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The major c r i t e r i o n  used f o r  eva lua t i ng  the  s ta tus  o f  do lph in  stocks 
i nvo l ved  i n  the  eastern t r o p i c a l  P a c i f i c  tuna purse seine f i s h e r y  has been the  
r a t i p  of cu r ren t  p p u l a t i o n  abundance t o  p r e - e x p l o i t a t i o n  abundance (NMFS, 
1976 ; Smith, 1979 ) .  Estimates o f  p r e - e x p l o i t a t i o n  abundance have been 
c a l c u l a t e d  us ing  a popu la t ion  p r o j e c t i o n  model which s t a r t s  w i t h  an est imate 
of c u r r e n t  abundance and adds animals k i l l e d  wh i l e  subs t rac t ing  n e t  
rec ru i tmen t  o f  animals i n  a sequent ia l  manner moving backwards i n  time. The 
ne t  recru i tment  o r  ne t  r a t e  o f  increase has been est imated by t a k i n g  the  
d i f f e r e n c e  between est imates o f  the  gross annual reproduct ive ra te ,  G.A.K. 
(i.e., the  pregnancy r a t e  times the  p ropor t i on  o f  females t h a t  are mature 
t imes the p ropor t i on  of females i n  the popu la t ion) ,  i n  e x p l o i t e d  and 
unexpl o i  t e d  stocks.  Thi s procedure assumes 1) t h a t  s u r v i  Val ra tes  a re  
constant,  over time and age, 2) t h a t  the n e t  r a t e  o f  increase i s  zero i n  
unexp lo i ted  stocks, and 3 )  t h a t  changes i n  G.A.R. can be d i r e c t l y  t r a n s l a t e d  
i n t o  changes i n  the  n e t  r a t e  o f  increase. Not considered i n  t h i s  procedure 
are the  e f f e c t s  o f  the  age s t r u c t u r e  o f  the  populat ion.  I f  the  age s t r u c t u r e  
i s  unstable,  then i t  i s  u n l i k e l y  t h a t  changes i n  the  G.A.K. would d i r e c t l y  
t r a n s l a t e  i n t o  changes i n  the n e t  r a t e  o f  increase and t h i s  procedure would 
produce an inaccurate estimate. A1 so, even when populat ions approach t h e i r  
s tab le  age d i s t r i b u t i o n s ,  inaccura te  est imates may r e s u l t  i f  su rv i va l  r a t e s  
a re  n o t  constant  w i t h  age. 

B 

This  l a t t e r  e f f e c t  i s  examined i n  t h i s  repor t .  

One o f  the  s implest  age s t ruc tu red  models i s  one i n  which the re  a re  two 
age classes, corresponding t o  mature and immature i nd i v idua ls .  A simple 

'National Marine F i she r ies  Service. 1976. Report o f  the workshop on stock 
assessment o f  porpoi  ses i nvol ved i n the  eastern P a c i f i c  ye1 1 owf i n tuna f i shery 
(La d o l l a )  Ju l y  27-31, 1976. Southwest F i she r ies  Center Admin is t ra t i ve  Report 

'Smith, T. (ea).  1575. Report o f  the s ta tus  o f  porpoise stocks workshop 
(August 27-31, 1979, La J o l l a ,  C a l i f o r n i a ) .  Southwest F i she r ies  Center 
Aamin i s t ra t i ve  Report No. Ld-79-41. 

NO. LJ-76-29. 
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Leslie matrix formla t ion  of such a model i s  

where 

F = the fecundity 

S j  = survival  ra te  

SM = survival  r a t e  

Nj = the number of 

NM = the number of 

r a t e  

for  immature individuals 

f o r  mature i n d i  v i  dual s 

immature females 

mature females. 

The time units are the number of years t o  sexual maturity, and the net r a t e  
of increase, assuming a s table  age dis t r ibut ion,  i s  the eigen value x of the 
matrix - q ,  

d S M 2  + 4 s .  F 
=_I--- 'M + J 

2 

If the pregnancy r a t e  equals the fecundity r a t e  and  a sex r a t i o  i s  50:50, 
the gross reproductive r a t e  i s  

(2  1 

For density dependent changes i n  F,  i t  can be shown t h a t  X - G equals a 
constant i f  and only i f  S .  = SM (see appendix). In other words, i f  adul t  
fecundity ra tes  are the oily v i t a l  ra tes  changing i n  response t o  density, 
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observed changes i n  G.A.R. (AG) w i l l  be equ iva len t  t o  changes i n  the  cu r ren t  
r a t e  of increase (AX) if and on ly  if a d u l t  and j u v e n i l e  su rv i va l  ra tes  a re  
equal. Some numerical examples o f  the d i f fe rences  between A X  and AG are 
presented i n  Table 1. There are  th ree  p o i n t s  t o  note from t h i s  tab le :  (1) t he  
l a r g e r  the  d i f fe rences  between S .  and SM, t he  area ter  the  discrepancy between 
AA and AG, ( 2 )  i f  S j  <SM, then A% r e s u l t s  i n  an overest imat ion o f  A X  and v i c e  
versa, and ( 3 )  the  magnitude o f  the discrepancy between AG and A X  f o r  f i x e d  
values o f  S j  and SA i s  a rea tes t  f o r  small values o f  A. 

