIO(I) 
ITERAT=ITERAT+l 

TEST TO PREVENT REMAINING IN LOOP IF THE COMPUTATIONS 
SHOULD CONVERGE. THERE WILL BE A MAXIMUM OF 50 COMPUTATIONS. 

IF(ITERAT.GE.50)RETURN 
DO 9 I=IHETER,N 
K=I+NF+1 



C 
C**** 
C 
C 
C 

9 

13 

15 

C 
C**** 
C 
41 

42 

413 

C 
C**** 
C 
C 

C 
C**** 
C 
C 

18 

C 
C**** 
C 
C 
C 
C 
C 
C 

1 
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F(K) IS THE PROPORTIONAL REDUCTION IN THE DEATH 
RATE (MAXIMUM) DUE TO PREDATION. THE REDUCTION IS DUE TO 
ABUNDANT FOOD. THE PREDATOR IS SPECIES (I). 

IF(RATIO(I).EQ.0.D0) RATIO(I)=.lD-9 
F(K)=SAT(I)/RATIO(I) 
IF (F(K).GT.1.D13)F(K)=1.D13 
DO 9 J=l,N 
C(J,K)=F(K)*C(J,K) 
RATN(I,J)=ZERO 
CONTINUE 
DO 13 J=l,N 
CSUM(J)=ZERO 
RATIO (J)=ZERO 
DO 15 K=l,M 
DO 15 J=l,N 
CSUM(J)=CSUM(J)+C(J,K) 
DO 413 I=l,N 
IF (DABS(G(I)+CSUM(I»-13.1D-113)41,41,42 

RECOMPUTATION OF SDEAD(I) USING ADJUSTED PREDATION RATES 

SDEAD(I)=(-l.DG*CSUM(I)*SP(I» 
GO TO 413 
SDEAD(I)=(-l.DG*CSUM(I)/(G(I)+CSUM(I»)*SP(I)*(DEXP(G(1)+ 
CSUM(I»-l.D13) 
CONTINUE 
DO 18 I=IHETER,N 
K=r"+NF+l 
DO 18 J=l,N 

RATN(I,J) IS THE NUMBER OF INDIVIDUALS ONE INDIVIDUAL 
OF THE I TH POPULATION TAKES FROM THE J TH BY PREDATION 

RATN(I,J)=C(J,K)/(SP(I)*CSUM(J»*SDEAD(J) 

RECOMPUTATION OF RATIO AFTER FINDING THAT THEPREVIOUS 
RATIO WAS TOO LARGE. 

RATIO(I)=RATIO(I)+C(J,K)/(SP(I)*CSUM(J»*SDEAD(J)*SZ(J) 
CONTINUE 
DO 19 I=IHETER,N 
K=I+NF+1 

IF THE NEWLY COMPUTED RATION APROXIMATES THE SATIATION 
LEVEL FOR ALL PREDATORS, THEN THE ITERATION IS COMPLETE AND 
THE PREDATION MATRIX IS CORRECT IN ALL ENTRIES TO <=.131% 
IN THE ADJUSTMENT FACTOR (DENSITY DEPENDANCY ADJUSTMENT) 
UNLESS THE FOOD SPECIES POPULATION LEVELS ARE TOO LOW FOR THE 
PREDATOR'S MAXIMUM PREDATION RATES TO BE EFFECTIVE. 



IF (F(K).GT •• 9999D0)GO TO 19 
GO TO 20 
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19 CONTINUE 
RETURN 
END 

DOUBLE PRECISION FUNCTION SATe (FAT,ENERG,B,SK1,SK2,I,EBM) 
DOUBLE PRECISION FAT(6),ENERG(6),SK1(6),SK2(6),B(6),EBM(6),E,F 

D WRITE (20,900) 
900 FORMAT (lX,'SATIA') 

IF (ENERG(I»1,1,2 
2 F=FAT(I) 

E=ENERG(I) 
SATIA=(B(I)-SK2(I)*F**2)*(1.D0-DEXP(SK1(I)*(E-EBM(I»/ 

1 EBM (I) ) ) 
IF (SATIA)1,3,3 

3 RETURN 
1 SATIA=0.D0 

C 
C**** 
C 
C 
C 

D 
900 

99 
98 

4 
C 
C**** 
C 

C 

1 

1 
2 
3 

RETURN 
END 

SUBROUTINE ENERG(N,NF,S,SZ,P,0,FL,G,E,B,SK1,SK2,FAT,PSUM, 
ENERG,SUMP,RATIO,Y1,CSUM,C,EIND,Y) 

CALOR IS A SUBROUTINE TO COMPUTE THE ENERGY EXPENSE OF THE 
ORGANISMS DUE TO BODY MASS, ABIOTIC FACTORS, REPRODUCTION, 
FEEDING, AND ESCAPING PREDATION. 

