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ABSTRACT 

Nhen j u v e n i l e  salmon a re  enumerated du r ing  t h e i r  downstream mig ra t i on ,  i t  
i s  o f t e n  poss ib le  t o  capture and count o n l y  a  p o r t i o n  o f  the  run. By means 
of  dye marking o r  o the r  techniques a  sample o f  f i s h  can be marked and 
re leased upstream, and the number o f  marked f i s h  recovered i n  the  t r a p s  can 
be used as an index of t r a p  e f f i c i e n c y .  The est imated t r a p  e f f i c i e n c y  can 
then be used t o  expand the  counts o f  f i s h  caught i n  the  t r a p s  t o  ob ta in  an 
est imate o f  the  t o t a l  number o f  j u v e n i l e  salmon i n  the  migra t ion .  

The i n t u i t i v e  est imate o f  the  run  s i z e  based upon t r a p  e f f i c i e n c y  i s  
biased, and i t s  var iance i s  n o t  simple t o  compute. Based upon work by 
LaPlace, as reviewed by Cochran, the  b ias  and var iance o f  t h i s  est imate can 
be computed. Applying Laplace's computations t o  the  salmon enumeration 
problem, I present  an est imate f o r  t h e  number o f  f i s h  i n  the  m ig ra t i on ,  
which co r rec ts  f o r  t h e  b i a s  i n  t he  i n t u i t i v e  est imate, as w e l l  as a  formula 
f o r  computing a  conf idence i n t e r v a l  f o r  t h i s  est imate. The p r a c t i c a l  
implementat ion o f  t h i s  technique i s  i 1 l u s t r a t e d  through th ree  examples from 
recent  FRED D i v i s i o n  p ro jec ts .  

KEY WORDS: - dye, marking , smol t, f r y ,  enumerati on, mark recapture,  
var iance, b ias,  confidence i n t e r v a l  , t r a p  e f f i c i e n c y .  

INTRODUCTION 

I n  several areas of t h e  s t a t e  the  D i v i s i o n  o f  F i she r ies  R e h a b i l i t a t i o n ,  
Enhancement, and Development (FRED) i s  conduct ing p r o j e c t s  t o  enumerate 
j u v e n i l e  salmon swimming downstream. I n  general i t  i s  impossible t o  count 
a l l  o f  t he  run; so, t raps  p laced i n  t he  r i v e r  a re  used t o  ob ta in  a  sample. 
I n  o rder  t o  expand t h e  t r a p  counts t o  est imate the  t o t a l  number o f  f i s h  i n  
t he  m i g r a t i o n  i t  i s  necessary t o  est imate the  p ropo r t i on  o f  t h e  run  t h a t  i s  
sampled by the  t raps ,  i.e., t h e  t r a p  e f f i c i e n c y .  For t h i s  purpose, FRED 
D i v i s i o n  personnel have developed a  technique based upon the  marking, 
re lease,  and subsequent recapture o f  some o f  these migrants. I n  t h i s  method 
some o f  t he  f i s h  caught i n  the t raps  are placed i n  a s o l u t i o n  o f  dye, which 
co lo rs  them and makes them e a s i l y  d i s t i ngu i shab le  from undyed f i s h .  The 
dyed f i s h  a re  then t ranspor ted  upstream where they are  released, and the  
number o f  dyed f i s h  subsequently recaptured i n  t he  t raps  i s  used t o  
est imate the  t r a p  e f f i c i e n c y .  The purpose o f  t h i s  r e p o r t  i s  t o  present  a  
s t a t i s t i c a l l y  v a l i d  method f o r  ob ta in ing  an est imate o f  run s i z e  w i t h  a  
confidence i n t e r v a l  based on the  dye mark and recapture technique. 

THE STATISTICAL MODEL 

S ing le  Release o f  Dyed F i sh  

I n  developing the  s t a t i s t i c a l  model f o r  t he  ana lys i s  o f  data obta ined by 
t h e  dye marking technique, I w i l l  f i r s t  consider  t he  case o f  a  s i n g l e  
re lease o f  dyed f i s h .  This  app l ies  when on l y  one batch o f  f i s h  i s  dyed and 
re leased du r ing  the  m ig ra t i on  season. I t  can a l so  apply i n  cases where 



severa l  dye t e s t s  a r e  performed, and t h e  r e s u l t s  a r e  l a t e r  lumped and 
cons idered as coming from a  s i n g l e  re lease .  Th i s  lumping would be v a l i d  
o n l y  i f  t h e  es t imated  t r a p  e f f i c i e n c i e s  recovered i n  t h e  severa l  r e l eases  
were deemed n o t  t o  be s i g n i f i c a n t l y  d i f f e r e n t  on t h e  b a s i s  o f  ch i -square 
t e s t s  (see Example 1 below). The n o t a t i o n  used i n  t h i s  r e p o r t  f o r  t h e  case 
o f  a  s i n g l e  re l ease  o f  dyed f i s h  i s  summarized i n  Table 1. 

