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INTRODUCTION.

A t  t h e  r e q u e s t  o f  t h e  L a k e  E r i e  C o m m i t t e e ,  t h e  G r e a t  L a k e s  F i s h e r i e s
Commission provided partial support for a Lake Erie fish community workshop.
An Adaptive Management workshop was held on the campus of Bowling Green
State University in Bowling Green, Ohio from 21 June to 25 June 1982.
P a r t i c i p a n t s  l i s t e d  i n  A p p e n d i x  A , represented var ious  provincia l ,  s ta te ,
a n d  f ede ra l  f i she r i e s  agenc i e s  a s  we l l  a s  s eve ra l  a r e s  un ive r s i t i e s . This
workshop represented the second in a series of Adaptive Management workshops
sponsored by the Great Lakes Fisheries Commission. As part  of  i ts , .
responsibi l i ty  to  fac i l i ta te  communicat ion among Great  Lakes  f isher ies
biologis ts ,  the  GLFC invested in  a  t ra in ing workshop a t  the  Univers i ty  of
British Columbia for Great Lakes Fishery Scientists and in computer hardware
to be used in the workshops.

Adaptive Management is a communication and problem solving process
developed by Drs. Holl ing and Walters  and thei r  associa tes  a t  the  Univers i ty
of British Columbia. The workshop, which i s  repor ted  herein,  i s  only  one
part  of  the  Adapt ive  Management  process . T h e  f i r s t  p h a s e  i s  a  s c o p i n g
meeting in which a  cl ient  group and the  workshop s taff  define a  problem to
b e  a d d r e s s e d  i n  a  workshop  and  deve lop  a  l i s t  o f  i nv i t ed  pa r t i c ipan t s .  I n
t h i s  c a s e ,  t h e  c l i e n t  group  was  t he  t he  Lake  Er i e  C o m m i t t e e ,  a n d  a  s c o p i n g
meeting was held in Sandusky, Ohio on 25 May 1982. An intensive workshop
fo l l ows  and  i nvo lves  po l i cy  makers , managers  a n d  t e c h n i c a l  s p e c i a l i s t s  t o
add re s s  a  p rob l em o f  conce rn  t o  t he  c l i en t  group .  A spec i f i c  ob jec t ive  o f
the workshop is to develop a simulation model appropriate to the problem.
The cons t ruc t ion  of  th is  model  provides  an oppor tuni ty  to  a i r  conf l ic t ing
i d e a s ,  t o  i d e n t i f y  impor t an t  r e s ea r ch  needs , and to explore various policy
o p t i o n s . F ina l l y ,  t h e  w o r k s h o p  s t a f f  c o n s o l i d a t e s  t h e  w o r k s h o p  a c t i v i t i e s
and model to prepare a report to the client group, and the workshop staff
and cl ient  group meet  again to  review progress  and possible  future  work.
This document, therefore, is a record of the Lake Erie Fish Community
Workshop held from 21 to 25 June 1982 as well as a report to the Lake Erie
Committee.

PROBLEM DEFINITION

As expressed in  i t s  Task  Group s t ructure ;  the  Standing Technical
Committee of the Lake Erie Committee has three main areas of concern:
Walleye rehabilitation and management in Western Lake Erie, Yellow Perch
Management ,  and Lake Trout  rehabi l i ta t ion  in  Eas tern  Lake Erie . Many issues
underlie these main concerns, but  those  involving the  de terminat ion  of  an
endpoint  for  Walleye rehabi l i ta t ion and the  problems and uncer ta in t ies  of
quota management seemed most urgent. Given these  i ssues ,  the  Lake Erie’
Commit tee  chose the fol lowing problem s ta tement  as  the  focus  of  an  Adapt ive
Management workshop: What  are  the  consequences  for  the  f ish  community  and
f isher ies  of  var ious quota  management  pol ic ies  for  Walleye,  Yellow Perch,
and White Bass in Lake Erie?
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PROBLEM BOUNDING

The problem statement selected by the Lake Erie Committee was the
s tar t ing poin t  for  the  workshop. Many in terpre ta t ions  of  the  problem
statement were possible, and the purpose of the problem bounding exercise
was  to  achieve  consensus  on an approach to  solving the  problem.  The f i rs t
step in the problem bounding process was to decide upon major areas of
emphasis. Three areas of emphasis emerged as most important to the workshop
p a r t i c i p a n t s : quota derivation procedures ,
a n d  d e t a i l s  o f  i nd iv idua l  s t ock  dynamics .

s tock and quota  in terac t ions ,
To understand the scope of these

a r e a s ,  t h e  p a r t i c i p a n t s  n e x t  d e v e l o p e d  l i s t s  o f  p o s s i b l e  a c t i o n s  t h a t  c o u l d
be taken to  manage the  f ishery resources  of  Lake Erie .  A summary of  these
a c t i o n s  i s  g i v e n  i n  T a b l e  1 . C lea r ly ,  f i she ry  r egu la t i on  i s  t he  cen t r a l
a c t i o n  i m p o r t a n t  t o  t h e  pa r t i c i pan t s ,  a n d  t h i s  a c t i on  emphas i s  c an
accomodate many different  kinds  of quota  der iva t ion  procedures  or  pol icy
goa l s .

As will be illustrated more below, actions form one of the bounds on
the  kind of  s imulat ion model  tha t  wil l  be  produced by the  workshop.  The
model  must  at  a  minimum be able  to  accomodate  the  ac t ions  most  impor tant  to

t h e  p a r t i c i p a n t s . S imi la r ly ,  t h e  k i n d  o f  o u t p u t  o r  i n d i c a t o r s  o f  t h e  m o d e l
are  equal ly  important . T h e  i n d i c a t o r s  se l ec t ed  by  t he  pa r t i c ipan t s  a r e
l i s t e d  i n  T a b l e  2 . Again measures of the performance of the fishery
regulat ions  are  qui te  important ,  but  more  general  environmental /contaminant
measures  were a lso suggested . Given the  t ime const ra ints  of  the  workshop,
howeve r ,  t h e  pa r t i c i pan t s  ag r eed  t o  l im i t  t he  mode l  t o  t h o s e  i n d i c a t o r s ,
necessary to  judge the  consequences  of  f ishery management  to  the  f ishery and
the fish community. Additional bounds on the model were obtained from a
discuss ion of  the  appropr ia te  spat ia l  and temporal  resolu t ion  of the  model .
The par t ic ipants  fe l t  tha t  a 20 year  t ime hor izon was  suff ic ient  to  detect
major  t rends  and tha t  annual  or  a t  most  biannual  summaries  of  the  indica tors
would  be  su f f i c i en t . D i s c u s s i o n  o f  t h e  s p a t i a l  s c a l e  w a s  l e s s  c o n c l u s i v e
and ra ised some impor tant  i ssues  for  fu ture  a t tent ion. The se lec t ion  of
i n d i v i d u a l  b a s i n s  a s  m i n i m u m  g e o g r a p h i c a l  r e s o l u t i o n  d id  no t  s eem too
c o n t r o v e r s i a l ,  b u t  i t s  su f f i c i ency  t o  r ep re sen t  ma jo r  i n t e rba s in  mig ra t i on
w a s  q u e s t i o n e d . Important  forage species  such as  smelt ,  for  example ,  have
substant ia l  migrat ions  between bas ins , a n d  i t  w a s  s u g g e s t e d  t h a t  s e a s o n a l
d i f f e r ences  i n  Wal leye  d i e t  c o u l d  b e  a t t r i b u t e d  t h e s e  m i g r a t i o n s .  B e c a u s e
o f  t h e  c o m p u t a t i o n a l  d i f f i cu l t i e s  t ha t  cou ld  a r i s e  f r o m  a  m u l t i p l e  b a s i n

mode l  w i t h  s e v e r a l  s p e c i e s ,  t h e  p a r t i c i p a n t s  a g r e e d  t o  l i m i t  t h i s  i n i t i a l
i nqu i ry  t o  a  s i ng l e  ba s in  geog raph i ca l  r e so lu t i on ,  b u t  a l s o  ag reed  tha t  t h e

mode l  s h o u l d  a l l o w  f o r  p o s s i b l e  m i g r a t i o n  a n d  s h o u l d  b e  a p p l i c a b l e  t o  a n y  o f
t h e  t h r e e  bas in s  i n  Lake  E r i e . The initial model formulation, however,
would be for the Western Basin.

From the  problem s ta tement  of  the  c l ient  group and the  l i s t s  of  ac t ions
a n d  i nd i ca to r s ,  pa r t i c i pan t s  ag reed  t o  t he  fo l l owing  d i v i s i o n  o f  t h e  m o d e l
in to  submodels :

Walleye and White  Bass
Yellow Perch
Forage species
Fisher ies  and Quota .
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Table  1 . Summary of Actions considered by workshop participants.

Category Act ions

Fishery Regulation
*Set Gear and
*Limit  Access
*Set  Quotas
*Adjust Quota

User Groups

Creel  Regulat ions

Allocat ion among

Fish Community Changes

Environmental Regulation

*Select ive Removal  of  Less
Desired Species

*Introduction of Exotic Species

*Habi ta t  Protec t ion  and
Restoration

*Reduct ion in  Contaminant
Loading

*Reduct ion of  Power Plant
Impingement

Table  2 . Summary of  indicators  that  would be  useful  in  the  evaluat ion of
f ishery management  pract ices .