DOUBLE PRECISION E(6,S,2),S(6),SZ(6),O(6,2,2),FL(2),G(6),RATIO 
(6),B(6),SKl(6),SK2(6),ENERG(6),FAT(6),PSUM(6),Y(6,S),SUMP(6), 
EIND(6),P(6,6),Y1(6),SATIA,SATLV,X,OPTMU,CSUM(6),C(6,10),FOOD 
(6) , SBAR (6 ) 

WRITE (20,900) 
FORMAT (IX, 'CALOR') 
IHETER =1 
DO 98 I=l,N 
DO 99 J=l,S 
Y(I,J)=0.D0 
FOOD(I)=0.D0 
DO 11 I=l,N 
IF (PSUM(I»4,3,3 
SATLV=SATIA (FAT,ENERG,B,SK1,SK2,I,Yl) 

ENERGY EXPENSE DUE TO BODY MAS~. 

X=E(I,1,1)*SZ(I)**(2.D0/3.D0)*S(I) 
Y(I,l)=X 
Yl(I)=Y(I,l)/S(I) 



C**** 
C 

2 

C 
C**** 
C 

ENERGY EXPENSE DUE TO ABIOTIC FACTORS. 

DO 2 J=l,NF 
OPTMU=.SD0*(0(I,J,1)+0(I,J,2» 
X=X+E(I,2,J)*(DABS(FL1J)-OPTMU»*S(I) 
Y(I,2)=X-Y(I,1) 

ENERGY EXPENSE DUE TO REPRODUCING, NURSING, 
REARING YOUNG, ETC., ASSUMED PROPORTIONAL TO PRODUCTION 
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C 
C 

OF BIOMASS; AN AMOUNT OF ENERGY IS SPENT EQUAL TO 1.5 TIMES THE 
BIOMASS PRODUCED, BUT THAT IS NOT ALL LOST, SINCE THE 

C 
C 

C 
C**** 
C 
C 
C 

3 

11 
C 
C**** 
C 
C 
C 

ENERGY OF NEW BIOMASS IS AN ENERGY GAIN. 

X=X+E(I,3,1)*G(I)*S(I)*EIND(I) 
Y(I,3)=X-Y(I,2)-Y(I,1) 

ENERGY EXPENSE DUE TO CAPTURING FOOD, PROPORTIONAL TO 
SATIATION LEVEL AND INVERSELY PROPORTIONAL TO FOOD 
RATION POTENTIAL. 

IF (RATIO(I).EQ.9.D9)RATIO(I)=.lD-9 
Y(I,4)=E(I,4,1)*SATLV*S(I)/RATIO(I) 
IF(Y(I,4)/S(I).GT.2.D9*Y1(I»Y(I,4)=Y1(I)*S(I)*2.D9 
X=X+Y(I,4) 
GO TO 11 
X=0.D9 
IHETER=IHETER+l 
ENERG(Ij=X 

ENERGY EXPENSE DUE TO ESCAPING PREDATORS, PROPORTIONAL 
TO THE AMOUNT OF ENERGY ALL PREDATORS EXPEND IN CAPTURING 
MEMBERS OF THIS SPECIES. 

