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1.1 What is Systems Ecology?

..

To define what systems ecology is it is perhaps desirable to say
something about what it is not. It is not an organized body of knowledge,
and it s not a subdiscipline of ecology which is widely accepted by
practicing ecologists. |t certainly is not a panacea for all ef the world's
environmental problems, nor for all of the scientific problems of ecology
as currently conceived.

System; ecology is more of a hope right now than a reality. It is a
vision of what ecology could become, should become, of perhaps mist beccme
if ecologicai science is to persist into the future as a viable enterprise.
For the problems of our age, many of which touch ecology as a conventional
academic discipline, are more and more seen to be problems of systems--
“"copeless'' problems of complexity, bigness, intangibility anc unmanageability
which do not yieid to traditional thinking and methods of descriptive, «-)
analytical science.

WhatiﬁystemsieéelogyJisqisﬂa way of thinkingjwhose hallmsrk is holism.

[t was Aristotle who first said that a whole is greater than tie sum of its
éarts. Thus, in western science holistic thought predates causal reductionism,
the central paradigm now, by several centuries. Systems eco]ogy.is part of

a broad movement in contemporary science to return to the Aris:iotelian pursuit
of wholes. It decomposes its systems--populations, communities and eco-
systems--only to the extent necessary to understand how parts zre knit

together to create a whole. Systems ecology is interested in focusing on
traditional problem areas, but from points of view that are new in relation

to the perspectives of analytical science. By altering the frzmes of

reference through which reality is viewed, systems ecology wouid seek also

to generate new classes of problems that take form and have mezning only N\
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within the changed coﬁtext. So, systems ecology wants to approach old
problems in new ways, but at fhe same time it wants to produce totally new
kinds of problems which haven't been thought of yet.

-Systems ecology is a way of doing. lts methodology, or proposed method-
ology, comes from areas of mathematics and engineering in contrast to the
base of most of modern biology in physics and chemistry. Again, it is
interested in analysis of how ecological systems operate, not through
detailed examination of the functicning of igoiated component parts, but
rather through understanding of how parts are synthesized by interactive
coupling into wholes. The tools of systems ecology presently are mathemati-
cal modeling, simulation, systems analysis and operations research. These
named methods, which this book surveys, span a broad and develecping spectrum
of techniques which reflect systems thinking and which are specifically
adapted to the investigation of wholes. The methods are not definitive,
however. Quite the contrary. Existing methodology should be thcucht of as
providing a base of knowledge from which new techniques more appropriate
to systems of large size and fuzzy definition, which typically confront the
ecologist, may be developed. Thus, systems ecologyis "interested in exploring
he applTeabiTity of existing sy&teéms methods  to probiems of ecoiogical
scale, “but also in using this experience to develop new methods of addressing
both old problems and new problems.

Finally, in its broadest sense the priﬁcipa] concerns of systems ecology

;tg)dlmay be said to be theory on the one hand and application on the other. Systems

;9ﬁﬁd° ecology should seek to produce a unified formal theory of ecology and place

/gi; this within the framework of a consistent general theory of biological

organization. At the same time it should derive much of its motivation from

real world needs to decign, construct and manage large scale natural resource

systems that place and maintain man in a proper relationship to nature.
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1.2 Qualitative vs. Quantitative Relationships
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The trend in modern ecology has béen toward quantification. Thé
sc[énce procéeds by making measurements of natural events, analyzing these
data, and drawing inferences therefrom. It would seem that systems ecology
should be the height of this process, and consequently it will come as a
surprise to the mathematically uninitiated that it is not. Systems ecology
should not be confused with or equated to quantitative ecology! Much of
its procedure is qualitative, involving emphasis on the logical structure
of models, and concern with general behavior of classes of modals as well
as specific behavior of particular models. It is only in the final stages
of problem development, usually, that specific models are implemented and
verified by measurements. The distinction is much like that between
arithmetic and algebra, wherein a quantitative statement like &4 + 3 = 7
becomes a special case 5f a more general qualitative relation such as
x +y =1z, or even x2 +y =2z (if x=2). The "behavior" of 4 + 3 is fixed,
but the two indicated classes of models (x + y and x% + y) to which it cculd

belong have quite different mathematical characteristics. It is important,

- therefore, in addition to obtaining purely quantitative data, to associate

this data with appropriate qualitative statements about the natural processes
which generated it. This, not mere quantification, is the rezl challenge of

systems ecology. The point can be illustrated further by means of an

example.