Category Indicators

F i she ry  S t a t i s t i c s

P o p u l a t i o n  S t a t i s t i c s

Community Statistics

Environmental

*Harvest
*Effort by Gear
*Catch per Unit Effort
*Mean Age of Catch
*Economic Value
*Fishing Mortal i ty  Rates

*Est imates  of  Standing Crop
*Estimates of Reproduction
*Size at Age

*Forage Abundance
-*Forage Diversity

*Impingement Mortality
*Contaminant  Levels  in  Fish
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Given these  submodels ,  the  f inal  problem bounding exercise  was to  es tabl ish
l inkages  among the  models . According to these linkages, each submodel would
receive specific information from other submodels and would be expected to
provide  specific informat ion in  re turn.  The informat ion l inkages  are
summarized in Fig. 1. The level of resolution of each of the submodels was
ul t imately  the  responsibi l i ty  of  the  group of  par t ic ipants  who chose  to  work
on i t ,  but  the  bounds  discussed above se t  a  minimum level  of  resolut ion.
De t a i l s  i n  submode l  de r i va t i on ,  t he r e fo r e ,  h a d  t o  b e  j u s t i f i e d  as  necessa ry
t o  t h e  ove ra l l  l eve l  o f  r e so lu t i on  of  t he  mode l .

DOCUMENTATION OF

Model  Structure

MODEL

For  convenience ,  a  common computat ional  sequence was adopted for  al l
submodels .  The order  of  submodel  execut ion and responsibi l i ty  for  ac t ion and
indica tor  accomodat ion i s  summarized in  Fig .  2 . The rules by which Walleye,
White Bass, Yellow Perch, and the various forage species change in time were
a l l  execu t ed  a s  t he  f i r s t  ope ra t i on  i n  t he  submode l . In  t he  f i na l  ve r s ion
of  t h e  m o d e l ,  a n n u a l  t i m e  s t e p s  were  u s e d .

Documentation of Submodels
Walleye/White Bass Submodel

Par t i c ipan t s : Baker ,  Hewett ,  Margraf,  Nepszy,  Piki tch ,  and Spangler .

S t a f f :  H a t c h .
.

Walleye Component. The Walleye submodel is an age-structured model with growth
dynamics . Five age groups  (0  to  4+)  were  considered adequate .  For al l  age
groups, only three mortality sources were considered:
was a function of consumption rate;

na tu ra l  mor t a l i t y ,  which
mor ta l i t y  due  t o  power  p l a n t s ;  a n d  f i s h i n g

mor ta l i ty . Natura l  mortal i ty  was computed f rom the per  cent  maximum ra t ion
c a l c u l a t e d  i n  t h e  f e e d i n g  a n d  f o r a g e  s u b m o d e l :

AP = AD(i )  +  0 .01*(1-AM(i) ) ,

where  AD(i)  i s  the  basel ine  natural  mortal i ty  (2 .0  per  yr  for  age 0  and 0.218
per  year  for  a l l  o lder  animals)  and AM(i)  i s  the  f ract ion of  maximum rat ion.
Harvest  for  each age group is  as  fol lows:

AH =  ( 1 - exp(-AZ))*UA(i)/AZ,

where  AZ is  the  to ta l  ins tantaneous  morta l i ty  of  the  age group and UA(i)  i s
f i s h i n g  m o r t a l i t y . Growth is calculated from consumption rates, which are also
determined in  the  feeding and forage submodel :

AS(i) = AS(i )  +AE(i)*AC(i) ,

where AC(i) is the consumption by age group i and AE(i) is conversion
eff iciency (assumed values  were 0 .307,  0 .2 ,  0 .18,  0 .15,  and 0 .11 for  ages  0  to





Fig.  2. Computational sequence of model and submodel responsibilities for :
Actions and Indicators.
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4+ respect ively) .

Reproduction and survival of YOY is assumed to be a Ricker type
funct ion:

AR = 45.3*AG*exp(-0.105*AG + 0.6*ZR),

where  AG i s  the  adul t  densi ty ,  ZR is  a s tandard normal  random var iable .  The
coe f f i c i en t s  were  o b t a i n e d  f rom reg re s s ion  a n a l y s i s  o f  h i s to r i ca l  da t a . Adult
d e n s i t y  i s  t h e  s u m  o f  d e n s i t y  o f  a g e  4 +  a n d  a  f r a c t i o n ,  A F ,  o f  t h e  d e n s i t y  o f
a g e  3  f i s h :

AF = ( -1  +  0 .004*AS(3) ) ,

where  AS(3 )  i s  t h e  s i z e  o f  3-yr  o l d s . AF is constrained to be between 0 and 1.

White Bass Component.
 submodel .

The White  Bass  submodel  is  very s imilar  to  the Walleye
Natural  morta l i ty  is  a  funct ion of  the  f ract ion of  maximum ra t ion:

BP = BD(i )  +  0 .1*(1  -  BM(i) ) ,

where  B D ( i )  i s  t h e  b a s e l i n e  na tu ra l  mor t a l i t y  and  B M ( i )  i s  t h e  f r ac t i on  o f
maximum ration for each age group. YOY White Bass are subject to predation in
the Forage and Feeding submodel, and the mortality for YOY is returned from
that  subrout ine . Both  harvest  and growth are  calculated as  in  the Walleye
s u b m o d e l ,  b u t  e f f i c i e n c i e s ,  B E ( i )  a re  d i f f e r en t  ( 0 .307 ,  0 . 249 ,  0 . 27 ,  0 . 22 ,  and
0.13 for age groups 0 to 4+ respectively).

Reproduct ion  i s  a l so  assumed to  be  a Ricker  type funct ion.  Parameters  for
the  Ricker  coeff ic ients  were obta ined by regress ion of  Ohio  DNR index data  for
YOY and adult White Bass. These values were converted to absolute densities by
u s i n g  c o r r e c t i o n  coe f f i c i en t s  d e r i v e d  fo r  Wa l l eye  by  t he  Sc i en t i f i c  P ro toco l
Committee. Adul ts  were assumed to  be  age  2  and older  animals .

Yellow Perch Submodel

Par t i c ipan t s : Belonger, Cornelius, Hayward* Kenyon, Knight, Lahr, and Petzold.

S t a f f : Henderson.

The Yellow Perch submodel  i s  based on an age-s t ructured populat ion model .
To accomodate the wide range of maturity schedules observed in Lake Erie, six
age groups (ages 0 to 5+) were required. Growth is calculated from the
consumption rates  suppl ied  by the  Forage and Feeding submodel :

ES( i )  =  ES(i )  +  EG*EC(i) ,
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Fig .  3 . Flow chart for the Walleye/White Bass submodel.

WALLEYE COMPONENT

3
Compute Total Mortality and Harvest

Update  Densi ty  and Size

Compute % Age 3 Mature

Compute Adult Stock

Compute Reproduction

. 1
Compute Lengths

Compute Lengths

\1
Save Z
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Table 3. Documentation of variables and parameters used in the
Walleye/White Bass submodel.

VARIABLE

AA
A C ( i )
AD(i)
AE(i)
AF
AG
AH
AI
AJ
AL(i)
A M ( i )
AN(i)
AP
AQ
AR
AS(i)
AU
AV
AX
AY
AZ
A3

!:I:;
BG
BH

k!(i)
BN(i)

Kl
BX
BY
BZ              
B1
B2
B3

DESCRIPTION

Mortal i ty  Fract ion
Consumption by Walleye by age
B a s e l i n e  Natu ra l  mor t a l i t y
Walleye Convers ion Efficiency
Fraction 3-yr Old Walleye Mature
Walleye Spawning Adul ts
Walleye Harvest
F e c u n d i t y  f a c t o r
Size of Walleye YOY
Length of Walleye by Age
Fraction of Maximum Ration
Dens i ty  by  age ,
Ins tantaneous  Non-pred.  Morta l i ty
Ration Dependent Mort. Coef.
YOY Reproduction
S i z e  a t  A g e
Reproduc t i on  Coe f f i c i en t
r e p r o c u t i o n  Coef f i c i en t
Coe f .  i n  Leng th -Weigh t  Func t i on
Coe f .  i n  Leng th -Weigh t  Func t i on
Total Instantaneous Mortality
Std .  Dev.  of  var ia t ion  in  Reproduct ion

White Bass Mortality Fraction
White Bass Pred. Mort. by age
White Bass Consumption by age
White  Bass  Basel ine  Nat .  Mort .
White  Bass  Conv.  Eff ic iency
White Bass Spawners
White Bass Harvest
Size of YOY White Bass
White Bass Frac. Max. ration
White Bass Density by Age
White Bass Ins. Non-pred. Mort.
White Bass Mort. Coef.
Coef. in Length-Weight Func.
Coef .  in  Length-Weight  Func.
Whi te  Bass  Tota l  Ins .  Mort .
White  Bass  Rep.  Coef .
Whi te  Bass  Rep.  Coef .
White Bass Rep. Variabi l t iy  Coef .

VALUE

*
*
0.004
30
*
f
*
+
0.01
*
+
45.3
0.105
1.6E-6
.302
*
0.6

+
E
&
0.34
!
*
*
1.5
E
+
*
0 . 1
1.79E-5
0.34
it
225
.091
1.0

UNITS

U

ddyr

1/yr
U

U

n o . / h a
n o . / h a
1 / g
9
mm
u
n o . / h a
1 / y r
1 / y r
n o . / h a

9
U

h a / n o .
iJ
U

1 / y r

U

U

1/yr
dgh
1/yr
U

n o . / h a
n o . / h a
9
U

no. /ha
1/yr
1 /yr
U

U

1/yr

h a / n o .

*=  va lues  upda t ed  i n  mode l ; 2.= v a l u e s  f rom o the r  s u b m o d e l ;  ! =  v a l u e s  i n  t e x t
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where  EC( i )  i s  t h e  consumpt ion  (g / i nd /y r )  f rom the  Fo rage  and  Feed ing  submode l
a n d  E G  i s  c o n v e r s i o n  e f f i c i ency .

. with body size:
Convers ion eff ic iency is  assumed to  vary

EG = 0.2 - 0.0008*ES(i).

E G  i s  c o n s t r a i n e d  t o  h a v e  a  v a l u e  grea te r  t h a n  or  equa l  t o  z e ro .  Emig ra t i on  i s
a l s o  a s s u m e d  t o  b e  a  f u n c t i o n  o f  f e e d i n g  r a t e :

GJ = 1.55*exp(-10*EM(i)) + 0.05.