X=0.D9 
DO 28 I=l,N 
IF (DABS(G(I)+CSUM(I»-.lD-19)26,27,27 

26 SBAR(I)=S(I) 
GO TO 28 

27 SBAR(I)=S(I)*(DEXP(G(I)+CSUM(I»-1.D0)/(G(I)+CSUM(I» 
28 CONTINUE 

DO 21 I=l,N 
IF(SUMP(I»8,9,9 

8 DO 29 JP=IHETER,N 
JPRED=JP+NF+l 
DO 6 JPREY=l,N 

6 FOOD (JP)=FOOD (JP)+C(JPREY,JPRED)*SBAR (JPREY) 
IF(FOOD(JP).NE.0.D9)Y(I,s)=Y(I,s)+C(I,JPRED)*SBAR(I)/ 

1 FOOD(JP)*Y(JP,4) 
29 FOOD(JP)=9.D0 

Y(I,S)=E(I,s,l)*Y(I,s) 
IF (Y(I,S)/S(I).GT.2.D0*Y1(I»Y(I,S)=Y1(I)*S(I)*2.D0 
GO TO 7 

9 Y(I,S)=0.D0 
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7 X=Y(I,5) 
21 ENERG(I)=ENERG(I)+X 

DO 30 .I=IHETER,N 
30 ENERG(I)=ENERG(I)/S(I) 

RETURN 
END 

SUBROUTINE MORT(N,NF,S,D,FAT,CHO,STV,ENERG,DIGES,FFAMA,R, 
1 PSUM,PR,SUMP,EBM,RATN,EIND,DIFF,DIFF1) 

DOUBLE PRECISION S(6),D(6,10),FAT(6),CHO(6),STV(6),ENERG(6), 
1 FFAMA(6),R(6,4),PSUM(6),SUMP(6),SUMPD(6),PR(6),CAL(2), 
2 RATN(6,6),EBM(6),DIGES,C,F,FOOD,UNTKN,E,FCL,FBAR,CCHO,CFAT, 
3 ENGDI,FENMA,ZERO,EIND(6),DIFFl(6),DIFF(6),STRV 

o WRITE (20,900) 
900 FORMAT (lX,'FATALE') 

ZERO=0.D0 
M=NF+2 
CAL (1)=4.100 
CAL(2)=9.3D0 
DO 14 I=l,N 
R (1,4) =1. 00 
0(1,1)=0.00 

14 SUMPD(I)=ZERO 
C 
C**** 
C 
C 

30 

6 

13 

C 
C**** 
C 
C 
C 
C 
15 
C 
C**** 
C 
C 
C 

COMPUTATION OF THE NUMBER OF CALORIES IN AN INDIVIDUAL 
OF EACH SPECIES. (THIS INFO. PASSED ON TO CALOR). 

DO 30 I=I,N 
EIND(I)=CAL(1)*CHO(I)+CAL(2)*FAT(I)+CAL(1)+PR(I) 
DO 1 I=l,N 
IF(PSUM(I»6,1,1 
C=ZERO 
F=ZERO 
FOOD=ZERO 
NG=NF+1+I 
DO 7 J=l,N 
DO 13 K=I,MN 
SUMPD(J)=SUMPD(J)+D(J,K) 
UNTKN=0.D0 
IF(SUMPD(J»15,7,7 

UNTKN= NUMBER OF PREY TAKEN BY ONE INDIVIDUAL PREDATOR. 
AMOUNT OF FAT, CHO,PR,OR SZ TIMES UNTKN IS AMOUNT OF FAT, 
CARBOHYDRATE, PROTEIN, OR BIOMASS (WET WEIGHT) TAKEN 
RESPECTIVELY, BY THAT INDIVIDUAL PREDATOR. 

UNTKN=RATN(I,J) 

F, C, AND FOOD ARE THE AMOUNTS OF FAT, CHO, AND FOOD 
EATEN BY SPECIES 1, IS THE PREY SPECIES, AND NG INDEXES 
THE APPLICABLE DEATH RATE DUE TO PREDATION. 
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F=F+FAT(J)*UNTKN 
7 C=C+(CHO(J)+PR(J»*UNTKN 

C 
C**** 
C 

C 
C**** 
C 

C 
C**** 
C 
C 

C 
C**** 
C 
C 

C 
C**** 
C 

C 
C**** 
C 
C 

8 

9 
11 

12 
10 
4 
5 

FOOD=F+C 
E=ENERG(I) 

FCL IS THE AMOUNT OF UNDIGESTED FOOD MATERIAL. 

FCL=FOOD*DEXP(DIGES) 

FBAR IS MEAN FOOD AVAILABLE DURING THE CURRENT INTERVAL. 

FBAR=(FCL-FOOD)/DIGES 

CCHO IS PROPORTION OF DIGES WHICH MULTIPLIES FBAR TO GIVE 
AMOUNT OF FAT DIGESTED IN THE INTERVAL. 