To beg in  w i t h ,  I assume t h a t  each f i s h ,  dyed o r  undyed, i s  caught i n  t h e  
t r a p s  independent l y  o f  t h e  f a t e  o f  o t h e r  f i s h .  I a l s o  assume t h a t  each 
f i s h  i s  caught i n  t h e  t r a p s  w i t h  t h e  same p r o b a b i l i t y ,  E ( s t and ing  f o r  t r a p  
e f f i c i e n c y ) .  From these  assumptions i t  f o l l o w s  t h a t  (see Table 1 f o r  
d e f i n i t i o n s  o f  n o t a t i o n ) :  

1) d  i s  a  random v a r i a b l e  f o l l o w i n g  a  b inomia l  p r o b a b i l i t y  
d i s t r i b u t i o n  w i t h  parameters E and D, and 

2 )  each n -  i s  a  random v a r i a b l e  f o l l o w i n g  a  b inomia l  p r o b a b i l i t y  
d i s t r i b u t i o n  w i t h  parameters E and N . 

i 

If we assume f u r t h e r  t h a t  t r a p  e f f i c i ency ,  E ,  remains cons tan t  f o r  a l l  k  
days o f  t h e  s tudy,  then  

3)  n  i s  a  b inomia l  random v a r i a b l e  w i t h  parameters E and N. 

The more d e t a i  1  ed assumptions necessary f o r  1) , 2) ,  and 3 )  a r e  1  i s t e d  i n  
Table 2. 

Given t h i s  s t a t i s t i c a l  model, i t  should be p o s s i b l e  t o  d e r i v e  formulas t o  
es t ima te  parameters o f  i n t e r e s t  w i t h  conf idence i n t e r v a l s .  For  t h e  t r a p  
e f f i c i e n c y  t h e  fo rmu la  i s  s imp ly :  

A conf idence i n t e r v a l  f o r  € can be ob ta ined  u s i n g  well-known r e s u l t s  f rom 
t h e  b inomia l  d i s t r i b u t i o n .  When e i s  smal l  ( l e s s  t han  0.1), F l e i s s  (1981, 
p. 14) suggests us ing  a  procedure t h a t  y i e l d s  an asymmetric con f idence  
i n t e r v a l ,  which i s  more accura te  t han  t h e  symmetric one t h a t  r e s u l t s  f r om 
a p p l y i n g  t h e  usual  approx imat ion t o  a  normal d i s t r i b u t i o n .  I n  any case, i t  
i s  n o t  d i f f i c u l t  t o  es t ima te  E w i t h  a  conf idence i n t e r v a l .  

Obta in ing  an es t imate  o f  N .  w i t h  a  conf idence i n t e r v a l  i s  n o t  so easy. An 
i n t u i t i v e  es t ima te  i s :  1 

Th i s  fo rmu la  would be a  s imple "expansion" o f  t h e  t r a p  counts based on t h e  
es t imated  t r a p  e f f i c i e n c y .  The problem w i t h  equa t ion  [2 ]  i s  t h a t  i t  
i n v o l v e s  a  r a t i o  o f  two b inomia l  random v a r i a b l e s  (n.  and d ) ,  making t h e  
p r o b a b i l i t y  d i s t r i b u t i o n  o f  N. d i f f i c u l t  t o  d e r i v e  d i r e c t l y .  However, t h e  
l a r g e  sample b i a s  and var ianc6  o f  N. can be approximated u s i n g  Bayesian 
methods and assuming a  un i form p r i o $  d i s t r i b u t i o n  f o r  E. It t u r n s  o u t  t h a t  
LaPlace used such an a n a l y s i s  i n  e s t i m a t i n g  t h e  e r r o r  i n  h i s  famous es t ima te  



Table 1. Nota t ion  f o r  Dye Marking 

D Number o f  f i s h  dyed and re leased upstream ( s i n g l e  dyed re lease)  

D  Number o f  f i s h  dyed and re leased on n i g h t  i ( d a i l y  dyed re lease)  
i 

d  Number o f  dyed f i s h  captured i n  downstream t raps  ( s i n g l e  dyed re lease)  

d  Number o f  dyed f i s h  recaptured f rom the  re lease on n i g h t  i ( d a i l y  dyed 
i re lease 

E True t r a p  e f f i c i e n c y  = E[d/D] 

s Estimated t r a p  e f f i c i e n c y  = d/D 

N Number o f  unmarked f i s h  m i g r a t i n g  p a s t  t raps  on n i g h t  i 
i 

n  Number o f  f i s h  caught i n  t raps  on n i g h t  i 
i 

k Number o f  n i g h t s  i n  pe r iod  o f  i n t e r e s t  

k 
N  To ta l  number o f  f i s h  m ig ra t i ng  pas t  t raps  i n  k n i g h t s  = i~lNi 

k  
n  To ta l  number o f  unmarked f i s h  caught i n  t raps  i n  k n i g h t s  = i&l ni 

z 1 4 2  percentage p o i n t  of standard normal d i s t r i b u t i o n  
a 



Table 2 .  Assumptions for  single dyed release. 