Harves t  i s  ca l cu l a t ed  as  t h e  propo r t i on  o f  t o t a l  annua l  mor t a l i t y  d u e  t o
f ishing,  and lengths  are  calcula ted as  a  power  funct ion of  body weight .

Reproduct ion of  Yel low Perch i s  a  funct ion of  body s ize  dependent
f ecund i ty  and  matur i ty :

EF = F A * ( 2 0 . 2 * E S ( i )  -  4 2 7 ) ;

w h e r e  F A  i s  t h e  f r a c t i o n  o f  i n d i v i d u a l s  m a t u r e  a t  s i z e  E S ( i ) .  M a t u r i t y
f ract ion i s  assumed to  be  1  for  animals  over  101g,  and increases  wi th  body
weight  for  smal ler  s izes :

FA = 0.0152*ES(i) -  0.5398.

Only 7% of  eggs  are  assumed to  hatch on average, but  environmental  var iabi l i ty
with a  log-normal  s tandard devia t ion of  0 .2  is  a  s tochast ic  inf luence.
F i n a l l y ,  a  s e x  r a t i o  o f  0 . 5  i s  a s s u m e d  f o r  c a l c u l a t i o n  o f  e g g  p r o d u c t i o n .

Forage and Feeding Submodel

Par t i c ipan t s : Dav ies ,  Forney ,  Ki tche l l , Pa ine ,  S t e i n ,  a n d  W i s s i n g .

S t a f f : J e s t e r .

The forage submodel has two components. Fi r s t ,  t h e  s u b m o d e l  c o m p u t e s  t h e
d y n a m i c s  o f  t h e  f o r a g e  u n i t s , and  s econd  i t  compu te s  t he  f eed ing  mor ta l i t y  a n d
c o n s u m p t i o n  r a t e s  fo r  a l l  t h e  o t h e r  s p e c i e s  r e p r e s e n t e d  i n  t he  mode l . These
components  wil l  be  documented  in  the i r  ca lcula t ion  order .

Forage Dynamics Component .  The or ig inal  in tent
develop a dynamic model for six forage groups.
represent  the  main forage f ish  species  (Emerald
Rainbow Smelt, Gizzard Shad, and Alewife) by 25

of the submodel group was to
Five of these groups were to
Sh ine r ,  S p o t t a i l  Sh ine r ,
mm size groups. The s ix th. .

group was zooplankton. Due to  t ime const ra in ts ,  the  dynamics  of  these  groups
was not completed, and they assume constant values during the simulation.
Abundance of  these  s ix  groups was es t imated f rom ic thyoplankton sampl ing data .
Estimated abundance by group (number/ha) was 5E5, 1E5, 1E5, 5000, 5000, and
10E6. B o d y  s i z e s  ( g )  w e r e  a l s o  e s t i m a t e d  a s  0 . 1 ,  0 . 2 5 ,  1 . 1 ,  7 . 5 ,  1 4 . 0 ,  a n d
0.05 . The only dynamics in  the “forage base ,” t h e r e f o r e ,  i s  t h a t  c o n t r i b u t e d
by YOY of Yellow Perch and White Bass and Yellow Perch yearlings.
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F i g .  4 . Yellow Perch submodel flow chart.

Compute Total Mortality and Harvest

Update Size ,  Length,  and Abundance

I n i t i a l i z e Harvest and Reproduction Terms

Compute Random Environmental Factor
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Each Age Group

Compute Reproduction

Compute Growth

Compute Emigration Rate

Store Z Variables
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Table 4. Documentat ion of  variables  and parameters  in  the  Yellow Perch
submodel.

VARIABLE

EA(i)
EB(i)
EC(i)
EF
EG

EL(i)
EN(i)

:;
ES( i )
ET
EV
EW
FA

FE

K
FP
FQ
FR
FX
FY
FZ
GJ
GK
G M
GN
GP
GQ
G T
GV
GW

DESCRIPTION

Natural  Morta l i ty
Predatory Morta l i ty
Consumption Rate
Fecundi ty  Coeff ic ient
Convers ion Efficiency
Harvest
Length a t  Age
Abundance at Age
F e c u n d i t y  S l o p e  C o e f f i c i e n t
F e c u n d i t y  c o e f f i c i e n t
Body Size  a t  Age
F e c u n d i t y  C o e f f i c i e n t
Mean Egg to YOY Survival
YOY Reproduction
Adult Abundance
Total Abundance
Convers ion Efficiency Coef .
Convers ion Efficiency Coef .
Conversion Efficiency Coef.
Weight  a t  Age 0 .
Length a t  Age 0
F e c u n d i t y  C o e f f i c i e n t
Minimum Fecundity Size
Maximum Maturity Size
Random Variable for Reproduction
Migration Mortality
Max. Migration Mart.
Min. Migration Mort.
Length-Weight  Coef .
Length-Weight  Coef .
S.D. of Reproduction Var.
T o t a l  I n s t a n a n e o u s  M o r t .
Morta l i ty  Fract ion
Harvest  Fract ion of  Morta l i ty

.

VALUE

!
f:
E
*
+
*
+
*

0.152
0.5398
*
427
0.0665
*
*
*
0.0008

Yii
1 .0

20.2
36
101
*
*
1.55
0.05
3E-5
0.308
0.2
*
*
*

UNITS

1/yr
1 /yr
ghh
U

U

number
mm
n o . / h a
1 / g    

u

9
U

u

n o . / h a
n o . / h a
n o . / h a
1 / g

i-
9
m m
n o . / h a / g

9
9
U

1 / p
1 / p
1 / p
U

U

U

1/yr
U
U

s= values  f rom other  submodel , ! =  v a l u e s  i n  t e x t ,  a n d  u =  u n i t l e s s



Feeding and Mortality Component. F e e d i n g  a n d  m o r t a l i t y  c a l c u l a t i o n s  i n  t h i s  
submodel  are based on a  mul t ip le s p e c i e s  d i s c  e q u a t i o n :

A(i ,  j ) = RS(i,j)*TS/(1 + IRS(i,j)*RH(i,j)*QN(j))
4
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where  RS( i , j )  i s  t he  e f f ec t i ve  sea rch  r a t e  o f  preda to r  i  fo r  p rey  j  pe r -day ,  T S
i s  t h e  n u m b e r  o f  d a y s  i n  t h e  growing  s e a s o n  per  yea r ,  R H ( i , j )  i s  t h e  h a n d l i n g
t ime  i n  days  o f  prey  j  by  p reda to r  i , a n d  Q N ( j )  i s  t h e  d e n s i t y  o f  p r e y  j .  I n
th is  formulat ion A(i , j )  i s  the  number  of  at tacks on prey j  per  predator  i  per
we The  e f f ec t i ve  sea rch  r a t e  i s  on  a n  a rea1  b a s i s :

RS(i, j) = QW(i,j)*SS*PL(i)*RC*RC,

where  QW(i , j )  i s  the  probabi l i ty  of  capture  of  prey j  by predator  i  given an
e n c o u n t e r , SS is  an area1 swimming veloci ty  in  uni ts  of  1 / (mm body length*day) ,
P L ( i )  i s  t h e  b o d y  l e n g t h  o f  p r e d a t o r  i , and RC is  the  v isual  radius  of  predator
i  f o r  p r e y  j . Q W ( i , j )  i s  a  f u n c t i o n  o f  t h e  r a t i o  o f  prey  t o  p r eda to r  l eng th :

QW, j) =  Q L ( j ) * ( P A ( i )  + P D ( i ) * P L ( i )  -  Q L ( j ) / P L ( i ) ) ,

where  Q L ( j )  i s  t h e  l e n g t h  o f  t h e  prey , P L ( i )  i s  t h e  l e n g t h  o f  t h e  p r e d a t o r ,  a n d
P A ( i )  a n d  P D ( i )  a re  c o n s t a n t s . V a l u e s  o f  t h e  c o n s t a n t s  d i d  n o t  c h a n g e  w i t h
age,  and the  PA(i)  and PD(i)  values  for  Walleye,  White  Bass ,  and Yel low Perch
were  0 . 5  a n d  - 0 . 0 0 0 4 ;  0 . 5  a n d  - 0 . 0 0 0 7 ;  a n d  0 . 5  a n d  - 0 . 0 0 1  r e spec t ive ly .  A
l i m i t  o f  Q W ( i , j ) > = O  i s  p l a c e d  o n  t h e  f u n c t i o n .  S w i m m i n g  s p e e d ,  S S  a b o v e ,  i s  a
weighted funct ion of  mean basin  depth  and average swimming speed over  the
growth period:

s s = 3.1416*1E-4*V/ZB,

where  ZB is  the  mean depth  of  the  bas in  and V is  the  swimming speed in  uni ts  of
m/(mm body length) /day. V i s u a l  r ad iu s  o f  prey  j  by  p reda to r  i  i s  only  a
f u n c t i o n  o f  t h e  l e n g t h  o f  t h e  p r e y :

RC = RV*QL(j),

where RV is a constant (0.0075 M/mm). RC has a maximum value of 1.5 m.
Final ly ,  handl ing t ime is  a  funct ion of  maximum consumption rate  of  predator  i
a n d  t h e  r a t i o  o f  p r ey  t o  p r eda to r  s i ze :

RH(i, j) = QS(j)*SA*PS(i)*SB,

where  QS(j )  i s  the  s ize  of  prey, PS( i )  i s  the  s ize  of  predator ,  and maximum
consumption ra te  is  assumed to  be  a  power  funct ion of  predator  s ize  wi th  SA and
S B  t a k e n  t o  b e  c o n s t a n t s  o f  4 . 0  a n d  - 0 . 7 3  r e spec t ive ly .  C o n s u m p t i o n  o f  prey  b y
e a c h  p r e d a t o r  i s  c a l c u l a t e d  n e x t :

P C ( i )  = 2(QA(j)/QZ(j)*RS(i,j))/(l  +  $ H ( i , j ) * R S ( i , j ) * Q N ( j ) ) .
4

I n s t a n t a n e o u s  mor ta l i t y  d u e  t o  p r e d a t i o n  f o r  e a c h  p r e y  s p e c i e s  i s

QU j> = f(PN(i)*A(i,j)),
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F i g .  5 . Flow Chart for Forage Submodel.
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Table 5.