IF«C+F).EQ.0.D0)F=.ID-9 
CCHO=-DIGES*C/(C+F) 

CFAT IS PROPORTION OF DIGES WHICH MULTIPLIES FBAR TO GIVE 
AMOUNT OF FAT bIGESTED IN THE INTERVAL. 

CFAT=-DIGES*F/(C+F) 

ENGDI IS ENERGY EXPENDED MINUS FOOD CHO ENERGY. 

ENGDI=E-CAL(1)*CCHO*FBAR 

FENMA IS ENERGY FROM TOTAL FAT AVAILABLE DURING THE 
INTERVAL AS FREE FATTY ACIDS. 

FENMA=CAL(2)*(CFAT*FBAR+FFAMA(I)*FAT(I» 
DIFF(I)=ENGDI-FENMA 
DIFF(I)=E-DIFF(I) 
DIFFI (I)=CAL (1) *CCHO*FBAR+CAL (2)*CFAT*FBAR 
IF(ENGDI)8,8,9 
FAT (I)=FAT (I)+F-ENGDI/CAL (2) 
GO TO 10 
IF (FENMA-ENGDI) 11,12,12 
FAT (I)=FAT (I)+F-FENMA/CAL(2) 
GO TO 10 
FAT (I)=FAT(I)+F-ENGDI/CAL(2) 
IF(FAT(I»4,5,5 
FAT(I)=ZERO 
R(I,M)=DIFFl(I)/E-l.D0 
IF(R(I,M) .GT.1.D0)R(I,M)=I.D0 
IF(R(I,M).LT.0.D0)R(I,M)=0.D0 
STRV=DIFF(I)/E-.25D0 
IF (STRV.GT.l.D0)STRV=I.D0 
IF( STRV.LT •• ID-02)STRV=.ID-02 
D(I,I)=STV(I)*DLOG(STRV) 



1 CONTINUE 
RETURN 
END 

SUBROUTINE ROOM (N,NF,S,T,A,R) 
DOUBLE PRECISION S(6),T(6,6),A(6),R(6,4),SUM(6) 

o WRITE(20,900) 
900 FORMAT (lX,'SPACE') 

M=NF+l 
DO 1 I=l,N 
SUM(I)=0.D0 

1 R(I,M)=SUM(I) 
DO 3 I=I,N 
DO 2 J=I,N 

2 SUM(I)=SUM(I)+T(J,I)*S(J) 
IF(SUM(I).GT.0.D0)SUM(I)=0.D0 

3 R(I,M)=(A(I)+SUM(I»/A(I) 
RETURN 
END 

SUBROUTINE ABMOD (N,NF,A,B,F,R) 
DOUBLE PRECISION A(6,2,2),B(6,2,2),F(2),R(6,4),X 

o WRITE (20,900) 
900 FORMAT (lX,'ABIMOD') 

DO 1 I=I,N 
DO 1 J=l,NF 
IF (F(J)-A(I,J,I»2,3,4 

4 IF(F(J)-A(I,J,2»3,3,5 
2 X=B(I,J,1)*(F(J)-A(I,J,1»+1.D0 

GO TO 6 
5 X=B(I,J,2)*(F(J)-A(I,J,2»+I.D0 
6 IF(X)7,7,8 
7 R(I,J)=0.D0 

GO TO 1 
8 IF(X-l.D0)9,9,3 
9 R(I,J)=X 

GO TO 1 
3 R(I,J)=1.D0 
1 CONTINUE 

RETURN 
END 

SUBROUTINE ABFATL (N,NF,P,S,F,C) 
DOUBLE PRECISION P(6,2,2),S(6,2,2),C(6,10),F(2),B,X 

o WRITE (20,900) 
900 FORMAT (IX,'ABMORT') 

DO 11 I=l,N 
DO 11 J=I,NF 
IF (F(J)-P(I,J,1»2,3,4 

4 IF (F(J)-P(I,J,2»3,3,5 
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2 B=S(I,J,l) 
X=F(J)-P(I,J,l) 
GO TO 6 

5 B=S(I,J,2) 
X=F (J):-P (I,J ,2) 
GO TO 6 

3 C(I,J+1)=0.D9 
GO TO 11 

6 IF«1.D0+B*X).LT.9.8SD-02) GO TO 3 
C(I,J+1)=DLOG(1.D0+B*X) 

11 CONTINUE 
RETURN 
END 

SUBROUTINE ACTION (N,NF,SP,R,C,BIR,Y,X) 
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DOUBLE PRECISION SP(6),R(6,4),C(6,19),BIR(6),X(6),Y(6),A,B 
o WRITE (20,999) 
900 FORMAT (IX, 'ACTION') 