Example 1.1 Dynamics of Periphyton Growth
Periphyton or "aufwuchs'' communities are assemblages of attached

organisms which grow on solid surfaces underwater. They consist largely

-~

st
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it can be concluded as a general rule that uniform vertical distributions
of periphyton biomass (Fig. 1.1c) do not tend to develop, and that patterns
like those of Fig. 1.1b would be more typical of steady state communities.

This.has been verified by field observations (Neal et al. 1967).

In summary, definite conclusions about both the rate of periphyton
biomass development and its vertical steady state distribution have been
reached without making any quantitstive measurements. The problem was so
stfuctured that many details of real periphyton communities were omitted, the
assumption about a uniform water column being particularly artificial.
Simplification of reality and inclusion of only those known empirical facts
that are pertinent to a model's objectives are typical of the zbstraction
process by which medeis are constructed. (f there is no abstraction the
model tends to be too unwieldy and complicated mathematicaily. lfrabstract?on
is too severe, the model may bear little resemblance to reality.

—
smrer " The s@rt-of modeling is the art of identifying essential features of
a system to be modeled, and placing these in such qualitative rzlations to

one another that the model's quantitative behavior represents resasonably

the (pertinent) measured behavior of the real system.

1.3 The Time Line

Behavior is a concept related to time. Behavicr and dynawics may be
taken as synonyms. To discuss system dynamics it is necessary to be clear
about time, or at least about the notations that will be associated with it.
The reader should consult Sections 2.4.1, 2.4.3 and 2.4.6 at this time if

unfamiliar with basic concepts of sets, subsets and set notation.




Time will be denoted by the variable t, having range T. For con- -
tinuous~time systems, T will be taken as the real line (- =,=) unless
otherwise specified. For discrete-time systems T is usually the integers,
,-1,0,1,2,.... Time intervals are subsets of T, with the following
combinations for continuous systems from open to closed:
open: (to,tl) = {t: tel and ty<t<t,},
semi-open: [tO’tl) = {t: teT and tyst<t,},
semi~closed: (tgy,ty] = {t: teT and t0<tst1},

{t: teT and tg<tsty}.

closed: [tg,t,]

1.k First Concepts of State

The notion of system state is of central importance in systems science.
In its general form the state concept is intuitive encuch that in Section
1.2 terms like ''steady state'' and “equilibrium' could be used without
prior definition. When one considers the behavior of a system, at base
is implied something about change of state. -

The state of a dynamic system is defined in terms of staz variobles.
In Example 1.1, biomass B(z,t) was used as an index of the "condition' of the
periphyton system at depth z and time t. However, it was poiniad out that
other properties such as energy content, proteins, species comgosition,
total nitrogen, nucleic acids, plant pigments, etc. would be uszful parameters
to monitor in studying the community's growth and development. As a matter
of fact, a pretty extensive list of interesting variables could be drawn up.

Each item on such a list would constitute a state variable, and the whole
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group taken together is a state set or a state vector, depending upon how

it is represehted mathematically.

If a system has n state variables which are functions of time,
Xl(t), XZ(t),---,Xn(t),

then the state set can be denoted by X(t),

X(t) = {Xl (t), Xz(t),...,xn(t)}, (111')
and the state vector by x(t), — 0Pt ED,
2(t) = (x3(t), Xz(t),?--,xn(t))- (1.5)

In either case, the state of the system at time t is defined in terms of
the values of the n variables at that time. A 'value!' does not have to be

numerical, either. For exemple, suppose the state of a small mammal is

defined in terms of two state variables, xj; = body temperature, znd x, =

acfivity, Three possible states at time t might be » BE
x(t) = (37°C, eating), Pppmaes T
x(t) = (37.3°C, running),

(37°C, sleeping).

>
—
t
~—
i}

The temperature states are expressed numerically, but the activi:ty states

are not.