VARIABLE

PA(i)
P B ( i )

%:;.

PL( i )
PM(i)
PN(i)
PS(i)

a’& j)
QL(j)
Q M ( j
QN(j)
QS(j)

$(i j )
QZ(j)
RC
RH
RL
R S ( i , j )

!I
SB
SN(j)

S P
SR
s s

Variables used in the Forage and Feeding Submodel.

DESCRIPTION

Basel ine  Preference Index
Summation Term
Consumption per Predator
Coef f i c i en t  fo r  P re fe rence
Length of  Predator
Fraction of Maximum Ration
Abundance of Predator
Weigh t  o f  I nd .  Preda to r
Dummy Variable
Total  Weighted Feeding on Prey
Length of  Prey
Basel ine  Morta l i ty  of  Prey
Abundance of Prey
Size. of Ind. Prey
Dummy Variable
P rob .  o f  A t t a c k  o f  P r e d .  i  o n  Prey  j
Ins tantaneous  Mortal i ty  of  Prey
D u m m y ,  V a r i a b l e
Handling Time
Maximum Visual Distance
Ef fec t i ve  Sea rch  R a t e
Coeff ic ient  for  Maximum Search Distance
Coe f f i c i en t  fo r  Hand l ing  T ime
Coeff ic ient  for  Handling Time
Abundance of Prey
Dummy Variable
D u m m y  V a r i a b l e
Swimming Speed

VALUE

*
*
*
s e e  t e x t
*
+
*
+

1E-6
*
*

0*1/yr
*
+
*
*
*
*
*
1 . 5
*

0.0075
4 . 0
- 0 . 7 3
*
1
1
9.0432E-4

UNITS

l /day
V

g/ind/yr
b1/day/mm 
mm
U

number/ha
g
U

g / y r
mm

number/ha
9
V

U

1 / r

day
m
ha/day/pred
m/mm
day
U

number/ha
a
a
m/mm/day

*=  va r i ab le  c h a n g e s  i n  v a l u e ,  u =  u n i t l e s s
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where  PN( i )  i s  t h e  p r e d a t o r  d e n s i t y  and  A( i , j )  i s  t he  a t t ack  r a t e  de f ined
above. Tota l  consumpt ion of  prey j  fol lows direct ly  f rom ins tantaneous
m o r t a l i t y :

QA( j) = (1 - EXP(-QZ(j))*QN(j)*QS(j).

Total consumption by predator species i  is then computed from its contribution
to  the  morta l i ty  of  each of  the  prey species  as  def ined above.

Fisheries and Quota Submodel

Pa r t i c i pan t s : Car l ine ,  Eshenroder ,  Isbel l ,  Loblaw,  and Paxton.

S t a f f : Koonce.

Bass,
Based on age structure and abundance of Walleye, Yellow Perch, and. White

t h e  Fi she r i e s  a n d  Q u o t a  s u b m o d e l  c a l c u l a t e s  f i s h i n g  mor t a l i t y  on  t he se
t h r e e  s p e c i e s . The  f i she ry  i s  a s s u m e d  t o  c o n s i s t  o f  t w o  m a i n  c o m p o n e n t s :  a
spo r t s  f i she ry  w i th  v a r i a b l e  ef for t  year  t o  year  a n d  a  we l l  r egu l a t ed
commercial fishery . By assuming tha t  commercia l  f i sher ies  can be  held  to  the i r
a l l o t e d  q u o t a ,  a l l  gear  t y p e s  c a n  b e  m e r g e d  i n t o  a  s i n g l e ,  hypo the t i ca l  ‘gea r .
Catchabi l i ty  in  th is  hypothet ica l  commercia l  gear  i s  then based on a  composi te
es t imate  of  vulnerabi l i ty  of  each species  and age group to  commercia l  f ishing.
Policy options may be explored for multiple species management through key
var iables  in  th is  submodel .
mor t a l i t y  l eve l ,

The  p r imary  ac t i on  i s  s e t t i n g  t h e  t a rge t  f i sh ing
and a secondary act ion is  the  f ract ion of  the  quota  to  be  .

a l l oca t ed  t o  commerc i a l  f i she r i e s .

Poss ib le  f ishery regulatory decis ions may also  be  explored by varying
c a t c h a b i l i t y  c o e f f i c i e n t s  fo r  t h e  spo r t s  and /o r  commerc i a l  f i she r i e s .  Fo r  each
s p e c i e s ,  q u o t a  e s t i m a t e s  a r e  b a s e d  o n  t h e  p o l i c y  f i s h i n g  m o r t a l i t y  l e v e l  a n d
t h e  s i z e  o f  t h e  f i s h a b l e  s t o c k .  T o  s i m p l i f y  c o m p u t a t i o n s ,  t h e  f i s h a b l e  s t o c k
i s  c o m p u t e d  a s  f o l l o w s :

FS =  f ( q c ( i ) * A +  ( 1 - A ) * q s ( i ) ) * n ( i )

where  q c ( i )  i s  t he  r e l a t i ve  c a t c h a b i l i t y  i n  t h e  commerc ia l  f i she ry  o f  age  g roup
i ,  q s ( i )  i s  t h e  r e l a t i v e  c a t c h a b i l i t y  i n  t h e  s p o r t s  f i s h e r y  o f  a g e  g r o u p  i ,  A  
i s  t h e  a l l oca t i on  f r ac t i on  t o  t he  commerc i a l  f i she ry ,  and  n ( i )  i s  t h e  a b s o l u t e
abundance of  age group i .

R e l a t i v e  c a t c h a b i l i t i e s  i n  t h e s e  c o m p u t a t i o n s  a r e  t h e  r a t i o  o f  t h e
c a t c h a b i l i t y  o f  t h e  a g e  g r o u p  t o  t h e  m a x i m u m  c a t c h a b i l i t y  o f  t h e  s p e c i e s .
Q u o t a s  a re  t h e n  c a l c u l a t e d  a s s u m i n g  t h a t  f i s h i n g  mor ta l i t y  i s  t he  only  s o u r c e
o f  mor ta l i ty :

Q = FS *(1 - exd-0)

w h e r e  F  i s  t h e  p o l i c y  f i s h i n g  m o r t a l i t y  l e v e l .  C o m m e r c i a l  f i s h i n g  e f f o r t  i n
r e l a t i v e  u n i t s  o f  1 / y r  i s  n e x t  c a l c u l a t e d  a s :

E = -LOG(1 - Q*A/FS)
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F i g .  6 . Flow chart for the Quota and Fisheries submodel.

c
C a l c u l a t e  Ind ica to r  Var i ab l e s
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J
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Compute Commercial Fishing Effort
and Commercial Fishing Mortality by Age

Compute By-Catch Mortality on
Yearling Walleye
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Compute Angling Effort and Catchability by Age

Compute Sports Fishing Mortality by Age

Compute White Bass Quota and Allocate
to Sports and Commercial Fisheries

White Bass Fishing Mortality by Age



T a b l e  6 .
Submodel

VARIABLE

UA(i)
UB(i)
UC(i)
UD
UE(i)
UF
UG(i)
UI
UJ
UK
UN
UP(i)

    UQ
UR

    uz
uo
U2

1:
U9
VC(i)
VD
VF
VG(i)

. VI
VJ
VK
VN
VQ
VR
VZ
V2
V3
V4
V5
V6
V9
XC(i)
XD
XF
XG(i)
XQ
XR
xz

P a g e  1 8

Documentation of Variables Used in the Quota and Fisheries

DESCRIPTION

F i s h i n g
F i s h i n g
Walleye
Walleye
F i s h i n g
Walleye
Walleye

Mortality by Age for Walleye
Mortal i ty  by Age for  White  Bass
Sports Catchability by Age
F i s h a b l e  S t o c k
Mortality by Age for YP
Commercial Fishing Effort
Commercial Catchability by Age

Antic ipated  CPUE for  Walleye
Coefficient for Maximum CPUE
Fishable Stock at Half Maximum CPUE
By-ca t ch  Coe f f i c i en t  f o r  Wa l l eye  M o r t a l i t y
Power Plant Mortality
Annual -Walleye Quota
Fraction of Quota to Commercial Fishery
Po l i cy  F i sh ing  Mor ta l i t y  fo r  Walleye
Dummy Variable
S p o r t s  F i s h i n g  Effor t  fo r  Walleye
Effor t  Coef f i c i en t  fo r  Wal leye
E f f o r t  C o e f f i c i e n t  f o r  W a l l e y e
Sa t i a t i on  C o e f .  fo r  Wal leye  C a t c h a b i l i t y
Y P  S p o r t s  F i s h i n g  C a t c h a b i l i t y
YP Fishable  Stock
Commercial Fishing Effort on YP
YP Rel .  Catchabi l i ty  in  Commercia l  Fishery
YP Anticipated CPUE
Maximum CPUE for YP
YP Fishable Stock at Half Maximum CPUE
By-ca t ch  Coe f f i ec i en t  fo r  Y P  M o r t a l i t y
Annual YP Quota
Fracton of YP Quota to Commercial Fishery
Policy Fishing Mortal i ty  for  YP
Sports  Fishing Effort  for  YP
Coef. of Max. Effort for YP Sports Fishery
CPUE at Half Maximum Effort for YP
Frac t i on  o f  Spor t s  E f fo r t  Va r i ab i l i l t y
Std.  Dev.  of  Sports  Fishing Variabi l i l ty
C o e f .  f a r  Y P  S a t i a t i o n  E f f e c t s  o n  C a t c h a b i l t i y
W h i t e  B a s s  R e l .  C a t c h a b i l i t y  i n  S p o r t s  F i s h .
W h i t e  B a s s  F i s h a b l e  S t o c k
White Bass Commercial Effort
W h i t e  B a s s  R e l .  C a t c h a b i l i t y  i n  C o m m .  F i s h .
White Bass Quota
Fract ion of  Whi te  Bass  Quota  to  Comm. Fish .
Po l i cy  F i sh ing  Mor ta l i t y  fo r  W h i t e  B a s s

