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._ RGN L " ABSTRACT . AR S

[

»

:omputer‘simulation”can be ‘of _considetablef;assistanceL,

in the_‘lnclus1on oé _ Space .as  a uVafIable'in‘ecoIOgical

‘v~éy§£éms.4 In Chapter 2,: the major concepts of 'ecology and‘( <
$

‘ﬁ,'ecologlcal 'modelang 3*are deflned ‘ Slmulatlon is "~ then

‘fconSLdered v‘ah tool ,for:‘studylng 'ecologlcal models.

f}Chapter 33; reV1ews '1n detall spatlal dynamlcs 1n communlty

b“ecology. Exampies from the llterature are glven.fﬁ

»

Ihe fourth chapter descrlbes ECOSIM,ttWthh allows'fa‘

N

°d user -to*_model the behav1or of an ecologlcal communlty in.

both tlme and space. -The dlstrlbutlon,‘moblllty, breedlng,gt
: : ) . R : N :"'n ’
predatlon, and hunger characterlstlcs of each spec1es can be_

4

speclfled.'“ Selectlve basrlers Qtoﬁ moblllty _‘canf'ben
b establlshed. Model deflnltlon, §1mulatlon :monltorlng, anda o e

'tégvedltlngv facglltles afe prOV1ded.‘ Compapt but extendable o
g ~ . . _@" N ;'\ ! R :
data structures are employed., Output 'capabllltles lnclude‘&3.~

graphlcal dlsplay of the 51mulat10n space and the optlon of}"
PlOttlng‘the POPulatlon_ of glven‘ Spec1es agalnst ¢t1me.ff

States of the model can. be stored andﬂlater ;etrievedafo;xa'_,V
new sxmulatlon run._

' In the flnal chapter, a simUlation .study:’illustrating

some features‘ of ~the 'systen is presented the systen'is‘
'evaluated and some 1mprovements to 1t ”e suggested. An-

A T LR J

Appendix.contalnsvaxUser.stManuala



oo  RESUME

P
%f 51mulatlon par ordlnateur peut fac110ment permettre.k

»

1nclu51on 'd'une‘ varlable "espace" dans Soun- systeme

"5gigue, ,Ah'chapitrefz, 1es"cpﬁcepts hajeurs en écologie:e

mddéles ’écologiqués-ﬁSOnf’définis! La 51mu1at10n comme

e 1nstrument pour 1'etude de. modeles ecologlques est analysee.
’ e v * L] ' \0

" Le chapltre '3 revoie le: pfgnc1pe de dynamlque de 1 espace en

ecologle des communautes.

Le quatrleme chapltre decrlt ECOSIM,' an - systeme' qui-
permet ~~h ‘un .usager4-de MOdeler le  comportement d*une
.communaute ecologlque dans le temps et . dans l'espace.»» Les .

caracterlsthues ‘del-chqque~ﬁespece ﬁelles kgue‘_moblllte,

reproductlon, preddtionb et satiété peuvent etfe,spe01frees;

., R i - - s . S L ‘ o - . e o . c
oo Des: barrieresh‘penvent @tre vétabliesy pour prevenir. la
3>\\!~ ~fm’obilité. . i usager,fpeut deflnlra et edlte: son moiele et

4\&$l-controler la 31mulatlon.f Les donnees sont structurees de
\&faQOn‘ “compacte mals N extensrble. Les’ resultats sont
'7111ustres entre autres par un schema de 1'env1ronnement et

graphlque de la populatlon de chaque espece par unlte de
' T ok :
~temps. ,Le modele'peut.etre mis- en mémoire. fet plus..tard“

utlllse: pour une nouvelle 51mulat10n. ‘Au dernler chapltre,‘

< Lo

une etude 1llustrant 1és dlverses fa0111tes du systeme, est

/ .

. presentee, _celu1301 _est evalue. et des _suggestlons-sont
emlses pour l'amellorer., Un Manuel d'Usager est “inclus. en"

’ . o

Appenq;ce.._j

'
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CHAPTER 1 o R

INTRODUCTION

. The methodologies of diffenential equations ‘and
statistics have been,widely used tokstudy’populatioh growth

in cological systems. Multi-species or COmmunity growth

’ §

has also been studied u51ng statlstlcal methods, but: wlthout
\ <

much success because of the ‘prollferatlon‘ of ‘relevant

parameters (Bartlett, 1973). As May (1976) observes, one of -
. . a . 1 . ' . . .
the  most eff1c1ent ways to study multi—sggcies environments

i
[y

is t> build a model iNCludihg parameter .values based on

"
>

observation or intuition -and thén.use a computer to sinmulate
the dynamics  of the system. A B .
[y £ ; . . -

Work has also been done on the patterns of organisms~at
~one.momeﬁt in. time (Pielou, 1969) but seo far 11ttle progress

has been made,‘even for SLngle Spec1es populatlons, towards
O

P

comolnlng the study of how populatlons vary in- time -and in
_space. By modeling a two—dimehsional_env1rqnment,'c&mputerdfl

simulation can be of considerable assistance .in  the

c . L, . : '
inclusion of spaceé as a varlaﬂle in ecological systems. v
. ¢ .. k . s

lECOSIM is an interactive programming‘systeh'for use in

: —

the sxmulatlon of spatlal dynamlcs in communlty ecology. It

_allows a user to nodel’ the behavxor, oﬁ a communlty of
species  in both time - and space. The enyironmént is

»

representeg ‘as an unboun@ed tWO-dlmen51onal grid of

hexagonal cells. The user can Spec1f@ predation, moblllty,

breeding, and 'hunger characterlstlcs »for ahy;fnumber of



«?

¢

species.' ,

In the(ueit‘bhapter, the major concepts of écploqy and
ecological 'modoling - ape detinedd Siﬁplafion is. _then
consi&ered 'as; a tool for studyinqﬂ‘ecologicak models.'

~Chapter 3-reviews in detail spatial ‘dynamics in community

aggregation and spate-time-
. - ? . ‘

BERY

ecology. . Dispe:sion,
iniecqctions are diséusséd. _Exé@ples\ from the literature
are'qiveé. flk “Q

ECOéIE is the subject of Chapter 4. The systéﬁ‘is
briefly described and Ithed‘bhqracgeristicén of the main
modulegfhafe dgfinéd. The Eequifed data .structures are

jpreSented in detail. fThere'ﬁollows'a defini&ioﬁ of the main -

: . C s e .
':.va:iableé included in the model, and their use. The systen

s

, . (,i/‘ - ) ) ) . | . ,®
requirements are: then described and an evaluation of its
lpeqfsrmanbe is given. %hapter 5, describes - how ECOSIM,%Y
used  to simulate a real-life problem, the system 'is

eVéiuated‘and5improvemen;s"€o it are’ sugqested; A User's
LT s ’ — .
Manual is “included in the Appendix to provide detailed
: o [ ' Co-
information on ‘the use’of the system. " ..

s
A > v ¢ .
.-

sa.
>




.1 ECOLOGICAL MODELS

»ff2.1 1 Introductlon ifft?

o

From the Greek ﬁord 01kosf‘(uh0u5éuj'7 ecology 115.;ghé.

.g‘n

d'xf}blologlcal dlsc1pllne studylng -théfﬁrelatlonshlp betveeni,f

o

3 organlsms and env1ronment (Sacdhl &u Testard, »1991).»ejfﬁe_i

{;characterlstlcs of - the surroundlngs.

uprdblem' of dlstrlbutlon and abundance of organlsms 1s also”

foft great ~1nterest ;to b;ologlsts .(Krebs,v 1972). "  ihé’

8 env1ronment comprlses the phy51cal, chemical,’and blologlcal
7 C

-

L Populatlons have been studled 51nce the 19th century. ‘
In 1798, Malthus publlshed the flrst book on demography. He.

studled th%;relatlonshlp between 1ncrease in - populatlon of

_oiganlsms tand 1ncrease of food .supply." Some of the

1

3

| - .
gﬁestlons he talsed remaln unanswered today.

< ) 4

AR Atmempts to deflne mathematlcal relatlonshlps between-

o

organlsms and env1ronment have been partly successful.:‘The
classic_ work is ‘that of Lotka and‘ Volterra in»y 1926

" (Volterra, 1937). Although many ecologlsts have cr1t1c1zed
their theory as simplisti¢ and inadequate, the approachklie
still widely used. ‘Injh o

o

contributed to the realism of more recent formallzatlons.

slusion of stochastlc varlates has

o g .
The growth of a species can be studied either as a

single‘ isolated population or within a collection of



m?the;f same spec1es occupylng

o lnterbreealng 1nd1V1duals (Emlen'

2.1.2 Populatlon Bcology

A populatlon can be deflned as a group of organismslyaf?f;c;}

»

partlcular tlme (Krebs,‘ 1972),1:.rf/a54 1solated unlts “}fv

has been extensxvely studled /51nce the work of Lotka and'

, vOlterra. Methods»-“c estlmate populatlon growth ~"for"°t

f

example,';or prey predator ,1nteract10ns are numerous.,:Thef'

,

‘rate; death rate,"fimmigration, ”emigratlon, ’and.“age

P

1

distribution. W1th a. varlety of methods"fmeb can estimate

the present or past values of. these parameters. But the

ma1n purpose of the analy51s lS to predlct phenomena such as.

‘the growth of a/ﬁépulatlon or . the effects of 1nsert10n of a

predator in’ a. spec1es' env1ronment.

7

2. 1.2.1 Pog@latiom'erowth
. - : - ‘ | -
The//ﬂgrowth ~of a population - can be analyzed

F

~mathematically. This section treats different techniques,

the parameters involved and the way to specify values-for
the different variablés.

‘Discrete deterministic_gro@(;. If we first assume -that

thers is no overlap between successive generations, so that
time can be expressed as discrete variable (such cases

exist in nature), we can express a population growth as:

Jo 7

P, rtlcular space.}at:eafﬂivﬁ

f973).} Populatlon ecologyf?:_.

-

-ba51- parameters of a pqulat;ons_rnclude den51ty, blrthfﬁ'”

ot



;The populatlon at tlme t+1 ulll thus be ‘the’ populatlon"at[‘,

‘ftlme (N ), 1ncreased orL: decreased by a fac'

"followlng assumptlonsr

AR

d;ﬁ;é;i L[1 +r(1 M/K)]

ipopulatlon 51ze &t generatlon t+11"53*“"v‘

'7ﬂ£ﬁjr?;P0Pulatlon 51ze at generatlon t'i’pf;:'5""‘

2’3rﬁf,;éfhet reproductlve rate‘“'

'j{Kfff”Ef"carrylng capac1ty of the env1ronment"iithe:f N

\

populatlon denSLty that the env1rcnment can

Tiﬁsupport.

-

;determlned

v Sy
,jby deaths and blrths (rNt), nd decreased by a factor thch

is a functlon of the densxty\of the populatlon (rNt/K).,

.ng§;~g99§ getermlnrstlc growth. Generatlons usually

P

' overlap, maklng dlfferentlal equatlons more' sultable for?

‘representlng populatlon growth.:._We» must gflrst make the ;,>

‘e(1):’breed1ng occurs unlformlyfpﬁrcﬁghout\£he,Y?dF‘tdi£hfs
- no peaksﬁi | . L o '
! ‘ v S
(2) breedlng is 1“dePendent of sex and gethY?éfx“
(3) ;the: 1nfluence of denSLty on the‘raté Qf inCreaSe

operates Hlthout time lag.
Populatlon grouth can then be" expressed as:
| “dN/dt = N (1 - N/K) .
The solution of this'differehtiar eqpatioh is

‘ : a-ct
NoE K/ (W +e )
where'a is a constant of 1ntegrat10n defihiﬁg. the pOSitiQn\

of the curve relatlve to the ergln.. This-type cf;equation

> )



htfhas been used
“ﬁ'}example,)jaudzusou_ other

::fjaccordlng to such eguations.ﬁgt”
. . )

t“conSLderatlon , the - blg den51ty—dependen

,Spe01es llke' b

-ﬁfflles;ﬁ But most natural populatlons do \not

\: L

Attempts~ were fmade ’to reduce the 51mp11c1ty of the"

>

'ﬂassumptlons. Assumlng that a change }inl‘ﬁﬁ

'*eyaffects hh and d 1s not reallstlc.ﬁ In re

.‘

‘:Voccur.; For example,_a hlgh populatlon level
o produ:e_ia shortage of food at tlme t+1 and
“*}the leth rate '@fit+2.,_ Hassel (1975Y

"dlscrete model for populatlon growth :wh

v,

”551gn1f1cant only wlth hlgh populatlon den51t

V.itfoaS° assumed for analy51s that

tcontlnuously throughout the year wlth no \p

most*ranlmals' have seas“nal reproductlve pe

~not r':mstant.‘ Death and blrth rates also va

B4

‘age.- The- growth of a populatlon 1s thus i

‘sex and age structure.; To 1nclude these fac

.f.'

eetles and frult
seem‘f_Og;grow_

o‘" AR - ,"ﬁv :

e

¥

allty, tlme lags

g

at tlme t“;agygj.“'

AR

a dlmlnutaon 1nf*:ﬂlz»-'

L el

proposed af}heﬁji¢'

1ch takes -ingoﬂﬂ7:

someg‘coutrolied“”

31multaneously‘”"“’

ce. whlch Cis.

breedlng oCcurle*‘f

LN

eak.;m_lﬁ? fact.;fi;f"'

aks so that r 15

ry by "X*haﬁdff;f3’77

nfluenced by 1tsfu

tors aﬁd »to, be

ahle' to-‘con51der. dlfferent age groups, two approaches are

used. “the llfe table and the Leslle matrlx._
‘An example of ‘a llfe table is glven 1n
table descrlbes the’ mortallty schedule of a’

"statxc"’ llfe table 1s calculated on the

jsectlon of a populatlon at i spe01f1c tlme,

s .S
1i fe table is 'calculated,-on the bas;s ‘o

-
Figa‘z.ﬂ.g;.&nis

populatiou. The

basis of ‘a- Gross’

while.a "cohort"vt
£ a  cohort of

D



Ahforganlsms» followed throughout llfe. By calculatlng the net

:freproductlve rate (R),:'whlch h;,theg expected number ‘of

4 . . ’E
v . . . o

f“femalel_offsprlng to whlch an newborn ﬁemale w1ll glve blrth Vﬁ?ﬂf:

’an her llfetlme, and the mean generatlon tlme (T), whlch ,isfff"“"h

-"o‘

"‘3mﬂthe average :age at whlch females produce offsprlng, We_caﬁﬂ‘ffu'i"‘
U » DY

_.‘ : h . N

‘7luﬁdeterm1ne th populatlon growth* the ’populatlon “Tiflle;f;5i:w

"~w;(ﬁi Age (Yearf-x':

' (4) ‘Number dying within age 1nt9fval (X, X*1)' dx’“

JVglncrease by a factor of R eVery Tfyears.-

n_;i?(ﬁxxiiiecix__

;{{(g) Observed ‘numberl “rnacles allve each year,“ S
1(3)_Number surv1v1ng_at start of. ‘age’ 1nterva1 Xg lx,tjj,ﬁw

. "{5). Rate-of mortallty, e IR IR

.(6). Mean" expectatlon of further llfe for anlmals allve atgf s

.. starct’of age X, ex,i',' L PR i
Lt GEstlmated number allve.;af

.Flg., 2.1, Lifeitahie for - the“barnacle:Baianusigiandulaf*jv"r?;f.'

- at the ugper shore' level - on Pile Point, San fuan Island,gx;

————— Washl_gton (Krebs, 1972)
.‘fhef”Leslie 'method uses matrlces tto 1ntroduce thé&

e

'_.varlable age._ The structure ;of fth‘ model representatlon Q:7

Gallows calculatlon of the number of 1nd1v1duals of each ageUf'W
A A

'group“at every tlme“-step. - Also con51dered is. the lagf



; . , , _ L
T TN U T SR : v
PR s . H ) . ) .

°«}béfw§én'1thao tlme of blrth of an, 1nd1§adua1 and the tlme he‘,‘

“;ut'entéfs?u'hé' breedlng populatlon.»¥ ThlS .méthod isa ‘thus?t

=i~lThhé*i‘z;:i;f-~" o

ﬁ:treated in probablllstlc terms.; We can often work wlth"'the“ Pt

”]assumes that 1f  f7;V3T”;t,f$Eﬁ gi-v g

and fod daath

t agr :

i dlfflcult.;mrnr

"M?”convenlent when ja llfe table is avallable' the results aré;'

“V.sometlmes closely Delated to laboratory populat10ns.7

“l N . . .

,1st1c;_, Blologlcal systems are more reallstlcally

,,,

;7fprobab111ty that”ga ufemale wlll have’ a 11tter or that a.

'57f®redator wxll klll prey.: A 51mp1e model (P;elony 1969),fr7

3 R Cu

B(N) blrth rate and D(N) death rate, then y*

w~pﬁu) must decreaSg aslN lncreases,ﬁbf-:'u

»“LB‘N) via-b N oand f*;ﬁfrffffffbf ‘

-wgﬁiw) mustflncrease as N 1ncreases,

So, for blrth

az N+ szz_ AR

P(N —->9N—1) S ND(N)

dN/d,ffﬂ- "+ b, )Nz

*]frmen' though ‘stochastlc, modelsﬁfaréi=more reallstlc,;fthéfw‘

SR .,

. [ RS P PR S
'Tlntroductlon of -morevaariables-;makes%ithe,,analysls,;very},

¥ogo
Vo

- v'\. 7‘

'v.«;«-'«‘.‘@. ot
N

Most of ?tﬁe?lmoﬁéis?sdéscribédf aboVe predlcted llfeffuf'b

;tcycles of someapopulatlons of 51mp1e organlsms.. But factorsgf_fr';-

”?llke large numbers of spec1es,4ﬁthé_ unlqueness ﬂofﬁteach“lff‘“f

anf

l“Stochastlc qrowth.: The models dlscussed ”so farmfwere: ,7"



gﬁlnd1v1dual and 1ts contlnual adaptatlon to- the envlronment,.

e ity c ) )
: 1mm1grat10n _and. emlgratlon, terrltorlal ‘;behav1or,, and

. cllmatlc fluctuatlons were not con51dered

[ " .

