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ABSTRACT 

~ E ~ % N G E L ~ S ,  D. ie 1978. A model 'for the movement and distribution 
of  f i sh  i n  i.3 body o f  water, ORNL/TM-S33Qa oak R i d g e  
i ja t ianaj  Laboratory,  Oak R j d g e ,  Tennessee, 78 pp. 

g $ o n t e  Car l o  m8thematical nrodel tracks the movement of f i s h  ik; 3 

body gf water (e .  CJ . , a pond or reservoir w h i c h  i s  represented by a 
5 * - 

+. , ~ o - ~ ~ ~ e n s . i o n a l  g r i d .  Far the  case OF ti long ,  nardrow reservcjir, depth 

and l e n g t h  a long  t h e  reservoir are the l o g i c a l  choices .For cisordinate 
axes, I n  the  n ; ~ d e I ,  i t  i s  assumed t h a t  the m~ven;ent of f i s h  

{nf'iuenccid by gradients o f  temperature and dissolved oxygen, as well 3s 
food a v a i  1 abi'l i t y  arid hab-i t a t  preference. Tiif f i takes one s p a t i  
@ $  !' at a time, the d i r e c t i o n  be ing  randomly selected, bui; a l s o  
b i  ased by the  above f ac to r s .  

I n  t r i a l  siinula"iions, a large ?lumber of simulated f i s h  were 

a l l  owed to d.istri b u t e  GI~elnselves i n  a h ~ ~ g ' c h e t i c ~ l  body of \qater, 

Assumi ng or; ly trimperat cdre was i n f  1 u2nc i ng  t h e  movements of t h e  f sh, 

the  resul tarrt d i s t r  i h u t ?  ons arc? corr~pared w i t h  exper imerrta] d a t a  on 

temper- at uro preferences. 
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depth i n  meters  disproportionately scaled 

kilometers, w i t h  the downstream 3azi a t  t h e  l e f t .  

E sothsrms i r~ degrees Cent? i grade s o l i d  l ines 

d i s s o l v e d  ojcygen isobars f n  p a r t s  per thousand  ( d o t t e d  

f i n e s )  are sketched i n ,  The shaded region denotes h i g h  

Food availability. A power p l a n t  is assumed loca ted  a t  

the  i~pstream end o f  the reservoir . * a a a a a 5 
2 T h e p o i n t  i n  a gr7.4 of p o i n t s ,  w f t l l  the adjacent  

- . . . . . . . .  poin t s  t o  which the f i s h  can iflove i n  one step 1 

4 A g r i d  o f  p o i n t s  representing a por t ion  o f  the reservoir. 

Tile shaded circ les  are water, w h i l e  the open c-ircles are 
dbove  the w a t e r  surface. The skiaded circ'es surrounded by 

1 a ~ g e r  circle5 represent p a i n t s  iflong the preferred tempera- 

ture isotherca . . . . . . . . . . . . . . . . . . . . . . . .  8 
4 4 p l o t  of foorJ availability t o  f i s l . j  i n  a hypothet- icaj  

r-esertjnir, The peaks and pla'leaus represent t he  regions 

of high P O G ~  ava5 iab r 'S i t y  . . . . . . "is 
S I n p u t  d a t a  f o r  a saniple t r i a l  simulation as -it appears  on 

the d a t a  cards  . . . . . . . . . . . . . . . . . . . . . . .  20 
C P" e a 1;lp~jt dA2ta  r o r  8, sample triiil sirnulat=ion 3s i t  i s  p r i n t e d  

75 o u t  by t i l e  computer program :. a . a ' . a -  

.I; r 
k P l o t  JS >i i i i~ ' l a i i . d  motiurrs o f  two f i s h  initially placed a t  

..BY1 p o i n t s  A and B, i he assuiiied prefei-red 'r:emperalurc i s  
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fa 3 b { j s * t ~ g u . ; i r f i  -> of percent d i s l r j b ~ l t i o n  of f i s h  i n  F ig .  8 

10 li i s togrl:a of r e 1  st-i ve  Frequency o f  3 apgemoutis bass 

i amb i en'& water temperatures d~lr i ng day"cime i f  ronr 
Reync lds and Casterlin 1977) . . . . . . . . . . . . . . . . 39 

C b 

l 1 The dis t re ihut ion o f  506 fish influenced by temperature, 
dis:o?ved oxygen, food availability scd h a b i t a t  

favorability i n  the reservcir after  200 steps,  Parameter 
A values aregiven i n T a b ' i s 3 .  40 



d j s t r j b t i o n  of fish popu la t i ons  i n  bod ies  of watf-i- 'is 
ne ,ilg f l  --" est i ng to sportsonen, coim3l~rci a1 Fishermen, and eco iog is t r ;  a l ike ,  

seve ra l  f a c t o r s  t h 5 t  may i r , f ] u e ~ c @  fish mo~emeni-.~ and spa t i  2-1 popilja- 

t i o n  d i s t r i b u t i o n  have bsen proposed, i n c l u d i n g  temperature, dissolved 
oxygen i n  the  ~ a t e r ,  pH values, t he  availability o f  food, the presence 

of cover fo r  p r o t e c t i o n  from predators, and tl2e occurrence of compe- 
- e 

t i t o r s ;  i hese are  -;?not a17 independent. Dissolved oxygen i s  120 snrne 

extens, related t o  water temperature, as i s  the availability 0f c e r t a i n  

c ~ ; q x s  o f  prey. If t he  locomatoi- responses of F i s h  to each of the 

fac tors  were known i n  d e t a i l ,  tben one could f eas ib ly  predict the 

aver-age nic~tlons of a Fisk i n  a g iven  body o f  ~ a t e r ,  The task of 

i d e n t  i f y i n g  and quantifying a91 the i n f luences an f ish loc~moto r  

b~i iav ior  w i l l  not be easy, but  s i g n i s c a n t  progress has been made, 

thanks t c  ingenicus Taboratrry experiments and telemet.:tpy methods useful 

For  the f i e l d ,  

4s the Factors involved i n  the s p a t i a l  behavior o f  f i s h  beg in  t o  
be understood, i;t czri he app l i ed  t o  a host  s f  priict jcal  matters. Forq 
example, one would l ike  t o  know where i n  a body o f  w a t e r  F i s k  p o p u l a -  

*:?:an de;isities w i l l  be b-ighest i;t i.i g-iven t i m e  or' year.  A l s o ,  ha~f w i l l  

the popL1ia"ciori di.;tribui;ian 1~ space i-espoad t o  vap id  changes 

i n  the cor rd i t i c r ;  ~r t h e  water, ei ther t h r o u g h  i ~ a t u r a l  processes such as 
q ; ~ a s f r n a l  P I  v a r i a t i o n s ,  or a r t i F i c i a 1  changes such as tilose induced  by 

ljoi.ier p-j ant opera t i ons?  

Boul b ; ? * s i ~  r*esearcf i  dljd prac*tigal a i j p l j c a t i ~ r ; s  jrj fhe area {jf - f i s h  

rilovei1~nl-s re ly an tecf l i l - iqu?s of niathernatical mode'ling. pvf~de!s 

i n c ~ r p o r a ~ i  ng spec i f 1  ; i - i y i ~ ~ ~ ~ ~ e s ~ s  w i  "1 1 fwrn 3 fr2mfwcrk f o r  2xp.r-i - 
mc;f l ia ]  research, frorn k?ihich the d a t a  can he used t o  tes t  the hypotheses, 
\h!\'ilr.rr ti!.: fi ir i i$aincnta] par;gflcters of i n ~ . d ~ ]  5 have ilwn quarj,i:*i f i ef', i [ l ~  

- 9  F 7 -  

n i i d ~ .  1 i ; l r l  i j t s  t j s ~ t i  p,*:?d i i we lyi , i h  i s  ieport riescr ibes a mat hc?m;lt i cal  

, 01' ng ilsi:d i 3 co:;u,junci,-i l;ri w i ti? 'i dbc;!-ati?ry f + ~ p c ~ i *  i i ~ ~ d t i  1 Y* 

Lir!d ! l e i i i  c i  i i f i l e s ,  ,2ri(i i;l-tcr., f ~ r  predictive pub-poses, 



f d ~ l ~ i l  expcrjmentai research gone i n t o  t h 2  s tudy  of the e f f e c t s  
C8" o f  temperature arr 1~~:omo'lor hehav 40 -  i n  f i  shes. 8 eniperatk,lre has been 

ca l l ed  t h e  most important i n f l u e n c e  ois the behavior of many freshwater 
2 "  r isR Je.g., Coutant 1975 Et has tong been noticed thaf l i ish move 
d i f f  erene areas of' a body of water as water temperature changes, For 
exarirpl c, 1 ai4c;emouth bass ~\rertu-i ~ t e r  i n  deep water-, -where temperature 

i s  warmest, IJsi ng underwater t p l e m e t ~ y ,  Warden a;:rj L o r i  : 1973) f'rjonl 
.t cgla'e E: largemouth bass t end  t o  move great distances t o  new ilorne ranges 4n 

s p r i n g  and F a l l ,  bqheri water temperature i s  chang' ing most r ap id ly .  I n  
7 0 3 -  & , ~ ~ e r ,  t he  p o p u l a t i o n  n f  Ia~-geri~olath bass congregate arclurid t h ~  thernral 

d ischarge:, o f  power pl an ts  Gibbons ,  Hock and Forney 1932). i r i  a Texas 

c w i e r  shoreline zones i n  suirsner m.jminigs \%!her! the remaincieu' ul: t h e  

47EIj .,-r p b-s'-U voiie  had temperatures exeeeri'ng 37,5"1: Smi th  1972). 

Laboratory s tud ies  have been performed t a  re-fine the d a t a  on 

temperature selection of sevci-31 centrarchid species (Reynolds and 

Caster l i n  1976, Shuntr and Magnuson 1976). R~searchers have a l so  

o p t i m i z ; i t i  nn of  p h y s i o l o ~ i  ca3 processes e.g., McCauley and Huggins  

1.976, Reynolds and Caster S i  ne 1976). Growth rates o f  largenoirii2 bass 

a a l q / y  seen! t o  b~ op-t i r ~ a i  n e w  their  temperature preferenda (cou-t_ant 

and Cox 1976 a l  though this does nost see07 t o  be the  care  fur  I~Iuegi ' l?  s 
;n -t!?ermal discharge clreas d ia r jng  the sumer mofiths Kitchell =--- e t  - a ] ,  
- . f i - < w  7. i r / + j ,  Bluegills weye sho~n t o  aetivelj i  a v o i d  le thal  temperatures 

(Pptet-son avid Sci3utsily 1.976 and tr, vary the i r  teniperature pref~rerrda 
P' acco rd ing  Ui-,eir. d a i l y  ratiofis - t u n t z  and Magnuson 1936), 

/: qur . i t ion  ; h a t  has tsearit.19 on at ten ip ts  to model f i z h  movements is 

what the  precise me:kjailii;rn by ~ i h i c h  f i s h  tend  t o  center a ro~~nc i  the i r  
i . --A- 

p r-ej:eibred t e m p e f - a ' t t  pie 'i ] ] 1!]76) d, iscucises asitrerent r?ecil:rijisni.; jrl 



t;331pr.rt",tiire diser-ibutic.;!  i n  the body (jf water-, and use 1th j5  
I** S * 

knowledge to move toward the desired temperature rangei For  example, 

sjaci; loder water  s - t r a h  are norn?idlly cooler than  upper jayeips, the - 

.f i s h  s h i j u j d  automatically noye dobvnwards when i t  fee l s  t o o  wiprm, 