VALUE

*
*
f.
*
*
*
E
*
0.8
12.5E7
0 .025
0
*

0 . 3
0 . 2 4
+
*
14E6
0 . 4
.1
E
*
*
E
*
7 . 0
7.5E6
0 .05
*

E
+

4E6
1
*
0.15
0 . 1
f:
*
*

E
*
0 .98
0 . 2

UNITS

l&r
1/yr
l/ang-hr . .
number
1 /yr
1 /yr
U

no. fang-hr
no. /ang-hr
n u m b e r
U

1 / y r

number
U

1/yr

ang-hr
ang-hr -
no./yr -
U

l / a n g - h r
number
1 /yr
U

no. /ang-hr
no. /ang-hr
number
U

number
U

1/yr
ang-hr
ang-hr
/ n o . / a n g - h r
U

U
u

U

number
1 /yr
U

number
U

1 / y r

*=  va lues  change , f= f rom o the r  s u b m o d e l ,  u =  u n i t l e s s
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Commercial fishing mortality by age is then calculated as the product of
commercial  f ishing effor t  and the  re la t ive  catchabi l i ty  of  the  age group.  The
only by-catch considered in the submodel is for yearling Walleye. Given

 current  character is t ics  of  the  commercial  f ishery, the submodel group estimated
that by-catch mortality on yearling Walleye would be 5% of the adult Yellow
Perch morta l i ty  plus  2.5% of  the  adul t  Wal leye mortal i ty .

In the submodel,  sports fishing is assumed to be much more dynamic than
commercia l  f i shing. The dynamics  of  the  spor ts  f ishery are  based on var iable
e f fo r t  and  va r i ab le  ca t chab i l i t y . The submodel group assumed two sources of
e f f o r t  v a r i a b i l i t y . The first was based on the historically observed
a s s o c i a t i o n  b e t w e e n  a n g l i n g  ef fo r t  a n d  c a t c h  r a t e s  i n  t he  Oh io  spo r t s  f i she ry
in  the  Western  Basin  of Lake Erie . I t  was  n o t e d ,  howeve r ,  t h a t  c a t c h  r a t e s
were  r e l a t ed  t o  f i s h a b l e  s t o c k  s i z e  b y  s o m e  t y p e  o f  a s y m p t o t i c  f u n c t i o n .  B a s e d
o n  O h i o  da t a ,  t he  fo l l owing  func t i ona l  r e l a t i o n s h i p s  d e f i n e d  a n  a n t i c i p a t e d
ca t ch  r a t e :

for Walleye,

CPUE = 0.8  +  FS/ (12 .5E6 +  FS) ,

and for Yellow Perch,

CPUE = 7.0 * FS/(75E6 + FS)

W i t h  t h e s e  a n t i c i p a t e d  c a t c h  r a t e s , effor t  for  the  year  could be calculated
a long  w i th  t he  s econd  source  o f  e f fo r t  va r i ab i l i t y ,  w h i c h  w a s  a  s t o c h a s t i c
var iable  wi th  a  15% standard devia t ion about  the  calculated effor t :

fo r  Wal leye ,

E = ZR*0.15*(14E6*CPUE-2/(CPUE2 + 0.16))

and for Yellow, Perch,

E = ZR*O.l5*(4E6*CPUE-Z/(CPUE-2  + 111,

where  ZR i s  a  s tandard normal  random var iable .  Catchabi l i ty  a lso  could  be
var iab le  f rom year  t o  year  a s  a  f u n c t i o n  o f  t h e  f e e d i n g  s a t i a t i o n  o f  e a c h  a g e
group:

qdi) = qs(i)*(1 - b*PM(i)),

whe re  b  i s  a  v a l u e  r ang ing  f rom 0  t o  1  a n d  P M ( i )  i s  t h e  f e e d i n g  s a t i a t i o n
ca l cu l a t ed  i n  t he  fo r age  submode l . Spor ts  f i shing mortal i ty  by age was then
c a l c u l a t e d  a s  t h e  p r o d u c t  o f  t h e  c a t c h a b i l i t y  ( i n  u n i t s  of  ang le r -h r s )  a n d  t h e
e f fo r t  fo r  the  yea r .

B e c a u s e  W h i t e  B a s s  s p o r t s  f i sh ing  i s  heav i l y  domina t ed  by  r ive r  f i s h i n g ,
the subgroup adopted a different procedure to calculate fishing mortality by
age. The  quota  i s  ca lcula ted in  the  same manner as  for  Walleye and Yellow
Perch, however, both  spor ts  and commercial  f isher ies  are  assumed to  be  highly
r egu l a t ed  a n d  t h e  q u o t a  i s  s i m p l y  a l l o c a t e d  b e t w e e n  t he  two  f i she r i e s . Each
fishery, however, ha s  i t s  own  ca t chab i l i t y  cha rac t e r i s t i c s .
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SCENARIO. ANALYSIS

The model  documented above,  l ike  any model ,  i s  only an approximat ion  of
r e a l i t y . T h e  p u r p o s e  o f  scena r io  a n a l y s i s  i s  t h u s  n o t  t o  v a l i d a t e  t h e  m o d e l ,
but  to  determine i f  i t  may be  used to  explore  t rends  and examine
i n t e r r e l a t i o n s h i p s  among  f i she ry  po l i c i e s  a n d  t he  va r ious  p o p u l a t i o n s  i n  t h e
f ish coinmunity of  Lake Erie . In  t h i s  c o n t e x t ,  t h e  scena r io  ana lyses  become
t e s t s  o f  t h e  m o d e l ,  a n d  t o  t h e  e x t e n t  t h a t  t h e  m o d e l  b e h a v e s  r easonab ly ,  we  c a n
p l a c e  m o r e  c o n f i d e n c e  i n  i t  a s  a  t o o l  t o  e x p l o r e  v a r i o u s  p o l i c i e s .  In  t he  end ,
h o w e v e r ,  a l l  p o l i c i e s  a n d  t h e  r a t i o n a l e  f o r  t h e i r  s e l e c t i o n  w i l l  b e  t e s t e d  as
they are  appl ied to  Lake Erie . The s imula t ions  we perform here ,  therefore ,
a l s o  d e v e l o p  e x p e c t a t i o n s  t h a t  c a n  b e  t e s t e d  i n  r ea l  s i t ua t i ons . Four .
different scenarios were recommended by the participants:

Baseline Scenario (BLS). This  scenar io  represents  our  bes t  guess
a b o u t  t h e  cu r r en t  s t a t e  of  t he  f i sh  communi ty  i n  t h e  W e s t e r n  B a s i n  o f
Lake  E r i e  a n d  c u r r e n t  f i s h i n g  prac t i ce s .  T o  s impl i fy  ana lys i s ,
howeve r ,  t h i s  s c e n a r i o  i s  d e t e r m i n i s t i c  a n d  a l l  s t ochas t i c  va r i ab l e s
are removed;

No Fishing Scenar io  (NFS) . Star t ing wi th  the  parameter  set  for  BLS,
a l l  f i s h i n g  m o r t a l i t y  i s  e l i m i n a t e d ;

Hard Fishing Scenario (HFS). Star t ing wi th  the  parameter  se t  for
B L S ,  f i s h i n g  mor ta l i t y  on  fu l ly  r ec ru i t ed  age  g roups  i s  r a i s ed  t o  3 .0
per  yea r ;  a n d .

Forage Col lapse  Scenar io  (FCS) . Star t ing wi th  the  parameter  se t  for
BLS,  the forage base  is  assumed to  decl ine  10% per  year  from year  2
o f  t h e  s i m u l a t i o n .

The Basel ine  Scenar io  does not  include many of  the random factors
deve loped  in  t h e  s u b m o d e l s . This  change makes  compar ison of  al ternat ive
scenar ios  and some pol icy analys is  s impler , b u t  i t  m a y  a l s o  r e s u l t  i n  a  l o s s  o f
real ism. T o  c h e c k  t h i s  p o t e n t i a l  prob lem,  a  fu l ly  s t o c h a s t i c  ve r s ions  o f  BLS
was also created (SBLS). Comparisons of stochastic and deterministic version
of  BLS are made in  Figs . 7  t o  10 .  Wa l l eye  adu l t  abundance ,  Ye l l ow  Perch
abundance, and  Wal leye  s p o r t s  f i s h i n g  e f fo r t  a l l  appea r  s imi l a r . White Bass
pa t t e rn s ,  a s  exempl i f i ed  b y  t h e  a d u l t  a b u n d a n c e  dynamics  (F ig .  8 ) ,  d i f f e r s  i n

a m p l i t u d e  b u t - n o t  i n  f u n d a m e n t a l  p a t t e r n . Because  t he  k ind  o f  mode l  deve loped
i n  t he  workshop  i s  f a i r l y  s imp l i s t i c , l e s s  a t t e n t i o n  s h o u l d  b e  g i v e n  t o  e x a c t
v a 1 u e s  o f  va r i ab l e s ,  r a the r  t r ends  o r  pa t t e rn s  i n  t he  dynamics  o f  t he  var i ab le s
may be quali tat ively more re l iable . I n  t h e  r e m a i n d e r  o f  t h e  r e p o r t ,  t h e r e f o r e ,
only determinis t ic  vers ions  of  the  scenar ios  wi l l  be  explored.