2.1 2. 2 Spec1es lnteractlou B R - A

There aare» three types- vf~'1nteractlon bexween two

”fospec1es.v Predator-Prey relatlonshlps (+, =) occur -when the’

>growthf rate - f *th predator spec1es 1s 1ncreased by the-
\ L L )

4-occurence of the prey spec1es and 1nuersely¢‘ Iﬁ the Lotka-

"v~Volterra equatlons',areﬁ used many unreallstlc assumptlons

2fmust be made., Age and sex dlfferences aref agaln rgnored,d]-

‘jThe 3 :effects fof ,>1nteract10ns Kvbetweenvf.species;ﬁ*areb

”1nstantaneous.”u The ISYStemVﬁis closed. 1: Desplte f these_r,

 ”“rQStClCtl0nS,“ good results have been thalned but mostlyi

A:”for laboratory populatlons.*

Competltlon (—'-) occurs when the growth ratesv“oﬁ uthe7

.o.‘ _‘.‘\

S9.

R - % S
'-;;two populatlons are depressed by the co- occurence of the two-u'v~

‘»fnSpec1es.f If the} anlmals belong to the same spec1es the;¢'~‘5

3

.fjcompetltlonfﬂis” 1ntraspec1f1c'- 1nterspec1f1c - competltlon;f:~
”-ex1sts between dlfferent spec1es.$ Equatlons descrlblng thls7»;“;,_

‘”fphenomenon ’]fitfi only ’fag}jf ’ 1aboratory populatlons.'fﬁ"

Vs When both growth,rates are 1ncreased by the cooccurence

fof fthegftuof spec1es, :th telatlonshlp 1s mutuallstlc or‘

’commensal (+ +).f1Commensallsm 1s’"the'relatlonsh1p between

"W;tkok’organlsms when one 1s beneflted" (Emlen, }973, p.319)r_

f;eipopulatlons has proven dlfflcult.v:"”,,ljlf {T:* _ 7d.¢%?$i

'fTransferrlng the*_results “of . laboratory 1workﬁnto‘;wf1eld7

—rt




T | 10
o ' b B .
~The eguatlons for competltlon remain valld for commensalism

and mutuallsm. X These relatlonshlps can_ be treated, %s..
. negative competltion,. R o ,fi“

T . ' ) . » N ’ ’ . . ¥
. . T e N J W,
o

2;1,2;3-Populatdon?RegulatiOn- : _H_k _ 3 L
a0 In reallty, the growth potentlal of a spec1es is neyerv
reached Ecologlsts thus belleve 1n some form of regulatlon-
';‘to allow for ‘more food and more shelters and less attractloni

‘for] predators. ~ This mechanlsm is not con51dered voluntary

but a consequence of tuo types of llmltlng factors- densxty>i R

fdependent factors, thch are 1nversely related to populatlon
N 51ze,- and den31ty 'Lndepéﬁdggt factors. 7’Changes in the

;”env1ronment avallablllty of resources, predatlon, space and

‘fflspaclng and soclal factors llke crowdlnggall contrlbute ’to

fpopulatlon regulatlon and are not 1ndependent of each other."

'7*g*There fha not yet been any attempt ‘to 1ntroduce parameterss

tOYa ount for all of these factors 1n a system.' »% -
Fluctuatlon frequently occurs i populatlon growth

s

‘gAlthough fertlllty and suIV1val rates are the maln causes,u

’delayed den51ty dependent "response, gand predator preylu

e

‘.?lnteractlon also 1nfluence the stablllty of a populatlon..:

-

a

)2.1 3 Communlty Ecology _: H-_l fii, e },

_«lt, is dlfflCUlt to adequately represent an env1ronmentf”

s

”for a given populatlon.f The huge number of parameters ‘ande‘n;

j rthe fact'~that the populatlons coex1st wlth many other'f

”*7*spec1es compllcate thei process.‘_lﬁThef<step.»upk[tO',thrééy



A 1
dimensions ‘introduces not only a confusing proliferatf%h_of“

parameters, buf also a qualltatlve change 1n :the d&nanical

complex1ty" (Mayqv1976, p.69).

2.1.331 Mathematical Representation

A ° community -~ is® . an ' associatidn ;’of interacting>
“individnaIS“fliVingv togethet, in the same - environment.

. . L ’ L :
Mathematical analyses of’ populat on. growth Within a

‘communlty are rare.' The system 1s usually represented by .

generadlzatlon ,voﬂ “the . Lotka Volterra‘ equatlons. - For

’ example, a communlty of competlng spec1es could be descrlbedr

o

as (Planka, T976)

y SR an, 7t »=""’-"LN’t (K= N EfﬁLJN))/K SRR . |
‘where . o | s o ry
rn';fs7nnmber of spec1es,_p" P B o
'.;r;”":‘rate of 1ncrease of spe01es 1, |
K/“Lr"".=;Car1.‘ylng'capacm:y of spec1es 1,‘ ’7
’N?;?sVnopulatlon den51ty of spec1es 1,}"
jdﬂl" GOmPetltlon coeff1c1ent. S “_‘fl" ’1Ze T

Although the Lotka-Volterra equatlons have mAny; flaws,
rthey do prov1de a conceptual framework.. Progress has been

“made towards deflnlng populatlon growth 1n ‘a eommunity,a But

lqmest analyses of such systems are Stlll qualltabave gather

- A

© . than’ quantitative.



2.1.3. 2 Specxes DlVer51ty and Abnndancef

~a ‘given env1ronment., 'Two' processes ‘are' involved.  The -

N @
¢

f

One of t he most 1mportant propertles of a communlty lS

°
.o

the nnmber of spec1es it contamns;' This number shoaid

ucontrlbute to a measure of the "dlver51ty" of the communlty. -

“Bu *‘Lfv~one’ spec1es present in the communlty is much more

numerous “than another, this_disparity ‘'should be reflectedyln

r o ; .

,"a dlver51ty lndex. -An-example of 'such an. index 1is the

"Shannon Hlener "entropy" measure:

*

’ H' = —2: leog(p ) unlts,
N U . '
where . p ﬁ‘ls ‘the’ proportlona of. the 'i'th species in the

L

o

commun;ty_and\S;is the:number; of_-species. P can‘:be the

proportion of rtrees 'or‘animals or, in-the case'of plants,,’
: > /. : . .
the relatlve welght of each spec1es.r," v

/ R
- Most ecologlsts agree that there exlsts a relationship

i

'.betveen the dlver51ty of a communlty and 1ts stablllty. In

s

ltheory, a. dlverse communlty "ought" to be stable. If there

age many prey for a 51ngle predator, the predator populatlon'.

'w1ll less .llkely ‘go extlnct, and no %ify populatlon w1ll-

grow. 1ndef1n1tely 51nce there are many predator spec1es.
- 2 VR

But lt is not yet known how many spe01es can coex1st 1n

-

~ .
i

‘vfnumber ~»of' spe01es 'tends to decrease with competitive ..

exc1nsion; Gause (193#)5has observed that "...as a ‘reSUltvlb

- of. competltlon two similar» spec1es scarcely eVer occupy‘

' 1m11ar niches, bdt dlsplace each other in such' a manner‘

that each takes posse351on of certaln pecullar klnds of food>

and‘ modes of llfe fin'uwhlch it has*an.advantage_over its -

N ) - o



competltor" o

¢ -

to 1ncrease w1th 1mm1grat10n and evolutlon. : ‘ oo

_Amdomlnant s.e01es is one which is hlghly ‘successful

a1

egologicallyﬂ'and KTS a great 1nfruence on the growth of the

other species (Krebs, 1972). Dominance is thus related to

4

the concept of spec1 s dlver51ty. Although dom1nant«spec1es

¢
-

cin o a communlty are usually assumed to ‘be'ecologlcally

constant, it happens ftequently that a dominant ;specias ‘is

I

‘j largely a matter of Ehance ‘events. Hence no mathematlcal

@ . o
model exists to cope wlth domlnance.

2.2 SIMULATION  ~ - '
.

2. 241 Intnguction _ o .

‘It 3is'"often‘ difficult~ to- analyze 'complek dynamic-

'systems 'by' means: of mathematics. =~ Equations describing

changes in behav1or ‘may be. 1ntractable, -or; mathematlcal
. = X3 : )

'formulatlons may not ex15t at all. The complex1ty of . large-'_

R

?scale,.4 real llfe. 51tu%tlow : contrlbutes - to 'the

over51mp11f1catlon or lack of understandlng respon51ble Vfor

mos§$fallures ‘in attempting to mathematlcally deflne natural

systems. K : o ‘ G A

Slmulatlon can’ be used to analyze'problems which .are

too complex to be defined or solved in terms of ‘mathematics
only. ‘There are. hozens of‘books*gn simulatlon and eachvof
them has its own deflnltlon of 'thei subjeCt;» _Merginé, the
concepts together, the followlng was\sbtained. |

M 4

, - _ ‘

the Other hand,‘the number of species tends

S



T 1
. b . . '

A system is a"set of'entities.united my some’ form of
lntecactlon or 1nterdependence (Mlze, 1968). "Thefe%_are
natural systems and art1f1c1al systems.' A system is open . if
-1t - can’ exlst only in a partlcular environment dnd’ adaptlve
if it‘reacts to.changes in_renVLronment. Aq.model is .an
\abstractf%m or a reoresentation of a real world system. A
51mulat10n Ls the process of reproducxng the system behav1or
uslng tmevmodel; A model can then be a system of equatlons
and a Fsimuletion womld be used.tojsolve that system on a
computer; . This is'réferred to.as a -"mathematical" model, Or?
‘as Hall and Day (1977) @call .:'Lt,~ an madalytiCal“ modele.

: while lmodelllng establlshes the relatlon hip between a real‘
_system and its- m?@QLP, slmglatlon_ deals mainly with ithe-
'telationsﬁip betmeen thevvcomputer a;o/tte modei (Zeigler,

1976). . L / !

-
2.2.2 Conputer Slmulatlon ' ‘ o / . ,

g ‘
.Step in: studylng a system by computer is to
\ . . v

build a model. ThlS' model is sPec1f1ed by "a set of

varlables representlng the principal features of the real- -

1]

- life system and a set of computer 1nstruct1$ws representing
the laws or dec131on rules that determine how these features -

>

are'modified as time ptogresses" (Smrﬁh, 1968) « The systems'
1nvolved m;y be of bu51ness, ec%nomlc, social, biological,
phy51cal or chemical type. A model is repllcatlvely valid
if 1t adequately reproduces’ the behavioral iata from the

'real world system" A&predlctlvely valid model is one which

\ T @

N
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can accurately predict thé}\futuré behavior of the real

system.: The-usé‘of.simulatiogfcan make the model easier to
" ' » . ! \ ° .
understand, and can provide hints ds to the causes and
B i & . '

0}

effects of the process. Simulation usually speeds up.the

analysis, provides a basis for system modifications, .and
»facilitates experimental mahipulation.‘ Guides can be
//prqv}dedﬂ for predictions and forecasting. ‘Control is

>

poésible-'over the time scalé€ and sources of variation. The
. . 3] . . . :

]

model will then enable the modeller to learn how change in

state occurs, and to predict and cont:olﬂéhanges.
- . -3 ' f

4 model <can be deterministic or sﬁgéhastic. It is
deterministic wheraall entities bear fixed mathematical or

»

logical relationship to ,each other (Fishm@n, 1973). When

the future is influencgd Qg-ﬁactoré_whose éffect cannot be
foresan é{éctiy, the .modeliiis .stochastizf We 'can then
degcribé the rela;ionships betwéen' cause éﬁd ‘effeét‘ with'
w : ¢ S . .
‘probabilities. '

A ‘model ‘is stat%c if it does not involve time. "It is .

dynamic when time is included .as a . variable. - There are

°

cqntinuous° time m@déls (suchaas gposé based on differential W
equations), discreté—event models4agdi diécrete-time models
(Zeigier;' 1976) . 'A . continuous timeA model 1is dséd ﬁhen
chénées in the states of the model chur cbntinubusly as
time evolves. In a ‘discrete;timeiJﬁodelL a “"clock" is
simuléted and usgd to c&unf fime.' In a discrete-event

fmodel, -even though time flowSHCOnt;nu0w§}y, state changes
R . c ’ - ) N 2 '
/can occur only in discontinuous Jjumpse A

“model is time
3 k 3



» ' N ' B ~ 16

varying if ﬁ%%me entérs expligitly as an argument of thﬂ
. : f’ ' ! "’

.

rules of interaction. Othe wise, the model iq\y }ime
" invariant. ° v

PEVAY

‘2.% 3 Programnxng ConSLdératlons - . -

4

-9

"The constructlon of a com&::er simulation involves the

.following steps (Emshoff and- Sisson, 1970; Zlegler,'1976):

1 Defineathe prohiem. Study the real system to sqe which

w

factors affect _it; flnd~the approprlate tlme SCélEr

2. Analyze the data requlrements and aVallablllty of,

.

sourcese.

"3, Deflne the experlmental frame, uhlch "characterizes a

- ’4\

limited set of circumstances under whlch the real syStem

-

is to be observed or experimented with" (ziegler,*1976f
p,('30). A- subset of input—output behavior of the read
':’\ ‘ ' ; | ) '
. System is assOciated with the experimental frame.

4, pefine the Dbase model, which is valid in all the

allowable experlmental frames. The baSe model accounts

&
for all the input- output behavior of the real system.

‘5. Create a_  lumped model, a subsystem of the base model

thCh corresponds to.the experimental frame of current
in terest. - , - e
6. -Validate the model. A common validation method is to-

-~

compare results fromnthe simulafion to_his;orical data.
Because the usual purpase of a‘model is fo prédict 'the
future, hresuits of the.differeug simulafionsvmusl, at
soue point, be checked with what actuaify happeneg.

ITs

[



.,5ﬂ7;§;De51gn 51mulat10n experlments.\ Speclflc ComblnathDSMOf_flﬁ;:.?_

ﬁ

‘?manlpulatable varlables are used 1n the model wﬁdtf'

greal observatlons of the system.fe,*r~

'fJAnalyze the results.. The s;mulatlon'runs are evaluated;E
d7fand weaknesses are’ correctedrlf POSSlble-f‘H '7C}“:

'v. Programmlng fa 51mulat10n touches many aspects ;;o£~_

'Vﬂjcomputlng sc1ence,1bj1nclud1ng creatlng}f flllng,ﬁ

Wfdestroylng records, searchlng llsts, and generatlng randbmf5a;f3

ff'objects Hlthln f H:system must beff"

'“:varlates.", Classe

jadeflned adjustmentsv'performed ‘M condltlons 5Hlth1n ‘the

“

dirsystem vary,.and objects related to one another and to the1r1'°"
" o - 7 m’. e ‘

;common env1ronment.
“Copslderatlon»‘ hasﬁ.‘tof'bee‘glven 5£Qﬁ}' ddoﬁ' namﬁé£~f
,-gqnerarors, Random varlables are used to'represent factors‘_
\vhich"‘fluctuate. ih‘;ana unpredlctab{es but statlstlcally df
“descrlbable way. One can use a generator to 51mu1ate almostf
’any dlscrete or contlnuous pﬁobablllty dlstrlbutlon.r |
Another concern 15 whether the oodel 1s 1nteract1ve 'af
,rnot. “An dnteracrlve ;model is one that 1ntenacts Hlth 1ts
user. Sore‘/of the; requlrements lfdr aﬁo' 1nteract1ve
simuiatior 'pacﬁage }nClude;ﬁ(sohﬁle; Tartar, & SampSOn;‘
1973).: a‘fleriﬂle cbmman?llahduage,veasy ‘for the user to
':understaﬁd; gr#bhics‘_and outpd} capabiiities.so tﬁat the
user caa-vrsualize“the model; user capabilitf to_specify theb
length bf lhe similation, to save and vrestore " the results
,ad@‘\ig//restart - the simulatiod;' provisions to modify the

‘ o
. ¢

quel characteristics and parameters; and painless error
// o N C
J .

7



'"*fcondltlonal

2

H‘recovery- PR

Theff language used f r}°the actual codlng aofiﬂtﬁée‘fffTv‘”

PR

'r"ﬁ51mulat10n program needs good data 'structure ;capabllltles,fﬁff,cﬁ

'f'uncondltlonal‘;

»operatlonal research v

:“.fdsc1ence are. all sources of models sultable ﬁor 551mulat10n;lﬂ“"'“

branch .5ﬁdfﬁ 1teratlon.FV“’

: operatlons e

- econometrlcs, 5ﬂnuclear reactor;f*' (

,Land' managemenf';cp

1f;Many management systems:jlnvolv1ng gueulng problems can be,ﬁfp._~-

f,Solved by 51mulatlon,»;Iug_ gueulng problem,.ﬂan arrlvalfaf"

'foccurs regulrlng '5' serv1ce to be performed. The system_;”
7ce1ther performs the serv1ce or keeps the demand on a waltlng.f
,plrst untll 1tﬁcan execute 1t.: PERT /networks"caud also_ﬁﬁe
'ViifSimulated, i‘A{“schedule oiievents or. "crltlcal path" hasrto-
ﬁbe.fbund among_a;specific mber of actlvltles »regulred ‘inv

‘order to ‘achieve a task.

'2.Z;M“Applications.iu.Ecology’

: rgEéosystems *asp‘av.wh01ei are.mhard‘itob“s%#ﬁyv-evenpby
vsimuiation.because“of’the'great.uumber bf, variabies‘ to' be
ginc1uded'-‘ Most lof the sxmulatlons of ecologlcal nodels in
the 1960'5 1nvolved small numbers of variables, and usually
only ohe'oor‘ two specles: vBut recently[ because of social
pressures‘and attention giyeu to ecology and resources

~management, ecologists.. have increasingly begun to sifiulate

ecosystems. Examples of. two approaches are given here.



“*gz 2 u 1 The St Kllda Ecosystem (Mllner,.1972)

‘ St Kllda as ;an 1sland, part of a Natlonal Nature

'r«Reserve, ln,=the':Un1ted States." It 1s a 51mple ecosYstem1 fﬁ”‘

malnly the sheep populatlon fandygthe vegetatlon

if{ﬂhhiéﬁ they feedty The maln steps of the751mulat10n were*d"”

v,,.'

fﬂCalculate th growth ;b_ plants¢,
n o - L F

:fﬁrtemperature and the welght'~L 

‘.ly?;f;calculate the number of sheep t"arrf§n¢iiphiiéﬁf

ﬁyelgat and age structure-T”ﬁ
"?~3}’?Harvest from populatlon of sheep.

iq{pralculate welght of plant,materlal removed by sheep.