Un for tunate ly ,  i f  the age o f  ma tu r i t y  i s  n o t  equal t o  one i n  the  time 
u n i t s  i n  which fecund i ty  and su rv i va l  have been measured, the conversion o f  
fecund i ty  ra tes  i n t o  time u n i t s  equal t o  the  age of ma tu r i t y  i s  n o n t r i v i a l  
even if one assumes fecund i ty  ra tes  are constant  w i t h  aae. This i s  because 
the  ne t  fecund i ty  r a t e  over an extended t ime i n t e r v a l  i s  a complex f u n c t i o n  o f  
both the su rv i va l  and fecund i ty  ra tes  dur ing  t h a t  i n t e r v a l  (Key f i t z ,  1972). 
Thus, the above model cannot e a s i l y  be app l i ed  t o  do lph in  populat ions as 
est imates f o r  $he age o f  ma tu r i t y  range between 5 and 9 years ( P e r r i n  and 
Henderson, 1979 ; P e r r i n  e t  a l . ,  1976) w h i l e  fecund i ty  (pregna cy )  ra tes  have 
been est imated on an annual bas is  (e.g., Henderson e t  a l . ,  1979 ) .  8 

To ob ta in  an idea o f  how l a r g e  the  discrepancy between AG and A X  may be 
f o r  the dolp$in estimates, a model was explored s i m i l a r  t o  equat ion 1 b u t  i n  
which Q and N were def ined as 

Q 

3Perr in,  W. F. and J. R. Henderson. 1979. Growth and reproduct ion ra tes  i n  
two populat ions o f  spinner dolphins,  S tene l la  l o n g i r o s t r i s ,  w i t h  d i f f e r e n t  
h i s t o r i e s  o f  e x p l o i t a t i o n .  Southwest F i s h e r i e s  Center Admin is t ra t i ve  Report 

4Henderson, J. R., W. F. Perr in ,  and R. B. M i l l e r .  1979. Gross annual 
product ion i n  do lph in populat ions (S tene l l a  spp.) i n  the  eastern t r o p i c a l  
P a c i f i c  1973-1976, working paper SOS//9/T , f o r  s ta tus  of porpoise stock 
work shop. 

NO. LJ-79-29. 
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Table 1. Comparisons of A X  and AG f o r  changes i n  F f o r  model 1. Note 
AX and AG are  c a l c u l a t e d  as t h e  d i f f e rence  between adjacent rows. 

SM F X G AX A G  A X / A G  

.9 .9 .25 1.1038 .2038 

.50 1.2578 .3577 

.75 1.3867 .4867 

.1540 .1539 1.000 

.1289 .1290 1.000 

.9 

.9 

.25 

.5 .25 1.0222 .2008 

.50 1.1226 .3459 

.75 1.2099 .4630 

1 .oo 1.2882 .5630 

.lo04 ,1451 .692 

.0873 .1171 .745 

.0783 .1000 .783 

.25 .25 .9648 .1986 

.50 1.0223 .3358 

.75 1.0745 .4417 

1 .oo 1.1227 .5289 

.057 5 .1372 .419 

.0522 .1059 .493 

.0482 .0872 .553 

.90 .25 .6155 .1778 

.50 .8074 .3086 

.75 .9560 .4203 

1 .oo 1.0519 .5197 

.1919 .1310 1.465 

.1486 .1115 1.333 

.1259 .0994 1.267 
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+- 
N = vec tor  o f  the  number o f  females i n  each age 

where 

1 t o  M and the  M + l  element equals the  number o f  

mature females , 

M = age o f  m a t u r i t y  

SA = a d u l t  su rv i va l  r a t e  

Si = age s p e c i f i c  s u r v i v a l  

F = a d u l t  fecund i ty  ra te .  

By p l a c i n g  SA i n  the  lower r i g h t  hand corner  o f  0, s u r v i v a l  r a t e s  a re  
assumed t o  be constant  pas t  the age o f  matur i t y ,  M. Again assuming a 50:50 
sex r a t i o  and t h a t  fecund i ty  r a t e s  equal the  est imated pregnancy rates,  t h e  
gross reproduct ive r a t e  f o r  t h i s  model i s  