K=NF+2 
L=N+NF+2 
DO 1 I=l,N 
A=1.D0 
B=0.D0 
DO 2 J=l,K 

2 A=A*R(I,J) 
DO 3 J=l,L 

3 B=B+C(I,J) 
X(I)=BIR(I)*A+B 
Y(I)=X(I)-B 
SP(I)=SP(I)*DEXP(X(I)) 

1 IF(SP(I).LT.1.D0)SP(I)=1.D0 
RETURN 
END 

SUBROUTINE RECORD (N,LENGT,RATN,ETOT,FAT,R,D,S,SZ, 
1 FACLEV,E,AVCAL,KCALFD,CHG,SL) 

COMMON CK,DATRUN(9),IPAGE, STARS(3) 
DOUBLE PRECISION RATN(6),ETOT(6),FAT(6),R(6,4),D(6,10), 

1 S(6),SZ(6),BIOMAS(6),FACLEV(2),E(6,S),AVCAL(6),CHG(6),SL(6) 
DOUBLE PRECISION KCALFD(6) 
INTEGER CK(16) 

o WRITE (20,999) 
909 FORMAT (IX, 'RECORD') 
1 FORMAT('G SATIATN LVL (GM) '8012.4) 
2 FORMAT (' RATION (GM) '8D12. 4/) 
3 FORMAT(' KCAL EXPENDED'/8X' BODY MASS'3X,BD12.4) 
4 FORMAT(' ABIOT FACTRS'BD12.4) 
5 FORMAT(' REPRODUCTION'8D12.4) 
6 FORMAT(' FEEDING 'BD12.4) 
7 FORMAT(' ESCAPING '8D12.4) 
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8 FORMAT(' KCAL/INDIVIDUAL '8012.4) 
9 FORMAT('''· TOT AVAIL KCAL '8012.4) 
1" FORMAT(' AVAIL KCAL FOOD '8012.4) 
11 FORMAT('" GMS STORED FAT '8012.4) 
12 FORMAT('" BIRTH PROPORTION-'/4X' ALITY ~NTS'/9X 

1 'WEATHER'5X,8Dl2.4) 
13 FORMAT(' OTHER ABIOT '8012.4) 
14 FORMAT (' SPACE '8012.4) 
15 FORMAT (' FOOD LACK '8012.4) 
16 FORMAT('" INSTANTANEOUS'/4X' DEATH RATE~ '/9X 

1 'STARVATION',2X,8DI2.4) 
17 FORMAT(' WEATHER '8012.4) 
18 FORMAT(' SP'I3,' PREDN'6DI2.4) 
19 FORMAT('" POPN RATE OF CHG'8Dl2.4) 
2" FORMAT('" NUMBER OF INDIV '8012.4) 
21 FORMAT(' BIOMASS (GM) '88012.4) 
22 FORMAT(' OTHER CAUSES'80l2.4) 
23 FORMAT('l MAYA MODEL 14 UPDATED MAR 839Al,4X,'PAGE'I4) 
24 FORMAT(''''35X,'ECOSYSTEM INFORMATION FOR I~L NUMBER'I6) 
25 FORMAT(''''2lX,24A4) 
26 FORMAT('" INFO FOR SPECIES'I7,7Il2) 
27 FORMAT('~'5X,'WEATHER MEASUREMENT:'Dl2.4,4~ER ABIOTIC 

1 FACTOR:'Dl2.4) 
28 FORMAT(I5,6Dll.4) 

DO 1"" I=1,N 
10" BIOMAS(I)=S(I)*SZ(I) 