1.4.1 Discrete-Time Systems
S

].h.lfl The state transition operator
If X(t) is the state of a system at time teT, where T is the set of
integers, then the state at the next time, t + 1, is X(t + 1). <fat least
ong.of the n state variables.has cbanged.valye.in the interval batween t
.and. t + 1,.then.X{t) # %{t-+ 1) angerthe.system is.said to have undergone a .
DeF phange.of-etate. This can be conceived as having occurred under the

e — 0 fule b dmvge

influence of a state transition operator, say o, which in some sense rep-

resents how the system responds to either external or internal forces

exerted upon it. Thus, a discrete change of state can be represented as
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X(t) ff"“f’/""

a
X(t+1),

and- repeated operation of a in time generates state behavicr:

= X (e-2) S x(e-1) 2 X () X (e+1) S x(es2) S L

The system state acted upon at each step in the sequence is czlled the
operand, and the resultaﬁt state is the transform.
1.4.1.2 Transient and steady states
As an éxamp]e, consider a hypothetical abstract system with 16 possible
states: A,B,...,P. Suppose the behavio:/of the system undzr the action

of an operator ¢ is defined as follows:

A n ) ”Mwlﬂ-’?m
ABCDEFGH!IJKLMHNOP P >

o i,

"DHDIPGPHAEEMNBANE

If the system is started, say, in state M, then the discretz-time sequence
of behavior wili be M + B+ HY . Once in state H, the system remeins thers.

With other states as starting points, the complete benzvior zvailable to

the system can be exhibited as follows: N L
b b Vommrus o Pelvia-
~ ~
\ H o> B~ H o Aaracens

/\/\G\‘/ yb‘/
L v J 7
SusadDec TSE—P < G+ F
0" ¥ K"

This kind of representation is called a kinematic or behavicr graph. The

graph shows &t a glance that, depending on the initial state, the system
will advance tc one of three sets of state sequences where it will remain:

the self-loop HQ , the cycle A= D> 1 - A+ ..., and the oscillation E—P.
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These three end conditions comprise the steady state behavior of the system,

T TRl oF Ngnom e Are o s
and the remaining sequences constitute its transient behavior. The transient
responses disappear eventually, leaving the system in one of its three

!
steady state sequences ADTE ) TR e fe ITUAC ""./ﬁ A Tyshes o5 kel
. fja;‘_‘ /D,s*w'ém—llc' e /:w//uﬂh;—/-/ /,4\,/)4;».»—'/ /,/a(r)‘)
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Example 1.2 Plant Succession on Isle Royale

The scheme just outlined can be used to characterize many different

kinds of ecological phenomena where states, state changes and transition

&gt

operators can be recogrnized. For example, in his study of the vegetation - - Vi PECE
of Isle Royale in Lake Superior, Cooper (1913) identified 27 different

¢ ” s ;;’Z’: v
kinds of plant communities (states): Loy s Lo o S

1;{;.:’7'(; ‘ Nw_/—__—-\
1 crustose lichens (Grimmia),

2 foliose lichens (dedwigia),
3 Cladonia species,

;  heath mat,

xerophytic forest,

(843

g climax forest,

7 crevice herbs,

g8 crevice shrubs,

g  tuft mat,

10 shrubs (Vaceinium),

11  scattered herbs,

12 low shrubs,

13 tall shrubs;

14 aquatic, bog, .
15 sedge mat,

16 bog shrubs,



17

18

19

20

21

22

23

24

25

26

27

bog shrub - Sphagnum,

bog forest (Larix, Thuja),
Ledwn - Sphagnum,

bog forest (ILariz, Picea),
aquatic, delta,

sedge mat,

grasses,

shrubs (#yrica, Alnus),
swamp forest,

fireweeds,

burn forest.

Three significant ecological influences were distinguished:

o

8

Y

normal succession,
burn succession, humus burned,

burn succession, humus unburned.

The action of these factors produced the following state transitions:

12345678 91011121314 15 16 17 18 19 20 21 22 23 24 25

b

26 27

o,

111 1-2677 9

|- - - =26 -~ -~

The kinematic graph of this succession is shown in Fig. 1.2, with

additional information about the different classes of successicns as

recognized by Cooper.