The general  t rends  in  Figs . 7  t o  1 0  s u g g e s t  t h a t  t h e  cur ren t  wa l l eye
rehabi l i ta t ion pol icy  has  not  resul ted  in  an  unstable  communi ty  s t ructure .
T h i s  gene ra l i z a t i on  a l s o  h o l d s  fo r  pa t t e rns  i n  ha rves t  f rom a l l  t h r ee  spec i e s
( F i g .  1 1 ) . T h e  i n i t i a l  p a r t s  o f  t h e s e  s i m u l a t i o n s  ( i . e .  t h e  f i r s t  2  t o  3  y e a r s
undoubtedly have some t rans ient  dynamic behavior  that  can be at t r ibuted  to
t h e  s e l e c t i o n  o f  i n i t i a l  v a l u e s  o f  v a r i a b l e s . Never theless ,  Walleye abundance
seems to  osc i l la te  about  current  va lues  in  both  -determinis t ic  and s tochas t ic
v e r s i o n s  ( F i g .  7 ) . This  behavior  of  the  model ,  however ,  i s  s t rongly inf luenced
b y  t w o  a s s u m p t i o n s . Fi r s t ,  t h e  W a l l e y e  s u b m o d e l  a s s u m e s  t h a t  a
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Fig 7. Dynamics of adult Walleye in the BLS (solid line) and SBLS (dashed
l i ne )  s imu la t i ons .

Time (years)

F ig .  8 . Dynamics of adult White Bass in the BLS (solid line) and SBLS (dashed
l i ne )  s imu la t i ons .



Fig.  10. Dynamics of Walleye sports fishing effort in the BLS (solid line) and
SBLS (dashed line) simulations.
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stock-recruitment relationship is intrinsically a property of the Walleye
population. Secondly, forage species other than YOY of Walleye, White Bass,
and Yellow Perch have constant abundance. The importance of this last
assumption is illustrated in the Forage Collapse Scenario.

The Forage Collapse Scenario assumed that from year 2 onward the forage
base (excluding YOY of the three. quota species) declined 10% per year. It is
suprising that even the first 10% reduction in year 3 led to pronounced decline
of adult Yellow Perch and White Bass (Fig. 12). This result seems caused by
large increases in the mortality of YOY and decreases in growth rate. Walleye
also show a dramatic decrease in size of fish in the oldest age group, but
population dynamics do not seem to be affected by the forage collapse. The
insensitivity of the Walleye population dynamics to forage abundance is clearly
the result of assumptions built into the model rather than an expected trend.
YOY Walleye were not considered as potential prey, and fecundity was not
related to body size of the oldest age group. Because this last assumption. was
also made in the White Bass submodel, the most significant omission appears to
be exclusion of predation of YOY Walleye. Under more normal circumstances,
however, Walleye young-of-the-year do not seem to be a significant component of
the diet of any predator in Western Lake Erie. Nevertheless, this omission and
the exclusive reliance on a stock-recruitment relationship to calculate YOY
survival for Walleye should be more carefully examined in future work.

The extreme fishing scenarios (NFS and HFS) are relatively straight
forward tests of the model. Both Yellow Perch and Walleye behave as expected
(F igs. 13 and 15). highest abundances are attained with no fishing pressure
and lowest under high fishing pressure. Again, these results suggest that
Walleye rehabilitation is complete and that no adverse effects of high Walleye
abundance can be detected. This assessment, however, needs to be carefully
weighed against the weaknesses revealed in the Walleye submodel by the Forage
Collapse Scenario. In contrast, White Bass reach the highest abundance under
high fishing pressure and are nearly exterpated under-no fishing pressure.
These results seem to be caused by predation on YOY White Bass by both Yellow
Perch and White Bass adults. Although not shown, the extreme fluctuations of
White Bass adults in the No Fishing Scenario (Fig. 14) are associated with
single strong year classes moving through the population. In general, these
resul ts,  whi le in part  counter in tu i t ive , are nevertheless reasonable, and with
the reservations outlined above, the model certainly seems to be a useful tool
with which to explore some policy options. As an aside, however, the parameter
requirements to set up the Hard Fishing Scenario were unexpected. To achieve
these h igh f ish ing mortal i ty levels , nearly all of the quota had to be
allocated to the commercial fishery. According to the behavior characteristics
of the sports fishery postulated by the fishery submodel, the maximum fishing
mortality possible out of the sports fishery was 0.3 and 0.17 per year for
Walleye and Yellow Perch respectively.







Fig.  15. Comparison of dynamics of adult Yellow Perch in the BLS, NFS, and HFS
s i m u l a t i o n s .
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POLICY ANALYSIS

V a r i o u s  s e t s  o f  p o l i c y  o p t i o n s  w e r e  c o n s i d e r e d  b y  t h e  w o r k s h o p
p a r t i c i p a n t s . A  p a r t i a l  l i s t i n g  p o l i c y  o p t i o n s  u s i n g  a  q u o t a  s y s t e m  i n c l u d e :

* M a x i m i z e  y i e l d  f o r  a l l  t h r e e  s p e c i e s ;
*Mainta in  current  Walleye spor ts  ca tch ra tes ;
*Maximize Walleye sports  effor t ;
*Max imize  t o t a l  s p o r t s  f i s h i n g  e f fo r t ;
" S t a b i l i z e  t h e  f i s h  c o m m u n i t y ;  a n d
*S tab i l i ze  ha rves t s .

Imp lemen ta t i on  o f  any  o f  t he se  po l i cy  op t i ons  i n  t he  mode l  r e q u i r e s
s p e c i f i c a t i o n  o f  t a rge t  f i s h i n g  mor ta l i t y  fo r  each  age  g roup  fo r  each  spec i e s
to  be  managed under  quota . The  mode l  i t s e l f  cou ld  be  u sed  t o  examine  t he
t rade-off  between pol ic ies  that  seek to  maximize  some aspect  of  the  f ishery and
t h o s e  t h a t  s e e k  t o  s t a b i l i z e  a s p e c t s  o f  t h e  f i s h e r y  o r  f i s h  c o m m u n i t y .  T h i s
so r t  of  gaming , i n  f a c t ,  i s  a n  i m p o r t a n t  a p p l i c a t i o n  o f  t h i s  t y p e  o f  s i m u l a t i o n
model . The emphasis  that  developed in  the  workshop,  however ,  was not  a
de t a i l ed  exp lo ra t i on  o f  po l i cy  o p t i o n s , b u t  r a the r  a  d e v e l o p m e n t  o f  a  t o o l  fo r
po l i cy  ana ly s i s  by  t he  Lake  Er i e  Commi t t ee . Neve r the l e s s ,  t h i s  p o t e n t i a l  u s e
o f  t he  mode l  can  be  i l l u s t r a t e d  i n  a  s e r i e s  o f  s i m u l a t i o n s  d i r ec t ed  t oward  an
a s s u m p t i o n  t h a t  q u o t a  p o l i c i e s  fo r  each  o f  t h e  t h r e e  spec i e s  may  be  de r ived
independen t ly .

To tes t  the  assumpt ion that  management  pol ic ies  may be  der ived
i ndependen t ly  fo r  Wal leye , Yellow Perch, and White Bass requires a set of
s i m u l a t i o n s  i n  w h i c h  f i s h i n g  m o r t a l i t y  i s  v a r i e d  s y s t e m a t i c a l l y .  S t a r t i n g  w i t h
the BLS parameter set, a  to ta l  of  e ighteen 20-yr  s imula t ions  were run according
t o  t h e  f o l l o w i n g  d e s i g n :

1. Nine s imulat ions  represent ing a  contengency arrangements  of  three
f i s h i n g  mor ta l i t y  l eve l s  fo r  W a l l e y e  ( 0 . 2 ,  1 . 0 ,  a n d  1 . 5  per  y r )  a n d
t h e  s a m e  t h r e e  l e v e l s  o f  f i s h i n g  mor ta l i t y  fo r  Ye l low Pe rch .  W h i t e
B a s s  f i s h i n g  mor ta l i t y  r ema ined  a  c o n s t a n t  0 . 4  per  y r  i n  a l l
s i m u l a t i o n s .

2. Nine s imulat ions  represent ing a contengency arrangements  of  three
f i shing mortal i ty  levels  for  White  Bass  (0 .2 ,  1 .0 ,  and 1 .5  per yr)
and the  same three  levels  of  f ishing mortal i ty  for  Yel low Perch.
Wal leye  f i sh ing  mor ta l i t y  r ema ined  a  c o n s t a n t  0 . 3  per  y r  i n  a l l
s i m u a l t i o n s .

Means and standard deviations of harvest (number/ha) for various combinations
of  Walleye and Yellow Perch f i shing mortal i ty  pol ic ies  are  summarized in  Table
7. The same summary is in Table 8 for combinations of White Bass and Yellow
Perch f ishing morta l i ty  levels .

T w o  i m p o r t a n t  f e a t u r e s  e m e r g e  f r o m  t h e s e  s i m u l a t i o n s .  F i r s t ,  t h e
s imu la t i ons  n i ce ly  i l l u s t r a t e  t he  way  the  mode l  can  be  u sed  t o  examine
t rade-offs  between variabi l i ty  in  harvest  and the  mean annual  harvest  that .
cou ld  be  expec t ed  f rom a  g iven  po l i cy . A  c o m p l e t e  a n a l y s i s  a l o n g  t h e s e  l i n e s ,
however ,  might  require  a  wider  range of  f i shing mortal i t ies  as  wel l  as  smal ler
i n t e rva l s  be tween  mor ta l i t y  l eve l s . Second ,  t he  combina t i on  o f  s imu la t i ons
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Table  7 . Annual mean and standard deviation of Walleye and Yellow Perch
harvest (number/ha) for various combinations of Walleye and Yellow Perch
mor t a l i t y  l eve l s . Sta t is t ics  are  for  20-yr  s imulat ions  and Whi te  Bass
f i sh ing  mor t a l i t y  i s  a s s u m e d  t o  b e  0 . 4  p e r  year .