WRITE (2",23)DATRUN, IPAGE 
WRITE (2",24)LENGT 
WRITE(2",25) (STARS,I=1,N) 
WRITE(2",26) (I,I=1,N) 
WRITE(2",25) (STARS,I=1,N) 
IF(CK( l).EQ.1)WRITE(20, 1)SL 
IF(CK( 2).EQ.1)WRITE(2~, 2)RATN 
IF(CK( 3).EQ.1)WRITE(20, 3)(E(I,1),I=1,N) 
IF(CK( 4).EQ.1)WRITE(2~, 4) (E(I,2),I=1,N) 
IF(CK( 5).EQ.1)WRITE(2", S)(E(I,3),I=I,N) 
IF(CK( 6).EQ.l)WRITE(20, 6)(E(I,4),I=1,N) 
IF(CK( 7).EQ.l)WRITE(2~, 7)(E(I,4),I=I,N) 
IF(CK( 8).EQ.l)WRITE(2", 8)ETOT 
IF(CK( 9).EQ.1)WRITE{2~, 9)AVCAL 
IF(CK(1").EQ.1)WRITE(2~,1")KCALFD 
IF(CK(11).EQ.l)WRITE(2~,ll)FAT 
IF(CK(12).EQ.1)WRITE(2",12) (R(I,1),I=I,N) 
IF(CK(12).EQ.l)WRITE(2~,l3) (R(I,2),I=1,N) 
IF(CK(12).EQ.l)WRITE(2",14)(R(I,3),I=I,N) 
IF(CK(12).EQ.l)WRITE(2",lS)(R(I,4),I=1,N) 
IF(CK(13).EQ.1)WRITE(2",16) (D(I,l),I=l,N) 
IF(CK(13).EQ.1)WRITE(2",17) (0(I,2),I=I,N) 
IF(CK(13).EQ.1)WRITE(2",13)(D(I,3),I=1,N) 
DO 88 K=l,N 
J=K+3 



IF(CK(13).EQ.l)WRITE(2~,18)K,(D(I,J),I=1,N) 
88 CONTINUE 

IF(CK(13).EQ.l)WRITE(2~,22)(D(I,1~),I=I,N) 
IF(CK(14).EQ.l)WRITE(20,19)CHG 
IF(CK(15).EQ.l)WRITE(2~,20)S 
IF(CK(16).EQ.l)WRITE(20,21)BIOMAS 
IF(CK( 4).EQ.9.AND.CK(12).EQ.~.AND.CK(13).EQ.0)GO TO 99 
WRITE(2~,25)(STARS,I=I,N) 
WRITE (20,27)FACLEV 

9~ WRITE(2~,25) (STARS,I=I,N) 
RETURN 
END 
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APPENDIX B 

Sample Input Data 

Print interval: 11 

Instructions to print 16 lines: 1111111111111111 

Date: Sep'86 

Border: ************************* 

# species: 6 

# abiotic factors: 2 

Beginning interval #: 1 

Ending interval #: 3600 

sine function: .65+00 

Abiotic factorl: .10+03 

Abiotic factor 2: .55+02 

Digestion rate constant: -.30+01 

P(IJ) = predation matrix: 
Species Species Species Species Species Species 

1 2 3 4 5 6 
0.0 0.0 0.0 0.0 0.0 0.0 Sp. 1 
0.0 0.0 0.0 0.0 0.0 0.0 Sp. 2 

-.90-07 -.90-08 0.0 0.0 0.0 0.0 Sp. 3 
-.90.08 -.90-07 0.0 0.0 0.0 0.0 Sp. 4 

0.0 0.0 -.55-05 -.525-05 0.0 0.0 Sp. 5 
0.0 0.0 -.60-05 -.525-05 0.0 0.0 Sp. 6 

T(IJ = competition matrix: 
-.10+01 -.50-01 0.0 0.0 0.0 0.0 Sp. 1 
-.60+00 -.10+01 0.0 0.0 0.0 0.0 Sp. 2 

0.0 0.0 0.0 0.0 0.0 0.0 Sp. 3 
0.0 0.0 0.0 0.0 0.0 0.0 Sp. 4 
0.0 0.0 0.0 0.0 0.0 0.0 Sp. 5 
0.0 0.0 0.0 0.0 0.0 o 0 Sp. 6 
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Species cards: 