1. All of the f i sh  dyed released upstream pass the traps during the 
period of the study. 

2. The probability that  a dyed f i sh  enters one of the traps equals E for  
a l l  dyed f i sh .  

3. The probability t h a t  an unn~arked f i sh  enters one o f  the traps equals E 

for  a l l  unmarked f ish.  

4. Fish are  caught or n o t  caught in the traps independently of the f a t e  
of other f i sh .  

5. Trap efficiency E i s  constant fo r  a l l  k days of the study. 

6 .  All of the f i sh  entering the traps throughout the period of the study 
are  counted. 



o f  t h e  popu la t i on  of France based on t h e  r a t i o  of b i r t h s  t o  t o t a l  p o p u l a t i o n  
i n  c e r t a i n  d i s t r i c t s  (LaPlace 1820, Engl . Trans. 1951). L.aPlacels 
assumptions ape equ i va len t  t o  assumptions 1 )  and 2) above, and h i s  r e s u l t s  
can t h e r e f o r e  be a p p l i e d  t o  t h e  dye mark ing problem. 

Ana l ys i s  o f  t h e  Model u s i n g  LaPlace 's  Method 

Cochran (1978) descr ibes  LaPlace 's  method f o r  de te rmin ing  t h e  b i a s  and t he  
va r i ance  o f  t h e  r a t i o  es t imate  i n  equa t ion  [2]. I t  i s  p o s s i b l e  t o  make an 
analogy between t h e  v a r i a b l e s  o f  LaPlace 's  s tudy  and t h e  v a r i a b l e s  i n  t he  
dye mark ing s i t u a t i o n  (Table 3 ) .  Wi th  t h e  analogy between v a r i a b l e s  made, 
i t  i s  then  c l e a r  t h a t  s t a t i s t i c a l  assumptions 1) and 2)  noted above 
(Table 2 )  correspond t o  LaPlace 's  s t a t i s t i c a l  assumptions (Cochran 1978): 

i )  x  i s  b inomia l  (y ,  p ) ,  

i i )  X i s  b inomia l  (Y, p ) ,  and 

i i i ) x and X a r e  independent. 

Cochran rev iews LaPlace 's  l o g i c  l e a d i n g  f r om these  assumptions t~ t h e  
d i s t r i b u t i o n  o f  z, where z = Y - Y, ( i n  t h e  p resen t  case z = Ni-N,,). 

The r e s u l t  i s  t h a t  f o r  l a r g e  samples, t h e  d i s t r i b u t i o n  o f  z approximates a  
normal d i s t r i b u t i o n  w i t h  

E[z] = n.  (D-d)/d2 
1 

and Var [ z ]  = n .  (n.+d)D(D-d)/d3. 
1 1  

I n  t h e  above two formulas, I have s u b s t i t u t e d  dye mark ing n o t a t i o n  (Tab le  
1) f o r  Cochran's n o t a t i o n .  From equat ions [3] I der i ved  t h e  approx imate ly  
unbiased es t ima to r ,  Ni ,  and t h e  va r i ance  and con f idence  i n t e r v a l  formulas 
i n  Table 4. 

D a i l y  Release o f  Dyed F i s h  

I n  some circumstances i t  i s  app rop r i a te  t o  r e l ease  marked f i s h  on each day 
o f  t h e  sampling per iod .  Th i s  would be t h e  case, f o r  example, i f  wate r  
l e v e l s  f l u c t u a t e  so f r e q u e n t l y  t h a t  t h e  t r a p  e f f i c i e n c y  i s  l i k e l y  t o  change 
d a i l y  by  a s i g n i f i c a n t  amount. I n  some cases t h e  opening t o  a  t r a p  must be 
ad jus ted  i n  o rde r  t o  f u n c t i o n  p r o p e r l y  as t h e  wa te r  l e v e l  changes. S ince 
such ad justments  change t h e  t r a p  e f f i c i e n c y ,  separate dye t e s t s  must be 
perfornied a t  l e a s t  as o f t e n  as t h e  t r a p  opening i s  ad justed.  F i n a l l y ,  i n  
some cases, n o t  a l l  o f  t h e  f i s h  caught i n  t h e  t r a p s  a re  examined f o r  t h e  
presence o f  a  dye. I f  such subsampling o f  f i s h  i s  p a r t  o f  a  sampl ing 
procedure, then  i t  i s  impe ra t i ve  t h a t  dyed f i s h  be re leased  as o f t e n  as t h e  
t r a p s  a r e  sampled. 