'mThese' four steps 'Slmulatedbuone
: K T

7‘system vas 1ntended to predlct the future number'rof;“sheep;

'\'7but .did not do s0 very successfully.- The conclu51on was ;§ f

'yfsgthat eLther the model was structurally 1ncorrect, o that

e

"fonef or more of the equatlons were wrong ‘or had coeff1c1ents

‘whose values were too far from reallty. But stlll the model

1mproved the understandlng of the system and prov1ded useful

data.

2.2, 2 The Jahpva Hodel (Botkln, 1977)

Trees compete for resources-v light; water, minerals, -

and a place to grov. If a tree grows Faster, it shades its
;nelghbors who dle without- llght. The growth, death, and

reproduction of trees are functions  of light, moisture,

aS‘a functlon of the

~ body

:ééyhfon the 1sland Thé,~

”y,31nce there are only a fewrvegetatlon types and only
herblvore,;k;“ The model was bullt to_ '




temperature,]and nutrlents.N glven equatlons for grouth 35:”

l’iﬁfunctlons of these varlables, the Jabowa Model 51mulates thev‘jfﬂ-
i e _ ‘a‘a"ai i
L growth 1ndLV1dua1 trees fon small forest plots.oane TR

"'~program 1s 1nteract1ve_and uses a screen, a keyboard, and

‘7llght pen._,jThe user canipiant or log any number of trees;7

from dlfferent spec1es.,.T1me;f‘n years ?¢‘ be pecxfledjff;

R along ulth the o tput 1nterval;T;The program can also be run»;y';7’*'

>7?1n "batch" mode for long“runs.'

f The moael Has tested and proven-to work at 1east;1n thef

that

reproduced :the general events., Slmulatlonf;*';

'\r

'““;experlments were also undertaken to study the response of _%"”7

5i{3forest to perturbatlons &nd manlpulatlon.ﬁ'xfif




CHAPTER 3

g SPATIAL DYNAMICS w COHHUNITY ECOLOGY Qh Lo
H_3 1 INTRODUCTION

?T;,rh den51ty ff a populatlon has 1mportant effects onrfﬁﬁ o

it growth.;j Overcrowded areas do,enot contaln : enoughﬁ“

"7»;quff1c1ent to 1nsure surv1va1,¢ UnleSS‘

rﬁ_thus 1nfluence’spec1es lnteractlons and dynamlcs.-ij‘"*

”7g;Clumped or underdlspersed populatlons occur when"organlsmsf

fffﬁfashlon.; Organlsms can»llve 1n

'hdf;llkeb the shoots; of a tree.” Or Space can be con51dered as},

-

'ﬁ‘:resources_éifjv“ .thelr. 1nhab1tants nd"bﬁ “"}h -rare

f}:inbreases33wln undercrowded reglons, matln:' £ fbeﬁ‘¢

1nd1v1duals are";v;;;g:

‘C_lstrlbuted evenly, the den51ty 9ffect Hlll vary from placeﬂyﬁgﬁ.yﬁ*

place.n Spatlal heterogenelty and ablllty of movememt‘ﬁ

Al

“Lf?r The populatlon is spaced or'

Flnally,sd7’

“be treated

\Spacewlﬁ

,-,Z' :

‘*contlnuous where 1nd1v1duals occupy any p01nt 1n space,xllke;gia_;;m:
dftrees 1n a forest.{ Flnally, 1t 1s somethmes ;1mp0551ble=yto o

l'f“dellmlt 1nd1v1duals so that they can be counted

T Studles of spatlal patterns of populatlons of organlsms§h,7'
;have been popular 1n the last ?venty years.ﬁ Most of thesenﬁp"
;studles, however, 1nvolve se531le or sedentary organlsms and ) ‘Vi;;-

‘rarely has tlme be 1nc1uded as-.a varlable._ﬁ,f



'%jnglspersalbflﬁv

leferent approaches have been used togistudy‘fspatial:

. ;
patterns 1n a 51ﬁb1e spec1es populatlon.-

e

TN

Before Lloyd (1967) deflned "mean crowdlngn’ {héfusuélan"

”fcmeaSuremZOf: croudlng ‘s_ 51mply ’the average, number of*?'
'E[Qind{viduals-:- Actually, factors llke the Spatlal pattern of

' Qfdlstrlbutlon, or theiffayﬁ 1nd1v1dualsf react tOWards each f

* other uhen they meet, WOrc_even the_?way they move,”can

”i_lnfluence the degree of croudlng.“ Tof‘lnclude ﬁthe‘ spatlal

aspect *of the dlSper51on of a populatlon, Lloyd deflned af;;frvi“ﬂ

measure of crowdlng as th‘a

‘5other 1nd1v1duals in. th“':ame quadrant.w He also deflned the

-‘fﬁmeasure'Loff-crovdlng uhen' samples re used 1nstead

”rQC°mP1ete data.,ji%ﬂ7¥ﬂ=&rs~

:7V“Ha1rston, Hlll and thte;(1971), sampllng f' fleld

'T‘Ah Arbor,_Mlchlgan, dlscovered "the fallure of the sets of

h*;to_ reflect ;theg dlstrlbutlon fof the 1nd1vrdual

fln a satlsfactory manner" (P-; 3&3)-; B“t thefff

'»makihg "dlspersal"'or)"dlffu51on" studles more.appJOprlate.

'ﬁffhe N apparfntly ";a;mless, ; underdlrected

_'/

»;l1969),f Organlsms dlsperse 3to_f1nd a sultable habltat.jﬂA{"fr"T

onpulatlon responds to local varlatlon‘fi the enV1ronment

N ulth movement of 1nd1v1duals between areas.,'*“f'""””“

) !

mean number per 1nd1v1dual fofz"

forgﬂany motlle spec1es,3 patterns change w1th tlme,.

Holgate (1971),‘1n hlS survey of results 1n random walk

T T ol L

e L

far super;ofi}fof}"'“”'x

Q‘;r;movements of anlmals that seem to be wholly random“ (Plelou,:]pf"‘



‘theqry;7'we1aborated "three models accordlng to " whether

'“‘indivfduals'haveppo attractlon.‘tof a“ home base;o or ;the‘?'

\jattraction‘ diminishes .or‘“increaseSq'vith;distance.“Lewin

[

‘__;11976); prov1ded 'af general framevork"for"modellng thef*

LT e oo . U
]]dynamics, ofi-spatlally dlstrlbuted populatlons. He used a.

r

‘contlnuous t1me approach but the env1ronment was‘-subd1v1de&”

S .

5,;1nto‘ dlscrete 1slands or patches. The spec1es den51ty was*'

'”then deflned 1n terms of dlfferentlal equatlons, 1nclud1ng'

hithey 1ntr1n51c rate of 1ncrease of the spec1es, the carrylnggfu

th“capaclty of the env1ronment and a coeff1c1ent of dlffu51on.

.'”5ﬁzbe 1ndependent (Plelou, 1969yr:k

‘. P P

'f3.2 MULTI-SPECIES SPATIAL INTERACTIONS. S

If many sp601es llve 1n the samef enV1ronment,r; or ~if.

‘ffthey have some effect on one another, thelr patterns may noti;

'bf]-table :whose »entrlesf‘spec1fy the number of cells or unltsﬂ

_o
i)

*f’that contaln 1ndLV1duals of every spec1esk one can determlne'

',fflf two spec1es are dlstrlbuted lndependently of each other.

y'~"swlt6hl“9"'t where a Predator d1v1des 1ts t1me betweeniiwoJ’”
fi%idlfferent prey areas,_spendlng more searchlng tlme thej

"jlarem that contalns more prey or where the capture 1s moreg_f3u

‘3:ff"reward1ng"'ﬁ He came up wlth a model 'whlch descrlbes Cthe

‘04.

Byﬁstatlstlcal analy51s of a“”'“

MudeCh“‘(1977) StUdled - stablllzlng effects bf:fp-*

”'ﬂnumber of a glven spec1es eaten per unlt tlme as a functlonii S

.”

~fpof the tran31t tlme between the two areas, the t1me taken toﬁhf

‘4ff"handle" the average 1nd1v1dual of thls spec1es, the den51tyﬁf' '

‘t~ifof the prey spe01es,‘the successful searchlng rate forh the




. Y

| “4.3.2 1 Huffaker (1956 1958’)

'1Njwas to flnd ar way oL cont

-vthe prey 1s well estab’®

| dSampllng i_uused_ﬁ

s

24

- prey spec1es and the search tlme. -Results‘fro% experiments

'wlth a predatory flSh (gupples), a‘%urface prey (Drosophlla)

f

’rand a bottom ‘prey (fublflcid"worms) ‘verlf;ed .the:'basic'

,assumptlons of ‘the' swltchlng model.»

Investlgatlons u31ng s1mulatlon have also been done to

‘dmstudy spatlai behav1or in predator prey systems.‘ The. - work

‘of Huffaker prov1ded the, experlmental frame and data for

‘-:many of the studles.. >~>" .p, .

oL

Huffaker studled the use of predators-'as'.a‘ den51tyai

| control tool Strawberry crops in Callfornla suffered heavyy

'damage froml the:‘cyciamen nmlte‘ Tarsonemus pallldus Banks

——..——_.__.—

‘unless a. predatory mlte,y Typhlodromus cucumerls Oudemans,vf;

dﬁ' present Both fleld and greenhouse experlments were’[”j

e

fconducted

A female cyclamen mlte lays about three eggs per dayj

L}[for four or, flve‘ days.5~ Only about flve per cent .of: they5

“7pvadult populatlon lS male.; By controlllng iitshvreproduct1Vef‘

'lri,;rate 1and'it }searchlng behav1or, the nredator cam both holdgfp_t?
vfthe den51ty of the) prey t? levels»‘nonlnjurlouS'”totithe: o
tstrawberry plant and also can surv1ve at 1ow prey den51ty.. o

dThe predator usually delays 1ts appearance 1n a fleld untfl:ﬁ

.The- maln goal “i the fxeld and‘greenhouse experlments

¥ A :

ing® the‘ predatorv‘populatlon.

stlmate the dlfferent populatlons. .

76'
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sexmaculatus and gth predator,l Typhlgg us occ1dentalls>

o | : .. %e5
R I . - ‘ . . v Lo . « ' .

\

The concluslon vas: that the predators Yexert: very effective‘

control of the cyclamen mlte» ~in thlrd- and fourth year'

Va

- fields in thlS area when thelr act1v1¢1es are not 1nh1b1ted

by detrlmental chemlcal treatments used for control of other

pests" ‘ (Huffaker'vand Kennett, 1956,»\p.198)._ For the
greenhouse tests,‘seventy-tVOjpotted plants*vére arranged in.l
two randomlze&'groups.: One group was kept predator free and
the correspondlng plants rapldly dled.' The results from'the f

studles suggested' that dellberate ‘1nfestatlon of ‘;new_

- plantlngsv by the predatory mlte could be a means to achleve

RN equlllbrlum and Preser we ‘the crops.

The objectlve of the 1958 experlments was to create ‘an_‘
ecosystem} where ;thef predator and the prey would contlnue )

llVlng together so that they could be stud;edg zn ‘detail

: The” prey vas7_ theij srx-spotted ‘ mite,: Eotetranychus:‘lc

\ &
Nesbltt known as: ‘a- vorac1ous enemy of the 31x spotted mlte.»

—-—--—__

Each unlverse con51sted of a metal tray contalnlng a ten by:-ll

four array of oranges and/or rubber balls..-fTheJ predators v,‘l

-

and prey vwere free “to, move onto or leave oranges or balls_J"‘”‘

but not to leave or enter the unlverse. The utlllzatlon ,of*
rubber balls made it p0551ble ?fo, change the total food’

substrate (oranges) and the degree of'“dlsper51on ofi:that_4

'”fsubstrate.-- At 1ntervals of eleven days, ‘one guarter‘of the
'.oranges (the oldest) were replaced } Sampllng .wasl'used to’

‘4 count populatlons.;' Results vere bbtalned 'both’when"the.

plant food was readlly acce551ble, all in one location, ~and



w

-

when the’ food " was wldely dlSpersed w1th intervening rubber

‘balls. Groups of prey 'with -and .Wwithout predators "were

L]

@

‘included. leferent areas of food were: established by
coverlng part of the oranges Hlth paraffln and pa'per. . -Some
.of .the results are summarlzed in Table 3 1-, "Ad]acent food"

meais a 2 orange feedlng area on U adjacent-oranges.
'"Dlspersed" 1mp11es the same feeding area but disperSed in
the tray;‘ The“last‘ type’ of experlment used a 2-orange
% : _ .

feedlng area on 20 ora/ges dlspersed 1n the tray.-

Conclu51ons from these studles' were that‘ the

penv1ronmental area must be 1arge _enough t,--permit'co- E

' ex1stence of the predator‘and the prey, yet not so- large as

to limit ' lnterchange . of the“ bLotlci part1c1pants;

-‘.“Mlgratlon"i(or, here, simple mOvement)‘ is neceSsary ‘to

“fav01d Aextlnctlon of elther the prey or the predator. It'is;

pOSSlble to. festabllsh- complex unlverses, -utlllzlng ~ wide

dlsper51on and also 1nclud1ng partlal barrlers, in whlchfthe

predator prey coactlon uould ‘not’ be self-annlhllatlve.j»

‘u’{Table 3.1; " Mean prex populatlon per orange
‘ R R .1“ Huffaker experlments.,

L
-

. - PR : ' Predator o -
"Food = - = v absent o o present
"--'77ff"’ff'f—f°7“”"f'7f"'f'°f"f“f—'-""f'fo"f""??'
adjacent 4700 . 250
dispersed ’ T 3500 —— R 4056

ﬂaiternatlng with balls 3300 ™ - 1800

_‘_._—..—-__...--f-,..---—-_--—--—--.—--_'--‘--_-—-o---—-»-------_—---——.
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- 3.2.2 Murdie (1971) o R
Hurdle suggested that the spat1a1 dlstrlbutlon of prey
1nfluences the ablllty of predators to seafch_ successfullyw
. for food, _and that adaptlye behav1er ls shown by the
j‘ attacker.w A'randcn’walk search by the predatcr 'jas tested
-with different prey‘density‘and'spafialhdistribution using a
‘ c0mputerfsimulated"mcdel. | | | *
| ‘Some | of4‘ .the models descrdbing predator-prey
relatlonshlps 1nc1ude a coeff1c1ent of "kllllng eff1c1ency"
whlch mlght reflect the competltlon betueen predators or the
searchlng' ablllty‘ ofj the attackeg. ,_Eor example,: some
f.pred;tors ‘change their pattern‘ of searchihg- when . they
'\“enccunter afprey.pikh‘lntensine search around‘the discovery
. area’ beglns,;'whlch can .be‘ fruitful if thee prey are_
.aggregated but detrlmental when they are dlspersed.‘
The env1ronment is represented by 150 quadrats of 10x10[”
»

cells-each.~ A quadrat is a square area of vegetatlon marked

off for*Study; Using the- negatlve blnomlal dlstrlbutlon
_ - A
px.=<‘ k) ( X ‘Y (k + x.= 1!
o o \k + X)) \X + k x! (k = N!

where x is the mean denslty 'per_ quadrat Ca frequency is

LS

determlned (f- i,'NpX, where N 1s the number of quadrats).
Different k and X values are. used and a number of quadrats
] are each ,allocated X prey. _The' prey, are either
distrlbuted at randonm wlthln a quadrat‘or a, random lccatlon“
is chosen in. the quadrat around whlch the prey are clumped.
vOnly vone' prey ILS»allowed per cell. A flxed namber of 200

- i . o
. : Cagw -
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J

. . - ' -
predators are used, each. of them, being assigned to one

- auadrét at random. All predator-prey encounters resulted in
. ) . . - . L4 ) . - ) !. o
a predation event. After twenty successive failures, the

.predator-is assumed to die. For seme of the runs .a
! . ) % . )

satiation lével is set at ten prey. S
Results showed that the clumped model has a lower level

of predation then the non cluhped‘model, thus suggesting
that aggregation has some protective value dgainst randon
. . 'q B (' .. . .

»

walk .pfedétors.“'The introduciion._of a sq}iat;pn.lével

sigﬁifiéantly modifiéd regﬁlts.‘ ;;'eXpected,‘the;npmb?r of
‘ prey >’killéd ‘ wa's, proportion&l to fhe’_numberi of prey.
availablé:' in.the;record'qf thg discussions foliowing  thé

~

contcibution, - W.E. Waters £from  the U.S. . Forest Service

notes that prey movement should be included and Murdie

- Qimself suggests “the introduction of reproduction for both
, - . ST .
predators.and prey. ’

~

©3.2.3 Maynard ‘Smith (1974) o

Migtatibn’is beiiévedvto have_a stabilizing effect’on‘%J

predator-prey system. Maynard Smith deﬁelOped_a model baépd p

°

on the following assumptions:

-

1. The habitat was divided into A"oells"” which could be

nsidered either as a continuum Or as a discontinuous

El

hgbitat;
2.' The 'effects of - immigration ., and -emigration were
immediate{

3. Migration 'was ‘"conservative", in that the system was_
p ~ ' . *

" ',':a.f{ wl
W emi,
..

N

H

—



closed;
4., The envirohment was uniform.

By graphical analysis, Maynard Smith showed 'thatz migration

cannot Stabilize an unstable predator prey system to insure:

coexistence. A model‘was built where a cell’ was considered
as an. "orange" (Sée Huffaker, 19581; The cell could. be ip

eight different states: empty (E), containing few prey (HA),

increasind prey (HB), many prey (HC), .mauy prey with few‘

9
»predators (MA), ~many prey uith increasing predators (MB),

many prey with m&ny predators (MC), and few prey 4w1th many

predators dr(MDP. Brobag}lities were - defined for state

w oo o i )
transitions. The general gonclusion, after the behavior of

" the . model was analyied by computer sirmulation, was that

»

_ per51stent coex1stence of predator and prey could easily be

s

achieved. Conditions which helped this coexistence included
~‘higlh level of 'migration and- presence of refuge for prey,
restriction of the migration period for the predators aﬁ% a

larqe uumber‘of cells.