2345668410 41213 61516,171815 6 20 6 22 23 2L 25 6 6,27 6

The graph displays to good advantage several sequences

of transient behavior which comprise the seral stages of each distinct kind

E 3

' of site. All of these sequences converge toward state 6, the climax

community, except when there is fire disturbance in which case the rormal

ST 6 s "‘Z‘ (/’Vl""V /(/)«nr)'gr\,/‘s
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Fig. 1.2 Kinematic graph of plant succession on Isle Royale
o “Normal successions, a, are indicated by lighter
arrows, and fire successions, 8 and y, by bolder
arrows.



successional processes are reversed. Three fire disclimaxes are indicated -
by self-loops, 1, 7 and 9. Note that state 15 may transform to either 16 or 17
and 26 to either 6 or 27. These alternatives are determined by particular
ecological characteristics of the site in the first case and by whether or
not the humus has been burnped in the second case.
Example 1.3 The Hydrologic Cycle
\‘Ngﬁer moves in cyclic patterns around the globe, as descritsd, fer
example;\bx Penman (1570). Consider the following states:
1 oceans,
2 water vapor,
3 land-surfsce water,
4 ice caps and glaciers, .

5 lakes and rivers,
& ground water,

7 water in organisms,

and processes:
%, evaporation,
ap sublimation,
a3 precipitation,
oy freezing,
ag runoff,
ag percolation,

a7 melting

P




k)

e

/

v

5 dry carcass (only skin, cartilage and bones remaining), ,Nﬁ

6 remains (hair, bits of skin, bones and teeth).

‘Carrion kept free of insects decomposed and dried very slowly, retaining
its form for many months, while 90% of the carcasses exposed to insects
disappeared in six days. Insect-free carrion decomposed in five recog-

nizable stages:

1 fresh carcass,

7 bloating and decomposition,

8 flaccidity and dehydration,

3 mummy (drying and gradual disapbearance of flesh),
10 desiccation ana disintegration (exposure and dis-

articulation of remaining tissues).

The agents of decay include a variety of:

¢y bacteria and fungi,

&, arthropods.

Figure 1.6 depicts the sequences of decay stages. No cycles, loops,
or other forms of steady state behavior are indicated. Decomposition is a
tcaﬁéient phenomenon, viewed by itself, although actually a part of the
//é&clic behavior of chemical elements such as described for carbon and

nitrogen in Examples 1.4 and 1.5.

1.4.1.3 Deterministic vs. stochastic systems
. tochastic systel

The hypothetical 16-state system described before Example 1.2 above,

is deterministic because given an operand the transform is predictable with



certainty. |f state C transformed to D only 20% of the time and to, say,

K 80% of the time, then the system would be called probabilistic, or

stochastice. Probability is an element in its behavior, and this is one

& of the fundamental distinctions in classifying dynamic systems.
A\V/}; § Je .
Qéﬁyh In the case cited the system would ''resonate'' between two different
4 o
B patterns of behavior, ;onforming to the kinematic graph above 0.2 of the

time, and to another configuration 0.8 of the time:

M~>B~ H;

L 0.2

YN > A > De---C,

0/ &lt/ \\\ J\

0.8 LY

TN =P « @G F
\JK/ -

In another example, if H changed to itself with a reduced probability of

0.4 and to C with a probability of 0.6, a different ''resonant'' structure

would occur:

04
v
L ———H<+B<M
T OMN-AsD+ T S
v v 0.6
J\‘E—-\P+G<—F
'
Finally, if both
0,270 O-25H
<, and H”
0.873K 0.6

occurred simultaneously, there would be four kinematic graph configura-

tions to consider: (i) the system when C+ D and H> H, which has a




probability of 0.2 x 0.4 = 0.08; (ii) the system when C+ D and H~ C,

probability of 0.2 x 0.6 = 0.12; (iii) the system when C + K and H > H,

probability 0.8 x 0.4 = 0.32; and (iv) the system when C + K and H » C,

probability 0.8 x 0.6 = 0.48. Note that the separate probabilities sum ~
é to 1.00, indicating that all possible configurations are accounted for.

It is not hard to imaginé other ways of introducing probabilistic
behavior into this simple hypothetical system, and when the combinatorial
consequences of doing so are considered (e.g., n probabilistic transforma-
tions lead to 2" different behavior graphs), it is easy to see how rich in

behavior alternatives stochastic systems can become. This fact makes i

categorizing the behavior of such systems exceedingly difficult.

P
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W?;W(\\\\ Example 1.7 Zoospore Production in Protcsiphon

~,

\??aﬁosiphon is a genus of green alga which reproduces asexuzily by
means of %Taggl]ated spores called zoospores. Zoospore producticn Is
related to thé'hutritional state of the plant. 0'Kelley and Deason (1562)
provided the following information about the effect of nitrogen sources
‘on zoospore formation in the species P. botryoides. Cultures in seven
states were treated with six levels of each of three kinds of nitrogen--
nitrate, ammonia and urea--and ;ffects on zoospore production observed.