The s t a t i s t i c a l  a n a l y s i s  of t h e  da ta  ob ta ined  when marked f i s h  a re  re leased  
d a i l y  i s  accoli tpl ished i n  two steps. F i r s t  o f  a l l ,  each day 's  m i g r a t i o n  i s  



T a b l e  3. Correspondence  between v a r i a b l e  names used  by Cochran (1978) and 
the v a r i a b l e s  i n  a  dye  marking s t u d y  ( T a b l e  1).  

Cochran ' s 
Nota t ion  

Corresponding 
Dye Marking 

Meaning i n  L a p l a c e ' s  S tudy  Nota t ion  

Number o f  b i r t h s  i n  sampled d i s t r i c t s  

T o t a l  p o p u l a t i o n  o f  sampled d i s t r i c t s  

Number o f  b i r t h s  i n  F rance  

P o p u l a t i o n  of France  

The c o n s t a n t  r a t i o  o f  b i r t h s  t o  t o t a l  
popu l a  t i  on i n  F rance  



Table 4. For.rnulc?s f o r  analyzing dye marking da t a .  

1. S ing le  dyed r e l e a s e :  

l a .  Daily migra t ion  e s t ima te s  - 

va r  [N . ]  = n .  ( n .  + d )  D (D-d)/d3 
1  1 1  

(1-a)  C.I. f o r  N = [Ni - za ( s ) ,  Ni + z a  ( s ) ]  
i 

l b .  Overal l  migra t ion  e s t ima te  - a s  i n  l a . ,  bu t  s u b s t i t u t e  f o r  
and n f o r  n i .  i 

2. D a i l j  dyed r e l e a s e :  

2a. Daily migra t ion  e s t ima te s  - a s  i n  l a . ,  bu t  s u b s t i t u t e  D. f o r  D 
and d .  f o r  d .  1  

1 

2b. Overal l  migrat ion e s t ima te  - 

k 
Var [i] = i g l  v a r  [i.] 

1  

s = Jva r  [i] 



estimated as a single release of marked f i sh  and a single recovery. The 
overall seasonal migration estimate i s  simply the sum of the daily 
estimates and the variance of the overall estimate i s  the sum of the daily 
variances. Using t h i s  overall variance, a confidence interval can be 
calculated fo r  the estimated total  number of f i sh .  

The assumptions required for  the daily release of dyed f i sh  are summarized 
in Table 5,  special notation i s  in Table 1 ,  and the appropriate formulas 
are  in Table 4. 

EXAMPLES 

The dye marking technique has been used successfully in several FRED 
Division projects. The following three examples will i l l u s t r a t e  the 
application of the methods discussed in t h i s  report to  different 
s i tuat ions.  The raw data and calculated resu l t s  are presented f o r  each 
example so the reader may verify the use of the formulas in Table 4. 

Example 1: 1981 Kasilof River Smolt Enumeration (single release of dyed 
f i sh )  

The sockeye salmon smolt migration in the Kasilof River i s  monitored as 
part  of the e f fo r t  to  evaluate the success of the f ry  released in Tustumena 
Lake (on the Kenai Peninsula) from the Crooked Creek Hatchery near Kasilof 
(Flagg 1982). During 1981 the traps were operated from 7 May through 
1 duly, and dyed f i sh  were released on four different  days, 1 - 2 weeks 
apart. 

The t rap efficiency appeared to  decl ine over time (Figure 1) ; perhaps, t h i s  
was due to  increasing water flow rates.  If  t h i s  apparent decline had been 
s t a t i s t i c a l l y  s ignif icant ,  then i t  would n o t  have been appropriate to  
combine a l l  four dye t e s t s  for  the analysis,  and the overall estimate would 
have had to  have been obtained in some other way (e.g., as in Example 3 
below). However, a chi-square t e s t  showed tha t  the percent recoveries in 
the four dye t e s t s  were not significantly different  (x2 = 3.12, d.f. = 3 ) ;  
so,  in t h i s  case, i t  was acceptable to  combine the t e s t s .  The possibi l i ty  
of a s ignif icant  decline in percent recovery over time, however, 
i l l u s t r a t e s  the need for  performing several dye t e s t s  during the period of 
migration. 

Because the resu l t s  from a l l  four dye t e s t s  could be combined in t h i s  case, 
t h i s  i s  an example of a single release of dyed f i sh .  Therefore, the data 
are analyzed as i f  a single dye t e s t  had been performed. The total  number 
of f i sh  dyed and released upstream was 2,560, and 176 of these were 
recaptured. A total  of 155,596 unmarked smolts were captured in the traps 
during the season. Substituting these numbers into the formulas in Table 4 
gives an estimate of 2.276 x 106 for the total  smolt migration and a 95% 
confidence interval of E1.953 x l o 6 ,  2.599 x lo6].  