3

: 8 ' C
3. 2.4 Ziegler (1977) ' — 8

Most analyses of spatial effects in ecology . have

".employed the assﬁhptren“of continuous population exchange

~ E

mechanisms. Ziegler considers a system where migration can

’ K ~
occaur only at SpelelC p01nts in the predation cycle, _such
L’\E -
- as when the prey or predator population of a cell reaches

the carrying capacity of that cell (like the Maynard-Smith

model). The results of his simulation are given here.

— s o
-
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The base model (eee section 2.2. }{ﬂi; nPbleiUd by the

Lotka-Volterra equatlons | S ‘
dx/dt = aX‘(1 - Xx) —Ix} ' ;\ .
dysdt = —by + ky” |

where _ c ’ iy .

X = ndﬁber of prey, y = number of predators /
a = Qrowtt ;ate of the prey |

b

death rate of the predator.

Parametérs L1 and L2, the prey and predator extinction

.levels are defined, Wthh encode the notion -of "sufﬁaéle\wiy

Tl

.

" large” number of organisms. _ A cell (lattlce polnt of an

-
"o '
N . B

infinite two-dimensional grid) is then defined to be locally\Li?

- "unstabXe" if b < L1 and a < L2/(1-b).

The assumptlons of the lumped model are-
1.’ Eac \céil goes through the?’ followlng sequence of states.
EMPTY, PREY (containing prey). PREY! (contalnlngamax1mum

- number of prey), PRED (containing both " prey and

predators), PRED' (containing maximum number of

. / ‘
predatogs), EMPTY. _ - o

4

2. Migration of prey from cell i to cell § occurs only when

=}

cedl 1 is in PREY' state and cell j is EMPTY.
3. Migration of pnedators from cell i to cell Jj occaurs only

when cell i is in PRED!' state and cell j 1is either in =

PREY or PREY' state. B
2 @ =t

<

4. Mlgratlon from cell i to cell j has no reverse 1nfluence

on cell i. ° b

When a cell enters the state PREY', the neighboring cells
. ° ‘ - -



e_fstate

Sn
B

““onverted flntoi“

:flcell Hlth probablllty h-‘aﬁifﬁfn,.ffsame waY"Vhén.a kst

are converted to PRED state' wlth probablllty_p'
R S %2

Y

G

l3.2 3).; The mathematlcal model accountlng for:ithe, results:

~'took the form of the Lotka Volterra system and could explaln”

}dlscrete populatlon exchange mechanlsm. vo‘.»Jvrmr ;-

<

t

:represent 1t, however de51rable, 1s not practlcal.: Zieglef

(19789 suggested that part1a1~models be'bullt correspondlng

)
dlfferent experlmental frames and that the computer ‘be

-

used to 1ntegrate thls ’collectlon of models 1nto A
g . . “r .

synerglstlc uhole.‘ These models can be partlally ordered by

&

usyj‘of' morphlsm relatlons whlch 1nduce "a mapplng from the“

A3

parameter a531gnments of the flner model to those of the
coarse JOnes"‘ (Zlegler,~ 1978). .As an example,i Zelgler‘
cdn51dered the universe employed by Huffaker (1958). Four.
-relatedo models were built representlng dlfferent reflnement"

levels.dy Ihé‘@flrst (base) model was  of stéchastic

differential equation - type and represented one local state
(situation gn each patch). The second (lumped) model, of

stochastlc dlscrete event type, ‘kept track of‘the same

‘variables as the fLrst model but updated them only at. "event

Vtimes"if*The third model,("occupancy") i's an abstraction of

G

‘tgiy51mulatlons vere run usmng dlffere”t values for p and h andfﬁV

"f*;results--were 1denf1cal b“ Maynard Smlth' (see sectlon‘fyfz'”‘ﬁ'":°

‘the ablllty of»'anffunstable system to stablllze through a

An ecosystem is. usually;complex and a’ 51ngle model-'to"_ff

-~




Nﬁfﬂtﬁz second model 1n whlch a small number of states was use&;l

,;;to represent the local 51tuatlon. The fourth model ("randomf;aff*

w*hlmodel.,.»; iﬁ:f?ﬂ537:ﬂf-

"Lphase space“) de5cr1b‘A the global behav1or’ h;g;fh

L v

All the models could qualltatlvely explaln the observedcff“ﬂﬁ

.fpérSLStence" Huffaker s unlverses and the "more reflned:v“7

'moﬁels uere able to glve close quantltatlve agreement as

vmhell"'(21egler, 1978).
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”jﬁanpTER s

ECOSIM i@h;ff?Q,x:,;;a

4.1 INTRODUCTION .

systemif called o ECOSIMﬂcﬂhTI been developed

N

' j1nteract1vely 51mulate ecologlcal phenomena ;3/”a‘ dlgltal d~:'"1jf“[g;

[ omp27er;7 TLCOSIM ‘allows a user to model and 51mulate the
‘tu-behav1or of a” communlty of many spec1es 1n both ‘space ?andtexj”“
tlme. The program 1s capable of handllng large "ecosystems"?fsﬂdl”i5 EE

f'1ncludlng numerous spec1es and many 1nd1v1duals.» Easy to_t

perate, ECOSIM s usage requlres no. knowledge of ‘computers.
A dlalogue is‘;establlshed wlth the user to allow hlm to;
bulld hlS model.'gfor‘ each speC1es,. questlons vare' asked

'fabout jits dlfferent characterlstlcs and parameter values."

-

;tCh01ses are glﬁen TOI output 1ntervals. Slmulatlons can ,bei

»;ﬁt-'p prev1ously saved oT newly created mdﬁels. Edltlng

‘.1l1t1es are prov1ded so that between runs, thef.user 'cann
he env1ronment in any de51red way.’ The main features‘
and optlons of the system are outlned below.

B

~Hexagonal tesselatlon. The enV1ronment is represented

as an. unbounded two—d1mens1onal grld“ ofv hexagonal cells.

ihe hexagonal element 1s preferable to a‘square or trlangle

because 1t has 31x unamblguous nelghbors and permlts better?iy;l
_.approtlmatlon' to arbltrary dellneatlons. . Each ’cell can
,‘contain O, 1T, or more 1nd1v1dual5‘ and/or. 0, _1‘ior. more'

barriers (to‘be defined‘iater).‘

33 .



“fﬁwllncluded 1n the model Any number of\1nd1v1duals can belongf

‘j”to each spec1es.- The only practlcal llmltatlon on the smzeff

‘fﬁand cost of computer resources.

v\‘

_fInltlal dlstrlbutlon

o Specles and 1nd1v1duals.; Any number of spec1es can begj@pffgﬂﬁ3"

‘”f?of‘pthef 51mulated Aecosystem 1s 1mposed by the avallabllltyuff”:

'”Afterj spec1fy1ng ¢he 1n1tlalpf7353

of 1ndLV1duals for a spec1es, thevuservelther gntersfﬂf_fi&>

7;the1rﬁlocatlons (as coordlnates) or selects parameters’for anYﬂwff’u'“

fgstochastlc dlstrlbutlon (unlform,‘vnormal,f exponentlal; 7or§f,,

l:P01sson),m p

proceSSLng

Proce551_g level.ln) level is a35001ated"ju

i Sl et L IS

”fw1th each Specles.[ Proce551ng levels determlne the order 1nf

fg,‘rs”vwhlch spec1es are processed durlng a tlme step4“'1ndLV1duals fpf?

SR

j:of;fthe: motlle spec1es wlth the lowest\pfoce531ng level“”*f

Qmovihg,llrst

time step.‘:fﬁhe Amoblllty factor- can be dependent on ther.

phunger level 1f the user w1shesrp If so,‘parameters ;d the ”

'1t1't A moblllty factor detérmlnes the probabllltvpp:ﬁl

f;Ofr ' 31nd1v1dual of a (motlle) spe01es of ;mov1ng 'h’fany,ff;'

S quadratlc ‘equatlon“for _the curve pa551ng through (MIN 1),-15

. : . /
(MED,MOB},,and (MAX,0) are determlned where MIN i the
 minimum  Satiety level '(t’o be deflned later) ; mzxx is the o

uaXimum_satiety;level‘ MED 1s the mlddle p01nt between them,”
\ahd -MOB 4is ‘thef moblllty : coeff1c1ent. ; -The, moblllty
'3COefflcient' correspondlng ﬁtol:any satlety '1e9e1‘f¢ah ‘ber
"calculated from the quadratlcvequatlon. |
Tlf the mpblllty factor is ;not' zero;‘.afkcoupetltlébp

St




“.f e 1nd1v1dual f}fthef’same spec1es., If the user 59801fles anihfﬁ

Tfia351gned a probablllty of 1/7

y{f;spec1fy the probablllty of movement 1n each dlrectlon.;:fdesfffv

“7cﬁfprey a predator can klll per unlt tlme. ,;iiﬁ,idid

*;ﬁﬁsurroundlngﬁ

“’A;-lsatlety level (see below) as th

rffaCtoer

-“éférﬁihéSf;:theﬁ probablllty of: ellmlnatlng

Hliﬂdi&iauai trylng OCC“PY ‘ ? same cell f another”ﬁ“c e

\

"i&random‘walk the occupled cell and each of 1ts nelghbors aref"

thlternatlvelYuhthe user ’méy¢[ffﬁﬁ_;=“'

'[ Predator prex relatlonshlp.L For each prey Spec1es, théVU;fft”'”

'”user assrgns to each predator spec1es a probablllty that ahfij@fﬂqyff

predator "lll klll a PreY,vas well as. the max1mum number Ofacdffﬂdvi

-":— . N \

—_ang 'spe01f1catlons.<; _or any spec1es whlch is a:’ L

fipredator and produces offsprlng, the uSerglsets ﬂa' breedlng'df:

‘*"1nterval (1n tlme unltS) 'a-probablllty:ofvhreedlng, and thehﬁfyffs

'Vparame”hrs; Th@sbffsprlng are randomly dlstrlbuted 1n cellsig

thej-parent ‘Each newborn 1s glven the samefg;;f?"“”

fparent breedlng clockg R

7

“;tlme iofh-zero,t?andf;thh spec1es' tr0ph1c level~ moblllty”

3fnpredator, breedlng, satlety and exc1u51on characterlstlcs.ifj_i_,“fr

Satlety sge01f1catlons.‘ “The" satlety of :ah-?lndlvldualiff
viQ; lndlcated bY fan{hlntegert value ranglng from a mlnlmumfhﬁ
‘:‘value 1nd1catlng the starvatlon p01nt (the 1nd1v1dual dles)_dgzh
':;to-hﬁah??tbpi value' 1nd1cat1ng thh satlatlon 'level (the:-:
hnlndrV1duai does not‘eat even{lf :ﬁéh.encountersv prey)-‘,.fnﬁlf

{1ncrement,'value chosen by the user ‘is added to the satlety




0.

}\*level each tlme the predator kllls ia‘vpfey;g‘f ?3decrement_;ﬂ

i
hvalue 1s subtracted for each t1me step the predator does not PR

'flnd a. prey 1ts cell :;For each predator spec1es, thef?“'
‘{user sets the mean and varlance fforbfthe 1n1t1al (normal)?fﬁ&f,f'
‘ffdlstrlbutlon of satlety values.-;u‘fﬂ

: . o
e

"fﬁgiglusiggg;i?;yihei“fuser may spec1fy 3"1ncompat1b1e"f.*Tn«fj

'{;»speciés; If spec1es i excludes spe01es ], an’ 1nd1v1dua1 of{y*b'””

fSpec1es 3 'ffvnot be allowed to move 1nto a- cell occupledj**”*

feby an 1nd1v1dua1 of spec1es 1;g:f1”

;Global modlflcatlons.' At the end of each t1me step, fa,,j/?-"

”ffgenecal functlonf (spec1f1ed by the user) can be applled tofﬂﬁ§.55 .

O L AR SURICTN N P

ffiian exlstlng spec1es populatlon fti change thek

{ylnd1V1duals.vq?The gkpbal modlflcatlon :f'
‘fFortran epressmon of the form f(x,ty3

fipopulatlon,

‘{user spec1v1es 2*x*51n(t) as a global functlon fof a glven

'Q;Spe01es, the populatlcn'offthls spec1es wlll double at every'?‘”

i%fftlme step, welghted by a factor -of 51n(t)-:u If 'x(t+1)

:ﬁfh,X(t),_ deletlonsxhaneﬂ;made ‘t; random.: If x(t+1) > x(t),, N

'haddltlons of new- 1nd1v1duals fen'made according t thef’

~f;1nltlal dlstrlbutlon.ghﬁlfywthef 1n1t1al dlstrlbutlon:fiastf”

\"'\

'”fexpressed s spe01£ac coordlnates, .the user i;Wlll

'Ffrpquested c” enter as many coordlnates as requlred for thedeﬂﬂ

J}nnew" 1nd1v1duals. A satlety level vcorrespondlng "Vthef:.

'““h satlety 'lnltlal dlstrlbutlond 1s glven to each 1nd1v1dual.ff{”

‘fmhls feature can be used to slmulate mlgratlon and seasona;'ff,fjicm”

"fvarlatlon.li‘>“

4
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——sanaaa

Barrlers.» Barrlers can be establlshed elther to create
"tgzrofuges“afforficertaln spec1es ;or'hto 1npede h:hwhprevenﬁiffa‘
- moblllty._:efore_each barrler type,vethe:- user h.provideSﬂ‘f
.!probabllltles of cr0551ng .fo any number of speC1es (then
d‘j{defaulti value fd?hn the probablllty cr0551ng nisﬁ"1y;
bdéBarrlerS'Ecanffoei dlstrlbuted elther"at' random (unlforn;
i_fét normal,verponentlal or P01sson),;by spec1fy%ng coordlnates,:

or by g1v1ng the four 51de coordlnates of a rectangle.dfuh *

0t T o

T S et e e

*dfigh';i: Outgut cag_bllltles.:‘The USer can have the enV1ronment
,ﬁffiﬁtﬁ dlsplayed Sl graphlcally Hhifiany termlnal.:j Dlsplays _freib

S pEOVlded 1n1t1ally,‘at spec1f1ed tlme steps, and at the ‘end'dffhf?tfs
;;éoffjthe‘ run., The env1ronment 1s d1v1ded 1nto w1ndows of upb

*'to 16x16 cell reglons,;and the user can dlsplay all reglons?f

U N

'u:-é;anl-." ~alter - the  ecosystem’
spec1f1catlons before 1n1t1at1ng or contlnulng simulation;f’

‘ Spec1es can be created, 1nd1v1duals added to or deleted fromi;”fv

- ex1st1ng spec1es,'all spec1es characterlstlcs modlfled and,i'twhfi”'h

1nd1v1duals moved from thelr locatlon to new cells.fﬁin ;thé»eiﬂ

',,neuf barrlerSj_can be created ex1st1ng barrlers

Sav1ng and retrleV1ng flles.- Before and/or ‘after »thee)?ff’ﬁ\ o

actual 51mulatlon, ath ex1st1ng state of the model can be

aved 1n,a_f11e whose name lS supplled by thei user.af:fndnaf”

.y

subsequent 3run,.the user can mequest that the 51mulat10n bef ”

run u51ng the 1nformatlon on the enylronment contalned
Je] S ]
s A .

that flle.‘L,“?}Qvgwu‘frfffjg};;:v{ff”;'

S
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“f‘.‘ . . . ) B "c

.‘. «
Iy

j,l'l -,‘Rgg } The user supplles ‘the number of tlme steps, ,he# )
. -output 1nterval and any stOpplng condltlons;‘(if,‘a“ grven}

spe01es reaches 3f certaln maximum or mlnlmum value). The
@ ’

“SLmulatlon lS then carrled out,‘uSLng emther a newly created;

' .. .
§V1ronment or one that was prev1ously saved, and output is:
{'...'HY._ S . 5 .
R AR
R ‘gggdnqsd as requlred v
. PN £ cale

"‘.." .