~ ~ ~ c i ; i v e  behavior  presupposes no prior knu~~fedge  a$ -the tempi.rature 
diqcttq ,,, i p t - - t <  - 3 ~  t ~ ~ t ~ 3  p p  b u t  on'iy t h a t  f j sh  responds "c ddifferen ttc.snpe;-ature 

imeg b ~ f  d l  ter i  ng i t~ 1 ocornotory behavi or. Several of reas- 

tit le movements have ~EC:? deb'elaped. Une type of' mode4 has heen t2ym.d 

orthokinetic by Fraenkel and  G u n n  (196H), According to t h i s  model, 

f i s h  slow "ie@ir move~en'cs when i n  t he  preferred ternperatuye range, 

i f i c i - e a s i ~ g  the i r  chances o f  s l ~ ~ q i n g  ' i he~e .  B o t h  Fraer;kei and Gunn 

j l 9 f i l )  and Ngil l  1976) have po in ted  o u t  the ineff ic. iet lcy of th is  n l ~ d e l  

For prod~icf ng a g g r e g z t i  on about the  preferred tern~~erature, i z ish  whose 

direl:t?'cn af motictn was o r i g i n a l l y  oriented away frgrn the preferred 

t~mperatgre would continue t o  move away from it,, Neil1 was a b l e  t o  
o b t a i n  realistic aggregat ion  only when his model spec i f i ed  a h i g h  

P 9  0 s  probjbi i l r y  o f  changing direct iens when the f ish ~das moving alfijay from 

Lh? preferred hemperahre range, f'his form of hehav f  or i s  ca l l ed  
k l i  ar~[<ine-s*isn 

Dissolved oxygen and pl-i i n  Lhf  ua'r,er are i f i iportant t o  the hedlth 
o f  thr f i s h  a n d ,  therefore, presumably influence i b  savements, While 

fisii have not  been shown to exh ibi"cdls5o lved oxyger; and pfj pyefeyenda ,  
&. they m i  q h t  be expected LO ava id  ciniaviirable cond4 t  ions .  For cxasiiple, 

a t  25°C the mi rtiiiium oxygen requirement o f  smilf 1 largenirjuth bass i s  

a lrnost 0.92 ppru (Ross arid Sco ik  1961); i t  wciild be ad\iant;?geous f o r  
3- such f i s h  t o  preferenti  a l l y  move sway rrom areas w i t h  dissolve$ oxygen 

3 2vew!s t~iq $11 1s nj jn  i m u ~ ~ & , ,  

The  movement o f  fish i n  response to food availability and h i : [~ i ta t  
n ? p v " a $ ~ k h F ~ ( ; ~ . ~  @ id r p y o h a b j y  i n v c l v i i  iear'*rr r,.rb.eeiht? f a.2:aa..dp: 1 e cond;.i i t j  cx  i s I., 

. i 

L ! t i i  hzcrder' Lo dcve lop ;noc?els Fur rr-.ei)onse ,e .d - L ~ J  



r _ ~ ~ 6 d i e i i ~  i n  t h e  directjion of i t s  p j - ~ f e r r a d  ter;,peratui-e, WE! do not 
\ 

s p e c i f y  wi-!etf?@r the f i s h  act- this  g a y  because i t  aclgae i Iy  perceive 
4; 

C1 I tcernpe:-a'curz cjradi enrs or because i t s  k l i n o k i n  t i c  actrqlty increases as 

It moves i n t o  less preferrable temperature ranges. On the scale l e n g t h  --------- -* -..- _" --- --,- _ _ 
t 1 we are dea l i f ig  w i t h  (mel:ers v e r t j p a ]  l\r and kilometers horjzan:tal  ly), 

- - 
-< " 

-_ _ --___ -- -_-_ - . --- --.- - "-- -.A -.- - - -  _ I - -- --- - - - 
f the i j r f e j s f i  mff:kanisms of m o e j o ~  oil the  sma"I1 scale  )gay be i ~ n  j m p ~ y t a r j t *  
L*- *-*- - - - - -  - _ __ _- -.-- ----*'-* -*^- - --- - ----I "T ^ - - "  - - 

bde ; l l s ~  assume t h a H t h e  f i s h  w i l l  away from dissa'ived ox;ygen 

'eve95 b e 7 ~ g  that which i s  the minimum t c l e r a b l e ,  2nd t h a t  they ~ $ 7  1 

have a general tendency t o  move Loward areas of greatei- available f oob 

2nd mare f a v o r a b l e  h a b i t a t ,  -These sev;?ra'% i n$ ]  uenczs can e i t h e r  rein- 
f3,' . rce each ather  o r ,  to some ex ten t ,  cancel each other under pa r t i cu i a r  

circumstances, Kside from these bas ic .  a s ~ u n p t i o n s ,  the model i s  very 

general and can be parameterized t o  s u i t  8 v a r i e v  yof s ieuatione, .  
-.,- /he present mrde7 i s  offered not as a descriution of &he way f i s h  _ _ _ _ _ _ - - -  --,,,-----------" ".--- -- --- - ------ ------f.-.- ---- .-- -̂-c .-_ _ - - i 

behave, hut as a dev i ce  by k ~ h j c h  a !jar!,$&y_of hypothetical  d e z j g t j o n s  
d--ecsw- 

' &-&--,-- d m s - - - r . -  w- - m*b..- ""-- 
*-- - ----, --- - - * -_-_r I-- ----* - I- - - - A- . . - 

of locomotor behavior can be tested. A few examp'les are g iven  t o  
----- - -  " _  ---- -- --- . w- 

*&--*  ?- I  - %".- - 
i ! l u j t r a Q  the  i n  which t h e  lilodel i s  used. Mare t h o r o u g h  explora-  

l j o n  of the model wi l l  be undertaker1 l a te r ,  i n  c~mbinat io ; :  w i t h  f i e l d  

GE@ER/\& E!ESCRE PTSON OF THE MODEL 

Pile intent;  0% elt i s  model i.; t o  predict the  average s p a t i a l  dist ; - i - .  

Llut-ion of a f ' ish popt i la t ion i i, a closed body of bsater, 'Fa do -this we 

simulate t h e  mi~vemen*I.s i3 i ~ d i v i d i ~ a - I  f i s h ,  allowinq a la rge  nr?ntbzrk of 

f i s h  t c j  s t a r t  f ram randon1 posi t ion:  i n  the  body of water, :;rid t o  move 
Q 

f 'rl~- 5 : :ey ia in  f j e i . i ~ d  of" iine. He assunie tiifit a ;inafl ngmber of faceou.s 
T C. - 
ii!r ueiice ~nnvements of -the fi s i ; ;  t~mprratrire,  dissolved oxygeol 

f oori j :  y afid k a t ~ i t a t  p:-efereni:e. 

1-hz ri1cde-i 12 d ~ s i g n ~ d  t o  afip'fy a i;w~--dimensioosl r e p r * ~ s ~ ~ i \ i ~ [ - r ~ r l  
* * ,* .ik, +*-a 

f I ;  p :  F i g  , Ihe 'Lqvct iiiii;cric;ions depl-h :iliJ 

U f ;3 i L tr;?r. ) ? i r i ~  ..,, "3 i:i c 1 o!!g ~ i j e  u s e s r r v i j  ju or 'di d t i l  acrcisr. a crc~ss .:cici:i ilii .. !i 

i t ; :  pr:--r! iincit15j OYia ; f ( : ~en i : a t j  an wokji d i j ~  pi -prpr i lb ]  ,-, brrt w c j r d  c i  irc1-e 



r e  A hypcltiietical t - e s e r v ~ j u ~  T h e  ~ je r t i ca l  d i j n e ~ s i c n  js depth 
p o r t i o n d t e l y  scaled ai=jtj the h o r i z o n t a l  djrnension is 

l e n g t h  a l o n g  the reservoir  i n  kilometers, w i t h  t h e  downstream dam a t  t he  
left, isatherms i f i  degrees Centrior-63 a i e  (sof f d 1 ines) and  d i  ssulved 
o;;ygeSai isobr*rs : n  p s r t s  pel- thousand ( d o t t e d  l i ~ e s j  are sketched in, 
vr. t - h t  snaded r e g i o n  denotes h igh  yoad a v a j  1 a b i  *j j ty, A polder pJ2n-i  - is 
assumed Sncated the ~ps-ti-eair; ~ n d ~ 0 . F  t h e  reservoir. 



problems boeh compiltaliona-!ly arid graphically. fe i s  hoped i sha t  t h i s  

mode] i . ~ i l l  e\ientc;a]iy be extended t o  thyof: dimensions, b u t  the present 
3. 5 , 9 B i~io-d- ic i iensi~naf  model is useful .  fjote the scz l ing  i n  t i .~e vsirtica3 

dimension i s  grea t ly  exaggerated re la t ive  t o  t h e  h o r i z o n t a l  
<-+ coord ina te .  lypieal temperature and d i s s o l v e d  oxygen isoclf rtes are 

sketched i f i  arrd the area jri which -food availability is great.est 

usflalS,v the sha l low water a long  shore l i n 2 s )  i s  shaded.  We zssume 
t h a t  t h e  pgs i  t i o n  of those f a c t o r s  are s t a b l e  over the t i m e  scale i n  

which  a f i s h  can move considerable distances, k typical  f i s h  w i l l  have 

a preferred range of temperaturel;, tend t o  a v o i d  very low levels 
2 or dissolved oxygen,  w i ' "  a 8  be a t t r ac t ed  by h i g h  food availability , , , and 

will prefer h a b i t a t s  t h z l t  g i v e  5t s u f f i c i e n t  cover from preda~tsrs. On 
' h i s   an basis, ti-;@ &verage d i s t r i b u t i o n  o f  a model f i s h  population rnay be 

reel iab'ly predicted, t h o u g h  the p a t h  of a g iven f i s h  i s  unique,  

For model ing purposes, i t  i s  necessary t o  represeat the 
two-dirnensiona space by a g r i d  o f  p o i n t s .  Corisider a f i s h  loc3ted a t  

some p o i n t  ( i , j )  i n  t h e  g r i d  p o i n t s  ( F i s .  2 The f i s h  can i ~ ~ o v e  ts one 

of e i g h t  adjacent  p o i n t s  ( i4 .6 ,  j + ~ ) ,  where 6 and E t a k e  on the  values 
-I, O and 91 (hu t  b o t h  cannot be 0 simultaneously). I t  i s  assumed t h a t  

tile fol levj ing F a c t o r s  influence the  next loca t ion  05 the  f i s h :  

1. The .tendency o f  the f i s h  "L ocontinue mclvi i ig i n  the general 
a- " d i r e c t i o n  i n  which  i t  i s  already r f ~ o v i n g .  r h i s  can be termed 

st 2- 1 -  r oy~dard i 0et-t-i 5" fl ofmati on, 
-4- 2, !he preferred temperat i l re  0-f F i s i ~  and the teriiperature a t  

the present l o c a t i o n  of thf i  f i sh ,  ( i , j ) ,  and the eigh.5 

j U  - g p o i  nes ; e 

3 ,  The 1 ~ c a t i o n  of f ocd 5upp:ies arid cover, 

r".ie ijrjui2dav.y of the i\iater body ,  which sets  T i m i  lrs oi.1 the 

araot-iasfn, of the  f i sh2+  
- "  1 bc:.i: fcjctors c:an i j c j  eluc idated to siliiie extent by exanii nat  i on nil 

F i g .  3- /\ssuiae the f i s / l  i s  1g~catc;ri 3% pain-1; (,-i,j) and has jirst. moved 
s. . \ -" " 

- J -  Ine bIac1: 13~)'iats i n  this  i-i$juu.e ziap t i i o s ~  i f :  

~ t - ~ ?  of wati2i .  ;qk i 1 e ~ i : e  w i i  i i.e ciots arc abi:ve i t s  svi l":lcp. !3c+ 

i i:oiflprjri o f  r h i  p ~ ~ ~ f p r i - ~ t j  i , , i ; q \ 7 ~ ? ~ ~ * ~ ~ r c ~  j:: ~ ' ~ p \ A ~ ~ ~ ; ; ~ ~ f ~ ~ ~ ~ !  b)t k1j~2l*!; fj(]!e$G 