Besides yielding an estimate with confidence intervals of the total  smolt 
migration, t h i s  method allows one to  estimate each day's outmigration with 
confidence intervals.  Figure 2 shows the upper and lower 95% confidence 



Table 5. Assumptions f o r  d a i l y  re lease o f  dyed f i s h .  

1. A l l  riiarked f i s h  released upstream on a  g iven n i g h t  a re  e i t h e r  caught 
t h a t  n i g h t  o r  pass the  t raps  t h a t  n i g h t .  No marked f i s h  from a  g iven 
n i g h t ' s  re lease are caught on subsequent n igh ts .  

2 .  On a  g iven n i g h t ,  i, the p r o b a b i l i t y  t h a t  a  marked f i s h  i s  caught 
equals c. f o r  each marked f i s h  released. 

1 

3 .  On a  g iven n i g h t ,  i, the  p r o b a b i l i t y  t h a t  an unmarked f i s h  i s  caught 
equals f o r  each unmarked f i s h  m ig ra t i ng  t h a t  n igh t .  

4. A g iven f i s h  i s  caught o r  n o t  caught independently o f  the  f a t e  of 
o the r  f i s h .  

5. I f  on ly  a  p o r t i o n  o f  the  f i s h  i n  the  t raps  a re  examined f o r  marks 
r a t h e r  than the  e n t i r e  ca tch  then t h i s  sample i s  se lec ted  randomly 
w i t h  respect  t o  marked and unmarked f i s h .  

6. Marked or  unmarked f i s h  a re  never i n  double jeopardy o f  being caught 
e i t h e r  du r ing  a  g iven n i g h t  o r  on two d i f f e r e n t  n igh ts .  
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FIGURE 1 .  E s t i m a t e d  t r a p  e f f i c i e n c i e s  and 95% c o n f i d e n c e  i n t e r v a l s  f o r  t h e  
f o u r  dye t e s t s ,  K a s i l o f  R i v e r ,  1981. 
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FIGURE 2. Es t imated  d a i l y  smol t m i g r a t i o n  numbers w i t h  95% con f idence  i n t e r v a l s ,  K a s i l o f  R i ve r ,  1981. 



bounds for  the smolt outmigration fo r  each day of the 1981 run. These 
confidence l imits  are obtained by applying the formulas in Table 4 t o  the 
daily smolt counts, as indicated in Table 6. The most striking conclusion 
from Figure 2 i s  t ha t  the observed spikes in the magnitude of the r u n  a re  
"real"  within the bounds of the 95% confidence intervals.  Therefore, the 
sampling e f fo r t  used in th i s  case was adequate t o  monitor the day-to-day 
timing of the smolt migration. 

Example 2: 1982 Upper Thumb River Fry Enumeration (daily release of dyed 
f i sh )  

On the Upper Thumb River, above Karluk Lake on Kodiak Island sockeye, f ry  
are enumerated each year to  determine the emergence rate  from the eyed eggs 
tha t  were previously planted upstream. This project i s  fu l ly  described in 
a report by L. White ( in  prep.). In the spring of 1982, a large Canadian 
fan t rap with wings was placed in a shallow part  of the r iver  several miles 
downstream from the egg planting s i t e .  The f ish swimming into the trap 
were held in a l ive  box in the stream behind the trap. Each morning the 
l ive  box was emptied and a sample of the f i sh  was examined fo r  marks. 
Counts were kept of the total  numbers of marked and unmarked f i sh  in the 
sample. The other f i sh  were emptied from the l ive  box and held fo r  release 
the next evening. A number of the newly caught, unmarked f i sh  were placed 
in Bismarck Brown dye and a f t e r  being colored were held i n  a l ive  box 
several hundred yards upstream of the trap. Just  a f t e r  dark each evening, 
the marked f i sh  were released into the stream (White 1983). 

The Thumb River f ry  enumeration i s  c lear ly a daily release of dyed f i sh .  
The proportion of the total  r u n  examined for  marks changes from day to day 
for  three reasons: (1) the rates of stream flow fluctuate daily in th i s  
relat ively small r iver ,  ( 2 )  the trap may be adjusted daily to  prevent 
crowding in the l ive  box, and ( 3 )  an unknown fraction of the f i sh  caught 
are  examined for  marks. Therefore, i t  i s  necessary to mark and release 
f i sh  every day in order to  separately monitor each day's t rap efficiency. 

There were several logis t ical  complications in the Thumb River s i tuat ion.  
Early in the season, b u t  a f t e r  the fry migration had s ta r ted ,  there were 
several periods of freezing when the trap could not be operated. Late in  
the migration period, there were a few days when the traps could not be 
fished because of high stream flow rates.  Using the methods discussed in 
th i s  report i t  i s  impossible to  estimate the number of f ry  moving out 
during such periods. 