E V;Qiaggggg The data structure needed for the - SLmulatlon

"_dsfnbnilti whlle ‘the user .. is answerlng questlons from- the

';brogram.z Error recovery is p0551ble from almost any part of
’ S . <
the system. The answers of: the*user can elther be spelled,*

- —

Yﬁquiﬁ (llke YES‘;or]'BARRIER) or abbrev1ated with tbe flrstff

letter (Y or B).i When [any'lnvalld answerw 1s. glven,'ithe

ouestlon _is usually repeated.- Sometlmes an- explanatlon 15 o

glven of the error 1f hét 51tuatlon fis not {clear.V'yAta

ttcycle Of unSth“S-Lf' full descrlptlon of the rules 1slw'zv'
91Ven in the User s,Manual (see Appendlx). yfAv hYPOthetlcaljbﬁ
K:F; dlalogue'n follows,'°1llustrat1ng va?;ouSI”oétlons _of;;, :
L sYstem;Fe. | PR ' ' N N SR A e

) certaln 901nts,'a null answer has:to be glven to termlnate a. o



i77f?uncr10n-‘3‘

SYSTEM . . UsER
E EXPLAIN? ‘b;-v‘-i‘donvn';-.‘-l-"-“o .‘- -‘-;n-‘unc‘(.'-‘.‘(l‘o:.nn L] -‘ o NO

e

CREATE?.-.O.:-;-....-. -‘o l»‘.,...r“' .‘c‘.-’oy.."o‘.oopn"o L) ..o . YES .
SPECIES 1? --"_-:-‘b-..Q-“-.‘-vwny‘-'ooionc‘a-.v- .c..-o-‘o‘c -.. YES ’
DTSPLAY SYHBOLZ wescaneesscsescananasanasaneoans %

PPOCESSING LEVEL: wececesecsssennnnsnsassscasasee 1

MOBILITY (0—1) : \. oo i- - -‘- .'e lA-l’A; o‘- .-‘-‘-v..“: - ‘n"‘; bu - ‘. - ‘o'-; - O -

PREDATOR? ;.;.,;..,,.;t.;.l,,Q,,;:;..;;;m.Jﬁ.,;:,u NO o
.ﬁ*EXCLUSIONS°']vt..;;;;.:.;....;;;;...Qi..};fi;;;i  _ﬁqf‘
 INITIAL NUMBER: y...,;}..;.....:;.1;;.:§§;.;.;.;..i. GHI
'INITIAL ‘NUMBER : !.il;.;;;;...;;;;...,;.;QA:?;.;.,.j”,uobv

. RANDOH DISTRIBUTION?jg....;Q,ggl.;i.;;.;;;;;;..;.“"Ypsfﬁ1-

'»'U',-“N" E' OI' P- v...-o'-'qooo;‘--.:a;'.-co"nb-o.o‘.o‘-m ;». .\.’,’. U

: XMIN: - .‘_‘vo,b .e . .c g‘- .,-'olc‘co .fo -‘_.‘ ..;. -_’.'.. . .‘ . PRI oo '-.- .‘L, -20 R
. .. e e ﬂ} S e S T - - - -

’ XMAX: o-cro;-. '.“._'.v."'..'"'.‘_’,".._._.b,.._“».‘..,-».b.."A.,Y.‘;.v'...V.‘..'."‘.v.’.;, 20

. YMIN: é'p,;'o“-‘..;". 0_9'9‘0»". ‘_..‘-t.An'.-l.,Q’c .-.o*.ooc......cc..-. . —10
: YMAX:- - -n- -o.a.o- ...; P n; ‘- o'-n cae -q - ._... see s s 00 oo a : 30

T R

"PRINT INITIAL DISTRIBUTION° ;;.,;..;.,...,;;5,-,;x NO ¢

“,GLOBAL MODIFICATIONS?I';‘,.Qg;.;.;;.;;,;;;;;.;,.;" TES

o

X**2+5

 Z'SPECIES 2?: ;..L;..f;.;;;;;,...,-@;..,,;;.;;,..;. CYES

‘ DISPLAY SYMBOL-.. -v....‘.‘.“"..v".‘l‘.‘.‘.'..l.....‘.'."‘..‘ ‘ A .,

: MOBILITY‘6-1): ")a .e -n .';‘.. ‘n'_n L] o.‘ - ‘:'..’-- P .- n ] c LS ' ‘. n- .7 R
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COMPETITION FACTOR(O 1)-.l..-.-;‘------o--gcom.-'----lj -2

UNTFORM 'RANDOH -WALK? ........;.......,;.;.....;. 'YES

PREDATOR? -..I‘l....l...(‘..‘.l..’;;l..ill;‘llllll..'..v..l... YES_

PREY SPECIES ._:_;____;;.__,_.____..._..._;;;__;7‘.34. |
'PROBABILITY QE;KILLING: .-,;Q....;.,.;.l,....;.;t'_ 1
=_ifJAx xiLLs’/;UNIT§§ME: ,;.;...{;,.ﬂ.;;,;,;.f;...,' 1
PREY SPEtiES;';..,...,..;;;..2....as.}};..,;;.... |
BREEdINC-INTERVAL:'.}...f;.;;‘_;.;-;L....;;.;.;.. ,Wwo
;éREEDING PROBABILITY;:;;1,,;..;.....;;;;;.;.;;..; '/.85‘ ’
ixOFFSPRING MEAN: 1..13;;;..}-J9;-----;fg----{a--;r 2.
-OFFSPRING VARIANGE: :3;;;;;;;,;;,...;.;..;.;;;;.;»} 100

3
§

}.SATIETY SCALE TOP: ..A...;;.;.;;..,,.,.;;;.,,).;. 10
_SATIETY SCALE BOTTOM e ieieiiesecsicneanacienaaa . 0
+. INL,REMENT: - .’l . ----.‘ P ) .:,- .‘i. s easesae .”-F\u -‘. .’n'lvn--‘- ‘- - R 3
Ll e B T T o CE
h INCREMENT: .o.:oobo_..ﬁ'c'.f.“......’..--‘Q-.-.IO o‘o'.o‘o‘cyvoc o‘-'.. 1 ;
_:SATIETYTINITIAL'MEANé 4 maa iy s as b aeesessanssata 5
: RERE R RN , ereie O

- SATIETY INITIAL VARIANCE-'.;.,;,iﬁ.;..;ig.,;;;;;, .3

}";SATIETY DEPENDENT MOBILITY°“ﬁ.;;}-;.J..F;Q....;:. SN

S’PECIESNUMBER‘ o'.’..‘.‘.--‘-l..'._‘v“rnc;.0.~--]--¢1...0..‘0'¢< 3 L
INITIAL NUMBER v...,...-"...'-.'-:.;-.'."-.‘......7--(._.;"/7.’..__‘vq'_" ‘

PANDOM DIS;RIBUTION’ ieeeviiseienaniieaeiecaaai YES

u, N, E,‘OR_P.',.....,,....a},...a.;;.,.,...{...,‘ N
XMEAN:  .1.>.'. ..__..».‘. “ecsissecececcacannacecensnsass .o - .0
~XVAR:h..;;gi,:;.,........,.;@..,;...,-,..f.;;....;? 5
- YMEAN: P P
'YVAR.'..:....}4,..;;.;:;1;gn;...,:;;;wggg..t....« 5

*»
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PRINT INITIAL DISTRIBUTION? .....l...-‘.'.. “-‘...‘

‘ vl
Y ——— ' : v
-1 .' . ' i
ST o

. 2 ¢ i ) .
-5 . : .

n B R
GLOBAL MODIFICATIONS? .uofla.d

-1

® ® % & 60O 00 a0 00 save e

SPECIES 36_'.QIOIO..‘...;‘.¢-;

K4

.-."..C.......“.".

DISPLAY SYMBOL' ..1--...5.101.-5m.-i;oc;nmn;qyoaa

PR«OCESSING LEVEL. ee -.“’.:....-‘..Qv.-..o.‘o'..._-.._0.‘._00.

<

MOBILITY (0-1) H -.-. -4-n-‘-..l-...---.-’;'n.’..oo...‘-’.--.--'l

MMOBILITY(O‘1): ;.{Qoonéo;oo;.--onc;;.o;;‘.ofof;{o

vCOMPETITION,FACTOR(O—J); iiemevaianienceesuganass

DNIFORM RANDOM WALK? ..;;..<...;.5;;;,.;...;,;...

o B

6 WALK PROB. .(CLOCKWISE FROM UPPER RIGHT) : .%...

fN“pREDATbR?‘ ;o-f-..;conm--coo;;.;;coor 

.PREYstECIES.:;-ﬁ;---ai-ooi’.-[;--¢..o.o.-;-;qnnw
o o : . . .  _- . ’
"PPOBABILITY OF KILLING. “eosuied

e® 00 8600 eesccae

Rl .

MAX KILLS / UNIT TIME e o8 -.....l‘ .M,;.i:t.‘:z.‘.’..l.rl ‘_! ;,_'..

PR“‘Y SPECIES .....".“‘...'...‘,....’?‘.:.&\_‘,.:";‘.“.....‘.;....

BREEDING INTERYAL .-a-.v.vl--.--.---:.n.nl..n-;.i-.--'

[ ' . e s

’BREEDING PROBABILITY. ceedeceioaciseceasecnontees

OFFSPRING MEAN:I-;.uo----:-b.--.-..'o.éna;a;.-.Jg'u

.

NO
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' ¢
- OFFSPRING VA

y

}SATIETY SbALEVTOP: o;o.o.;-.;of.--o-.-n..o.i
SATIETY SCALE BOTTOM:
+°INCREMENT: .o-...c..f.ck...:-:o-ocnofbgo.-

' - INCREMENT: .-.a--.‘..........l.-‘..l-;-..’.l..onnn

2

RIANC

R

S

)

SATIETY INITIAL VARIANCE:

'EXCLUSIONS? .
INITIAL NUMBER: ni;...-i.co:-;-;i\--;n-oo..;g;ac.

RANDOMDISTRIBUTION?, ..l..".‘...“....-“.. l...‘."‘..'-.

53

.

'PRINT INITIAL DISTRIBUTION? seueuveconcasesanens

(GLOBAL MODIFICATIONS?

K3

s R
SPECIES 4?

BARRIER 17?

DISPLAY SYMBOL:

. SPECIES:

. CROSSING PROBABILITY:...i;-;i-o.-.on-o----ni--;--
a . N 0 e .

SPECIES:

NUHBER OF'CELLSi !’--1;-;;-.-1-;-.-..;--n;-.-.-n-
RANDOM DISTRIBUTION?  eutesacoscensaceacoaanaseis
SPECIFIC (S) OR CORNERS (C)? aeetcasceoscsacoccns

.. 3 X-Y COORDINATE PAIRS:

¢2“ 3 .

PR BC I B S B BN SE A N R N I R SR SN S NN R BN I A N Y Y

-

~

°

)

‘e ® .._."...l‘.l/--c-.U’..n‘. o®s a0 e 00900

&

LR B
-..ol....1-....‘o’-.......o..loocoomooo.. :

’ ) o :
2. COORDINATE PAIRS:

[

oY .
ln.--....n,!..-l-".--.lo.n

|

A

A

_Ji

‘

Ed

£y

- ¥
. ® 80882 0P 50000000 00 es ssesleeenas

v . - » i o - N
SATIETY INITIAL MEAN: 0..044-...‘¢‘n=-o.-.c.o.-"..c

/

e 0oe o 0escaa .a...‘......-.--‘...c...o.tonlio

® ev e o0 a0 s e necsestscas ceoensasceteBt0a® e,

e

.

2
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Lo
'

$CONTINUE WITH BARR1 RETURN .

o
S . P )

, . -

BARRIER 2? .I‘....;.I.O"....‘..-I..l...-.‘l.g‘-.ll.‘ N

3

DESCRIBEVTHE_ENfIRONMENT? i...:,........;......,; N
. ; v o ~ .

SAVE, EDIT' QUIT, OR RUN? ..--....J:oc[‘ocoonoanno' E

. s
EDXIT BARRIER, SPECIES,°OR END? ctessccnccacsiann B

?

ADD, DELETE, ©R.MODIFY ¢ BARRIER? © weiveeeocnoenan M

WHICH BARRTER? B P A
' MODIFY w o ' P
-+-DISPLAY SYMBOL? ..{........u;........,....;.. Y
DISPLAf S¥MBOL ....;.:;.,...;....;;..;..;..;;..;. E
=+ -SPECIES/BARRTER CHARACTERISTICS? ouuwen..o..... N
..j.INDIVIDUALS? .....,;.......,.;;......f....;,. N
EDIT BARRIER, SPECIES, OR END? eeeevvannnnnnens. E
SAVE, EDIT, QUIT, OR RUN? .............}.;...... R

MAXIMUM SIZE OF GRID ..-‘-...--....c‘o.".*aoa‘-'..-ihc 114 ‘ @‘k .

- .

UNTIL WHICH w.I‘IME STEP: i..-éoi...o"p.o- .'.'..I...‘l.... ' 20 o

[

OUTPUT INTERVAL: . ‘ ' \“/ffjs

..~-lo---.'...‘/l’....-'nt--.-.--a.nn

STOPPING CONDITIONS: SP'E’&*IES“:‘-oco-.".-_.o..-.-..o- 1 v

MIN' MAX. ---..-.l.Q.'-.v,I’...C‘....‘.Q-‘.-..-0......' O 100
' [e) . . . .

STOPPING CONDITIONS' SPECIES? eeevenenaannnanan. ,
| - q 9 ' . ’ : .

-
- ' run

-
B

. SAVE; EDIT, QUIT, CR CONTINUE? Seeccccsnscnanevsa S -

°

FILENAME: ~--.0‘-..-- -n-’- -4‘-.;onaol----'--q.g..'o.. s e WORLD

0 . <, -

+
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’ 4

RUN COMPLETE. RESULTS DESIRED? auuiieesmesseass  NO

SAVE, EDIT, QUIT, OR CONTINUE? fueeaseoasoncacbs °Q

L
«

RESULT FILE TO BE MADE PERMANENT? .u.2euedenaa. - NO

s
o ’

PRINT ‘R‘ESULT FILE? ..(Z‘o...l..c“.00001.0_.-0‘...‘-- Y

- > *PRINT* ASSIGNED NUMBER 123456 0
) ' B S : ' )
# *PRINT* 123456 RELEASED, 12 PAGES - | o

9 [

PLOT?v et eeen o es Ffseesces et eseecccececsacs0scnne o e YES,

SpEéIES --...--.-...\...Q.’.‘..-.‘-....\.....’;’4;’”..... 1

, . # .

PE

SPECTES T N P 2

SPECIES .-..n-no.lc.'....on.:--n.‘-.-‘-.7'h.d€..noanvul.--'

8 a

&;; B . .

PLOT COMPLETE .

PLOT;? o‘:‘.-.‘-n.?l--.--o..o..’...-..\‘nnao‘nl@:... NO

004,56 SECONDS IN EXECUTION -

]
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. Vf‘s‘ystem. 5 _.:

e

The MONITOR 1s the control cenﬂ

*:operatlons are done 1n the MONITOR.=§Thet._f[fi°ﬁh'“.

jffoperatlons ”"Q;j”

f-output : o e

_u;f Edltr'save, qult, or.. run ‘

5;']If edlt, edlt and go to u ffdd:v3, .'s; PR ?dbffu*

"6 iIf,save, save and go to u

on

f7.;:if run, rup~and go:to 9,_ IR SRR

8. _if.quit,dguit.‘ . ’ﬂ "

9. Edit,'save, qdit; oL contlnue
Yoo L . Sy ) e

L 10.‘.If edlt,vedlt and go toiﬁg

‘1ﬂ;' If save, save and go to" 9.

Co12: If run,xrun.and<go.to’9.

o ; ¢ -

’i3.}fIf qut, qult.A e Gl el T

-]

F-A fmodelf;ﬂ d thUs be» saved befqre ~and aftergthe'actual
T o L G T el
simulatidn;yallowing‘.stﬁdy‘ of the,,model».before further;,

s1mulat10n is attempted A11 steps (except: 2) are optlonal

S0 e

Once the- éfer Has examlned the results of ‘a 51mulatlon,-he p ) —

%

can slmply restart the system, obtaln the model from a’ file

aﬂde use 1t ‘to "contlnue" the 51mulat10n. Thé random,dfmber'

generator 1s 1n1t1allzed by the MONéTOR n51n? e {v,'
clock as a seed »;Also;;n t&allzed_age he default mlnlmum x

and y Record deflnltlons

e




: a 2 _2 INPUT/OUTPUT

Several procedures
dofjffac1llt1es.j EXPLAIN 1s used xo refresh the user s memory of;

"f;the fa01llt1es of ECOSIM;Q

Vf}#}EXPLAIN wlll not be suff101xh:

f:'fﬁhanual 1s provrded (see the Appeadlx’.”r?“
fi | ..ffThef‘procedure CREATE 1n1t1allzes thewmaln.parametersfd"u
'»iand controls the "conmersatlon" aoout the model'between f%heghff
"V;systemf;gf@dffhhefzhdff 2 Questlons 5£é’ the
":are/creeted ’The,yrocedure.can beuc'
Eﬁorafrom LDIT 1f a newlspecdes or barrle‘ ﬁlntroduced in eu:;
_zz'ex15@1ng model.‘ Error recovery 1sddone 51mply by repeating}z;f;fl
’:?the questlon i the answeryfseinvalld (llke fv realtinumberi{*f¥
iﬂfshﬁor-ienf 1nteger Togffd”i 1llegal EF haracter fihf'edhumberﬁ”

K’Breedlng and hunger characterlstlcs are, requested only fﬁ

;he 'spec1es is a predator.' A normal dlstrlbutlon N(u,w),f,

S

. where K is ;fhervoffsprlng - mean and 0“152‘,ﬁhe" OffSPflngd

'ivarlance is used to compute the number of offsprlng. If the’

: moblllty ‘is dependent on the satlety, the coeff1c1ents of&

'"the qde;ratlc equatlon correspondlng to the glven varlables..

ob




R ST

SN

Flg.i u 2) aﬁ_ calculated and stored.; At a. glven tlme 4¥7f;;

d;plcked

athe 1nd1v1dual 1s then moved lf

less than aHUN2 bHUN “+ < where'HUN is the R

v*e&ﬁé\

'afaHUNBOTZA :
.7 aHUNTOP2 % bHUNTOP ¥~e7=
- aHUNNEDE. + DHUNMED + c/=

L MOBELITY{fff{
W COEFF.. -

'HUNGER"'
~BOTTON.

Flg.

user flrst

,ﬁhéb‘ ehjéfgaf‘
sIf not, ?h glven' number;fef
”?fdfrequested. The user can; elther enter the locatlons one;;i&
”wfone or retrleve them from a: flle. If the 1nd1v1duals are to

:bef placed 'aﬁ random,hh dlstrlbutlon and parameters are 'QH_"
'*fchosen by the user._ For each 1ndLv1dual,._;§x; unlformally*“d

&

'fdlstrlbuted random_ numbers\sjbne' for each coordln

"“‘transformed by standard proceduggﬁvlnto snumbers,_f'

g

'glven dlstrlbutlon (Flshman; 1973);ﬂ




”“TUSér wlshes t@ wse ‘a, model already saved 1n ajg{.f’

called whlch handles fahéﬂlﬁﬂ'”d

.‘T'mdde to 3s‘l? 1f the,‘file?hfﬂvi'

prompted ' r"anotherﬂfﬁfgfh

the””x1st1ng model*wﬁ““"

jprocedure goeSn};F‘*

’xhw data rreCOrds and saves all“needed 1nformatlonf'“

n,‘

values

varlables

table

hashlng

1nce hashlng.ls done on newly created records or on records@f

\1

the

lfAt the beglnnlng and at

."fﬂare glven about the number.xofi'lnd1v1duals 1eft f everyﬁi"’

f}spec1es and thelr characterlstlcs._ffi“”“lf

Throughout "the; 51mulatlon run,iresults are: saved 1n af?dfsa

_éyyk;temporary flle created at the beglnnlng of the run.w‘ Beforef}QQ?d

“.ffqu1trng,'vthe *user»gcan request that thls- flle be madedff*t




e e
: S:\

‘ffe;permanent and/or prlnted on a batch prlnter.  If the flle 1sﬂu}ff

*NSOV*"

"fto be made permanent, a fllename 1s requested and;hth fllea‘fj”

’"fils stored permanently 1f enough space is- avallable.-uf"

A plot optlon allows the user to plot the populatlon Offau%:

v"ﬁdes1red ispec1es atﬂgeach tlme step.aﬁfFor each spec1es,:f

‘Tfpopuiatlon versus' tlme step .is plotted ;fth Calcompf-:

,Each answer YES to PLOT? generates a new graph.»u;fﬁfr

tju z.u HASH

(

."figlven cell (see Flg. u 6).; Before hashlng 1s don the Slzeﬁ'u 

“1.;§53££Hé table 1s determlned‘ the square of th% longest 51de.fe




”ffffour corners are then

.

uhtable; @ For example, if the env1ronment is a 5x3 cell grld,‘

l“‘the 31ze of the hash table w1ll _hen ' (52).c;‘Then‘ the

K

‘jhashlng functlon Ta551gns Vanzflnteger-~number“ﬂto the cellf,
'”fﬁ(modulo the 51ze of the table) accordlng to 1ts p051t10n “inf

'Vither_env1ronment (see Flg. 4. 3)._ﬁfF' a glven coordlnate

b

v;kﬁpalr, the corners of the_"squane" to whlch 'i belongs ,t re..