H The seven states were defined in term§\of the percentage of totai cells

which were zoospores: 1=0-10%, 2=10-20%,\3§20-30%, 4=30-40%, 5=20-50%,
6=50-60%, 7=60-70%. The levels of nitrogen tfgétgs?t were 0, 0.%39, 4.39,
8.78, 21.95 and 43.90 ppm, with treatments vb...,vskfh\gscending order

as nitrate, aj,...05 as ammonia, and v},...,Us as urea. Results were as

follows: ~
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directly related to the efficiepcy with which predators prevent
monopolization of the major environmental factors by one species.' He
suggested that top predators (starfish, such as Pisaster and Feliaster)
affect cohmunity diversity out of proportion to their abundance because
they prevent barnacles from monopoliziné space. In cage studies comparing
predation of starfish versuslcarnivoroﬁs Qastropods upon barnacles,
J. H. Connell has shown that starfish disrupt barnacles much more than
gastropods do since they knock off many dead animals in the act of
crawling over the community in search of food. This example will con-
sider results from one of three geographical areas treated in Pzine's
study, the location at Mukkaw Bay, Washington. The feeding regime there
is shown in Fig. 1.9. Of interest is the effect on local specias diversity
of removing the top carnivore, Pisaster, from a mid-intertidal to a low- \
intertidal strip.

The Pisaster was removed in June. By the following September, Balarus
glandula occupied about 60-80% of the available space. By next June,

f Mytilﬁs and Mizella had crowded out the Balamus. Mytilus californianus
typically accumulates in clumps and eventually may be swept away by winter
storms. -After-this happens Mytilus edulis and M. californianus will com-
pete for the available space. The latter species has stronger byssal
threads per unit weight, and hence is favored in wave-swept environments.
Mytilus edulis exhibits crawl-out behavior when covered by gravel, and
this allows this species to survive in calmer silt-iaden waters.

Four states of this community may be recognized as follows:

1 natural intertidal community (barnacles, limpets, chitons, e

benthic algae, fussels, sponges, and nudibranchs),
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1.9 Feeding regime in the intertidal community of Mukkaw Bay.
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5 60-80% barnacle stage,

3 Mytilus californianus-Mitella stage,

v Mytilus edulis-M. californianus stage.

‘The four significant operators on these states are the following:

a1 Pisaster ochraceous present,

ay Pisaster ochraceous absent,

a3 winter storms,

ay interspecific competition between mussels (Mytilus).

The table of state transitions is as follows:

l 2 3 4
a3 1 1 1
a2 3 - -
a3 - 4 3
oy _ o 3

The corresponding kimematic graph is shown in Fig. 1.10., - The effect

arrows.

---on the community of removing the top predators is shown by the heavier

Example 1.11 Competition in Tribolium

Park (1954) studied competition in two species of flour beetles

under different conditions of temperature and humidity. Populations of

Tribolium confusum, when cultured alone, were able to exist at all six

environmental combinations of temperature and humidity presented exgeri-

menta]Ty.

Populations of T. castanewm, when cultured alone, were able to
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exist in only five of the six environments. When cultures were started
with equal numbers of both the species, one species was always eliminated
after a period of time. Four recognizable states in an experiment were:
-1 T. confuswn only present,
5 T; confusum and T. castaneum present,
3 T. castaneum only present,
y no beetles alive.

The operators, corresponding to experimental conditions, were zs follows:

Operator Temperature Relative humidity
€ 34 C 70%
€2 34 30
€3 29 70
€y 29 30
es 24 70 -
€6 24 - 30

A kinematic graph of the experimental resuits is shown in Fig. I.11.
The numbers associated with each operator in the figure are prcsabilities

for the corresponding state transition. The graph shows that this system

studied by Park is stochastic since state transitions do not ziways occur

with unit probability.

-

Example 1.12 Mutualism between a P]aﬁt and an Ant

This example is based on a paper by Janzen (1967). Species of
Acacia are plants that appear in disturbed areas of several community
types in Central America. In general, the acacias are poor competitors

in the plant community. They are highly limited by shading, and they s
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11 Kinematic graph representing Tribolium competition experiments.
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produce few deterren%s against phytophagous insects and as a result are
heavily grazed by these insects. The plant also has a thin bark and a
heat sensitive cambium, and is consequently very susceptible to fire
damége or destruction. Individual plants are generally eliminated from
the community in 2-15 months.