* 1-j o 2 ihft pojii 'c (iJ) i1-2 a g r i d  of' p o i n t s ,  witill t he  adjacent: 
. . 
.3 .t-s ,, *I- ,., ( -  t o  wfijc/-l f; sh car; r f iovp  i n  one si;ep, 



F i g ,  3, A g r i d  of p o i n t s  reprcsentii7~ a pcirtsov! o f  the reservo-ir, 
-8- 

I fie shaded  c i r c l e s  are  water, w h i l e  " L h s  open r:i r'c'ics are above t h e  water 
S U P - . ~ ~ ( : Q ,  The shstied ci rc les  surrounded by l a r g e r  c i rc les  represent 
pc i i i ; t s  a'icjng the preferred temperat:rr3e i sother-ms, 



siirro~~rideci bb94 a ~ j p ' c i f ,  The  :gost l i k e l y  n e x t  s"beps' of t he  F i:Ji ii; t:, 
z a rne p o i n t  ( i  , j+l) ,  s i n c e  i s  i n  i t s  direct jon o f  pseferrwi?d Letopera- 
ture as w e l l  as it- di rec t ion  of i n e r t i a .  The fi- ~ s h  a l s o  ha!; 2 h i g h  

- Of course, the f l r ;h canrrot 

move t o  points [ i c l , j - l ) ,  i + l , j + E )  because these l i e  above 

'the surface of t he  water, 

Xt is conceptually and mathematically advantageous t o  d lscuss  f i sh  

movem~nts i Q terms af the Pour f ac to r s  1 i s t e d  above, b u t  t hese  f actors 

have not been q u a n t i f i e d  i n  d e t a i l  (except fo r  F a c t o ~  4; the F i s h  we 

are d e a l i n g  w i t h  cannot normally leave the water). Data  a re  available 

on $.he response of some f i sh  species t o  temperature and dissolved 

oxyclen v a r i a t i o n s ,  bu t  other f i l c t ~ r ~ ,  such as f ood  availahi 1-iQy and 
h a b i t a t  preferences, camp1 i cate the s i  t u a t i  gn i n  natural  bod ie s  o f  

cater, mak ing  p red i c t i  cns based on mathematical :i;adels less reliable. 

I t  il; coni~enien"r.0 represertt t h e  probability of a f-ish maving one 

step front a po in t  (i , j )  "c another i n  a two-dimensional g r i d  as 

an clement o f  a t r a n s i t i o n  matr ix ,  P i j  skrfl* Since the f i s h  can move 

f r om One g r i d  p o i n t  srdy t o  art adjacent  i n  a single step, k and m 

(see F i g .  I), i r r  a l l  future discussion,  k atrd ili \$-ill be impl ic i tm!y 

j to  the  l j luitai"m _r t ((Id,?b 

The 5un-l over  a ?  1 prc~i jd .bi  1 i 1. i es r ~ r  [jirrcti or; 0-f j i g u i t  pquc, 1 
* " r.m ig%y: 



W-S 

Ihe model is even t -o r i en ted ,  where an everlt -is a step i n  space, 
_, 

r i l i s  means t h a t ,  g i v e n  a f i s h  i n i t i a l l y  a t  po in t  iJ), the next moment 
of i a t e r e s t  occurs only when the  =fish has moved t o  an adjacent g r i d  

p a i n t ,  Therefore, the probabil i . ty  of t h e  f i s h  being i n  i t s  same posi-  
t i o n  st t h e  next locomatory event i n  the model i s  identically zero, or  

All of " i 2  %ransil ; ior! elerfients together define a t r a n s i t i o n  m a t r i x ,  
p ,  - be the probability vector for the p o s t t i o n  a f  the f i s h  a t  

a g i i ~ e i ;  ;nonfmt. The 2lements sf - X I E ) ,  which are x .  + represclnt 
1 ,J 

%he probabilities of t h e  -fish be ing  located a t  any g i v e n  p o i n t  

$bje co! jdi$ion 



t he  p m h a b i l i t y  matr ix  -for the p o s i t i o n  of the f ish  af ter  i t s  n e x t  

nlavement t o  a new g r i d  pair&. 

If the movement of the f i s h  -from one g r i d  p o i n t  to the next is 

purely random ( i  .e . ,  "ipandom walk"), then 

# b - +  i . ia ,  75, ther-e: i s  an equal probability of 0.125 o f  the  f i s h  g o i n g  

any o f  the e igh t  ad jacent  p o i n t s .  Ho~ever,  the motion o f  the:  f i s h  i s  

D i  a:secl by 5t;s forward i nerti a, temperature and d i sso i \ i ed  oxji i jen 

g r a t l i e n b  s, the lficatiori of faad and favored h a b i t a t ,  and b o u ~ ~ d i i r i ~ s  of 

the body o f  v~ater. 
cons j der% .pz rigst - o n l y  the influence of forward i ne r t i a ,  I t  in t ro -  

duces a d i r ec t iona l  b ias  an top  s f  rar~dam rnotion. The transition 

probability can be written 

where 6 i s  the ncrm~a l i za t ion  f a c t o r ,  
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5 ,  i n  t h e  body o f  water 

0, ( k , m )  o u t s i d e  the  body of ~ a t e r  
% 

I t  i s  iiow a p p r o p r i a t e  t o  d iscuss  the detailed formulations o f  

k , m ) ,  F(k,m and H(k,m).  These are developed i n  as  
s imp le  and p rac t ica l  a manner as possible i n  the absence of d e + ? i n i t i v e  

F i e l d  roeasureme~7ts. Subsrquerrt studies may i-equi re a t  t e r a t i  ons e f  

ti3ese f 0rmlJ7 a t  j ens, 

Iner t  -i a o f  farib~ard nloveffrq -- --*-------- 

Assume the f i s h  is a t  p o i n t  (i,j) and i t s  preceding l o c a t i o n  was 

t -  - i B 4 - & g  ( i 5 a )  

- 
and where 6' and E '  have The game range: o f  valvcs as 6 and E [see Eqs, 

a Ti-ien 1[1<,jli whi.i5ii k and rn are g i  ifen by Eqs. i a , l l r ) ,  is a 
conditions*! prababil i t y ,  $3 



-P 

i he ba rs  rep resen t  a b s o - l ~ t e  ues of the enclosed differences, Pile 

q u a n t i t y  C can take  on one of f ive  different integer v a l u e s ,  f o r  each 
of w h i c h  i (k,m i s  assigned a different va lue ,  e 4 ,  as repreientcd i n  

1 

Eq0(18) d 

where Lhe cons lan t s  e; are chosen sn t h a t  e p > ~ 2 e p e 4 >  
I 

eK The nlodel f i s h  -is likely t o  can t i nge  i n  the .;am@ genei-*aP di f -ec-  
d 

4; a t i ~ r i  because i(k,ml is greatesi-, when 6 = 6' and E = E '  - 

- i Tempcr;lture tertii, 1 ( k  ,m) ---- My----.-""--*-- - 
Assume the  F i s h  has a preferred temperature, TEMP . fhc tempera- 

" 28 
P 

tur-e a t  p o i f i t  i,j) i s  defined as TEMP(i,j,. Def ine  th.2 a b i i i l ~ t e  

6 i , f-8 -  . , ee-;.~e+ ,! ,. .- between the  temperature d t  ( i , j  and  the opt? iilal Le!!!per atul-e 
?iB 

by d e l ( r  ,j) = I I - E M P  ! h e n ,  i f  k,m) 'is a neiyhbouifrg 

pain: ; ~ f  (i,j'), we de f i ne  the temperature e f f e c t ,  1- 



Disso l t jed  oxygen term, DO(k,m) 
.--__I----m--_F*l_. -- 

We have ~a i n f o r m a t i o ~ ~  on the existence of a "'preferred" 80 level, 

buv";her~: is e\ijcfgnee on a j n j m ~ n !  to le rable  'levels. Def ine  by DISOXmin 

the minimurn t o l e r a h f e  level and by DPSOX(i,j the dissolved oxygen 2t 

if t h e  f i s h  i s  i n  a region i n  which the amount o f  dissolved oxygen i n  

t he  watpr  i s  above the  minimum tolerable  l i m i t ,  then DO k,m) = 0 f o r  

a l l  values of k 2nd m a  The canstant S is  a measure OF the strength Ca 
o f  a v ~ i d a n c e  by f i s i i  OF low dissolved oxygen levels. 

Fucd a v a j i a b i i i t y  terms, F ( k g )  ---- "- -------- ----- -+---- --.T"-- q-2----- 
,rissune t h a t  ti.rfre are q regions i n  the  bsdy of waLet6 t h a t  are 

a t t r a c r i v e  i;o -fish b~caus ; !  of i i i y h  food a v a i l a b i - 1  i t y .  Me assume t h a t  

i i 1 k 2  t . ' ! t~s~; i  t l - ies~ to the ci.:rrent position o f  the F i s h  vdill exert 



e x e r t  sofoe a t t r a c t i o n  on t he  f q s h ,  Define by d, (i,j the level of 
4 3  

-%a 

- 

habitaflfvorabi 1i-Q ai; point (i, j Ihen  i f  (k,m) i s  a poirl t  neigh- 

"" D ine computer program c o n s i s t s  o f  a MAIP4 PROGRAM and th ree  subrou- 

t i n e s ,  SUBROtlPlhE RANSE'T, F U ~ I G T ~ O N  IIRP,ND, SLIBROllTlNE B L O T  and 

SUBROUTINE W f i - f ' ,  

The MA l r J  PROCRriM f ' j ,*st  reads i n  t h e  input d a t a ,  which descr ibed  

I n  Part A h e S ~ b ~ ~  ar?d 'ch2r-i prints i t  o u t  (see Part B ,  below Ti2ere are 
ways -ir? ~jh'!ch d a t a  on temperature a i ~ d  d issc ; l v i ld  oxygen can be 

lt:l-ed ; 62 i Li~er. by spec *if y i rly e6s.i; y r i d poi vjt va 'I ;el;, or  by us i ny 
mai;hemati ca? fur:r;ei 20s ~ X P ~ Q S ~  the i r  s p a - t j  a ]  var-i a t i  on. As 
cxjmple of' t i e  1 afie-, ~ e ~ ~ p ~ r 9 ~ t u r  m i  girt  be g - i v c ~  by the . F u ~ c t i o ~  

C 



"5" wi3jf-i-i 3~-e o g l o t t e d  i n  f i g ,  4. i he peaks and p l a t e a u s  i n  t h i s  f i g u r e  

roprescnt regions of h i g h  food s v a i l s b i ' r  i ty .  Similar fl;n;:tirtr.l~ are 
used t o  descr+ibe h a b i t a t  prrf erences. 

1u-1 i i i ~  i n p u t  d a t a ,  the usey specifies hclw many f i s h  are r*eieased 
tt random l o c a t i o n s  i n  t he  body sf water and how many s p a t i a l  steps 
i : " ~ : ~  8re a l i o ~ ~ e d  ta  take,  The user a l so  chooses whether or ncit the 
p a t h s  o f  the f i sh  are t o  be p lo t t ed .  If they are no t ,  only the f i n a l  

posit . ions o f  the f i s h  w i l l  be sliown by a d o t .  The user can illso have 

eke ~0rnpu.ter p r i n t  out  isotherms, i f  desired. 
=- 

! he pmgram f =i r s t  random1 y selects ,  usi ng a pseudo-randon: numbei. 
seneratar,  the p o s i t i o n  and d i r ec t i on  o f  motion s f  the Fish.  There- 
a f t e r j  the movement o f  the f ish  from po in t  La p o i n t  on the g r i d  i s  

determi ned by the  pseudo-random number generator, i n  carnb-ination wi th  

+ ' s ~  L$S% t r ans i t i on  pr~babilities, wMch a re  compu'ted at each step, Pij,kw' 
Inforrfjatian on the paths  and f i n a l  p o s i t i o f i r  of the fish i s  stored 

f o r  1 dj;&r p i ~ i  nL j n y .  