B i N o
”ofoun : For example (from Flg.._.B) the cornefs for the cell

h';(10:'1) (whlch corresponds to cell 16) are 10,_1&(_18 and ih"“'
'”;¢22 (second square from the center).‘{ flnd he corners[

H,anth maxlmum dlstance DIST of the cell from“the center cell,

\‘...

ﬂ;el.e. the cell 1n the mlddle of the grld, is’ calculated.,waheﬁ“’°t

I;s-' -

"ffﬁJCORNER1,

,II

(DIST * (DIST 1) * ﬂ) * 2

thORNER2 CORNER1 + DIST - 2

';CORNERB CORNERZ + DIST * 2

"ff;f:connER3 + DIST * 2

' lF1nally, accordlng to lh p051tlon Loff th cell .iﬁufthaqu;-'»;,

f”i.: dlstance from the approprlate corner 1s found

‘ollndlv1dual ’ffthe correspondlng

‘:Jnilnd1v1dual to a. next 1nd1v1dual or barrler also ocou@ylng

L

hashlng '9 the: same‘;table;pés;tio@;iﬁ“

‘xalnd1V1dual,_ o see 1f there lS a barrfer the 'lf

51

i
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the»haShing‘ggnctionfaSSignment.ﬁf'
fﬂg{“_; i

(Inleldual cann6t cross 1f exclu51on br compet%tieh_;”7

7;fprevents the ‘1nd1v1dual from” mov1ng. 1 After 'haShing7v*S‘“bﬁ

(

foccmples a cell contalnlng a- barrler that he 1s not supposedfﬂlf:.

i _4,

ﬁfﬁto mrcss (w1th probablllty 1 0)--1h.f' sckﬂgaflwarnlng iéf-f

'-;ulssued, 1ndlcatlng the confllct and the user 1s returned tcuﬂfﬂi

'f-EDIT to make the approprlate changes lf de51red.i

W

the current spec1es 51ze and 'current tlme step,vg o.be .-

p ~o"

I

)

:H_dlstrlbutlon., COMPUTE 1s used flrst from CREATE to analyzeﬁat?

. v‘.

"sﬂperformed,__aV'check is o made ‘tcf verlfy 1f any 1nd1v1dualjhfh':

For each spec1es, the user can spe01fy a’ funCthﬂ\JQf.:t t.

ffﬂiapplled at the end of ievery t1me step-i:eﬂ‘ Fortran llke;litiv
"ﬂa express1on has to be entered,ias a functlon of X and t, llkef;;e:;
'fiﬁa**2 x*(t;i).r If the result 1s negatlve,zdeletlons areﬁffen
| . 1. populatrcn 1s to lncrease, addlthﬂSfé?f’i

S Ly : : -.,q-»- N A
L .0f - new . 1nd1v1duals uarey made».accordlng 5the’ 1n1t1al&;

-

ﬂvFortran expre551on for correctness.g After each tlme QL'



53
step COMPUTE is called to execute the Fortran expre551on and
. oy '

:determlne how many 1nd1v1duals should be added or. deleted..

" 4.2.6 RUN

ot

“RQNS‘is.‘theQ“main 'simulation“:module,‘contrOlling the

sequencei of events in ~th : system. : llst'eis" flrst“:,d'
. T . v s oy .
Hpstabllshed to deflne the order 1n which the Spec1es wlll be
gmoved (by proce551ng level).= he, number of tlme steps,

houtput 1nterval and haltlng condltlons are then"requested.

2

'E-Eorﬂ each spec1es, an 1nd1v1dua1 is found, at random, in the'-v

e —

dfmlist (see,Flg.” 4. w) and a second random number determlnes"

}‘.fthe” "dlrectlon“lfin whlch the llSt of 1nd1v1duals w1ll be

-3“<executed:-]s v',f' f* l;,ff”ﬂ,"f”g‘fgfm_:,-y

“f:After; all 1nd1v1duals of a glven spec1es are

'“-gtscanned.' For each 1nd1v1dual,~ the followlng sequence.‘is-""

BN
LYY

idQ1}f Adjust the age of the 1nd1v1dua1 St n
vﬂq2; Move the 1nd1v1dual 1f requlred
k"ffdgﬁ Let the 1nd1v1dual eat,vlf requ;red

'“flu,, Let the 1nd1VLdual breed, 1f requlred.

h'@jglobal functlon of thls spec1es 1s 1applled ftiit"exists,f7‘ |
fjAfter all spec1es are processed,‘a check 1s made to see 1f af”rf
/spec1es '1s out of bounds,v; e. 1f the number of 1nd1v1dualsv'

,j;;of a spec1es is’ below the 1nfer10r 11m1t 'above“the_'

.¢-

'Hfsuperlor llmlt/?set \by the user.:,fff, ‘the 51mulatlon 15? 0

”fstopped and control 1s returned to themMONITOR. ,Jhef:OUtPUt;chr?'hh
’{fdinterval uis: then checked and output Hi . produced : f_.
"K;,requlred-d_7};{ff-:a5ﬁ*ff*f-'{:'?7 - ”,l |

R N
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. - 4.2.6.1 mOVE R ‘

The moblllty coefficient ~of  the 'indiVidual s

determined accordlng to the moblllty varlables a, b, c (see f
. col . o
2.2) the hunger level, and whether or. not moblllty .is a.

tffunctlon xof' hunger., A random number is plcked up.‘ If‘theb
; -"hlnd1v1dua1 is allowedi»to. move,ihthe‘ followlng ‘Steps »§£e
T -‘executed: '5_ s | - -

‘?X?Q'Fhmd in ruhlch cell the 1nd1v1dual Hlll move,_according"'

. '17«.
.. to the probabllltles of the nelghborlng cells.__

. . . . - . N

‘2.dCheck thlS cell to see if the 1nd1v1dual is- excluded or
hlf competltlon or a barrlervprevents hlm from mov1ng in
;thlS _cell.r He then dles and procedure KILL 1s used to :

delete the glven 1nd1v1dual from the data record

| 3;’If nothlng 1mpedes .movement,- move '£hé; 1nd1v1dual by
’fadjustlng 1ts coordlnates and ad]ust mlnlmum and maxmmum

| and y 1f regulred.‘°‘ | BEAEe

Sl

._j'fa 2.6 2 EAT.

FEAT A

r AR

If ?thb predator‘:is;'hungry ~(satiety'1evelm< Satietyjsﬁv

.”,.topy, a check is. made to see 1f any of the prey occuplespthe _;p”

‘asame oell as the predator., If not, the satlety level of'thelf.

"predator 1s decremented If a- prey occuples the‘ cell ~and’f*f.

"thei predator"didj;note reach the satlatlon level, or the
N v . »‘v ‘)‘ .’J].,

max1mum number of kllls per unlt tlme, the_prey‘ls eaten'andb.i77"”

. N Y
q’the check in the cellw“contlnues untll the. predator has -

»

"‘5reached the satlatlon level or has kllled the max1mum numnerru

'i'of prey. -
e
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4.2.6.3 BREED -

Accordlng to,‘the breedlng prohablllty, the number of
offsprlng is flrst determlned by generatlng ‘a random 'numbef
o, :

from a dlstrlbutlon N(up.) where M is the offsprlng mean and_v

n»the offsprlng variance. For each of the offsprlng, a cell

is plcked at"random around the parent and 1f competltlon,

barrler, oL, exclu51on characterlstlcs of the cells occupants

Y
Ry

allo« it, the offsprlng is "created" in thls cell.

-

H.3 DATA STRUCTURES'

~— .

The data structures are 1ntended ,td save space and
allow' easy access and have'geen des1gned 1n accordggée w»tk
the folloulng constralnts- spec1es can move and grow wlthout

bound fedltlng can 1nsert or delete whole components ‘of a .

rmodel dn 'th9= mlddle of a 51mulat10n run; all members of ‘a

spec1es must be found and processed at: the 'same ltlme; all,
organlsms and objects un a glven cell must be,identified to
determlne 1f an organlsm can move. there. ‘ SinCe"only lthe,

last ’constralnt suggests an array type organlzatlon,clinked5

2 -

'allocatlon of storage is the method of ch01ce. § " L

j ; When a new spe01es is 1ntroduced by the user, a’ record
(called he: SPECIES HEAD NODE) is created contalnlng the'

general 1nformatlon pertlnent to that spec1es (see'Fig;llu-u_

~and u 7).‘ A p01nter allows 'access to the first:nspec1es S

record 'and a p01nter from spec1es to spec1es permlts access

to each of them as’ requlred.‘ Ind1v1duals of each spec1es

.

ared-represented 'as a doubly ‘linked 01rcu1ar list;’ an




s . ' o LW
- i 56

e R |

individual,ndde‘(IND- CELL NODE), }dﬁrx{es the orgenism's

location (coordlnates), age," sa?iety level, and number of

killed-prey. p01nter to the spec1es head, node allows ee7§~/

\ i o
eneral 1nformatlon about the spec1es.' The

access to the

» i)
doubly Cchul T llnklng allows control of syétematlc effects

[} - o

ghlch mlght arlse from alwaﬁ! proce591ng the 1nd1v1duals in
'vthe same order. Each tlme step, a random individual ;is
hchosenx ahd» the ﬂié& "is traversed ihl'a"rah30m1y ehosen
’direction; - so that on the severa@e eaehk individual. is
brocessed. befere'hahd after Ieéch\othervindirid?ai equallyn

El

often.

°

Barriers are' represented‘ as singly linked, ldcatid%.
" nodes. (BARRIER ‘CELL‘éNQDE) “with pointers to a head node -
(BKRRIERK HEAD NODE) -~ containihg-= parametric barrier,

cbara"tvristics (see Fig. 4. 5).‘ A-tdp-nbde in the sysgem

-.contalns p01nters to thewf;rst nodes in the 'list whlch llnks
. A , o Rl ‘ g
“the speCIeSe head no the Earr;er‘ head nodes.

Ivterspec1es ~ exclusion’
characterlstlcs (PREDATION), spec1es/barr1er specifications

“aGtorSs (EXCLUSION),f predator
(SPEC/BARR) and _stopplng conditions = (STOP COND) are
malntalned 1n separate lists. | , o .

‘The last data structure element is the hash. table whose
B 1
‘nodes headmthe llnked lists of all organlsm dnd barrler

mﬁodes wheseb lo‘catlone hash to that table entry. (seefFig-
‘ fu;§);. ‘Thus the last constralnt mentloned  above  is
;satisfied;b' The hashlng _function 1is |used each" time an
ettehpt is'ﬁade_tg move an'ihdividhal; to‘see if there-is ar

E
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- e
*» * barrier affecting » its’  nmobility, - or if exclusion or
kS N ~: . . . . : 4‘< \-L‘J .
competition are relevant.' Specific record. contents are

a ~

-' shown in Fi§1< 4.7.
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fBarrler number‘
. Dispilay- symbol
jNumber ‘of cells
Ptr to;ind. '
;Ptr next HEADT?

Ptrvto BARRIER '

'3-11 Species number o
CpaCcurrent’ populatlon i

|

|

”l_Dlsplay ‘'symbol. -
S
o
i

Processmng leve.. B

“Rand. walk: probs- (7)'

| Mobility: coeff._. c

I Coméetltlon factor

AMObility" ve (3)

Breedlng~ Interval
Probablllty 5] R
Offsprlng. Meang el

Pdéiéibhi}x
”Ptr to HEAD
fHASH ptr ‘“;,,:n.
LPtr to next 1nd‘j ;

B

A
|
-
i
|
A
Var !
Satlety Top R R e
: Bottom o] lgPredator‘fT v
1" Wiz Prey. Basy
{ YL;Max.Hkllls
{ 1
| |
I L
|
-l
-
I
J

_-)Increment
. Decrement .
lgInlt. mean
: ;Inlt. var.
Inltlal dlstrlbutlon
Parameters (8)
Global functlon :
: "I ‘PtT to 1ndlv1dual
o Ptr to next HLAD -
T

.| Prob. killing' .
tPtr to next.j

L e S

fExcludlng spec.]ﬁt}}f
_Excluded spec.j}fﬁ;-~
*Ptr to. next L
: - c

lﬂgzxcgusidN:

R

tal,

Lo,

| ,;1mp;r...
"7 .CELL

r N § . 1
I Posltionszi' {
. L T Yoo o SR
NODEz*: =+ |- Saﬁlety level - ;#,?SEEC/BARRn
S R P :

| A

I {

A

|

|

J

;Spe01es
iBarrler
Crossing: prob.f
fPtrvtp'next

Age .4
Number . prey kllled
o R Y T -3 & i to spec1es HEAD
. Lo 7T HASH optro
R | 'Ptr to next ind.
e S fPtroto prev. ind.

-_-..;,'.___.._'._.,;_:

=

e .. . srop COND% - ,
- . T : ' Mlnlmum
Maxlmum

"HASH TABLE: Ptr to-individual =~ g
: ' L “Ptr to next

or barrier celly, =

..__._...._(.\1.,/

L

1
I
l
i

. . S . ‘ a

) ® ;
- S C @

Fig. 4.7 Node fields and other arrays.
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v .75.1.2The Model ' -

‘ﬁVarLous prey and predator den51t1es: were

’1ox1o atéa;

nghﬁdiéts the preyi

experlments,

‘?,sqmexruns, a’ satlatlonﬁlevel‘was

:”-f?repllcatlons.,L—Af summary of results 1s shown 1n Table 5.1,-

A study lnvolv1ng refuge(s) for the prey was also performed;gdﬂ"jf

°

)
a




‘Iﬁiffff7‘:

results

were recorde

experlme

R_produc1ng Murdle s

”tresultsf}

'ngor example, the number of prejﬂ
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tiety: and hunger dependent moblllty for predators o
) -o‘moblllty,'satlety QT breedlng for . prey, - SR
__mobllxty, satrety and breedlng for predato
1 g R il ¢ i} T

R
I
SOl
S
e



S L 'iW'hflf“ ‘ U
When QS‘jorf‘more predators «were 1ntroduced uith no -

. SR . . }“d L :
‘hpsaflety characterlstlcs, the prey spec1es went extlnct ln-an

"‘faverage of 59 tlme gsteps.u-fAr typlcal n. 1 shown jln'}‘_‘

“@:Flg.ls 1. ThlS surprlslngly long perlod comes from the fgétﬁfg“

ih{g‘that f» not enough prey were lntroduced,-a predator could}ij_
"fhsear h for a long tlme before flndlng a prefi gforf-some ‘offff

‘gthe”fruns, 20 succe551ve fallures to flnd a prey led to the”'ﬁifh

thn all but one case,tﬂth predators”fpf

'ffﬁent extlnct before the prey after an average of about 38g?s"“*
Typgftlme ;steps.;ngheg'same resultsilwere obtalned wlth ﬂtheﬁf

e

"[f ntroductlon vf moblllty ri!fﬁéd”???y (dlstrlbuted

K f'fbfl:andom) ., :' Plaiia

when the moblllty of the predator wasfmade dependent onf’»'

'ﬁlts sat;ety a sllghtly 1ower rate of predatlon was obserVed

‘fefiﬁffespec1ally for non—clumped prey- the ;ff fl7lff‘ f tf,l

staylng

‘“filonger perlods 1n "empty" areas.:yffhfi“'

Interestlng 'were obtalned by ’1ntrodu01ngf

“fresults

;gbreedlng,jflrst;for the"predator only and then for both thei

ﬁﬁtiprey and the predator.lhf”

{ana 1ncreasefftoj;

spec1es went “extlnct

5a1nd1j1duals ff.dqb 1n1t1ally), desplte‘Wthe breedlngdl

L

~:¢mostly because/ ap 1nsuff1c1ent number f prey (see; R
':fFlg. 5 2).gg t n the second case,:coex1stence was achievedjplj,*

.‘5 . 5

foo tlme steps, wlth both predator and prey 1nfftf:f

»‘:ffb at least

‘ﬂgfsufficle'ﬂ¢number.: Values for the breedlng characterlstlcsgnf'“

@g,;vefé' 1dent1cal ‘rfgt : prey and the predatorp a breedlng;ljfdf

o

"_;llnterval of *5,;ta breedlng probablllty ftﬁi:b#f;fn'
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: pre1 could lead to coex1stence (see Flg 5. 3)

'iusually have a predator nearby.\ f‘

fh‘5.2 SYSTEM REQUIREMBHTS AND PERFORHANCE

ffsprlng ~ dLstrlbutlon _of | N(1,1). - Withf‘an “initial
enVLronment of 10 prey and 1 predator, 27 "pre§ and 76
‘ predators EXISt%d after 100 tlme steps. It is likely that |

. the predators would have taken over ‘and annlhllated the preys_‘

and then starVed ‘but 1ncrea51ng the breedlng values for the
&

", With the 1ntroductlon of refuges for the prey, chances

of coexxstence 1ncreased Coa _system of type (3), with 20

PR

fjprey and 5 predators was run for 150 tlme steps w1thout hthe*
"Vextlnctlon of the prey desplte the° fact that no Q{eedlng was

hlntroduced (see Flg 5.“).. In thls case, the refuge was made_ﬁf

e of 30 cells 1n the mlddle of the grld.' When 5 small refuges‘

>

:¢f sf cells each were 1ntroduced ‘the Per dled faster than»'“

bulth one refuge,.malnly due to the fact that a refuge muould

ECOSIM 'is wrltten ‘f ALGOLW,»a rev1sed ver51on of ahz

G

'.f:ianguage de51gned fat‘ Stanford Unlver51ty. 'Thevp'ALGOLW
"-frCompller isf avallable under the Mlchlgan Termlnal System?