1,2 = producers; 3,4 = herbivores; '5,6 = predators 

Species l Species 2 Species 3 Species 4 Species 5 S12ecies 6 

S 
sz 
siz 
B 
A 
CHO 
FAT 
BM 
sl 
s2 
ENG 
STV 
FM 
PR 
DTH 
G 
EBM 

= 
= 
= 
= 
= 
= 
= 
= 
= 
= 

= 
= 
= 
= 
= 

.4101+09 
.105+01 

.01+01 

.74-01 

.80+09 

.35+00 
.5-01 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

.2389-01 
.70-01 

-.20-02 
0.0 

.1475+08 .325+06 
.107+01 .1403+02 

.10+02 .10+02 

.70-01 .20-01 

.80+08 .10+01 

.40+01 .10+01 
.7+00 .403+01 

0.0 .105+02 
0.0 -.10+01 
0.0 .20+00 
0.0 .6986+03 
0.0 .60-02 
0.0 .20+02 

.3532-01 .1830-01 
.80+00 .1502 

-.30-02 -.18-02 
0.0 .4+03 

S: initial species number of individuals 

.3683+06 .3214+02 

.1403+02 .1260+03 
.10+02 .10+03 
.20-02 .90-02 
~10+01 .10+01 
.10+01 .10+02 

.403+01 .2599+02 

.105+02 .24+02 
-.10+01 -.75+00 

.30+00 .15-01 
.7180+03 .2009+04 

.55-02 .55-02 

.10+01 .20+00 
.1593-01 .6192-02 

.18+02 .16+03 
-.20-02 -.85-03 

.4356+03 .1124+04 

sz: beginning weight of individuals of each species (gm) 
siz: nonfat weight of individuals (gm) 
B: maximum birth rate (individuals/cycle) 

.5212+02 

.1285+03 
.10+06 
.80-02 
.10+01 
.10+02 

.2848+02 
.25+02 

-.70+00 
.125-01 

.2111+04 
.60-02 
.50-01 

.7403-02 
.15+03 

-.80-03 
.1l37+04 

A: amount of space available to each species; asymptote for population 
number 

CHO: body content carbohyrdate per individual (gm) 
FAT: beginning grams of fat per individual (gm) 
BM: biometric maximum food intake per individual (gm) 
sl: rate constant for influence of energy expenditure of satiation level 
s2: proportionality constant for influence of body fat store on satiation 

level 
ENG: initial energy expenditure value (kcal/individual) 
STV: rate constant for starvation 
FM: rate constant for starvation 
FM: turnover rate for mobilization of fat stores 
PR: protein per individual (gm) 
DTH: basic mortality rate 
G: initial value for modified birth rate 
EBM: initial energy expenditure for body maintenance (kcal) 



APPENDIX C 

Sample Output from MAYA 
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PLEASE NOTE: 

Duplicate page numbers. Text 
follows. Filmed as received. 

University Microfilms International 



ECOSYSTEM INFORMATION FOR INTERVAL NUMBER 1 
****************************************************************************** Info for Species 1 2 3 4 5 6 
****************************************************************************** 

Satian LvI (grn) 0.00000+00 0.00000+00 0.37620+01 0.32670+01 0.61850+01 0.67020+01 
KaHon (gm) 0.00000+00 0.00000+00 0.16830-02 0.32320-02 0.25530-02 0.29760-02 
KCAL Expended 

Body Mass 0.00000+00 0.00000+00 0.13230+07 0.13020+07 0.36350+03 0.50540+p5 
Abiot Factrs 0.00000+00 0.00000+00 0.4553D+06 0.45980+06 0.17880+03 0.29000+03 
Reproduction 0.00000+00 0.00000+00 0.44610+06 0.44000+06 0.97020+02 0.18810+03 
Feeding 0.00000+00 0.00000+00 0.23250+03 0.21260+03 0.69930-02 0.16900-01 
Escaping 0.00000+00 0.00000+00 0.94800-02 0.96310-02 0.00000+00 0.00000+00 

KCAL/Individua1 0.00000+00 0.00000+00 0.68460+01 0.59790+01 0.19890+02 0.97890+03 
Tot Avail KCAL 0.00000+00 0.00000+00 -0.26090+00 0.21590+01 -0.28300+02 0.96580+0 

Avail KCAL Food 0.00000+00 0.00000+00 -0.38880+00 -0.17910+00 -0.15190+00 -0.17650+00 
Gms Stored Fat 0.50000-01 0.70000+00 0.32610+01 0.38750+01 0.23850+02 0.27070+02 
A1ity constants 