The  only purpose of SUBROUTINE RANSET and FUfdcT** iON URArjD t o  
generate pseudo-random numbers on t he  interval  (0,4). These subrou- 
ti0.s have been describzd elseYdhere (McGareh and I r v i n g ,  1975) and se 

w i l f  not be dfscussed here. The t-ype of simulation .that uses a pseudo- 
rar;dom n~rnber generator i s  i~mrplonjy re:erred i-a 8s a fdante Car 1 0  sirnu] a- 

t i o n ,  SUBKCJII'TINE Pi.O?T handlei. the p l ~ t t l : i ? g  0f the o u t l i n e  of t h e  body 

of' water ,  w h i l e  SUKP,OUTXfjE HIST p lo t s  a h-istoyram of t h e  P i ~ j a l  t e l i i i ~ ~ t . i * ~ -  
~ u y p  d $ ~ % r $ b u t j o n  of f j sh ,  

Tkie cumpeter program 3s i:learjt to i,2 very generdl. if .I.ia,lyes i n  

t/?c* program are oecessary, h~wevrr.,. the d~cunrefi tat i  oil ~ i :  pruy r i j m  

bzlow sfjod'ld bc2 complete ei i f iut ih t o  i-.i~ablc the user' to make ti.iesr: 
t;fld<iyes 

.", Ihe ~ l ~ a c ; i c l d ~ r  of  c,eci;Sari cons is i :s  : + f  ;- d ~ s c r * * i p t ; o ~  of the 

dii"., .i iriput c;arnds ( Part A) t;I-je Y.f ijteil ~!il.[;ii$ of ile pregr$.in ( i P L , i * ~  3) , 
30~) ;: 1 i 5 t - j  q ! ( g  Q ?  * 

3 !.he :. r)iilpijteifi jiuoyrairt ( P o r b t  C) . I i i  tiie user i s c a t  i i , 
t crie 1 u i p  o f  : ; i t &  pu{.cjr*;,:;8 i s  f!qiiioris+Li-ated i,y incans of '  5onlp ti-i;;] :.jiiji:f;?- 

r (' 

! i G , t " l $ . .  





*- A 
----4 

I n p u t  parameters: NMOR, NVEK, NREG 
F o r - d f E a t *  4 ' f5 

PiWOR = number of horizontal g r i d  points 
= nurfiber of vert ical  g r i d  po in t s  

; number of envir-onf~ental regions (usually there w i l  l b e  only two; 

,the body of wa te r ,  and (2 the surrounding air  and l a n d  

F+ dap..d B 
P 

i n p u t  parameters: NREGP 
~rfil a' e 

t.4 0 
15 

.,- a N R E G P  = the number sf p o i i ~ t s  j-irte to be dpi;wn t o  def ine the 
a g .  1~uii;idary of t h e  body o f  water 

Card Set C 
*a*-<-v--<--w%.+ 

!np~t par-aineters : (kRRaYX( 11% I = l ,  PJREGP 
-+ -- r 6 F w - ~ i a t :  /k , id6 i ' - l  

= the h o r i ~ c n t a " !  coordinates of p o i n t s  on t he  l i ne  d e f i n i n g  

the boundary o f  t h e  body o f  water 





18 EG - number o f  dixFf2rent environmental types along a givtzn l i ne  of 

rJ -i [j $*% (3 -" C f i  2 9 i t i L 3  

ZBEG(X) - the horizontal coordinate of the f i r s t  g r i d  p o i n t  of" a 

p a r t i c u l a r  environmental  type along a g iven  horizo~1:al l ine 
IENU(1) = The horizontal c~ordinal& of the l a s t  g r i d  p o i n t  of 8 

par t - icular  eovironmental t ~ ~ e  along a given horizoi l l :al Pine 
TI! Pg= l i i L ( l )  = a numerical l abe l  at tached to each environmental type t o  

distinguish i f  f rom others 

Card F ---"- 

i n p u t  p~rameters: ITEM, IBISOX 
Faynrat:  215 

ITEFi = 0 i f  s p a t i a l  temperature d i l ta  i s  given  by an eqga"con i n  the 
p r-0 !g yao2 

= of' s p a t i  31 temperature d a t a  i s  read i n  p o i n t  by p o i n t  
1 0 1 ~ 0 ~  - j~ s p a t i a l  dissolved oxygen is g iven by an equat ion  i n  t he  

pro9.a-am 
-. - 1 i-f s p a t i a l  s201ved oxygen d a t a  is read i n  p o i n t  by po in t  



Inpij4; [jarameters : mi)XblIN, COXF@R 

Farnratr 2 E 1 Q - O  

30XMIPi = m i n i m u m  to lerable  dissolved oxygen level f o r  f i sh  
3' $ P" b0X1-m = a t t r a c t i v e  force of higher dissolved oxygen levels on fish 

c a r d  K 
---*--- 

i n p u t  parameter : IIFDOD 

Fo-s..mat: 1% 

NF(IOD - niimi;er of cen te rs  of h igh food a v a i l  ability 

Card I, -.--- -- 
I ripu t parameter a FDNGT 
Format; E 1 O e O  

FDAICT 2 f o r c e  of a t t r a c t i o n  of food availabil i t y  on f i s h  movements 

ca rd  Set M 
..".----- -- ,---- 
I l l pu t  paraljlel;ers; F D N ~ M (  I ) ,  FD&LP(I F B B E T ( I ) ,  FDTQ 

F o ~ m a t :  5E%0,0 
f--qjpi [ j p j  ( 1 ) 

EDALP( 1 1 parameters d e s c r i b i n g  s p a t i  a! distributions o f  

F [ ]~E"T ( I  J = &- j sad a b o u t  each of the centeris s f  %sod 
F ~ X " I ( ' ; )  

k 6 avajiabjl i t y  see Eq,  24 and T a b l e  1) 
F ~ J C ; ( P )  

Card N 



C2rd S e t  
-- - ----- 
I r i p u t  ljrirameters HBNiJi4j I), WBALP 

Fcjyqiat: sEIQao 
HB@UM(~) 

biBAi. P ( 1 ) pararrieters descr~i bsi ng the spa t i  a! distrib~uti on 
o f  habitat favorability about  the  h i g h  haibj ta t  

H g I q ( 1 )  f a v o r a t i l  i t y  centers [analogous t o  E q .  (24  

p - 3 - i  ~ d l ~ c ) ~  I] ' 5 ee2 Table 1 f a r  definitions) 

P - . V B ~  t.,:. S e k  .,Q 
---- --- 
E n p u t  paramelers : RES I ) ,  I=I,NREG 
For*m~$z 7F10,O - .- 
R E S ( ~  j = boundary crossi n y  f a c t o r  causing f i s h  t a  remain i n  the body 

o f  water] 



-- i c p u t  parameters: I E M L ,  TEMH, lEMINT 

Foyrfjag: 3E10,0 
- "li" 
i I-, p i  1, = miniixum isothernr t o  be p lo t ted  
-. G * t  ll iEr4i-i - maximurn ic,otherrn t o  be p l o t t e d  

1-lr;'MXW-r - .: yi j  d t h  of  j &ev-vabf be"s,?;lieen jssthek-mzr; 

Par t  6. Q u t p ~ ~ t  
*- 

!he printed ou tpu t  consists of two parts,  F i r s t ,  the i npu t  d a t a  
9- 

55 p r i n t e d  o u t  ( F i g ,  6). jecond, schemata OF the body o f  water i s  

p l o t t e d ,  i i i t o  wirich F i s h  p a t h s  ar spa t  .i :l popu ia t io r t  d i s t r i b u t i o n  are 
f=) 1 0 -;- 9 3  - 

.L.B ( F i g s .  / and 8 The p l o t t i n g  i s  done u s i n g  t h e  DISSPLA r' 

graph its package integrated SuFtware Systems Corporation 1976) which 

i:; a v a i l a b l e  a t  nrdliy c~iiipiitcr iristiii l a t i o n s ,  Programfning changes would 
t-, # 

UE nt.iesidrby t o  a d a p t  the program t o  other graphics packages, 

p a y - t  Coiiipri tei- pi-ugram d e t a i ' i  s 
i he cornp-I ete ccjiiiput~r program -1 i s t  i ng i s  pri n t c d  i :? t h e  Appendix. 

*The coirgzent cards  interspersed throiiyh the program sholald enable the 
u5i:i. t o  ~ i ~ d t . r . s t i i ~ d  i t s  ytii~eral 3es i  gn, However, sonie add4 t i  onal 

ialafiene-, inay he ustifu] . 
' l a  The ai-rGr:ys dimensf o:lcd t o  permit a maxirn i lm o f  90x60 g r i  ti pcrints 

.?+ , I P st pre%;.nk ihi; can be i : i ~ ; ? i ~ g ~ ~  -1-f desired, 
4"s 

,, C;;rjica] r+ui: lj j . : p ~ u * . ;  i n g  500 f i s h  1:akes atlout 3 minutes o f  CPU tiine 
i i i  ~ 1 1 ~  !Bi.il jG(I/gi coliip!iterb, cltllotigh t i i i s  cii;inges t o  somi? extpnt.  as 

iZ$' 2 ' 5 i t ,  * y i  Tile GO s t e ~  ~ases less 

i; i.!;l i i 230!< o f  corr~pu t e t  cor-e. 



F"lXkJ%HlnUY T3&ZWF+B&E D I S S O L V E D  O X Y G E N  EEVTL,  D$SX&XB = 2= @ooal 

F O i j C E  &TT@&CTerQN J i f G N E R  D I S S 6 L q E j )  O X f G g $ !  LEypL$ Z.Z O , Q  

pa" t J g c , . , k i i ,  e Z e l =  343 CROSS2 NG PACTCES,  R E S  Q%j C, 001 0,0111 

V A ] , ? J E ~  P Q R Q A R D  E t J E W 2 l & ,  EP'ZZk :- 3.16, 0 ,  $63 U , ' g O  8 , o  
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aF simu?a*ted motions of two -fish initially placed a t  points A and B e  The assumed 

s ... wF-.--r39r-*.eep r. 
: .-u -i:emp~;-zture js -- ; igP QI m 3 : 29 ,O"C and the Force OF temperature a t t r a c t i o n ,  pT, i 5 1 a 0 for case 

- 53-c f ~ k *  cssE B e  - d 
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't'able I. i s  a compilation 0-f t he  p r i n c i p a l  FORTPAN var- iables  i n  the 
- compL;ter prccjram, i tre equivalent mathematical symbols, aP any, acd 

de ' f ini t ions are g i v e n  as well. 