The raw data for  the 1982 Upper Thumb evaluation are presented in Table 7 ,  
and the estimates calculated from these are  in Table 8. Each day's 
migration i s  estimated as a separate single release and recovery of dyed 
f i s h ,  and the confidence interval fo r  each daily estimate i s  calculated 
from tha t  same day's data. No estimates are  made fo r  days when there was 
no fishing. Similarly no estimate i s  made for  the days when no marked f ish 
were released. In th i s  s i tuat ion,  i t  i s  not possible t o  use a previous 
day's estimated trap efficiency to estimate the fraction of the run 
examined on a day when no marks were released. This i s  so because of the 
three factors cited above, which cause unknown daily fluctuations in the 
t rap ef f i ci ency . 



Table 6. Daily smolt counts at the Kasilof River traps and estimated daily 
smolt outmigration with 95% confidence intervals. 

Smol ts Estimated 95% Confidence Interval 
Date Counted Total Run From To 

May 7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
2 1 
22 
2 3 
2 4 
25 
2 6 
2 7 
28 
29 
30 
3 1 

June 1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
1.4 
15 

- Continued 



Table 6 Continued. 

Smol t s  Estimated 95% Confidence Interval 
Date Counted Total R u n  From To 

July 1 

Overal l 



Table 7 .  Upper Thumb River dye marking - 1982 (bas ic  da ta )  

T o t a l  Fry Marked Fry Marked Fry Unmarked Fry % of Marks 
Captured Re1 eased Reca~tured Ca~ tu red  Reca~tured 

Date (ni-d) (Dl '(d ( n  (100 d / ~ )  

19 Mar 
20 Mar 

25 Mar 

30 Mar 

01 Apr 

05 Apr 

10 Apr 

15 Apr 

20 Apr 

25 Apr 

30 Apr 

- Continued - 



Table 7 Continued. 

T o t a l  Fry Marked F r y  Marked Fry  Unmarked F ry  % o f  Marks 
Captured Re1 eased Recaptured Captured Recaptured 

Date (n+d) ( D l  ( d  ( n >  (100 d/D) 

01  May 4,863 3,804 536 4,327 14.1 
2,480 4,277 604 1,876 14.1 
2,339 1,849 215 2,124 11.6 

- 3,629 2,104 213 3,416 10.1 
05 May 3,565 3,390 146 3,419 4.3 

4,547 5,980 299 4,248 5.0 
6,059 6,030 25 1 5,808 4.2 
8,114 6,027 264 7,850 4.4 
1,283 7,463 40 1 882 5.4 

10 May 1,369 1,251 46 1,323 3.7 
4,004 3,091 236 3,768 7.6 
3,973 3,965 208 3,765 5.2 
4,595 6,703 444 4,151 6.6 
3,949 4,543 244 3,705 5.4 

15May - 6,638 3,889 3 18 6,320 8.2 
3,718 6,571 467 3,251 7.1 
3,190 5,198 382 2,808 7.3 
4,156 3,171 188 3,968 5.9 
4,433 4,798 689 3,744 14.4 

20 Nay 2,873 4,429 219 2,654 4.9 
3,324 2,867 260 3,064 9.1 
4,082 3,314 315 3,767 9.5 
2,354 4,080 48 5 1,869 11.9 

969 2,837 227 742 8.0 
25 May I. ,466 94 2 3 4 1,432 3.6 

0 0 0 0 0.0 
0 0 0 0 0.0 
0 0 0 0 0.0 

29 May 112 1,455 52 60 3.6 



Tab le  8. Upper Thumb R i v e r  dye marking - 1982 ( d a i l y  m i g r a t i o n  es t imates)  

Est imated 95% Conf. L i m i t s  Est imated 95% Conf. L i m i t s  
D a i l y  --------- Cumulat ive -------- 

Date M i g r a t i o n  Lower Upper M i g r a t i o n  Lower Upper 

19 Mar 
20 Mar 

25 Mar 

30 Mar 

0 1  Apr 

05 Apr 

10 Apr 

20 Apr 

25 Apr 

30 Apr 

8,630 
0 

1,810 
1,260 
1,800 

0 
0 
0 
0 

4,250 
1,150 

0 
0 
0 
0 
0 
0 
0 

1,180 
1,640 
2,740 
2,480 
3,470 

830 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

16,590 
44,700 
66,100 
46,600 
38,800 
49,000 
14,330 
23,400 
22,000 

Continued - 



Table 8 Continued. 