However, a mutualistic relationship between the species of Adcacia
and species of the ant genus Pseudomyrmez increases the competitive
ability of Acacia. The ants form colonies on the Acacia plants, and
obtain energy by grazing certain parts of the plant's leaflets and by
consuming nectar from numerous foliar nectaries. During unfavorable
weather ccnditions the ants seek cover in the enlarged stipular thorns
of the acacias. »

The ants actively patrol all of the surface parts of the plant and
destroy plant material and other insects that come in contact with Acacic.
This patrolling reduces the shade effects of neighboring plants and also
grazing by phytophagous insects. It also has a third important effect,
that of reducing the amount of litter around the base of the Aczeia stems.
This reduces the fuel load in an area and in turn reduces the temperatures
that could be produced by a fire near the base of the stems.

Acacias associated with an ant colony become viable members of the
plant community. However, if the ant colony is destroyed the plant will
be rapidly eliminated unless a new colony becomes established.

The states of this system X, where i is the number of states, can
be described in terms of two state variables, x; and x,:
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x; is a measure of size of the Acacia plants, and takes on values 1, 2, 3

and 4 corresponding, respectively; to an increase in size from a new shoot

to a full grown (greater than 2 m tall) Acacia. x, describes the condition

of -the ant colony and assumes the valués 0, no colony, and 1, é colony

present. In addition, x; can také on a value of 0 to indicate that the

plants and their ant colonies have been killed by fire. For example, a

system in state (0,0) indicates one in which the Acacia and its colony

have both been killed by fire. The Acacia roots will regenerate a new

shoot. A system in state (0,1) indicates one in which the plants have

been killed by fire but the ant colonies have remained alive. In this

instance the colonies will move to a new Acacza shoot when regenerated.

Nine states of the system can be recognized:

x; = (1,0) ~shoot with no ant colony,
Xy " dead plant (both root and shoot),
X3 = (]"n

' -
x, = (2,1);

r ~ increasing plant growth,
XS = (3,])'
- i
Xg = (’-*,]?Jl _
x; = (0,0) )

|

xg = (0,1) r fire damage.
2_(9 = (Z 2)0?)

The following operators act on these states:
o action of ants in maintaining ptants,
1 action of phytophagous insects,
T shading by other plants,

$1 light ground fire,
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¢, hot ground fire,

$3 canopy fire,
T elapse of time and absence of ¢;, ¢, and ¢3.
-Certain constraints exist between the operators and the systam states:

(1) 1 and 7 are not considered to operate if
Xy =1,

(2) ¢; acts if and only if x; > 3,

(3) ¢, operates on xy and x5 to produce variable
‘results; the probabilities of each behavior cannct
be determined from data in the original paper
except to note that when ¢, operates on x5 it
produces x7 with a low frequency,

(4) Since fire in an area reduces the fuel load of

-

that area, it also reduces the probability of =z
secend fire. Therefore, to simplify the model it
will be assumed that fire may not act as an operator

twice in succession,

The state transitions of this system are summarized below:

l X1 X2 X3 Xy X5 X6 27 X8 %9
o Xy - Xy X5 X6 %6 - - X5
1 X2 - - - - - - - X2
w X2 N - - - - - - X2
1 X7 - X7 X7 - - - - -
X
o D oo -
X9 ~ -
03 | %, - X7- X7 %7 X7 - - -
T - - - - - - X1 X3 -

-t
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The corresponding behavior graph is shown in Fig. 1.12. Action of the ants

in maintaining the Acacia populations is indicated by the heavier arrows.

The foreqgoing examples are sufficiently varied in substance and notation
to illustrate with some generality the concepts of state and change of state
as applied to discrete-time ecological systems. The reader should refer to

Ashby (1956) for general reference and for further development of this

systems approach along similar lines. }foﬁlf

ot
jo- 0
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e
,wﬂ i 1. Prepare kinematic graphs to represent the behavior of several
RN ing
¢§5} different kinds of ecological systems obtained either through
D
i ~a literature search or from personal experience.

re

18]

2. VWhat virtues and limitations of this kind of modeling

—particularly noticeable?