TRIAL SIPTdLATIONS 

The fundsinentai q i r e t - i o n  t h a t  must be asked of' t h i s  model i s  how 

accurate ly  i t  can s i ~ ~ u ' l a t e  the  movementr, of i n d i v i d u a l  f i s h  and t h e  

s p a t i a l  d i s t r i b u t i o n  pa t tev r i s  of  r~opu* la t i ons  o f  f i s h .  There is  not  

enougfr d a t a  on ei ther  of t i l ese  phenomena i n  n a t u r a l  environments t o  

a l l o ~  yaranieters For; a mode3 to be thorouqh'iy tested.  However, 

l aburatoi-y exper i lnentc provide some d a t a  ori f i s h  d i s b i b u t i  ons i n  

er;v-i ronments -i il ivhi ci-j only irheymal e f f e c t s  are i m p o r h a t  c,. We sha l  l 

focus  on the 'cher!naSi i n f l  .ic?:lces on the f i s h  i n  our mode'! and on ly  

briefly note t he  other f a c m a r  finflueace f i s h  distributions i n  

%;pace 

F i  s h  Mosverrre~?&s 
*-- ----4 -***- .C.------"---w-= 

Consider the reservoir p i c t u r e d  F i g ,  7, w i t h  only  the 

ceniperature g r a d i e n t  assumzd t o  have an e f f e c t  on t he  f i s h .  T h e  

temperature isoclines ar2 q i i ~ e n  by E q i  j ? ? )  and the remaining pdi-3- 

r l ie ters of t h ~  model are g i v e n  i n   tab]^. 2. a si f i lu la tcd f j ~ i . ~  i s  p l aced  
* c 

iri the rt:sf:r3dair a t  t hc  p o s i t i o n  A; i c  nlirves, w i ; t i t  a i d i r  ainuunt of 
> - -  - n - .  

n?in;irr4iiijl t ~ i i a r d  t h ~  [3iqcl  t i  P - d r . u  L. !he 

hi i io~l i l t  UI nlear~tier iilg can be Ge~rease~f by i ncress i r q  the force o f  .tile 

ieinpeu.aturat. y r d d i  errt on the %i sh n:oveii%?ili:; t h a t  i s ,  by inereass ng 

i j  -r Nherr p, i s  -iriey-eased fy:~ia p,- = 1.0 t;o yj = 5 U n j  and a f i sh  
I 1 T 

js i.i,]i+jrr-d a t  pojrjt M, i t  irloves mct;'e dirr-:c.t i j r  towat 'd the  preferred 

teiiipi-i- ;it ul i.. 



Strsrase affray f o r  ksr*ir.on t a i  cook-di nates oC 
i sa$heimrn cdrves f a r  l a t e r  p l o t t i  wg 

S-toyage a y r a y  f o r  ve~"i'ica7 coordiiaates tf 
isotherm curves f o r  laser  p l o t t i n g  

Scotedge a r r a y  f a r  barf zontal caoiadi nates of 
s u l l  ine o f  body s f  water 

S t a r age  d w a y  for  ve\"tical c ~ w d ~ n a t e s  OC 
outline s f  body o "  water 

D i f f e r e n c e  betb~een the dissal ved oxygen % eve1 
a t  t h e  current position o f  the  f i s h  a n L ~  i t s  
minimum t o 3 e ~ a b S e  dissolved oxygen level 

Difference between d i s s o l v e d  oxygen level a f  
any o f  the nex t  e i g h t  posslhle p o s i t i o n s  s f  
the f i sh  atqd i t s  miwimun~ t o f e r a b t e  dissslveb 
oxygen 7 eve7 

Reasure o f  the strength o f  the inertia o f  
F ~ r \ q a ~ - d  m~venant o f  the f i sh 

DQ(k,m) Wt,ttmactlni? o-f p o i n t  (k,m) or, f i sh  because o f  
the  diffepence i n  the dissolved oxygen level  
frai?;a t ka  t s f  t h e  curiMtnen& Iscatlion of  the f i s h  

DISOX (k,n?) Strsi-age array f o r  d i  sso% ved oxygen l eve1 s 
aloa:g sorne g iven  h o ~ i  montal f ine, k 

BlSOX(.i ,  j 1 Level o f  dissolved ssygen a t  the  curl-ent 
posjtisn s f  the f i sh  



I- 3 1- t k' -, '3 a t !  Dimension Mathematical 
y ~ ~ ? * j a b ' j  2 (jf aj-yay) ~y;ilbo 3 

"r 2 "V' ' . , , * l i l t  

Astr-acti we farce  05 l -~ighet-  d i  SSOI  VZC! ~ x y ~ e n  
3 eve1 on P-i sh movements 

Iqinirnum tolet-ab3e d i s sa l  ved oxygen 1 eve2 
f o r  f i sh  

S t r e n g t h  of Bsrhqrd inertid s f  .fish 

Pat-anleter desca-a"f.it.~g t h e  s p a t i a l  dis t i l - ibut lon 
of faad a b o u t  e a c l  o f  the cerr ter~ 04: Food 
a v a i l a b i l i t y  (see E q .  24) 
Force of dttraction 0 %  food ava3laFility on 
F i  sh movements 

Para~!zetei- descipibirlg the s p a t i a l  distributicn 
of food a b o u t  each o f  the centers  o f  food 
abga i l abc l i%y  (see E q .  24) 

Psrairietev. (d7orizonri.a ! coordii iate)  descr-i b-ing 
the s p a t i a l  d i s t r i b u t i o n  o f  food abaut  each 
o f  t he  centers o f  food availability (see Eq.  24) 

Sane as above definition (vertical coordinate) 

Fai-zmeter describing the s p a t i a j  distribution 
af  f a v o r a b l e  h a b i t a t  about  each s f  t h e  centers 
OF food availability (see Eq. 24) 
A t t r a c t t o n  s f  p o i n t  ( k , r n )  on f i sh  because o f  the 
difference i n  food  avai%ability froaj~ t h e  current 
lacation (i , j )  

Measu~e of t h e  amount of food avrilable to t he  
f i s h  a t  i t s  euri-ent l oca t i on  

Heasuk-e o f  t h e  amount 3f  i ~ ~ d  available t o  f i s h  
i n  i t s  possible n e x t  Joza t%%an  
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Nusnber aP steps i n  space t h a t  each f i s h  4s 
a5 1 awed t.0 Lake 

Number of vertical g r i d  1 Snes 

Bour?dau.y c l -os ja?g  fac to r s  (caitsitlq f i sh  t o  
remain i n  the body o f  water) 
fiirifiay t h a t  s tores  harlzo~2ta8 coo rd ina tes  o f  
f isi.1 ~lca%;ernen%: f o r  l a t e r  ~ 1 c ~ i : L i n g  

Array t h a t  stores vetMtical tzosrdinates o f  
f i s h  movement f a r  l a t e r  plotting 

Di f f erence betk~een %empera tiare sf c,,urrent 
position a f  f i sh  and i t s  preferred tempel-atu~e 

Di fffes-ence between tempelmature o f  p0;rss-i bif e 
f i ex t  p o s i t i o n  o f  the f i sh  a n d  i t s  pt-eferred 
temperature 

At t rac t ion  o f  p ~ i r l t  ( k , s n )  on the fish because 
s f  "che d i f f e t eence  on te~tpei-atus-c f~-om i t s  
current p o s i t i o n  

"S"empera%urp.e o f  maximum isotherm ts be p l o t t e d  

& i d L h  o f  inUterva% s between i solherms 
*- lempejaature s f  minimum isotherm ts be p l o t t e d  

' T Force o f  at t rac- t ion OF preferred temperatui-e 
s f  f i s h  

Temperature a t  current lacat ion o f  f i sh  

T E M P ( i  ,j) Storage  arifl..ay fo?* temperature d a k i  z long 2 

g i ven  hob-izontal l ine ,  i 

TERp Pveferred temp@haakure of the f i sk 
P 

&j 9 l < f f l  
T r a n s i t i o n  prstrrabi P i t y  from g r i d  pe < r a t  ( 4  ,$I 
Lo g r i d  p o i n t  (k,m) 



Table 2. Paranieter values  For the exampie i n  F p  $ 9  5 

- -  - 

NDiOR = 90 NVEW -- 60 i.4REG - 2 
NRECP = f 7 





- -*----,.- ---------.-- --------.--- --~ ---pll_---_ll-- --- 

* - ifEM -- 6 IUISBX = 0 

TEE.IPA( I , J )  na t  entered 

DISOX(I ,J) , jot  entered 

, V R F  = 29,6 Im"i"'"' TEr4FBR = 1 "8 
P P ~ B ~  ~ ~ & * 4 I i 4  = Z e O  DBXFOW % 0 ,0  

NPbOD = 8 %DAT@Y = 0.C 

FDNUM(1), FDklP[I), FDBET(I), FDIQ(I), FDJQ(I) no t  entered 
NtlAB = 0 hBATCT = 8,O 

HSNU!!(I), HEALP(!),  HBBET(!), HPIQ(I), HBJQ(I) n o t  entered 

I I E S ( I j  ( 1 ~ 1 ~ 3 )  = 0.001, 0.001, 10.0 

E K T I A ( I )  ( 1 ~ 1 ~ 5 )  = 0.1,  0 .1,  0.1, 0,0, 0.0 

J X  = 98765 

N F I S H  :: 2 I"J$YEP % 206 

j p 1 , ~ ~  - a P S O T H  7 i 

L ~ L ~  = 1 6 * 0  T"  q 8  TEHH -- 44.0 YE M ~ H T  .;I 4,C 



1-o !;hi. prcf erred te i i jperatur*~.,  d j s t r j b u l i  on of f j s h  aftel.  200 steps 
f-, s i ~ ~ w n  ir; F i g ,  8, f o r  param2ter values g i v e n  i n  Tab le  2, except t h a t  

now &FISH = 500 and 1PLO-T = 3 .  I f i s  i r r t e r e s f f n g  t o  a t  h i s t o -  

"~yj .0 ;  3 describing the  percent d i s t r i b u t i o n  of - f i sh  about the  pr.eeferre8 

t ~ m ~ e r a t i i r e  af 29.O0i: ( F i g .  9 s ince  &h i s  can be compared w i t h  

Reyriolds and GasterlSn 1975 The agremene i s  not bad (3it;hough the 
jiiiidirl r e s~ i l t s  are more p e a k 4  arjd lack the  s k a d f n g  seen i n  t i l e  

exper iment ) ,  which i s  -j n d i c a t i o n  t i r a t  we have chosen a yeasonable 

set o f  parsarrreters fop our inadei ; however, other choices o f  parat~eter  
va l i i es  may g i v e  b % t t p r .  resu*]ts. 

- B @ e x t  we add i n  the e f f e c t s  a f  dissolved oxygen F i g  I), ,  -food 

a i s i l a b i - i j t y  
B "* changes i n  parameter values froom Table 2 shown I n  ! ab l e  3.  The u l t i -  

" "  $ mate average d i s t r i b u t i o n  of Pis12 i s  g r e a t l y  al ter"  ( f i i g .  111. 