Est imated 95% Conf. L i m i t s  Est imated 95% Conf. L i m i t s  
Dai l y  --------- Cumulat ive -------- 

Date M i g r a t i o n  Lower Upper M i g r a t i o n  Lower Upper 

0 1  May 30,800 
- 13,300 

18.340 
33 ; 900 

05 May 79,900 
85,200 

140,100 
179,900 
16,450 

10 May 36,700 
49,500 
72,100 
62,800 
69,300 

15 May 77,500 
45,800 
38,300 
67,300 
26,100 

20 May 53 1900 
33,900 
39,700 
15,750 
9,310 

25 May 0 
40,800 

0 
0 

29 May 1,710 



Besides t h e  d a i l y  est imates,  es t imates  o f  t h e  cumula t i ve  numbers o f  
m i g r a t i n g  f i s h  w i t h  conf idence i n t e r v a l s  may be ob ta ined  f c r  t h e  1982 Upper 
Thumb da ta  (Table 8) .  The es t imated  cumula t i ve  t o t a l  i s  s imp ly  t h e  sum o f  
t h e  d a i l y  es t imates  f o r  a l l  p rev ious  days. The conf idence i n t e r v a l  f o r  t h e  
cumula t i ve  es t imates  i s  determined by  assuming t h a t  t h e  va r i ance  o f  t h e  
es t imated  c u n ~ u l a t i v e  t o t a l  i s  t h e  suni o f  t h e  var iances  o f  a l l  p rev ious  
n i g h t s '  es t imates  (Table 4 ) .  The r e l a t i v e  w i d t h  of  t h e  con f idence  i n t e r v a l  
i s  much sma l l e r  f o r  t h e  cumula t i ve  es t ima te  t han  i t  i s  f o r  t h e  i n d i v i d u a l  
d a i l y  es t imates  (Table 8 ) .  

Example 3: 1981 Crescent Lake Smol t Enumeration ( h y b r i d )  

The sockeye salmon smol t  m i g r a t i o n  f rom Crescent Lake, on t h e  west s i d e  o f  
Cook I n l e t ,  i s  mon i to red  as p a r t  o f  a  comprehensive p r e - f e r t i l i z a t i o n  
eva lua t i on .  The 1981 study i s  f u l l y  descr ibed  i n  a r e p o r t  by Ky le  and 
Koenings (1982). 

I n  t h i s  case, m i g r a t i n g  smol ts  were cap tu red  i n  two f yke  n e t s  p laced  i n  t h e  
Crescent R iver .  A t  l e a s t  once each day, t h e  f i s h  caught i n  t h e  t r a p s  were 
counted. Releases of  dyed f i s h  were made weekly,  upstream o f  t h e  t r a p s  a t  
t h e  l a k e  o u t l e t .  The percen t  o f  dyed f i s h  recovered changed weekly 
(Table 9), and a ch i -square t e s t  showed them t o  be s i g n i f i c a n t l y  d i f f e r e n t  
( X Z  = 448, P < 0.005). Therefore,  u n l i k e  Example 1, i t  i s  n o t  p o s s i b l e  t o  
lump a l l  of  t h e  re leases  and analyze t h e  da ta  as a  s i n g l e  re l ease  o f  dyed 
f i s h .  Ins tead ,  t h e  da ta  were analyzed by week i n  a  manner s i m i l a r  t o  t h e  
procedure f o r  d a i l y  r e l eases  o f  dyed f i s h ,  w i t h  each week be ing  a separate 
u n i t  i n s t e a d  o f  each day as i n  t h e  case o f  Example 2. Th i s  approach i s  a 
h y b r i d  t h a t  l i e s  between t h e  s i n g l e  re l ease  and d a i l y  r e l ease  o f  dyed f i s h :  
t h e  da ta  a r e  analyzed s i m i l a r l y  t o  a  d a i l y  r e l ease  o f  dyed f i s h  , b u t  i t  i s  
impor tant  t h a t  t h e  t r a p  e f f i c i e n c y  and sampl ing f r a c t i o n  remain cons tan t  
w i t h i n  each week. I n  t h i s  case, t h e  sampl ing f r a c t i o n  was 100% f o r  t h e  
e n t i r e  s tudy,  so t h e  o n l y  assumption necessary i s  t h a t  t h e  t r a p  e f f i c i e n c y  
was cons tan t  d u r i n g  each week. 

The weekly est - in~ates and o v e r a l l  es t ima te  w i t h  conf idence i n t e r v a l s  a r e  
shown i n  Table 10. The method o f  combining t h e  weekly est imates t o  d e r i v e  
an o v e r a l l  es t ima te  i s  t h e  same one used i n  Example 2 :  t h e  o v e r a l l  es t ima te  
i s  ob ta ined  by summing t h e  weekly est imates,  and t h e  o v e r a l l  va r i ance  i s  
ob ta ined  by summing t h e  var iances  o f  t h e  weekly est imates.  