N M + l  G = _I_Ic. 
M + l  

E x p l i c i t  expressions f o r  X i n  terms o f  F and Si and f o r  the  r e l a t i o n s h i p  
between AG and AX, given changes i n  F, are n o t  poss ib le .  However, numer ica l l y  
i t  appears t h a t  AG = A X  i f  and only i f  S -  = SA. S i m i l a r l y ,  the same general 
conclusions f o r  the f i r s t ,  s impler,  modej hold.  Some numerical r e s u l t s  a r e  
presented i n  Table 2, f o r  an age o f  m a t u r i t y  equal t o  7 years, and f o r  
est imates o f  v i t a l  ra tes  which span c u r r e n t  ranges f o r  do lph in  populat ions.  
The r e s u l t s  i n d i c a t e  t h a t  w i t h  the  genera l ly  accepted assumption f o r  dolphins,  
o f  Sj < Shy A A  cou ld  be equal t o  60 t o  100% o f  AG. This demonstrates the  need 
f o r  cau t ion  i n  assuming changes i n  G.A.R. are equal t o  n e t  ra tes  o f  
increase. While the d i r e c t i o n  of the  change i s  the  same f o r  both ra tes ,  t he re  
i s  no simple r e l a t i o n s h i p  between changes i n  t h e i r  magnitudes, even when 
populat ions are  t r a c k i n g  t h e i r  s t a b l e  age d i s t r i b u t i o n .  

The above r e s u l t s  a l l  incorpora te  the  assumption t h a t  only pregnancy 
r a t e s  have chanaed and t h a t  s u r v i v a l  r a t e s  have remained constant.  Changes i n  
s u r v i v a l  a l so  r e s u l t  i n  changes i n  G.A.R. and the  c u r r e n t  r a t e  o f  increase. 
However, t he  e f f e c t  on G w i l l  tend t o  be l e s s  than on A . I n  some cases, i t  
i s  poss ib le  t o  achieve r a t h e r  l a rge  chanaes i n  X w i t h  only small changes i n  
G. This i s  i l l u s t r a t e d  i n  Table 3 f o r  the  simple model (equat ion 1) given 
above. 

P o s i t i v e  changes i n  G.A.R. are evidence o f  p o s i t i v e  changes i n  the  ne t  
r a t e  o f  increase ( b a r r i n g  t r a n s i t o r y  age s t r u c t u r e  e f f e c t s ) .  A lack  of 
s i g n i f i c a n t  change i n  G.A.R. does no t  necessar i l y  mean t h a t  there  has been no 
change i n  the  cu r ren t  r a t e  o f  increase. The r e l a t i o n s h i p  between changes i n  
G.A.R. and changes i n  the  cu r ren t  r a t e  o f  increase i s  complex f o r  
age-st ructured models, b u t  the  r e s u l t s  o f  chanqes i n  su rv i va l  w i l l  t end  t o  be 
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Table 2. Comparison of A A  and A C  for  changes i n  F for  model I 1  when 
M = 7. Note A X  and AG a re  calculated as  the differences 
between adjacent rows. 

F x G A X  A G  A U A G  1 
SM 'j 

.95 .85 .15 1.0049 .09296 

.20 1.0179 .11189 

.25 1.0293 .12806 

.30 1.0396 .1422 

.0130 .0189 .684 

.0114 .0162 .705 

.0114 .0142 .806 

.95 .9  .10 1.00239 .06826 

.15 1.02055 .09041 

.20 1.03598 .lo878 

.25 1.04945 .12454 

.01817 .02215 .820 

.01543 .01837 .840 

.01347 .01576 .854 

, 

.95 .8 .10 .97966 .07186 

.15 .99141 .09571 

.20 1.00185 .11584 

.25 1.0113 .13205 

.30 1.01988 .14659 

.0118 .0239 .410 

.0104 .0201 .517 

.0094 .0162 .580 

.0086 .0145 .591 

.8 .95 .10 .9207 .0586 

.15 .9500 .0770 

.20 .973 1 .0925 

.25 .9924 .lo60 

.30 1.0090 .1180 

.0293 .0184 1.593 

.0231 .0155 1.494 

.0193 .0135 1.430 

.0166 .0120 1.383 

'Survival fo r  ages 1 t o  M i s  constant and equals Sj 
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Table 3. Comparison of A X  and AG fo r  chanaes i n  survival ra tes  for 
model 1. Note AX and AG are  calculated as the differences 
between the f i rs t  row o f  the table  and each additional row. 

SM F x G AA AG A A / A G  

.90 .80 .3 1.1152 .2864 

.90 .90 .3 1.1373 .2874 

.95 .80 .3 1.1578 .2824 

.95 .90 .3 1.1790 .2891 

.0235 .00098 23.9 

.0426 .00184 23.5 

.0638 .0027 23.7 

underestimated by changes i n  G . A . R .  while the resu l t s  of changes i n  fecundity 
will tend t o  be overestimated by G.A.R.  i f  juvenile surviva1, is  less than tha t  
of adults.  
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AP PEIUD I X  

For model 1, t o  show t h a t  A minus G equals a constant  f o r  changes i n  F 
i f  and only i f  Sj equals Sh, note t h a t  from equat ion 3 

Thus, i f  - G equals a constant  C then 

2 
- -  A - c  

F+ 

Thus 

A =  C + dC2 + 4C F 
2 

b u t  from equat ion 2 

s M  + JZ 
A =  

2 

Therefore, equat ion ( 6 )  t o  equal equat.ion ( 7 ) ,  Sj must equal SF1 which must 
equal C .  
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