'[he i i i ~ d ~ :  descr ibed i8 this report i s  desjyneci La sirnulate t h e  

n;ovfimcnts o f  i n d i v i d u a l  F-ish i n  a body of watpr and t o  predirst the 

s p a t i  a ]  p a t t  eras o f  a population o f  f i s h  :~nder tire irtfluerrce o f  

i~mper*ature, dissclved oxygen levels,  food ava i l  ability and habf t a t  
"""& "~)-f.lS"\ f-g%?C 
B be 8 -, + .  r he body s f  water i s  r~dpreseriled by a two-dimensional 

g r i d  of '  p c i i n t ? ;  ~ ; i L h  \+i.iai;i:r di.pt1.r and l o n g  i t u d i f i a )  a x i s  b e i n g  t\:i? 
courdinates, The simulated f-ish takes one s p a t i a l  iten a t  a tifile, the 

d i  g-ect< !,in t- a f  travel i ~ e i n g  cliosea bye ii pseudo-y,rartdorn illamhc2r gerrer*ator, 
t q 9 5 -  8-2 Alqi- \& @ 

r i i i ~  1 ~ 1 ~ ; ~  , c~y !;tie i n - i t v i a i  d i r e c l i o c  of rnot.jsf~ of the f i s h ,  as well as 
cc:;ljiirll;c I+ ti: C ~ i i i ~ ~ ~ r a t u ~ ~ ~  gradiefl-ts and tkie otbier fac to r r ,  mentioned 

dhoijp. Made'[ 01jP;:p~t D'/ ~ t t e d  j 2 9 ,%;;l,!js 

i f i i r :  mode'! is de; i yric:d ior4 i l l  p'l aiili-irrg anti i i v f i l i ~ a t i  n y  i;\.le 

" 1 ;  3 . , aiqry ijgd f i e l d  studies of' i'lp :- UPO ~ d s i l ~ ! ~ ~ ~  

a - ag-icj cIl jb.  i 3 ! L i - i L i j  1"E-SQ ,ipp 1 i c a t i o n  o f  the i~i0de-l :.n expprl irn,;:!? t l l  
*- 1.. ii.t.3 5; .;t i 2 ;  -if! ;i pr.2-1 i !~l i !arg .>r&g;., i.jnd tkre tjeiic:i~jpinerr!; (if i b ic :  mc;t-icI 

B 

;fij>,h-# *$j! ~ ~ f - f ' ; ~ ( " : ~ , j k j ~ ~  [ l { * t~f ! i t :~J i lp  !)""fJ[)i \ 4 j * i / )  1"4!:G: i:Qfit:j]jklcac*i !&~tjy!:* / ; I $ *  i q : 4 ! ! ; a " !  



p i g ,  9, \ j . i s t r j y ram o f  percent d i s t r i b u t i o n  of F i s h  ir! F ig ,  8 a b o u t  
the temperaskure of 29, o0C, 

v> 





F " f l  1 7  - 
i i 0  i i;e I 5 ~:p-j h y t j ~ r ,  of 500 f ish jnfluei~ced by temperature, dissolved oxygen, food  

-CI . q  E .  as%; ; ab: ; ; i;y anti hz:;:  ta-g f a v o y a j j  1 i ey in t he  rzserwoj r a f t e r  200 s b p s  ,. Parameter. va.1 ues are 
" - -  c-* v(2$ :Ti {z.i:jp 3& 

-dr 



Table  3. Changes i n  paremeter values Prom Table  2 .  relevant t o  t he  case 
shown i n  F i g ,  19 



7 .  P - i s  f- 1 ~ x 1 ~  Ie enough t o  t a k e  i n t o  account most of the  irfiportant f a c t o r s  

i n f I  uenc i ng  f'; sh movement, b u t  consi derable eff ore needs t o  be expended 
T ; SR 1 ,  c j i l ; l r i t  jfyi ng these fac - to rs ,  
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.----<----a --w ww- --?-.-- <--**-= 



APPENDIX:  THE COMPUiER PROGRAM 



DH 13Et4SIC?J G R l @  490,gO) , HFEG { U Q ) ,  E E R D  ( Q % g  ,TYPP& [QO) 
unaEasxsn  W R W X  ($81 , W R  ~f ( 5 8 %  
z2xnEgsaow  wow ["sos) , P V R  ( s ~ o j  , R E S  (nss) 
KJIfiEF4STCW I A  (46)  , % A { i $ O j l  h T T N D X  ( % 0 ]  
913E1" ;5%8tJ  W D I R ( h $ O ]  , B T R  f 3 , 3 j  , R D I R [ 3 , 3 )  , 8 8 % : { 3 , 3 )  ,WTLiIP ( 3 , 3 g  ,,V'{3,3) ,, 

1 5 J i V X  ( 5 0 0 )  , . % A V J  ( 5 6 6 )  ,SFWEST (11 , S P R E s J [ l )  
31 dEWS%O!? T G R  (903 SDP ( L B O )  A G R  91009 12cG ( Q + O j ,  ERTIEa (281 
D I a E H % I Q H  1TFEG{50jpITE%D[50f , TDR (3 ,3 ]  
D I f i E N S I O t I  T F M P A { I 8 0 )  , D K S O R  (WO) @ , P " v  [(3,3],BDR93,3),DBP{3.3] 
811 E E M S T f j p J  F D A L $ " ( 2 0 ) ,  xl;DBErT f205 , f D R ' S F  ( 2 O j  @PD$Q [ % 6 )  z F B J Q { 2 8 j  ,? 

3kfBAL.P (20) ,E IBRET$29!  ,I:B!JU'4 f 28)  , A B I Q  (20LtWBSQ{20) 
C rdEWS96H TZES&'tp f ?  00) 
CfJHNON/FTHBLK/MFIN,'9-P'F*EGP 
C B B E O b / k i f  &%OKp; ;PX SN 
COwRC3kJ/DFAgJARFiAY 34 [ 5 Q B  G O $ ,  W P P B P Y  (50,509 
CO%WOW/TI%&R!5/KX,KB ,tGPPT$P 

C 

c 
6 
r- 

C , , , ,  AE.4D E N  T H E  hlBPfBER OF @Ji?IZOWTAL A @ D  6 E 3 T T C R Z  G R I D  PCTNTS 319D TbjE 
C Haj.ff8EB QF DTSTEtJtCT R R E &  T Y P E S  
c 

R E A D  ( 5 ,  TBO(S]  "IdirfOR, VVEF ,P.PiiEG 
3 O B Q  FORHAT id i~&X5j  

%2AIZTE ( 6 , 2 0 0 0 )  
2000 FBWZAT g 1 H 4 , 4 0 X , a g  F I S H  HQt7 E E E N T  I t 4  A BBDP 3 F  

6.lkITE $6@2fJf& 1 )  b W V E R ,  % R E G  
2004 F o e a k r  g % i f  ,SX, V J U P l E E R  OF' ;.IOF;TZOHTWY, G R I D  P83.?3f 5 ,  FJfl6SN = " ,I!?,$/, 

3 B X ,  g N f j F B E s  OF VPRTXCRL G R I D  POINTSp  NVEW ; Pb15,//e 
rn QX,gHU4hbEE2 OF E@VSIRdHHZW'?"f i I .  R E G I O E S ,  N Y E G  = e,l5,/s"/'] 

c 
$",, , , , , L E A D  It4 kailC):,s t : ( 3 ~ ? 3 l N h  39 T H E  OlJT,Z NE 8P T E E  BODY O F  UWTER ( IO?JCI? 'WDE 
c v e  a s u s  u ~ r r ~ f j  
e 

R E A D  (5,4080j N R E S  P c 
I ?Z 3 
F E A E  { 5 ,  t 0OQ)  ( R N i < A Y X ( I , G !  , J = % , M " r Z E G F j  
r:E::nBjQ!?, 46304% (hF! 'A'slY (1.J) , j l = ' i ,  P R 3 G P j  



% o o Q  FQRPIAT [ 7 E 9 0 , 8 )  
c 
iZ 
C , , , , , F . E h 3  $ E  C X D S  SPECJPYTW; WnPCn f -S&BSTAT EACH Gi?Z f3  P O I N T  B P E Q R G S  TO 
C 

DO 30 J=1,NVEW 
f2EP1D (5,10833j Z R E G B  { X B E G g L )  TZMD (1) TYPE @ b = %  B E B E G )  

T'8381 F O R H A T  ( I % , 8 x , 6 f 2 1  z , F 5 ,  7, 7x1 1 
DO % I - . S , I W E G  
IF = E E E G  {I] 
%E - I E N D  (1)- 
DO 5 E = I B p I E  
G a x Q g K , a )  -- * l n P E g x j  

5 C O N T I H U E  
$ 8  COHTIWOE 

$: 

C 
c,, , , , ? P A D  I N  i T " e = o  A H D  TDISSL=O I F  ' C E ~ " ~ P E R A F T U X E  A B D  B T  S S O L W E  Q O W Y G E M  A R E  
r" 

9r D E S C R I B E D  r3Yia";WTHG E.IATE C A L  FIftiCTICa'WS &WD ITEPI ;=I  A N D  I D I S O X 9  I P  "HEY 
%: A P E  S F E C T F I E E  F O I N T - R P - P O I N T  IV S P A C E  
C 

RFAD ( 5 ,  '90001 ' X T f ? ~ ~ , f D T  SOX 
IF y r x a  . EQ, I )  GO T P  12 
WRITE (6 ,3002P 

2 0 0 2  r " O R R A ' %  $4H , 5 X , " E B P G P A T g R E  '15 D E S C P I B E D  8 9  & E B T H E f i A T E C A Z  FUYl :TIeH 
, % / I  

60 TC 9 Q  

1 2  CONTTtdGE 
V F L T E  ( 4 , 2 0 0 3 )  

20154 K 3 W % B T  (42 , % X ,  8TGf3PEPWT'UrRE I S  P E A D  fN G R I D  P 3 T k l ~ - F i Y - h a P P D  P O I  STF ,// 
3 1 

% &  C O N T I H U E  
I F  {rarsox , eq, 1 1  GO fro 76 
aP I T 2  ( Q , 2 0 f I & )  

200Q POT;i4AT("c ES,SW,sDfSSOX,VFS! CIXYGGEW AFlGt'WT'SS D F S C R l B E D  BY A HWTREI.~ATXCW 
9 L PU NCT%ON \, //) 

GO TO $ 8  
3 6  C Q i J T x % @ E  

R P I T E  [ 5 , 2 0 8 5 )  
2605 F O R B A T  ,SX, @ D I S S O L V E D  3XX'GEH W 4 O U 3 T S  R E A D  I N  G B Z D  P O I N T - E F G G R T D  

1 P B % H T 9  , / / I  
3 8  COFJTINUE 

C 
6: 
C,  ,. , , R E A D  8 %  ' i H E  T E H P E R A T U F P  V A L U E S  IzaT ZACH G R I D  P O I N T  
C E I T H E R  PROPI T B W T  BWTi'"lBR A t 4  EQUF*TTO% 
c 

DO 2 5  9 = 7 , 2 J V E B  
5 P-j ;: J 

rE f x e n  .eQ, o~ S Q  T'P'O 22 
F E A D  f 5 ,  I O O Y )  [ T E V P A Q I ~  e ~ ~ 4 p  ;<ma) 

2 2  CBNTI tJUE 
DQ 2 5  Z = l J H H O W  
% $  2 1 
.Xy[x'IEH .EQ, 0% 3 0  TO 223 1 

'TEMP 2 T E f $ P A [ I J  
Go TO 284 

23 CDFZrfItd O E  



E!O 30  I - I B & f j Q g  
1 F  Q I T E R  .g EQo O j  GO TCt 28 
BOX = D H S B X g I j  
eo TO 252 

a%z rc;nrxfi4a~ 
5'3 .- 9 
DOX - 1,8 + O , ? * S S  

23 C C M T I B U E  
LDOX - B O X V ~ Q ,  
BOX =: LDOX 
BOX = t,$*DBX 
G R I D f I , J )  = C % I D { 1 , J j  + 0 ,  Q609BO"a"i;DQX 

30 f O t i T I I 4 U E  
c 
Cee,,.FEAD 13 OPPjlXEhL TEPPY3WTIBPE A K D  I T S  ATPiiRW2TXVE EFFECT OW PHSH 
C 

RF3E ;kg5,4002) TFiFIPWP, TE?IFTsW 
WWPTE ( 6 , 2 0 0 6 ~  E E P R P ,  cr'E3FOE 

2 0 8 6  FGWBkT [SF% ,SX, & P E E P E R R E D  TER";PEFATURE, TEHPBP - @ , F I G 6 ,  9 ,//",6X, 
I2P8RCE QP ATTWACTIOH O F  PREFERRED TEHPEWATQWE, PEHPOB = @ ",P10,4 ,/I 
21 

C 
C ,  e e e sEiEAD X W  TSIE * iAEOE Oi: ?PEE H T N S  f3iSl4 TQLERADLE D I S S O L V E D  OWHGEW XrEVEE 
c F O R  T H E  F I S H  X P  ~ U B ~ F ' I ~ R  A ~ J T  TFIE F O R C E  OP  A T T R A C ~ ~ X O N !  Q H  H I G R E B  
C DI SSOEVED OXYGEN L E V E E S  
C 