DISCUSSION 

The methods o u t l i n e d  i n  t h i s  r e p o r t  p r o v i d e  a way o f  o b t a i n i n g  an es t ima te  
and a  con f idence  i n t e r v a l  f o r  t h e  number o f  salmon f ry o r  smol ts  m i g r a t i n g  
down a r i v e r .  I f  t h e  necessary assumptions ho ld ,  then  t h e  method i s  
s t a t i s t i c a l l y  sound. The process o f  dye ing f ry and smol ts  has been shown 
t o  work, and i t  has been e s t a b l i s h e d  t h a t  these marked f i s h  can be 
recognized upon recapture.  The examples d iscussed i n  t h i s  r e p o r t  
i l l u s t r a t e  t h e  k i nds  o f  s i t u a t i o n s  where t h e  method i s  l i k e l y  t o  work. 



Table 9 .  Summary of releases and recoveries of dyed f i sh ,  Crescent River, 
1981 (modified from Table 1 of Kyle and  Koenings 1982). 

Date Recovery No. Marked Rumber Percent 
Marked Feri od and Released Recovered Recovered 

21 The dye used and conditions of t h i s  release were s l ight ly  different  
than the other releases. See Kyle and Koenings (1982). 

Table 10. Weekly and overall estimates of smolt migration Crescent River, 
1981 (modified from Table 2 of Kyle and Koenings 1982). 

Estimated 
Unmarked Total 
Smol t s  Migration 95% Confidence Interval 

Period Caught ( 1000s ) Lower Upper 

Overall - 2,011.9 740.5 3,283.4 



The approach discussed in th i s  report i s  not the same thing as the Petersen 
method (Seber 1973). I t  i s  wrong to attempt t o  apply the usual s t a t i s t i c a l  
methods used i n  capture-recapture work (e.g. ,  Seber 1973) to  the problem of 
enumerating migrating smolts. The Petersen approach was designed for a 
different  kind of s i tuat ion.  For example, suppose n f i sh  are  marked and 
released in a lake and l a t e r  m of these are  recoverAd in a total  sample of 
n . The Petersen approach sayS tha t  the estimate of the lake ' s  total  
p6pulation, N , equals n n /m . Here the total  population of the lake 
includes the darked fish! ' ~ 0 6 ,  suppose tha t  D f i sh  are marked and released 
upstream and d of these are recovered along with n unmarked f ish.  The D 
marked f i sh  have already been caught in the traps on previous days and 
should not be included twice in the p~pula t ion~es t imate .  Therefore, the 
in tu i t ive  estimate of the to ta l  run strength,  N2, i s  nD/d. 

The Petersen approach, however, would be to  estimate the population by N, 
= (n+d)D/d. Notice tha t  N = N + D. Therefore, to  enumerate the 
migrating population using the ~ e t 8 r s e n  approach i s to  erroneously incl ude 
the marked f ish in the estimate. A similar argument would establish that  
the variance formulas fo r  a Petersen estimate (Seber 1973) will not work 
f o r  smolt enumeration. 

The s t a t i s t i c a l  approach presented here i s  of course valid for  any method 
of marking f i sh  that  does not cause excess mortality, tha t  does not a f fec t  
the behavior of the f i s h ,  and that  makes marked f i sh  easi ly  distinguishable 
from unmarked ones. Several different  dyes have been t r ied  by FRED Division 
personnel, b u t  Bismarck Brown i s  the only one tha t  meets a l l  three s f  these 
c r i t e r i a .  Alternatives t o  dye marking include fluorescent pigment markin 
(Gray e t  a l .  1978) and aluminum staple  tag marking (Jordan and Smith 1968 . 
The l a t t e r  method enables one to  identify f ish with a different  mark for  

3 
each day of marking. MacDonald and Smith (1980) have developed a f a i r l y  
complex s t a t i s t i c a l  methodology for  analyzing data from daily releases of 
salmon smolts marked with aluminum staple  tags. Their approach would be 
appropriate in cases where the assumptions of the method outlined in the 
present report do not apply. For example, in some FRED Division studies,  
marked sockeye salmon smolts have been released in the lake instead o f  in 
the r iver  upstream of the traps.  In such cases, i t  has been found tha t  the 
smolts often do not migrate again quickly. This s i tuat ion makes i t  
d i f f i c u l t  to  monitor t rap efficiency on a day-by-day or week-by-week basis. 
In s i tuat ions where marked smolts must be released in the lake, the 
aluminum staple  tag marking method and associated s t a t i s t i c a l  analysis may 
be more appropriate than dye marking. However, the logis t ical  problems in 
such an approach may be d i f f i cu l t .  

In summary, the s t a t i s t i c a l  methods described in th i s  report provide a way 
of using dye marking data t o  estimate migrant juvenile salmon populations 
with a confidence interval.  
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