Walleye
Policy
Fishing
Morta l i ty

Yellow Perch Policy Fishing Mortality
0 . 2 1.0 1.5

W YP W YP W Y P

Mean 7 .85 5 6 . 6 7 .88 88 .8 7.91
0 . 2

9 1 . 0

SD ( 2 . 3 9 )  ( 8 . 2 3 ) ( 2 . 4 0 )  ( 1 7 . 9 ) ( 2 . 4 0 )  ( 2 0 . 3 )

Mean 14 .8 55 .8 14 .8 8 7 . 0 1 4 . 8 89.1
1 . 0

SD . ( 2 . 8 4 ) ( 8 . 7 7 ) ( 2 . 8 4 )  ( 1 6 . 9 ) ( 2 . 8 4 )  ( 1 9 . 6 )

Mean
1 . 5

SD

15.3 56 .3 15 .4 8 8 . 4 1 5 . 4 9 0 . 7

73 .33) ( 8 . 6 8 ) ( 3 . 3 2 )  ( 1 6 . 5 ) ( 3 . 3 2 )  ( 1 9 . 3 )

Table  8 . Annual mean and standard deviation of Yellow Perch and White Bass
harvest  (number /ha)  for  var ious combinat ions  of  Yellow Perch and White
' B a s s  mor ta l i t y  l eve l s . S t a t i s t i c s  a re  fo r  20-yr  s imu la t i ons  and  Wal l eye
f i s h i n g  mor ta l i t y  i s  a s s u m e d  t o  b e  0 . 3  per  yea r .

White
Bass
P o l i c y
F i s h i n g
Morta l i ty

Yel low Perch Policy Fishing Morta l i ty
0 . 2 1 . 0 1 . 5

W B YP WB YP WB YP

Mean 3 . 0 6 5 0 . 0 4 . 5 4 74 .2 4 . 8 4 7 3 . 0
0 . 2

SD ( 1 . 1 3 )  ( 1 3 . 0 ) ( 0 . 9 3 )  ( 2 2 . 3 ) ( 1 . 0 4 )  ( 2 7 . 0 )

Mean 6 .17 5 8 . 2 11 .3 9 3 . 4 1 3 . 1 9 5 . 8
1 . 0

SD ( 3 . 3 0 ) ( 7 . 5 9 ) ( 6 . 6 2 )  ( 2 0 . 0 ) ( 9 . 0 2 )  ( 2 3 . 0 )

Mean 6 . 6 4 58 .5 12 .2 9 4 . 4 1 4 . 3 9 7 . 2
1 . 5

SD   ( 3 . 8 2 ) ( 7 . 4 2 ) ( 7 . 9 9 )  ( 2 0 . 2 ) UL2) ( 2 3 . 5 )          
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d i r ec t l y  add re s se s  t h e  a s s u m p t i o n  of  f i she ry  i ndependence .  -Bo th  t he  p a t t e r n  i n
annua l  mean  and  var i ab i l i t y  o f  ha rves t  fo r  Wal leye  shows  very  l i t t l e  r e s p o n s e
t o  chang ing  Yel low  P e r c h  f i s h i n g  mor ta l i t y  l eve l s  ( T a b l e  7 ) .  T h e  r eve r se
s i t u a t i o n  d o e s  n o t  h o l d ,  h o w e v e r . Yellow perch harvest means and standard
d e v i a t i o n s  do  vary  wi th  Wal l eye  f i sh ing  mor ta l i t y  l eve l s .  Neve r the l e s s ,  t he
changes are small enough that independent management might seem a reasonable
prospect .

In  contras t ,  White  Bass  and Yellow Perch f ishing pol ic ies  are very
i n t e r a c t i v e  ( T a b l e  8 ) . Both  species  yield  much higher  harves t  i f  the  o ther
spec i e s  i s  ha rves t ed  a t  a  h igh  r a t e . In this case, prudent management would
seem to  weigh agains t  independent  pol icy  der ivat ion. These  resul ts  a lso  cas t

doubt  on the seeming independence of  Walleye and Yellow Perch in  Table  7 .  As
was  i l l u s t r a t ed  i n  t he  ex t r eme  f i s h i n g  scena r io s , t h e  i n t e r a c t i n g  p o l i c i e s  f o r
White Bass and Yellow Perch are due to YOY predation interactions. The primary
weaknes s  i n  t he  mode l  i s  t ha t  Wa l l eye  a re  exc luded  f rom t h e s e  i n t e r a c t i o n s ,  a n d
i t  would seem premature  to  conclude that  Walleye/Yel low Perch interact ions  are
qual i ta t ively  different  f rom whi te  Bass/Yel low Perch in teract ions .  These
f indings  are  a lso remarkable  because of  the  minimal  by-catch character is t ics
assumed in  the  Fisher ies  and Quota  submodel . In  s i t ua t i ons  i n  which
s i g n i f i c a n t  b y - c a t c h  o c c u r s , interact ions  of  f ishery policies  may be even more
e v i d e n t .
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CONCLUSIONS AND RECOMMENDATIONS

Firm conclus ions  are  diff icul t  to  draw from the  resul ts  of  the  workshop
model. Two weakness ,  in  par t icular , need to be overcome to increase confidence
i n  t h e  f i n d i n g s . These two weakness  are the  exclusive re l iance  on a
s tock-recrui tment  re la t ionship  to  predic t  YOY survival  for  Wal leye and the  lack
of a dynamic model of the forage community. At the workshop, there was
considerable  d isagreement  about  the  appropr ia te  level  of  resolut ion for  the
forage submodel . Unfortunately ,  severe  information gaps on forage s tanding
crop and i ts dynamics limit purely empirical approaches to the problem.
Nevertheless, the demonstrated importance of YOY interactions to White Bass and
Yellow Perch s imulat ions  as  well  as  the  sensi t iv i ty  of  the  model  to  smal l
changes  in  overal l  forage levels  Suggest  that  concern with some deta i ls -of  the
fo rage  communi ty  i s  no t  m i sp l aced .

Despi te  the  weaknesses  of  the  workshop model ,  some qual i ta t ive  indica t ions
p o i n t  t o  k e y  f i n d i n g s .  F o r  e x a m p l e , o n e  o f  t h e  q u e s t i o n s  or ig ina l l y  r a i s ed  by
the  cl ient  group was  whether  quota  systems would work in  mult ip le  f i sher ies

s e t t i n g s . P r e d i c t a b i l i t y  o f  s p o r t s  f i s h i n g  e f f o r t ,  i n  p a r t i c u l a r ,  s e e m s  t o  b e
a  p r o b l e m . H o w e v e r ,  t h e  l a c k  o f  a b i l i t y  t o  a n t i c i p a t e  s p o r t s  e f f o r t  i s  o n l y  a
problem for  low f ishing morta l i ty  pol ic ies , and thus  th is  d i f f icul ty  may not  be
ve ry  se r ious  i n  s i t u a t i o n s  o f  h i g h  p o p u l a t i o n  d e n s i t y  s u c h  as  cu r r en t l y  occu r
in Western Lake Erie. In  addi t ion,  s ingle  species  management ,  especia l ly  in  a
q u o t a  s y s t e m , may  no t  func t ion  we l l  and  cou ld  l ead  t o  poor  pe r fo rmance  o f  t he
f i s h e r i e s .

Based on these  conclus ions  and other  concerns  ra ised  dur ing the  workshop,
t he  fo l l owing  r ecommenda t ions  a re  o f fe red  t o  t h e  S t a n d i n g  T e c h n i c a l  C o m m i t t e e :

1. There  are  indica t ions  tha t  Walleye rehabi l i ta t ion  has  now
p r o d u c e d  a  p o p u l a t i o n  d e n s i t y  n e a r  i t s  u p p e r  l im i t .  Whi l e  t he re  a re
n o  i n d i c a t i o n s  o f  adve r se  e f f e c t s  o f  c u r r e n t  o r  h i g h e r  l e v e l s  o f
Walleye abundance on’ Yellow Perch, the key importance of the forage
assumpt ions  seems to  require  a  careful  review of  var ious  approaches
t o  a d d r e s s  t h e  consequences  o f  i ncomple t e  i n fo rma t ion  i n  t h i s  area ;

2. Mult iple  species  management  seems to  be  preferable  to  cont inued
e m p h a s i s  o n  s i n g l e  s p e c i e s  m a n a g e m e n t . The  ex i s t i ng  Wa l l eye  and
Yellow Perch Task Groups should be encouraged to explore consequences
of  pol icy in terac t ions  through the  f i sh  community as wel l  as  f ishery
by-catch problems;  and

3 . T h e  e f f e c t s  o f  i n t e r b a s i n  migra t i ons  on  f i sh  commun i t i e s  i n  t he
i n d i v i d u a l  b a s i n s  n e e d  t o  b e  a d d r e s s e d . I t  i s  e s p e c i a l l y  i m p o r t a n t
to  de termine  whether  individual  bas ins  may be  properly  t reated as
management  uni ts .



Page 31

LIST OF PARTICIPANTS

GREAT LAKES FISHERY COMMISSION CONFERENCE
BOWLING GREEN STATE UNIVERSITY

JUNE 21-25, 1982

Name

Carl  Baker

Bryan Belonger

Bob Carline

Floyd C. Cornelius

David Davies

Randy Eshenroder

John Forney

Will  Hartman

Richard W. Hatch

Address

Ohio Department of Natural Resources
D i v i s i o n  o f  W i l d l i f e
P .  0 .  Box  650
Sandusky, Ohio 44870

Department of Natural Resources
Box 16
Marinette, Wisconsin 54143

Ohio Coop. Fishery Research Unit
1735 Neil Avenue, Room 10
Columbus, Ohio 43210

NYS Dept. of Environmental Cons.
Dunkirk  Fisher ies  Sta t ion
178 Point Drive, North
Dunkirk, NY 14048

Ohio Department of Natural Resources
D i v i s i o n  o f  W i l d l i f e
P.  0.  Box 650
Sandusky, Ohio 44870

Great Lakes Fishery Commission
1451 Green Road
Ann Arbor, Michigan 48105

C o r n e l l  B i o l o g i c a l  F i e l d  S t a t i o n

Bridgeport,  NY 13030

U.S.  Fish  & Wildl i fe  Service
Great Lakes Fishery Laboratory
1451 Green Road
Ann Arbor, Michigan 48105

U . S .  F i s h  a n d  W i l d l i f e  Serv i ce
Great Lakes Fishery Laboratory
1451 Green Road
Ann Arbor, MI 48105

Telephone

419/625-8062

715/732-0101

614/422-8961

716/366-0228

419/625-8062

313/662-3209

315/633-9248

313/994-3331

313/994-3331



Rob Hayward

Bryan Henderson

Steve Hewett

Gary L.  Isbel l

D o u g l a s  B .  J e s t e r ,  J r .