R E A D  ( 5 ,  $ 6 0 r % ~  DOIH9F8",D8^b"F"0B 
WRETE{6,2n567) DCJXMP!4,D0EgP3W 

2007 FORHAT ( 9 M  ,5X,6141 SPEUM %O14&Xi",Ma,eVnl& 5SBI.VPD B T P G E g  LEVEL, BOXt!b$PE = 
' i i f ,  P38, Q , / / 4 " , 6 X , * P O R C E  OF R'T'T'MBC"IO8 O F  ATGI-SER LJXSSOLV'SED OXIGEtY L E V E  
a%s = 8 9 ~ m e ~ f / f j  

C 
f 
C,, , , ,R&.&E J E  C A R D S  SP SCIF  IB WS Ftli.: ':FrEGIB'S Q P  T H E  ATTR&CTXOiJ  OF FOOD 
C DISTRXEZITED TEJROLlGA 'IqZHE BOB'% OF PATEW 014 THE PIBBEMEN"," SF  F3SR 
C 

REWsS[5 , l hPOOj  NPf3UD 
F E A D  4 5 ,  f 6 0 2 j  "rDail'Cfi' 
W E I T H  p j g 2 0 @ r 8 )  EDWTCF,  3 m39 

: i O O t  PORWIIT [ l B  ,5X, *FC)RCE OF A'r'I"ZtWUTICtJ UP CiREE.,'lik9i k%OB A V A X L A B I L T T Y ,  P 
SD&";"T -- " , P f Q , U , / / , 6 X ,  qNPr36D = g i y 1 5 u , / / j  
- 1 k 5  .m { ! J ~ O @ D  ;j ZQ, 6) GO #r'P st5 
MRTTE (6,3889) 



2809 YOHRWT $lkl g12KyVBBB3D DISC? . 'REBDTEO% C O E F P I C T E f B T S \ , P , 6 X B s P % i h ' L l f 1 6 B B f 2 X d  
I*FBALP\ I?2W,  V P D B E T B a  7 2 X B  D F ' D T Q o P  1 3 K P  'JgjQBf$  

W3 3 5  1 = I g k 3 F O Q D  
R E W D ~ S , W O ~ ~ ~  F D N U P I ~ I ~  , F D A L P ( I ;  , P D B ~ T ~ T ~ , P Q X ~ ~ I ~  ,msBeq 
@ B I T E  I6,"%?98) PBWUFI (I) , P D A L P [ T $  , P D B E T ( I )  , F D T Q ( I )  , P D J Q  [I) 

2030 TQRE4ATdlH ,EjX,6(&45,8,2W]) 
35 cs;gTPN%r"B 
3 6  430"TIBOE 

c 
C, , , , , B E h Q  114 C A R D S  SESEClE'Yl W"srHE &FPE:CTS OF  T H E  ATTRACTICN OF' HABITATS 
C I& T H E  BODY O F  W W T E  0?4 THE kli3V%EEkdTS 8P F X S R  
6 

U F E T E g 6 , 2 8 % B ]  
202s  FORH9.T [ f j  

PEAD {S,lr3QO] A H A &  
R m s  C A D  { S ,  40E52Q HBWTCT 

$VJ&ITE (6,2032) HBATCT, N mB 
201 % F6RB"iB [ ? H  , S X , & F B R C E  GF  ATTRgCTTON OP H W B I T k T  FWEFERFNCES,  HBATCT 

" F 3 0 U 4 , , / p a a  6 X B  8 H A B  a a 15,$If) 
IF ( n w m  ~ E Q -  08 GO TIF 41 
WRITE (6,20il$ 

2 0 5 3  F6RWW1F [ f H  , ~ ~ X , W A B L T A T  DIST?EFUTfON C6EPff,TEWTS',/,6X,"Mk3WQRB, 
I 4 2 X ,  WBFILB', 4 2 X ,  3 B E l E " r  P B  ? 2 X O a B B E Q @  Z 3 X @ ' i 3 B J Q e 8 / )  

DO Q 6  T=l ,WBFaB 
8 E h D  (5,tSr"82) WRMUE.5 f T )  , iBAKP{I ]  , I l B B Z T { I ]  ,k !BfuQf)  , B B J Q [ Z : )  
~ ~ " e ' " i d . 6 ~ 2 ~  501 s s ~ c i d  , B I B  @np?ar,p ( 6 1  , ~ - ~ B B E T <  r: ,nsrQ ( m j  ,nB%s 

& O  COKTTNOE 
ir 3 i : a t ~ ~ ~ ~ ; b ~  

I"., , ,, B E k D  X H  RBtYi:EJ..RP C P O S S I H G  PACiT1"QR5 K Z E F I H G  FISH I& THE BODY rfP K l i T f R  
, 

R E A D  { f ; , f 0 0 2 g  f E E F  (I$ , J z l r N R E G j  
I862 FOEBAT P(7E38.0) 

MRITF: (6,20201 
2 ~ n ~ r z e 1 % j ~ 2 ~ 1 3 )  ( ~ E ~ ( X L I I = I , W R E G )  

r r. b u % 3  FOAMAT ( S N  , 5 R g g R Q ' l ? k ' C B a R Q  C R O S S I M G  FBCTlfRfr;, R E S ( I ]  = @ ,4 [ F 9 , 3 , 2 X ]  , / P  
4B 

URXTE $ 6 , 2 8 2 6 )  
': 
i: 

I$" 

c 
C , ,  , , ,pk:AE) Z N  *THE ' I k ~ t F f T X A V V R P ~ U E ,  g3R TEPdUEBCY T O  COtJT9 8gU E b O B i N 6  TH SWffE 
@z 96 f..ECT 
C 

WEAD(5,?t)02) ( E P 7 ? H 4 ( I )  ,%=9,54 
k-rnraj2e{6,"jlsj { E R T ~ A ( T ) ~ L = ? ~ ~ )  

281Q FPBR,klAT$tH ,5X,V?A LUES @ Pr3KHAWB It .cEt lT%A, E R T I A  \,5QFB,2, 5x1 ,/I! 
+ 

%: 
c 
C,, , , , & t i & U  Ti8  R A h i D O k !  M"t?iir3KR G E N E l i A r f S j R  % f J I T I A L P Z A T % B M  
C f i f g $  XfBLTIATES e j U B R " C r U Y 1 b i E  RAi4SET B V Q  SZIJ!JLZ? B E  % + E F T  A p t  TfIE V A L U E  F3E4;Oi.j 
C 

rjz k~ $5,109i~) 
QRZTEb&,2QIS) li u 

20.15 n''Oflt!AT g l H  ,5X,V?P,NGii^1cl N l l d B E 3  IB'JTfl ihYOR, %X " "15,$/3 
fjfid = 2347dt8366b'7 



~ ' R I T E ( ~ , ~ o ' ~ $ )  MPZSM, % S T E P S  
2016 P O R H ; . R T ( ? B  .SX,@NUWBER CP P X S R  1 %  anDv OF w r z e ,  Nrrse = @J5Jf@ 

16%,  @ I I O A B E E I  OF STEPS  ERCA PVSII I S  ALLOMEU T O  P A R E i r  WSTEPS = @ # 2 5 r  

c 
9" ,,.. .,HEAD TP&O?z"l 1 F  F Z S N  PATHS % 9 E  T O  BE PLOTTED, PPZOT=O OTNERgTSE 

c 
C,,, ,#,k?rAD n4 S_SGTf-j=cl I S Q ' I ; H E R f i S  A P E  TO B E  P I .WTE&,  i S O 2 - 0  OTHEB@ESE 
C 

RZAD ( 5 ,  "u000) T O E O T ,  I S D T R  
I F  ( % B L O T  -!&E, G Q  T O  Q s  
B ~ T T E ( ~ , % O I ~ ~  

2 0 4 1  F o R ~ ~ w T  089 ,SX,@PISW PWbFrS,S A R E  PLOTTED8 , $ ! 3  
f45 6 0 t Z T B 8 V Z  

ny / s soTs  A E ,  13 G O  r o  $7  
3 R E T E  44,20 28: 

2018 HDRBWT [*tK , 5 X , ' I S Q T % E R i %  A W L  PLUTTPDa ,Pfj 
@ 3 M 7 1 X I l U E  

C 
C, .. . . P E k D  1% T H E  8lNIEDN A N D  H & X I " i l i @  SSofHER%S TO BE PLOTTBI), AS '*'ELL AS 
zZ: T E E  TE@PFW#TQWE ItITERVWLS BETgEE14 TEEB 
C 

$ F [ X S O T E  @ E Q B  O) G 9  TQ 5 9  
B E A D  {S ,49@@) TEHJIEgTEwHLIFEE f % T  
WRETE{6,%0$9] ' E E L , T E W H , % E i 3 I N F t  

2019 P O X R A T  ( I B  @ 5 x s  ~ B I N T E : ~ ~  I S S T R S R ~  PLOTTED,  m n L  = a ;F P O .  Y , / / ,sP, 
3 W A X X R O  R I S O T R E R E  PLOTTED@ TEE38 " ' r F + ? O u  g $ a $ / 1 6 X F  
2 VDT E ' I R H G E  BETVEEW 1 SDTHbRBS, TRBHgF = @ s F ' # O B  & @ / / )  

C 
c.. . C H ~ Q S E  ~ N T ~ I R ~  p ~ ~ f  ~ I O " d k l i B  S E N 5 3  OF D l B E C T l O M  O F  T H E  PLSN RQEiDOHEP 
%; 

6@ C0@"6-'Tl3E 
is'y = 1 
MBXS" = 0 
S H Q R  = KHQW 
zvgfj O- BVEW 

6 5 c o ~ y  I tjo e 
= GPAND ( D U 3 P j  

Dl& = SBji3tZ""sD 
1) = UW&NB ( D U t 3 y $  
D" = SVFWcD 
fSTQ"Y" " 



S S T R T  - 
%PASF - ISF@,T 
,33!\ST J S T R T  
SAVi gBS'd'2 = E T E T  
S W V e J [ X $ T $ j  = J$TRT 
D - !JWA!dD (DOF4P)  
pgwe - @ $ 2 5  
Df2 3G f..'i.,3 
Go 30  3 ~ 3 ~ 3  
-- -> L {Z . FQr  2 ,AWB, 9 .EQ,  2)  G 8  TQ 80 
.# ~ * %  

A P  f D  ,329, T P  WC) G O  'TO 85 
P ~ W C  = xsme .125 

630 COM"L'PdBE 
8 5  C O % T I @ U E  

r,DW -. 1 
JDA - J 
IFWE% r: ISTWT - 2 + ID$ 
J P W E S  z SSTWT - 2 + J D R  
I F  {GRYIC ( Z S T R T o J S T R T )  . L T ,  2,fs) GO TO 6 5  

c 
C 
&, , , , , % P G % N B P % G  BF T I H E  PTERWTTQN 
c 

108 CQ!i%I%$OE 
e 
C,, , , , D E T E R E H f J F  C O R B E B ' S  SE13PEWATgEE A H D  D I S S O L V E D  OXPGF:F 
m 



?'!a C Q N T I R U E  
3 % 5 COgTXF3OE 

e .  
r , ,  , , , D ~ T E ~ ~ ~ ~ J E  CGRBETiT H W B I  TAT H & B Q R A B % L I T Y  
C 

I F  [ @ H A B  .EQ.  0% Go TO 136 
H A B  -- 6 ,0  
DO 2 7 5  - P=? ,?JfTAEa,B 
~ 1 3 ~ 1  .: g a s  f s ~ p ~ y s  - ~ 3 1 ~  g x l g  
Dnsr~J = A B s l s J p a e s  - R E J Q ( T ~ ~  
exPARc - ~ x a  { -as3  ~ ~ f x g  r ~ ~ s l r x  - a a B E T  ~ I ~ @ D T S F ~ ~  
HWE = 3 A B  + RE:m!$ [ Q  a E T P A R G  