3. Are alternative ways of modeling these same systems obvious?

1.4.1.4 Change of transition operator

Systems not only undergo state transitions, but the rules of such

changes may themselves be subject to dynamic behavior. |In other words, the

transition operators may change. Llet §,, 87 and 63 be operators whose

behavior is determined by another operator, A:
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Behavior graph for the Acacia-Pseudomyrmex system.
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~Let the behavior of a system'with four possible states 1, 2, 3 and 4 be

*

“defined by the following transition matrix:

EXRICYE f:‘A#‘*‘Jx!"*'I‘M"}.' e o S
——
—
o
w
-4

4 s

There are numerous ways for this system to behave, depending upcn how the
operator A is read in. Several cases will be sufficient to illustrate.
Suppose A operates after each change of state. Then, denoting each

system ''state' by two arguments, (i, Gj), where 1 = 1,,,,,tand j =1, 2, 3,

the kinematic graph is:

Note that the number of ''states' is ixj = bx3 = 12 in all, and also that
there are two steady state sequences.

L ‘ Now suppose that é_if_ffiﬁglgggggggd and operates only when the
system is in state 4. Then, although the two steady states are unchanged,

the transient behavior is quite different (the points where 4 operates

are indicated):
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U, 61) » (3, 61) > (4, 81) & (2, s,0==01, &)

6 A
? T
(1’ 63) - (4’$63) _A* (2, 6]_) 2?%

(3, 8)==(x, ¢,)
2, 55) > (3, 63) ST I S

Again, if A were related to the history of the system, and operated

w' L
only when state % was preceded by:) or i{but not ¥, the graph would be:

M (ls 61) - (3, 6],) -+ (L", 61) (2, 61) <A— (Lq.’ 53) - (1, 63) H‘M
f (1, 862)=(K2, 82) (2, 63) + (3, 63) “a?/,w

B ewnte t!““*r“x’ﬁ@ﬁ}wy v -_‘l‘;‘ 2 i

’ 3 ’

(3, 89)=—=(u, &
22, 62)

The transient and steady state behavior are both different.

The preceding examples illustrate how system behavior may become ''self- ,l,
organized'" in the sense of the rules of change becoming themselves state-
determined. Th; main point to be stressed, however, is that different rules
for specifying when operatcrs act determine different patterns cf system

behavior.
1.4.1.5 Generalization of dis ~time behavior
_Let.x(t) be the state vector of a system-at time t. -In-most of the

preceding examples system behavior was not observed at unit stecs along the
time line,

oo+ x(t-2) - x(t-1) » x(8) » x(t+1) > ...,
nor at finite but even steps of other than -unit Tength,

. > x(t-28t) » x(t-at) = x(t) » x(t+at) > ...,
where At is a constant finite time interval. System states were noted for

convenience at arbitrary times kiAt, where ki are real numbers. Such be-

havior is still discrete-time dynamics because the time steps between state -




XX EEE P

e

1.45

observations are finite, although unequal:
A TR WA

voo > x(trkogat) > x(trk_jat) » x(t) » x(t+kyAt) > ..., wil vad,
R
where the ki (i = ~-1,-2,...) are real constants. In the type of systems
to be considered next, the time interval between states is infinitesimal.

1.4.2 Continuous-Time Systems

=

Let At be a finite interval of time and dt be an infinitesimal in-
crement; i.e.,

dt = lim At
At -+ 0

| f §(t) is the state of a system at teT, where T is the real line, then

the state at the next instant following t is §(t+dt). State behavior,
coo > x(t-2dt) + x(t-dt) + x(t) > x(t+dt) » ...,

is eontinuous, and such systems are called continuous-time systems (Sec-

tion 1.3) if their states are observed continuously. The periphvton

system of Example 1.1 was formulated as such a continuous system, as

-indicated by the fact that a differential-equation [Eq.(1.1)] was used

to define its state transitions. In ecology, classical models cescribing

growth of populations serve as a good introduction to continuous-time

systems.

Models of population growth and development have always been popular
in animal ecology. Early concerns in epidemiology and demography generated
the basic form of mathematical treatments of population phenomena. Good
reviews of this work are to be found in Lotka (1925) and D'Ancona (1954).
The basic approach through differential equations carries over into some
of the most modern methods of systems analysis, and it is probably fair

to say that present-day interest in mathematical and systems ecology is

directly related to an early coupling of mathematical modeling and
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