Michael  L.  Jones

Roger Kenyon

J im  Ki tche l l

Roger Knight

Joseph F. Koonce

.

Robert Lahr

Richard Loblaw

F.  Joseph Margraf

Page 32

Ohio Coop. Fishery Research Unit
1735 Neil Avenue, Room 10
Columbus, Ohio 43210

Lake Huron Fish Res. Unit
RR 1 Tehkumseh
Ontario POP 2C0

Laboratory of Limnology
University of Wisconsin
Madison, Wisconsin 53706

Ohio Department of Natural Resources
Divis ion of  Wildl i fe
P. O. Box 650

Michigan Dept .  of  Natural  Resources
P. 0. Box 30028
L a n s i n g ,  M i c h i g a n  4 8 9 0 9

ESSA
165 Parkside Dr.
Toronto, Ontario M6R 2Y8

Pennsylvania Fish Commission
Box 531
Fairview, PA 16415

Laboratory of Limnology
University of Wisconsin
Madison,  Wiscons in  53706

Ohio Coop. Fishery Research Unit
1735 Neil Avenue, Room 10
Columbus ,  Ohio  43210

Department of Biology
Case Western Reserve University
C l e v e l a n d ,  O h i o  4 4 1 0 6

Pennsylvania Fish Commission
Robinson Lane
B e l l e f o n t e ,  P A  1 6 8 2 3

OMNR
1106 Dearness Drive
London N63 1U3

Ohio Coop. Fishery Research Unit
1735 Neil Avenue
Columbus

.
Ohio 43210       

614/422-8961

705/859-3137

6 0 8 / 2 6 3 - 3 1 4 6

419/625-8062

517/373-1280

416/239-8566

8 1 4 / 4 7 4 - 1 5 1 5  .

608/262-9512

614/422-8961

216/368-3561

814/359-2754

519/681-5850

614/422-8961



Page 33

Steve Nepszy

Jer ry  Pa ine

Ken Paxton

Mike Petzold

E l l e n  P i k i t c h

George R. Spangler

Roy Stein

Tom Wasson

Thomas Wissing

OMNR, Fisheries Research Station
R.R.  2
Wheatley, Ontario N0P 2P0

OMNR
R.R.  2
Wheat ley,  Ontar io  N0P 2P0

Ohio Department of Natural Resources
D i v i s i o n  o f  Wild l i f e
Fountain Square
Columbus ,  Ohio  43224

OMNR
133 Baird Street
Wheatley,  Ontar io

Department of Biology
Indiana University
Bloomington, Indiana 17405

Universi ty  of  Minnesota
219 Hodson Hall
St.  Paul,  Minnesota

Department of Zoology
Ohio State University
1735 Neil  Avenue 
Columbus, Ohio 43210

Ohio Department of Natural Resources
D i v i s i o n  o f  W i l d l i f e
Fountain Square
Columbus, Ohio 43224

Department of Zoology
Miami University
Oxford,  Ohio  45056

519/825-4371 

519/825-4023

614/265-6343

519/825-4623

812/876-6083

612/376-2929

614/422-7816

614/265-6343

513/529-3889



Page 34

Fol lowing is  a  l i s t ing of  the  Lake Er ie  Fish  Community Workshop Model .  Each of :
the  subrout ines  uses  res t r ic ted  code areas :

Walleye/White Bass Lines 200-399 and 2000-3999
Yellow Perch Lines 400-599 and 4000-5999
Forage and Feeding Lines 600-799 and 6000-7999
Fisher ies  and Quota Lines 800-999 and 8000-9999.

. -



1 DIM Z(20,20),ZM(20)
2 DIM AC(S),AD(S),AE(S),AL(S),AM(S),AN(5),A0(5~,AS~5~,AR~3~
3 DIM BC(S),BD(S),BE(S),BL(5),BM(5),BN(5),BO(S~,BS~5~,BR~3~,BB(5~
4 DIM EN(6),ES(6),EM(6),EC(6),EB(6)
7 DIM ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
5,8),SD(6,3),ST(6,3),PA(15),PD(15)
8 DIM UA(4),UE(5),UB(4),UC(4),VC(5),XC(4)
10 NV = 20
12 PRINT "ENTER COMMANDS,THEN CONT": END
14 INPUT "SIM FROM ";A$: IF LEFTS (A$,21 = "GH" THEN lO,lOO
15 ZS = VAL ( LEFTS (A$,2)):NT= VAL ( RIGHTS (A$,3))
16 IF NT < 1 THEN NT = VAL ( RIGHTS (A$,2))
18 FOR TIME = ZS TO NT .
100 IF TI > 0 THEN GOT0 1000
105 INPUT “DO YOU WANT SAME RANDOM # Y/N ? ";A$
107 IF A$ = "Y" THEN PRINT HND ( - 1)
110 IO = 0:Il = 1:12 = 2:13 = 3:14 = 4:15 = 5:16 = 6:17 = 7:18 = 8:19 = 9:JO = 1
0:Jl = ll:J2 = 12:J3 = 13:J4 = 14:J5 = 15
120 IP = O.l:IQ = 0.3
180 TA = 3.68ES:TV = 28
220 DATA .1,280,631,1049,1855, .01 ,19: FOR I = IO TO 14: READ AS(
I): NEXT : READ AQ,AG
230 DATA 340,34,10.3,1.02,1H.7:  FOR I = IO TO 14: READ AN(I): NEXT
240 DATA . 307,.200,.18,.15,.05 : E'OH p = IO 'it? 14: READ AE(1):

NEXT
260 DATA 2,.218, 218,.218,.218 : FOR I = IO TO 14: READ AD(I): NEXT
265 AY = .30164:AX = 1.5+6E - 6:A3 = .6
270 AU = 45.3:AV = 0.284E - 6 * TA:AW = .215:AF = .3:AJ = 30:AI = .004
280 AS(O) = AJ
300 BX = 1.793E - 5:BY = .33954
305 DATA . 3,190,278,375,577,.1,32: FOR I = IO TO 14: READ BS(1): NEXT : READ

BQ,BG:
*

306 DATA 320 ,32,22,6.8,3.0: FOR I = IO TO 14: READ UN(I): NEXT
307 DATA . 307,.249,.27,.22 ,.13: FOR I = IO TO 14: READ BE(I
) : NEXT
309 DATA 1 ,.14,.14,.14,.14: FOR I = IO TO 14: READ BD(1): NEXT
310 Bl = 50:B2 = .005:B3 = 1:BJ = 1.5
320 BS(O1 = BJ
400 EG = .l:EP = .0152:EQ = .5398:FR = 20.2:ET = 427:EV = .O7:EA(IO) = 0: FOR I
= Il.TO IS:EA(I) = 0: NEXT





2000 REM START
2010 AH = IO
2020 FOR I = IO To 14:AP = AD(I) + AQ * (11 - AM(I)):AZ = UA(I) t AP t UP(I):AA
= 11 - EXP ( - AZ):AH = AH + (UA(I) / AZ) * AA * AN(I)
2030 AN(I) = AN(I) * (I1 - AA):AS(I) = AS(I) + (AE(1) * AC(I)): NEXT
2040 AS(14) = (AS(13) * AN(13) + AS(I4) * AN(I4)) / (AN(I3) + AN(14))
2050 AN(14) = AN(14) + AN(I3)
2060 FOR I = 13 TO El STEP - Il:AS(I) = AS(1 - Il):AN(I) = AN(1 - 11): NEXT
2400 AF = ( - 11 t AI * AS(3)): IF AF < IO THEN AF = IO
2405 IF AF > 11 THEN AF = I1
2410 AC1 = AF * AN(3) t AN(4)
2500 COSUB 12000
2510 AR = AU * AG * EXP ( - AV * AG + A3 * ZR)
2530 AN(I0) = AR:AS(IO) = AJ
2610 FOR I = IO TO 14:AL(I) = (AS(I) / AX) - AY: PRINT AS(I),AN(I): NEXT
2900 Z(1,TI) = AG
2905 Z(2,TI) = AH .
2910 Z(3,TI) = AN(I0)
3120 t3H = IO
3130 FOR I = IO TO 14:BP = BD(1) + BQ * (I1 - BM(I)):BZ = UB(1) + BP t BD(1) t
LJP(I):BA = 11 - EXP ( - BZ):BH = BH t (UB(1) / HZ) * BA * BN(I)
3135 PRINT BZ,BN(I)
3140 BN(I) = BN(I) * (11 - BA):BS(I) = BS(I) t (BE(I) * CC(I)): NEXT
3150 BS(I4) = (BS(I3) * BN(I3) t BS(14) * BN(I4)) / (BN(13) + BN(I4))
3160 BN(I4) = BN(14) + BN(13)
3170 FOR I = I3 TO 11 STEP - Il:BS(I) = BS(1 - Il):BN(I) = BN(1 - 11): NEXT
3190 GOSUB 12000
3200 BG = IO: FOR I = I2 TO 14:BG = BG + BN(I): NEXT
3210 BR = Bl * BG * EXP ( - B2 * BG + ZR * B3)
3220 BN(I0) = BR:BS(IO) = BJ
3610 FOR I = IO TO 14:BLtI) = (BS(I) / BX) - BY: NEXT
3900 Z(4,TI) = BG
3905 Z(5,TI) = BH
3910 Z(6,TI) = BN(0)
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