;(MTS) at the"Unrver51ty€*ofj‘Alberta,f. MTS s ~a vlrtual.‘,

'fmemory,7 multl task sySten}‘developed»'at the Unlver51ty off'
:MIChlgaﬂ to support both on—llne and batch jObS. 'It runs on"
‘n Amdhal u7OV/6 at the Unxver51ty ﬁof Alberta. ‘Ah pagdng_‘
7syst°m 1s used for memory management.*‘other features of MTS ‘h

'”1nclude the superV1sor thCh handles schedullng and resourcef

- (N

'allooatlon, »DeV1ce_x Support ' Routrnes,i and a’ spoollng

LBy
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er

'kprograﬁ; depending on the cmmputerﬂldad.

ASSEMBLER. Most

. Universi#ty of British Colunmbija. - b

. R . “ - : Y N
1n_stantaneously. p : v o

ﬂlnd1v1duals or 1000 barrier cells, he should '1ncreage3 t he

is required when involved output is produced. B

o
‘ ]

Lsubsystem (HASP) thCh handles’ I/O operatidns.f

1

._,.0 ECOSIM‘ uses 90 4096 byte pages? of :memoﬁyn.’during

compilation, and the object file can be stored in a.file)of,
. B . N . \ , v \‘“ . i o : B . - .
3224 lines. It takes approximately 8 seconds to compile the
T e : . ’ ) N v

s

Parts -of th rogram‘ are wrltten -in FORTRAN and

. <
f the FO&TRAN routln@s are ‘system routlnes o

©

‘ used}E’ %ntetfape w'th MTS. The random number generator was. «/{’—

: ' L , -
written - in  ASSEMBLER uslng a version created at the

~
~ -

B

S

’ _ . . ' .
The response time of ECOSIM is fast, despite the
.o ’ : o ) T .. :

extensive - dialogue designed for .the novice user. Except-

when a’Jarge number of species is involved, or if the output .-

interval is: quite large, . ECQSIM responds "Virtualiy,

AV
D

2

" When ECOSIM is run, 10 pages of ‘memory are azgocated by

e default An if the user is plannlng to create more’ than 800 -

/ ¢
5 : ' ’ . R
humber ofgpages to, be allOC&téd.~c . e

3
|
i

>

It takes on the order of one tenth mllllsecond bf CPU

. s

tlme to create a barrler cell and one mllllseccnd to create

an individual of a species. T&~process 1 mobile individual

- ®
] v

for 1000 time stebs takes appfdximately 1.4 seconds.. A

pomglete system of 10 moblle breedlng prey ;nd1V1duals and

. kg

10 moblle breedlng predators with satiety characterlstlcs is

processed 1n;about 1/& CPU s%@fnd,peg time step. More ' time-
. . ‘ ' Lo ® . :

&

/\



S 53CONCLUSION

ECOSIM 1s de51gned to prov1de'

‘effp ecologlcal/modellng.ﬁ An 1nvolved}d1alogue prov1des the

."

EaN “V»fenv1ronment ie‘

the fsystem,:*arelindﬁ  dlstlngulshed by sex.‘ Breedlng

Matlng 1s ;ﬁ§t '1nclu&ed

done fét; regular 1ntefvals

N

;whethe: or not'an,lndliAdual 1s alone,e No age structurevflsiﬁf

l

‘filncluded.j An 1nd1v1dual w111 not dl@ or reproduce accordlng V

P

'u_fogﬁi£55 age but accordlngito'the7global functlon, predatlon




. Finally, predators do not seek prey.

o -

e physical immediate .’

" enviromwent of an individual,  as far as it can see and

o pred at e ln the tlmeSte

. u TR R
computeks.
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h4;QAbsoIp£e' values;fqﬁﬁf:eeis

B ".“

Sy
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L awiors.

?Wﬁenfafgqeéiﬁ,n ends w1th‘a questlon mark

’

e

nswer by YWS,

Y, ,’No ; 'ﬁ_o“r__'.Ni‘.} N

should“‘be.'a‘wrealfjfeﬁ&wife%“‘

e

fhéfgsgf;

must be 1ntegers (llke coordlnates)  f"

°‘niulll be repeated 1f a r%nl 1s glven.fﬁfiu |

”3”ﬁust{be;befueeﬁf5k10‘5é'ﬁhafﬂ]

.&V~
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A3 CONVERSATION R R LS ‘ "‘ e
T R Rt T

T In what follows, YES means YEgor Y, NO ‘means NO or. Nh \

"‘-
A

”'[ and REAL means a real numher -wlth fa w1thout a_ decmmal
g _ ‘ R S AP ‘r‘;', Lo

( &polnt.wkﬁh}i”{fwmd‘ﬁfv

e P L S */
r , ' L I S R T e
- ‘EXPLAIN .;.;;}....53.&.;.;¢.. . ....YES OR NO
"\‘.1?' i i . . ‘ S B R . By ‘ ‘ . / :
. If the answer ls YES, the user is- glven a resume of the
: features-or the system..rﬁ- R el o .

é,fef';} of questlons about the model ‘he. wants create. o]
S : the answer: s NO, a fllename is. requested to: retrf;

. ‘If the answer i YES, : 1S S’ glven a resume oﬂ“,>'
"jfchdracterlstlcs of dach" %pec1es and: barrler and ’
*‘tjlnd1v1dual of the dlfferent 'species.:

-he answer 1s E (or EDIT),'a serles of»

o) the model 1s stored
”varlables are- stored 1n
Qreadable from the:
=;pref1x‘of USER.

’user creates¥a file name WORLD1 the real flle name wlllw
. 'be USER.WORLD:1: but if the file name is. requested _(for B
_jﬁretrlev1ng 1nformatlon)v1 the modeler uses“%he name hed o
'?egave to the flle 1.‘ i Ve, R

v : wtemporarynﬁ,vv
‘ahout the run to: be,g”” pe: : P
: ‘ ~and sav1ng 1s"attempted.;W
1f the flle ex1sts already
= glven s;g’“ al by :
'ESPace to saveuniﬂ
answer“f”"'”‘, e : : lation

: arrent state of the model (newly
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created or retrleved from a flle)..

o

WDIT SAvE,_QUIT, OR CONTINUE ...;..J;;.LL.;;Q.E, s,'Qi?OR;Cf'

‘J%wfﬁ Same ‘as- the prev1ous questlon for E, S, and Qs If the :

©. . answer .is C, -the  simalation’ is resumed where 1t was 2

~,%gz;; halted Hlth all paramete:s preserved URTETR L
, m."~

”f RUN COMPLETE. RESULTS DESIRED?.....................YES OR NO

o

:‘If the answer YES," .
EE barriers: . wlth -~ the: :
'{f:wfw characterlstlcs of each 1nd1v1dual 1s glven.’>1j§$5;?*

SPECIES ”N;;}.Q.).;;};l.;;;..{J.;J’

fIf the answer is: YES,’speCLes number N wlll be created

: 2If ‘the a ef is NO, questlo about the barrler(s)
*ﬂ be creat d‘ 111 be 1n1t1ated L : v

“ ("W . 2 ‘
ﬁf....;......{..;1 CHARACTER

j}; DISPLAY SYMBOL....,..........f

.‘i?Any icharacter except % 1sﬁﬁa11d to represent a spec1es
. or:barrier.- When ‘the: env1ronment is dlsplayed,, each

P ,;ra:g;;.g.:;i* ]

llst of ’all spe01es and @'f
characterlstlcs ©ang.: ~the .

"-.b..-..-..'......YES OR NO

,(questlons wlll asked” abbutglts character;stlcs).v‘ﬁ_‘v,,

”jlndlvidual _of " ““the. - glven.jspec1es ‘or  barrier Tiscl

fgrepresented wlth thls symbol.vf,

, (inclusiveIY).- If mobmhlty lS

i the 1nd1v1duals the- specles ‘never: move... It
moblllty 1s 1, each" 1nd1v1dua1 Wil attempt to: move at
every: “time:  stepst If: mobllltv is for example 0.8, the:
-“rohablllty ofieach 1ndLV1dua1 of the spec1es to move

wA competltlon

S fo-an Jifdividuals o

move 1n a. cell that anothe[rfndLV1dual of _*'.V
"’“Toccuples,j. he B u111 "die . from




) . o L
o . v : L ) Co R
. 3 . -

UNIFORM RANDOM wALK’.‘....“.‘....'.......‘.........YES OR NO . "‘n'i

l‘.

Thls is ‘requested only 1f the speCLes is" motlle. S If
the answer .is YES, a probablllty of 1/7 is a551gned to .
~each ofi the seven: varlables representlng the six cells'
varound and the cell occupled by the 1nd1v1dua1.

B6 WALK.ﬁPROB (CLOCKWISE rROM UPPER RIGHT)....G REAL NUMBLRS]'

'Thls is requested only if the spec1es 1s motlle.-' Each»_,ﬁ_
- real. numper _(between 0 and 1) must be -on-a new 'line.
‘ ._If the glven probabll;tles area, b, &, d,xte, and. - f,
_ they" are =a551gned .clockwise: from -upper right. (see

C Pig..Ae 1). : “The® center “cell (9) 7’aSs¢gned a
Qprobablllty of 1-(a+b+c+d+e+f). . Sy L
I f”..-—< £ >--"
R_‘ L v o ".’ ERE v\ _. < e > <
B T A ”T--< g >-—.»‘ o L e e
TRy S LT AN ~4Qw‘_ 3 < @ > < b > {N :v,! ﬂ‘{vf viﬂJ N tiu“
TN e T e :,?:u;;af'~‘-< < >-— UL e e L
[;delg. A.1 A551gned Qrobabllltles for ranggg‘walk -
7 . . - R | o B . . B e . ‘»,‘Qg N S < - o

.ﬂ]If ‘a, glven numﬁer'l ”1nva11d the user’ ‘is. requested to

“itreenter its | If thé& .total  of “the six probab111t¢es

"nﬂ,glven efceeds kI O,'the user 1s asked to reenter all 51x
i SR g

| .,......YEs OR N%} o

O LE the answer ji YES, the user w1ll then enter the,;
W,predator characterlstlcs of the spec1es., “I1f the answer o
is No,.  the- given. = pec1es ‘will ‘not- have predator,_;'“
3}tbreed1ng and hunger characterlstlcs.,; I R

’ffSPECIEs)S" '";................INTEGER OR NOTHING

G f{p051t1ve number' Eoh ol null llne. , If an 1nteger 1s,;*“"
" 'given, a tablea is created contalnlng the predatorr
,]fnumber and the. prey number., ‘When' all prey: spec1es have’

"~ been’ -specified for the .given predator' ;the' user - ..

‘Zcontlnues by enterlng a null 11“9-',,;w o ' N
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PROBABILITY OF KILLING....IO.........C.Q......l.c..-oa..REAL

A number between 0 and (1nclu51vely).  The numbert
"denotes the probablllty that the predator w111 kill  the
prey if. he encounters one. B

' MAX KILL@/ UNIT TIME...I....ﬂ..."...‘.'...ll.ll.l..‘INTEGER
p051t1ve ,1nteger which lndlcates the maximum nuiber

of ‘prey’ that the predator can kill " durlng one  time
step.A el S . -

L N Lo

- BRELDING INTERVALh...Q.‘l........'..lII..IIOll.......INTEGER‘
"_Af p051t1ve 'snteger. giving the interval (in tine unlts)

. between breeding .events for ‘this: partlcular specles.
;:The .1n1t1al age. of - the 1nd1v1duals are dlstrlbuted
'*f’unlformllyasyer the age 1nterval., '

Y

. . BREEDING PROBABILITY.'I.....‘.-‘;Q....l..l.. LR J I.Q.l‘..l.REALh
o ’v.(f‘:f‘ L S el
'f*" A number between 0 and B 1nd1cat1ng the probablllty of .
a’ breedlng _event . when,\the "'breeding  event _tlmeviS‘“
reached R I-o T AR R S S

o - ’ A7 . = L
" ‘ OFFSPRING MEAN...'...‘...l...l.'.......'.‘..Q...nQt...Ql.REAL'

o Af
sl 15 L bution’ used to determlne the’ number of offsprlng,
‘to be created.‘:_y_v: Sl ,n'f“q/ﬂv :

\Q«EFSPBING VARIANCE--..-...--3’.“‘-;..“.......»..‘..'. o.‘nl..-ﬁo;.-REAfL -
A real\ umber glleg the varlance ﬂof the Normalv'

T dlstTmbutloﬁ“?usedwte detet“lne the number of offsprlng

1_jwﬁ' to. be created.e.fl Sl L o : I ,

h;SArIVTY SCALE TOP..................... i;;;!;l;;;;i;.m;ninml

A real number 1nd1cat1ng the« satlatlon- level of the

re l number representlng the mean ,of a Normalf‘”

spec1es.. If the ‘satiety. level  of an“indiVidual:is,‘.

- equal-to’ the satlety scale top, he_dQeS-nOtdéat even if"
""he encounters prey. : B N I AL A A P

. L A
N

”1;fSATIETY SCALE BOTTOM..........................,.........REALZ’;,’

e

'AfA‘ real number' less than the»-satlety scale top:
representlng the; starvatlon level- of the spe01es. SIf

"7ﬂequal to the satlety scale bottom,ythe 1nd1v1dual dlesgﬂ-

Loy

“the satiety level ofan- individual . is ~less . than ot
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£ ' o . R . 4 ‘{\‘1 \T}“‘ % S

SRR ) D AR . .
+ INCREMENT....,..«...................?..jai. :,.g.;....REhL .
A real -numb er which is added to, E%e hunger “level each
‘time an 1nd1v1ddﬁl of the given predator species eats a
‘prey. The’ hunger, level does not exceed the hungern
SCale top for the species. .

‘/ N

¥ -
6

- INCREMENT-..‘..‘ ..l ‘.'.‘”l.‘..l‘.ll....‘.....l.-.‘.‘.-..“.REAL_ )

é A 'real number whlch is subtracted to the hunger level
each time an. individual of the glven. predator species .

: eats a. prey. . o ' '
- SRR O

-7
.

SATIETY INI.LIAL MEAN-.....O.L.n.Gc;O'.o.oa‘og‘-.-onn..n-u..REAL.

- A real 'number /representlng the mean ' of a Normalll
dlstrlbutlon used to determlne’ he initial hunger leVel
- of. each 1nd1V1dual of the given speCLes..: Cort
w ' BN

SATIETY INITIAL vARIANCE-.-.‘o‘DOOD‘-l..-I..".Ii...l...oREAL'

aA real p051t1ve number g1v1ng the' variance of  the':
Normal distribution ‘used - ta, deétermine . the - 1n1tial o
hunger level of each 1nd1v1dual of the glven spec1es.
SATTETY DEPENDENT MOBILITY?......1.................YES OR 'NO
9
CIf the answer is YES,. the probablllty of mov1ng for an
rdlnd1v1dual at a given: t;me step is ‘determined not only‘*r"
"~ by his| mobility flctor but also by his hunger‘“level ,;
" ‘The probablllty value f(x) will be on sthe curve. passing *?
~through (0, HUNTOP),: . (MOB. COEFF., (HUNTOP+HUNBOT)/2),
‘and (1, "HUNBOT) where X:is ‘¥he.. hunger level’' of . the.
. individual, .+ HUNTOP and HUNBOT are the: ‘hunger top and ”
jwbottom, ‘and ‘MOB.COEFF-1is the’ mobility coefflclént of
- the. 1nd1v1dual.~,_. e N L e
EXCLUSIONsv...................;..........;.;.......YEs OR. NO -
X . . ; A k] . L o
i ij “the answer is. YES,»the user is asked whlch spe01es
o tLhare. excluded d.e. ‘which 'species’' individuals cannoﬂ'
. move ~in - a cell occupled by an: 1nd1v1dual of the glVen
1spec1es.«" .

e

o &

SPECIES NUMBER'...;..;...;Q:;...;:...;}l:;..;..;.....INTEGER‘
S atrich sespeses -

exc¢luded by ‘the . active specles. - #hen no. ‘ansvWer 'is

MAn lnteger greater thau 1 sgszlfylng the spec1es to ‘bé’,ﬁ-“
um _dvthat'nei-other _spec1es.

.ogiven: (null line) it is ass
hﬂlS exoluded._};- ,

?

. -



1"
t

INITIAL NUMBER \..l.gccoqooo....

o

A pOSlthe .1nteger representlng ‘the 1n1t1a1 number of
1nd1v1duals tO‘be created

~ RANDOM. DISTRIBUTION ..YES ‘OR"NO -
hk ©OIf the answer. Ls YES, 1ndxv1duals or barrier cells are
. distributed cordlngétp a randonm distribution (chosen
by the user , ), if the .answer is NO, specifigc

. coordinates’ ‘be requested.~ R . o N

' ,f.,)". ; £

ould be the character u,’ N,'Ey or P.f If

The ansue -
“U, the individuals or barrier. cells 4&re

the answe$®

»;f" ' \ ,'-‘. .. ‘_ - “.:.‘1', ":’I‘ ' : . ' a

>

Ry

distribut®y according to 'a Uniform distribution in X
and a - orm distribution in - Y (parameters ‘are

® 'requestégggiubsequently)., If the ansvwer " is N the
dlstrlbutlon used is Normal,,ifrE, Exponential, and. -if
P, 901sson. 3 g . :

.

X(Y) NMIEAN:.‘.--..p.-aa--j-o.‘:..-.-anooo-..o.‘o-aoounv--.-':.---oo ouREAL

. : L , . i
A Teal number representing the mean of the Normal
dlstrlbutlon .0f the X(Y) coordinates;

D

._X(Y)NVAR-.'.'. .C“...‘.l.‘....ll .l..f‘..l...l.l....‘....REAL

A p051t1ve real number representlng the varlance of the
: Normal dlstrlbutlon of the X (Y) coordlnates.

e

A:.-vX(Y)NLIMINF(SUP)-.."l.."..‘.‘l-.-'OCQIOCOQOOOCCOQOOQIOREAL
A real -numher 1ndlcat1ng the limit for rejectlng values
generated ccordlng to the Normal dlstrlbutlon. .