9 1 5  COBTXt4EE 
116  CQfdTIWOE 

C 
6 
C,, , , ,CALC$SLkTPOW O F  THE EPEPFYT'%S QP H ? J Z m P &  OF' F B B g A P D  E2T9.024,- THE E F F E C T S  
c OP T Z E F E R W T U R E  A E D  D L S S ~ L ~ E D  C ' t l G E t 4  GRWDXEHTS, B & D  THE I ? d F L 0 2 # C E  CP 
C SPATPAL FaOD DISiGPfF2UTIQH $.:.LD M A B L T A T  PWEPEWEHCBe 
e 

DG 2 6 0  1 = f p , 3  
DO 260 9=1 ,3  
XPI - IPWES + 1 - 2 
921 - J F R E S  47 J - 2 
SZPX = E P E  
S J P I  -' 321 

C 
@- 

L , ~  ,, , , I R E F T X  k E F F E C T S  
C 

sx Ss 1 
SJ .. 4 
S I D E  -- I n % W  
S J D R  --: JDR 
6' - ABS (51--5 I E B ]  + B R S  ( S J -  SZJ'DW) 
EP QC' *6%, O 0  Q )  GO TO T23 
S E R T  -- 
G 3  T O  929 

423 a P g c  .GT,  3 , o j  :,o 773 1 2 ~  
BERT -- 2 
GO " 7 2 9  

124 T P { C  , G T ,  2 , Q )  GO TO $ 2 5  
ZEWT - 4 
GO T O  429 

1 2 5  I F [ @  ,GT, 3 ,O)  $0 7'0 125 
P- -.l b e R T  2 4 
G 8  "L'T 129 

C C E  B ~ D  XFfG , G T ,  Q60j Z Q  2U 127 
XEB$ =; 5 
GO TQ 229 

123  wwr = s 
1 2 9  CObjTIVOE 

o n a % n , & l j  =: e n " t P j i i x F 8 T g  
C 
C , ,  , , , R % ? l @ E h B T  EPYFCT5 
1:: 

I:.T.'[xP$ Y ~ k O  ~ ~ J R O H  c i O a w  S P I B e i ; E 6  N V E P )  68 %U Q Q  
If? (TpX * L E I  6 - O P ,  J F p P  , I,@*- 0 )  GO TO 6 6  
I @ M % D F  .; CE:TDQIPLt '%Pa")  



B D T i X e 9 )  - B X S & % G R I E P )  
C 
C 
C,, , , , E F F E C T S  O P  F O O D  &%%%ACTZQW 
C 

IF(E4FQQD . E Q ,  0) GCl TO 243 
FOOnC3.A " o * o  
DO 'lQ0 R=I,BPOOD 
D X s T I  RBS{STPI - P B % Q [ R ) )  
DISTd -- AESgSJPX - FgJQQR] 1 
EXFWWG -. EXP {--PDALPtK) "BZSTI  - FDBET (K] + B I S ? J )  
FOOD&= F O O D A +  FD3OR ( R j  "ZWFARG 

7aO COF4TKtdDE 
IF gFosa$* , LT ,  ~ o o ~ j  GO T O  I $  1 
F D B [ I , d )  = PGRTCT 
60 4 Q 2  

% f 4 3  COt4"ERUB 
P B R ( E , J )  = 0,8 

1 Q 2  COtdTTHVE 
C 
C e  e e a * E F F E C T S  OF BREHTAT P P E F E W E t j C E  
e 

I P  { K W R E  .EQ,  8 )  GO Ti? % I  
H A B A  - f8,0 
DO 150 R = 1 , W H A B  
e l s m  - wasCsnpx - MernQgf(;j  3 
snsn% = p.ssgsaPn - R B J Q ~ K ~  1 
EXPWWG -= EWP ( - k ! B W L P ( K j  *DESTT - H E B E T g K )  *DIs%J$ 
Efi t iR--  W4BW.5. H B f d D H  (K) *EWAWG 

350 C O N T I N U E  
IF ( H A W A  . E T e  HHAB) GO TO 157 
n m  i ,  , J )  = WBATCT 
GO 'PC1 352 

1 5 1  C O l i T f  !4aP 
W D R ( E b J )  = O 0 0  

152 C Q H T I ~ ~ ~ E  
C 
e , ,  , , , T E f i P E B A T g R E  H i D  D x S S P L V E D  FiXYta;Eti EFFECTS 
C 

T D W f I , J ]  = 0 0 , 0  
"- %. I r  {GRXD BI P?, 2 r b t  . G T c  3 , O j  GO TO 'a88 
'_PERF = [ G 3 9 3 j ~ B I ~ 3 P l . ~  - r ) ,& t ]*"$Q60 ,  
LTEM ;r- 

STEE = L&"Eq 
D$Jx .: (TERP-STEB) f~ 3Qt3, 
GO '20 185 

TBfj C O R T x N U z  
rEi3p ( G R I D  ( sEhaeJPa ]  - 3 , Q j  *1008, 
y F r -  i , i '&B TEHe 
S T E b  k'1"ER 
DOX = ( IEHP-E";TELi)  * 1 0 8 w  

"185 CQlZTj;NOE 
*rgtyp = O , l d T E f i P  
"1 o i F F X  &BS (TEMP- TEA PQ P )  
D D L F P A  = D 8 X  - D O X H I M  
I F ~ T D E F P A  - e r ,  mnrlq GO T O  i b ~ "  
TDlq By, J) .S TPRcmB 
G$31 " 0  151 



1 4 0  CONTXt4QE 
m R g n , s j  =: 6,s 

'!9$ COHrZYMQE 
I P $ D D I P B  ,GT, O , Q )  GO TO 3 9 9  
B D R [ X , J )  = 0,O 
%P(DDLFP& .LT, 8 , Q )  @a T O  79% 
DDW { X , J j  = DCXP3R 
60 TO 389 

795 CO?4TEdU& 
D D R { P , J )  - 0 , 0  

?94 CBWTEiJOE 
2 0 C  C Q g T 1 l l u E  

c: 
C 
C,, , , , U S % B G  THE WBQVE CWI.CZ'LATIOWS $0 OBTWfR THE P R O B A B I L I T I E S  POW "9'ME 
r- - DXWECTfOB 8P THE F E E T  S T E P  EA@W OP T B E  EE%GH"%PesSSIELE D%RECT%63$8 
c 

vsoa -- 0 , 9  
DO 2 8 0  X=1,3 
B@ 210 5=4,3 
V' { X q G J j  = [ l e O  + TDQ $I@%) e DIP ( $ 9 J )  + DQW 4 T B 3 )  + FEW [IpS] 

2 s f4 r . a  (1,s) 1 = e w  t ~ , sg  
s ~ g x  B z i ~ B  2 R W H D s  J . E Q *  2) Go TO 210 
51%0E = V S U R  + M f T , 3 ;  

210 CORT%N!JE  
I UWpaND { D u B " f " j  

PER = 0,0 
138 2 5 0  2 = 9 , 3  
?jO 2 5 0  J=L,3 
E P ( I  ,EQ, 2 * k H D ,  J , E Q ,  2 )  6 0  TO 245 
PER = f V { g ' S 8 J ]  /aag"S0!9) =+ P I 3  
IF {X GT, TEA] GO T 0  2 l95 
60 TO 251 

2 4 5  CBt4TT%OE 
256 CBtiTE2JUE 
259  C O N T I N U E  

XP -- P P R E S  
J P  = J F R E S  
BPRES = HPWES - 2 + 1 
J P E E S  = J P R E S  - 2 9 
IpWST = P P  
JPAST = se  
I D R  -. 1 
IIDW zz 3 

C 
c 
C , ,  , , ,@QKp3TXMG ";RE D% S T F % R U n O P d  OP FP4A 
C 

jJDHSP r WD%S*f 4- 3 
r r ( g D a s T  *@T,  I . ;"STEyj$ fyj T O  280 
I P ( 1 P R E S  , L B ,  6 , O R ,  SPRES . S E ,  Qj 60 TY3 28G 
P y [ I P B E S  , G T ,  r lMf3R .OW, ,ItsRES ,GT, tJ2EBg G O  T O  280 
5' - ;.-- + 1 , .:, gr? 
S W Y ~ ~ X " ;  =: I P i 3 E S  

[ xSa ; i )  z J p B g S  
;",O TI? 100 w 

280 COtri'l 'lNQE 
P? = =.Ub,VPau[DUr4P) 



pz  .= ijWBZ$D ( D g 8 y j  
S X F  s $ P R E %  
ssp -- J P R E S  
S p R Z S K  $11 = S I P  - 8 - 5  + P I  
S p R E S J  ( $ 5  " S,'JP - (3-5 4. F 2  
CALL B h W R E R  ( $ 1  
CAE& $ C L B H @ f ,  9259 
C h L L  CUEBE [SPBESI  ,SF4RE5JJl @-I$  
t4Sy z z  -.sy y 'j 

T E 6  = 
Do 285  P = 8 , 8 6  
'r'Ef4P'S;V = T&F; "; 0,s 
IF { T E U  ,KT, X E H  5 1 ~ ~ p  m P ~ P  * G T -  T E n p E a j  GO 130 2 8 ~  
r;l A k . _ n s ~ v < x l  -z r z  - ~ ~ a s j ~ v q ~ j  + % , a  

2 8 4  CBMTINUE 
TEg = Z E Q  s f2,S 

285 CGWTEHUE 
SF { $ B L O T  ,2Q,  0)  G O  To 2 9 0  
C A L L  C Q W V E $ S A 8 I , S W V 9 , % S B p 8 )  

298 C O B T I R O E  
I F  (NSV , E Q ,  WPXSR) G O  3063 
GO T C  6 0  

300 C O B T I R U E  
C 
C e e rn e ,PLOTTXFG OB I SOTHER85 
C 

-7 - ik f i  - TEHL 
3K = [TZHH - T E H L L f l P S I t 4 T  
KB I 1 
BQ 490 8=2,!4K 
Sd I"-: 0 , Q  
RA --: 0 
DO 350  J = l , t d V E R  
Sd - J 
WBGT -- (k36080O,- [ 6 * ( 3 " 5 - 5 5 , )  f S . * 2 + l O O O O ,  ) STEX]  / QTE&-j%O. 8 )  
IF{WRGT . E E ,  8,O) G3 T O  3 2 0  
%I ;- 8 5 ,  -* S Q L T ( l i P W )  
I F  { S X  .kT, f - 8  .OR, S I  , G T ,  30,6]  G O  T 0  320 
I .: 31 
I F  { G w I L s  {'I,%) .%To 2.O) 2 0  TTQ 3 2 0  
R R  - K.9^A 9 3 
A W A X  { X A ]  = 51 
Alr;ala = ss 
Gf'J TJo 345 

320 C&3*TIW OQ 
IF ( a h  - .EQ,  0 )  GO T O  340  
CALL C U R W  f F s & & X r W P i c P B K A , O )  
El% = cl 

'-- A E  + 7 
3 Y  U CO t4 T 9  24 0e 
3&5 (."BWff I@@jj 

%-2 - SJ + 4 , Q  
3 5 Q  CONY L H U E  

xT$b% - :E$! i I E R D N T  
UOQ C O N T T N a Z  
40 3 COt4TLkJUE 

1731,j tagpf f i  3 b  
': 

C A L L  DCltjEPL 



c 
C ,  , , , , pLOT$xI:C TEBPLWATUEE WISTOGPb-% 
C 

0 ~ 2  3 DO 500  L = 1 , 3 Q  
p r  6 %I 6% ! 2 500 COlJTXiJD6 
~ ~ i 3  car,k axsa g.-9Easwvj 
GeS,? @ CALL DQkjEPL 
0 & ? 5  ST op 
0&16 EP 3 
