Weather 0.67090+00 .90520+00 .98060+00 0.98180+00 0.73700+00 0.99090+00 
Other Abiot 0.10000+01 0.10000+01 0.10000+01 0.10000+01 0.10000+01 0.10000+01 
Space 0.47630+00 0.55930+00 0.10000+01 0.10000+01 0.10000+01 0.10000+01 
Food Lack 0.80000+00 0.8.0000+00 0.80000+00 0.80000+00 0.80000+00 0.80000+00 

Instantaneous 
Oeath Rates by 

Starvation 0.00000+00 0.00000+00 -0.41450-01 -0.12090-01 -0.37990-01 
Weather 0.00000+00 0.00000+00 0.00000+00 0.00000+00 0.00000+00 0.00000+00 
Other Abiot 0.00000+00 0.00000+00 0.00000+00 0.00000+00 0.00000+00 0.00000+00 
Sp 1 Predn 0.00000+00 0.00000+00 0.00000+00 0.00000+00 0.00000+00 0.00000+00 
Sp 2 Predn 0.00000+00 0.00000+00 0.00000+00 0.00000+00 0.00000+00 0.00000+00 
Sp 3 Predn -0.69760-05 -0.69760-06 0.00000+00 0.00000+00 0.00000+00 0.00000+00 
Sp 4 Predn -0.71650-07 -0.71650=-5 0.00000+00 0.00000+00 0.00000+00 0.00000+00 
Sp 5 Predn 0.00000+00 0.00000+00 -0.85470-08 -0.81580-08 0.00000+00 0.00000+00 
Sp 6 Predn 0.00000+00 0.00000+00 -0.16900-07 -0.14780-07 0.00000+00 0.00000+00 
Other Causes -0.20000-02 -0.30000-02 -0.18000-02 -0.20000-02 -0.85000-03 -0.80000-03 

Popn Rate of Chg 0.48310-01 0.60360-01 -0.23640-01 -0.12120-01 -0.32210-01 0.52940-02 
Number of Indiv 0.43040+09 0.15670+08 0.31740+06 0.36390-06 0.31120+02 0.52400+02 
Biomass (gm) 0.64560+08 0.16760+09 0.44530+07 0.52030+07 0.39210+04 0.52410+07 

****************************************************************************** 
Weather Measurement: 0.85260+02 Other Abiotic Factors: 0.5500+02 ~ 

I--' 
****************************************************************************** \0 



Text 
Symbol 

APPENDIX D 

Glossary of Symbols 

Definition 

A competition matrix: elements are coefficients of competition for 
a fixed resource 

a an element of the com:?etition matrix 

B modifying factor for irth rate in a population 
I 
I 

B' biometric maximum biomass of food intake 

b physiologically maximum birth rate 

b' birth rate adjusted for modifying factors 

C predation matrix with elements reduced from maximum by satiety 

c an element of the predation matrix 

d death rate in the logistic equation 

d' rate of total instantaneous mortality, sum of separate rates 

dl digestion rate 

d
ll 

partial digestion rate--carbohydrate 

dl2 
partial digestion rate--fat 

dl3 partial digestion rate--protein 

d
2 

porportion of stored fat mobilized per cycle 

E an amount of energy 
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Text 
Symbol Definition 

El . energy available without use of body protein 

F fat store 

f average amount of food ingested during an interval 

f average amount of food digested during an interval 

g instantaneous rate of change of population size 

K population maximum biomass; upper asymptote of the logistic 

kl rate constant for energy expenditure to satiation level 

k2 proportionately constant for fat stores to satiation level 

L constant subtracted from ratio of energy supply to energy need 

1 proportionately constant for survival rate to deviation of an 
aviotic factor from optimum 

M instantaneous rate of death pre predation, starvation or abiotic 
factors 

N number of individuals in a population 

o optimum value for abiotic factor; bound of optimum zone 

P predation matrix 

p element of predation matrix 

Q current average energy content of individual 

q caloric value of an element of diet; kcal/gm 

R potential ration; biomass a consumer can take at a given prey 
density 
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Text 
S~l Definition 

r rate of population change in the logistic 

S satiation requirement; biomass a consumer requires with a given 
fat store and recent energy expenditure 

u Constant relating energy expense to factor or activity 

v constant; exponent in body energy relationship 

W biomass of individual 
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Z deviation of abiotic factor from range of optimum for species with 
regard to energy need 
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