-

N}

OOCCPQQREAL

X(Y)MIN-C.‘.......-....0.-'....Q..‘.'...II.'.. ".'ﬂ\

A real number 1nd1cat1ng the minimum value for the X(Y)
coordlnates of the 1nd1v1§uals dlstrlbuted unlformly. '

@
. e

X(Y)MAX.OQOGOOII-;G.o‘f..‘.c.‘oa.od.oioocconOQQQOOO.g....oREAL

A real number > X(Y)MIN 1nd1cat1ng the  maximun ’value
for the X(Y)- coordlnates of the 1nd1mlduals distributed
unlformlly.- : - ,

, .

P

3

XELAMB:ndcc.‘ .;... LE R R EEN ..“.'.f.'.. o e ‘.o_l’ e eeneae n. -.\. - -_.--; ..REAL

2 real’ number g1v1ng the value. of,'lamb&afvin‘the‘

) expénentlal random dlstrlbutlon.ei

k)
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e . : - o - ) . ' o .
"“‘"v)'.KX“E'QR’IG:"""""v'"o‘"-'lli%“./.lanunnclnnno-o-:dp-o-n.----.-REAL
SN A real number 1ndlcat1ng the,origin‘ofﬂthg‘ exPOﬁenfiaI'
.curv e. ' . SR ‘ TR o :

) ' 9 - L

. 3 ' .
a o Lo,
.-

-‘”XELIMIT..-......:..d..p‘o..a..‘...o...od-‘.-nc.-‘oQl;ls.Q-lREAL ’
‘% A real number. 1nd1cat1ng the limit for ' rejectlng values.
'geperated’ accordlng to the. exponentlakidlstrlbutlon.;
The followlng varlables 'are 51m11ar to the preVLous“'
ones, but apply to dlfferent dlstrlbut;ons- .

\

Y“LAMB, YEOBIG, . yELIﬁiT XPLAMB _ XPORIG ‘ XPLIMINF, .

YPLIMSUP; YPLAMB,  YPORIG; YPLIMINF YPLIMSUP

N X-Y COORDINATE PAIRS.......................N INTEGER PAIRS

7Y

s N 1nteger palrs should be enterea, one palr per llne,
lndlcatlng ‘the positions’ of the grlﬁ in" which the N.
‘individuals aré to be placed Or., . the user cah enter.

SCONTINUE WITH FILE RETURN,‘ where. FILE cbntalns the
given number of c00rd1nates, one palr ‘per 1line," each-
number separated by a blank. ) R :

L . T N - e
PRINT INITIAL DISTRIBUIION’........................YES OR NO
' g f
If ' the answerj is YFS, 'the dlstrlbutlon. of the, '

1nd1v1duals is listed in the, forn of a'» table g1v1ng,

for each individual,, its p051t10n (X, Yy ,° 1ts/age, 1ts

X hunger level and the” ‘number of prey kllled : P
N

S L

GLOBAL MODIFICATIONS’............g...............v.YﬁS OR NO °
; o ! e . . B I

', If the. answer’ is YES, a functlon \is then requested that

' "1s applied to’ the ‘Population of. the, given, 'specles at
every -time step.; If ‘the. applied functi®h {Wblies a

decrease in the population, 1nd1v1duals are deleted ' at °

: random.'. If the. Cesult is an 1ncrease, individuals are
' «Created: according .to  the 1n1t1al dlstrlbutlon for .
pOSlthﬂ and hunger jevel - oo ' o K

FUNCIION.......................i.........Up TO 80 CHARACTERS

A strlng representlng a functlon of X where X is the
Present: population ° (number of 1nd1v1duals)."v For ",
example X-2 or 2+(X**2). The string should- not contaln
‘ 1nterven1ng blanks as a blank 1nd1cates the end- af ‘the
..5tringt - , - :
. \‘ | . v

\ o T e . .
. e >



\\_./<:> J. AN
.. - - I R { u“" 87
> w ' A ¢ N ” :
BARRIEK ' N?n. .‘:"“;."./‘-"““ll -‘a a”.r-a-. -'p"i‘lmn‘o DR -- s ‘t .‘.Y\‘ES OR.NO .
If the answer is Yﬁé;‘ ‘ N is created
(questlons are asked character stlcs), hf the
‘'answer is NO, creation is - ¢onsidered

complete. SR o
L

) +

SPPCIES..........a.................;\.....INTEGER OR NOTHI NG

\

C s

A 51t1ve-,number O or nothlng (51mply press ENTER)

' x‘If an ihtéger is glven, a table is  created contalnlng_L

the‘ barrler number ;and - the species number. When ‘all

"

species", numbers have .been specified” for . the glvenf

barrler, the user enters a: null Iine.

A,
4 - w

CROSSING PROBAB{ILITY.QCQOQQQOQ-G.a.c-. ‘nnnacoctooolh-nn.RElL‘

LY 3

A number between 0 ‘and 1. - The

probability’ that the species individu 1{w1ll Cross the.

barrier if he’ encounters one.

NUMBER OF CLLLS-;.-.\.....--n"-.‘--.--o.o...l..!.la‘.INTEGER

A positive 1nteger representlng the - 1n1t1a1 number of
1nd1v1dua1 barrlers to be created :

SPECIFIC (S), OR CORﬁERS (C)..".....................2 , OR- c
The wser has the ch01Ce of specifying the barrler cells
one by one or by g1v1ng the coordingteé \of . the four
s1desqof a rectangle “(left, rlght, top, bottom).

o -

LEFT (RIGHT,_ TOP, BOTTOM)....................F..........INTEGER

“ . r
+ The  .left (rlght, top, bottom) cootdlnate of the
rectangle formlmg the .barrier has to be spec1f1ed

4

FILENAMES CouucueonsosnanacsosoassonnnannsalP TO 20 €HARACTERS

‘A file name has to be given.. If the uSer requests an-

. environment previously saved on fi¥e, the file must

exist. If the file name is reguésted to 'store an.

jenvlronment or the results of & run,..the file mustnot
exist and is created by the system.

. . . .

TRYANOTHER FILE?..7";030-o.g....-oo-oog"hgnu-aolnnnnoYES OR qu*

P -

‘This question ‘tomes if an attempt is made to create a

fil ¥hich already ex1sts or to get a file which does
not ist. If the answer is YES, a second .attempt is

made. .



‘user is asked to, sp601fy “the
Ain‘t‘e’gér');-;' A |
MODIFY:. =~ = R o

A ) L fad ) ) s,
...BREEDING PRO@ABILITY?

. , - ‘
. > . o ~B8
A i ; .

ZDIT BARRIEE, SPECIES, OR END:eeanuunsanaiinesaanaB, S, OR E
If the answér .is- B, the -user is' asked - to enter
information about the/ barrier he wants to. edlt.f If the
answer is_§, species edltlng is 1n1t1allzed If the
answer is E, edltlng is termlnated o

. . -t +

ADD, DELETE OR MODIPY A SPECIES...................A, D, OR'M

,Dependlng ~whether the answex is A,
"“are asked to- create, destrwy,

D,

e e
<

TIfE tﬁe answer %o the prevuous questlon

or M,

is'D or M,

-

[}

o

Yy

e .
guestlonsvl
oC modlfy a- spec1es.'

C / ‘ . o ‘
WHICH SPECIES}..O... ‘4-0.....‘.'-.CG.QQ.I‘...‘.O.....INTEGER
the~
spec1es-(p051t1ve

v

..‘DISPLAY SYMBQL?;‘O.I..-..".l.l.lrl'......'Ill.l..YES OR NO

If the answer is YES,
Adisplay .symbol..

For the following, if the user -
prompted for the change.
-
...PROCESSING LEVEL'.Q“......‘..-..“‘Q...b
. il

...MOBILITY'rACTOR.....K:...................

»

},.COMPETITION FACTQR?

¢ ¥ , o , W

dw"..wALKING PROBAELITIES".“.O.‘.l.“...‘-‘..

)

'...PREDATOR CHARACTERISTICS................;

<

. / o
? ...,MAX KILLS / UNIT TIME”..”.--..--.-o-onnn-.

...PROBABILITY OF KILLING’..................

: S 3

;:;Tv‘..BREE‘DING"‘INTE‘RN..AL?.;-.....l'.‘.'--..‘.. .’..‘

L)

@

’ .q-OPFSPRING MEAN’?‘...aonﬁooooucocpo..Oncoac

.

....OFFSPRING VARIANCE?......................

- P

i

;,..SATIETY 109.......J.......;.;...x........

. 3 .
...SATIETY B@TTOM?.;,..,....................

Y

--.HUNGER MOBILITY FUNC.}ION a;b.n...-’-ncon--l

’
o,

the user.ls,prompped

answers YES,

iy

eeeeesYES

.Q}....!Eé’
ceessaaXES
weeees.YES
ceseasoYES
teee.e.YES
...:..;YES'

"

oo n-.;.YES'

'z. .
oo.--‘;.‘oYES
eseaeceeES
eesees . YES
eeesaweIES
R .1

=

e .'_’-..-YES‘

for , a

he
OR

OR

“OR

OR

OR 1

OR

OR

OR
OR
OR

OR

7

new

is

NO -

NO
NQ
NO
NO

-NO

NO -

“NO
NO
‘NO
NO

NO

“



¢..+ INCREMENT?....--.-.---.nnnllo-.l.-.c...-'-'ol-YES OR NO

e

..0_ INCREMENT’.-..........---.-%o-..c-‘:-..:-......YES ORNO - v

...EXCLUSION CHARACTERISTICS?QQ....................YES OR_NQ'
’-..GLOBAL FUNCTION’--.-.....--..oo--..qc-.n.....a-wYES OR‘NOd

n-.PREY SPECIES’..-.--o-.---o-.cn..--uo--oocqaoo.q-YES ORdei_J

~
N

_...INDIVIDUALS..;..;...};..2..;.;..;.;.;...fg.,....ybs op NOei_.

Q- )

'f---SPECIES/BARRIER CHARACTERISTICS?.;.........,....xEs OR - No'V '

’1“...COORD. (cy, SATIETY (S), OR BREEDING (B).......C, s, OR' B .
:M.’ : “ R

Dependlng .on .the- answer, the_ coordlnates . of . an .
1nd1v1dual are- altered,' or hlb satﬂety level or hls
‘age. - _ R R 45'7‘ P et o .

" DOES SPECIES - N BECOME A PREDATOR’................YES OR ‘NO'
This informatlondgg requested 1f the user‘ asked tof

.~ change, _the predator <characteristics and " the given
rspec1es was not a predator be;ore. e . ,

.
. .

DOFS SPEC;ES N REMAIN A PREDATOR?.....ﬂ..........YES OR NO_

This information is requesfed 1f  the user asked to
change the - predator characterlstlcs and _tne ézven
species uas already 2 predator.

' »

CHANuE, DELETE OR ADD.............................C, D;'ORfA

- 4
bl / "

If the answer is. C, changes to }ex1st1ng -prey sSpecies

are initiated. 'If the answer is D, species N w111 o
- longer be a, predétor for the species Spec1f1ed If the

answer is A, a new. record is created Slnce spe01es N
will now prey on a’-new species.- ; 3

ADD, DELETE, OR MODIFY TNDIVIDUALS...............~A D, OR M

Depending whether the answer ‘1s A, D, or. M, ‘questions
will be asked to create, delete or . modify individuals.,
‘mIndividuals" here  is taken as apg ‘individdal of a
species oL an 1nd1V1dua1 barrier cell. ‘", ' !

1




‘5&\;;‘ ey . L e ) R
ST R 90

B ,f‘u - ST R R A Lo
How MANY-'......".“.‘..;‘.‘...‘.‘.':‘....‘.......‘.“.....-INTEGER“ B :,

, , A p051t1ve 1nteger sPec1fy1ng how many 1nd1v;duals vare;_ C
- *, 0 to be created, deleted or modlfled Jdependlng-on the; '
prev1ous answer).i‘ . T ‘ o .

e

GlVE A CO@RDINATE PAIR.......,.................,INTEGER PAIR“f»

Y
A coordlnate palr has “to glven' 1nd1cat1ng ‘the
p051t10n to. add delete, or modlfy the: 1nd1v1dual.u It . .
--the user- does not . remembet t veX1st1ng ‘1nd1v1duals'}gﬁ°‘5f]
p051t10ns, he can-press END . OF FLLE.. A llstlng ‘of . the"” e

posltlon of each 1nd1v1dual wlll be giwveny so ‘that . whemn,
'\f ‘the . user is reasked: the guestlon Meewd VIDUALS’", hev‘?-
knows\where to delete or modlfy them. “: QLM//’\V wu -
‘qu COORDIIJATES.'..I... --.'.\-“.é...-.lﬂ?..‘I.O. .0 ‘.IN'T‘EGER PAIR "jn.v%:
. - R ' : DR Q
Ihls new: coordlnate palr becomes the new’ pos1t10n of
"ﬁ "modlfled" 1ndlv1dual. y.?h N s

=

r’-&" !

.‘,ADD, DELETE, OR MODIFY s BARRIER.............u....A, b;~dt M
Dependlng whether the answer is+ Ay D, “or M, questlonsvﬁ
rare’ askedato create, delete‘or modlfy a barr%er. o

2 e

WHICH‘ BARRIER...(’..’..‘.......‘.".........QI...‘..‘.INTEGFR
. If the answer to the preV1ous questlon Was D or M, the
o useﬁ is. asked to .specify the barrler (p051t1ve
1nteger). S .
UNTIL HHICH TIME STEP. .'.I‘-l\.....ll. ....‘" ..OC.QC..INW\EGER‘ )
‘AR lnteger number spe01fy1ng untll whlch tlme step the
run is to- be carrled.fh e : oy

v v

lv.r.‘l.l.-.'.‘..;.‘l.INT\”{EGER:.
\ '
An 1nteger ;number 1dﬁlcat1ng the output interval, for
whlch the env1ronment can be dlsplayed.

3

OUTPUT INTEPVAL-....ll..l.ll....‘-

STOPPING CONDITIONS. SPECIES.........................INTFGER
An p051t1ve 1nteger spe01fy1ng for which specles- do - ‘Hlif
stopplng condltlons ex15t. - . ‘ & -

- a
. . ‘ . ) . N
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‘ MINI MAX...‘.“‘.‘.'-...‘.‘.‘.C.Q.-\Q.&*..'..l‘....INTLGER PAIR"

G s 5
s

“An 1nteger pair giving the bounds on the ﬂopulatlon of;u3»f

'J”iﬁ“' “the ‘given Species.. 'If:the’ ‘number . of . 1nd1v1duals. of -
‘f this species becomes less than MIN or more than MAX,

0. ‘. . e g .
R e ] : : , R

the 51mulatlon run is halted N H._,‘n_.v‘;jg;?

RESULT FILE TO BE MADE PanANENTv;.;...............YES or - Noﬁf“

-

S the answer ‘is YES, ‘the temporary flle whlch contaansfffﬂ

'_\"bV.'all the results of ‘the simulation. run:is renamed tov be-
‘ made permanent A fllename lS requested ‘ SO

- . ' . : ',0

,'the' snmulatlon run: is prlnted at a batch prlnter and a‘"
-recelpt number is issued.

N PLOT ‘..'. ’...l..‘ﬂ;..'. .-;..‘...}....-.v....;dﬂﬂ...'l.'...YES Or NO
If the answer is- YES, species numhers ’are“°requested,
For each species, = population versus -time . step ,ist
plotted . on . the- Calcomp plotter.fl All: §§ec;es: are

n'plotted on the same graph The user can separate the
‘plpts on dlfferent graphs. by . answerlng YES  to .
’ ,successive. "PLOT’"s *At the end of the run, “the- user_u
:fshould;' . v kR

: SRUN *CALCOMPQ PAR=FILE=-PLOT L
if he w1shes ‘his plots to be executed. ' - o

MA-XIMUM SIZE OF GRID-...‘...‘.I..’..‘.‘.l..-..‘....'...INTEGER.‘ .

> v

9

An lnteger between 1 and 16 andléﬁtlng tha X ’and Y

dimension of the grld (number. of cells horlzontally and‘
vertlcally).- A 'size  ‘of 14 for example, w111 create
1UX1U w1ndows. RA4 ' :

) .
3 . o -
3 - . . 1
o .

GRID (G) OR NO GRID (N).oc..‘.-cc-o.o-o.olcocanoooocoonG Or N“

RS
D

- If:the,,answer is G,‘ a grld s drawn 'around the

/. pRT T RESULT FIL ....;;.,,......L..;..L.;....;....YES ?r NO.. .

If the answer is. YES, the flde contalnlng the result of

individuals' when- the state of the model is displayed.

*If the answer is N, oqu the contour of the glven state |
> - - of the model 'is drawn , . :

DISPLAY OUTPUT?Q...-l...;‘...‘...;...."'QO..QO...‘Y%S’ Or NO.
At each time ‘where the output interval is reached +the
user - has the option of cancelling the display- of ‘the
state of the model on the terminal. {(the state. of the
model is still recorded in the temporary file). -

]

,
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o wedaaaas INTEGER

x.‘P GION- ..”--...‘o‘..OQ...&.C..h.l..q....ln-o...-.o-.--.

" The state of the model env1ronment is divided into up
The reglon nunbérs’ run horlz ntally.

th__§x16 cells.7
The user . sees only the ﬁesmred reglons on the gCreen.

STATISTICS?--l.ll.‘..........nl.l.n..ll..‘o.nl..l..

If the answer ls YES,
spec1es and every barrler for the prese

PR RRA model.p. St "F' U e , ,
. ' . :», " Tt . , ! - i 3 o . - )
- Lo ) s B S : . - s
. LS ‘ . . i . . e " - . } K ﬁ‘
A ; . ol
) v . ) ‘7‘
3
- ‘eg
. - v S o e
) v ¥ A o -
; Ry
, .
-~ . A .
. L3 , ' . .
* t -k .
1. o

' | YE5, OR NO

statlstlcs are given about. every 
nt state of the‘

w8



