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ABSTRACT 

The applications of otolith microstructure examination in 

determining the freshwater and estuarine life history of juvenile 

chinook salmon (Oncorhynchus tshawytscha) were studied. A series of 

laboratory experiments were conducted to determine how otolith growth 

increment number and width reflect age and growth respectively in 

juvenile chinook salmon. The results of the experiments provided 

evidence that increments were formed at the rate of at least one124 h 

and that the widths of increments were proportional to fish growth 

under different environmental conditions. 

Increments were formed once every 24 h under laboratory condi- 

tions of 12:12 LD, 24 L or 24 D photoperiods and in constant water 

temperature regimes. Environmental events such as feeding frequency 

and water temperature fluctuations which recurred more than once every 

24 h significantly increased the rate of increment production possibly 

by influencing fishes' activity periods. Modifications of photo- 

period, ration, feeding frequency and water temperature regimes were 

generally reflected in a change in mean increment width. In some 

cases, experimental regimes were not measurably related to changes in 

the rate of fish growth in length or weight. Therefore, increment 

widths appear to have utility as indicators of short-term growth rate. 

Regardless of the number of increments produced, the ratio of 
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f i s h  s i z e  t o  o t o l i t h  s i z e  i n  chinook salmon f r y  remained cons tan t  

under a l l  experimental regimes examined, except under condi t ions  of 

food depr iva t ion .  A study of t h e  embryonic development of salmonid 

o t o l i t h s  showed t h a t  an a l lomet ry  of f i s h  s i z e  and o t o l i t h  s i z e  a l s o  

e x i s t e d  i n  recently-hatched a l e v i n s ,  and w a s  r e l a t e d  t o  t h e  number and 

p o s i t i o n  of o t o l i t h  primordia. 

By examining o t o l i t h  mic ros t ruc tu re ,  t h e  growth of j u v e n i l e  

chinook salmon i n  t he  Sixes River (Oregon) e s tua ry  was determined i n  

r e l a t i o n  t o  t h e i r  f reshwater  l i f e  h i s t o r y ,  d a i l y  r a t i o n ,  e s tua ry  water 

temperature and populat ion dens i ty .  Populat ion dens i ty  was the  most 

important f a c t o r  a f f e c t i n g  juven i l e  chinook salmon growth, and 

r e s u l t e d  i n  a  growth r a t e  depress ion  i n  t he  mid-summer period. La te  

r e c r u i t s  t o  t h e  e s tua ry  populat ion were younger than e a r l y  migrants  i n  

two of t h e  t h r e e  years  s tud ied ,  and l a t e  migrants  showed no d i f f e ren -  

t i a l  growth on e n t r y  i n t o  the  e s tua ry  compared wi th  e a r l i e r  migrants.  

O t o l i t h s  were obtained from a d u l t  chinook salmon r e tu rn ing  t o  

spawn i n  1981-82. Fas t  growth a s  j uven i l e s  was negat ive ly  c o r r e l a t e d  

with age of matur i ty  of males. F ish  which were l a r g e  on e n t r y  i n t o  

t h e  e s t u a r y  usua l ly  were l a r g e r  than average a t  t he  formation of t h e  

f i r s t  annulus. No evidence of s i ze - se l ec t ive  m o r t a l i t y  was found 

dur ing  the  e s tua ry  res idence  per ibd ,  a l though t h e r e  was evidence of 

s i g n i f i c a n t  s i ze - se l ec t ive  m o r t a l i t y  a s soc i a t ed  wi th  ocean residence.  
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Among 

GENERAL LNTBODUCTIOM 

t he  f i v e  spec i e s  of P a c i f i c  salmon (Oncorhynchus 

occurr ing  i n  North America, t he  chinook salmon (0. - tshawytscha 

the  most v a r i a b l e  j uven i l e  l i f e  h i s t o r y  (Healey 1980). Chinook 

salmon juven i l e s  may r e s i d e  only a few days i n  f reshwater ,  o r  a t  the  

o the r  extreme more than two years .  S imi l a r ly ,  t he  period of e s t u a r i n e  

res idence  i s  v a r i a b l e  al though chinook salmon juven i l e s  use e s tua ry  

h a b i t a t  t o  a g r e a t e r  ex t en t  than  o the r  P a c i f i c  salmon (Dorcey e t  a 1  -- 
1978). D i sc re t e  combinations of f reshwater  and e s t u a r i n e  res idence  

per iods  have l e d  some authors  to  suggest t h a t  s eve ra l  l i f e  h i s t o r y  

types  may e x i s t  wi th in  a s tock  (Reimers 1973). The d i f f e r e n t  l i f e  

h i s t o r y  s t r a t e g i e s  r e s u l t  i n  a wide range i n  s i z e  of downstream and 

ocean migrants.  Smaller migrant coho (0. - k i s u t c h ) ,  chum (0. k e t a )  and - -  
pink salmon (2. gorbuscha) a r e  o f t e n  sub jec t  t o  higher  n a t u r a l  

m o r t a l i t y  r a t e s  (Chapman 1966; Healey 1982a and Parker 1971). While 

i t  i s  l i k e l y  t h a t  s i m i l a r  phenomena occur i n  wild populat ions of 

chinook salmon, t h i s  has y e t  t o  be demonstrated. 

Th i s  t h e s i s  was intended t o  address  how juven i l e  growth of 

chinook salmon in f luences  t h e i r  subsequent growth and su rv iva l .  On 

the  b a s i s  of my examination of f i s h  from the  Sixes River ,  Oregon, I 

t e s t e d  the  fol lowing hypotheses: 

1. Downstream migrants  of d i f f e r e n t  s i z e  and/or age grow a t  

d i f f e r e n t  r a t e s  i n  the  e s tua ry  (Chapter 4 ) .  



2. Changes in fish growth rate in the estuary are explicable in 

terms of fish population density, prey abundance and water 

temperature (Chapter 4 ) .  

3. Growth as juveniles affects the size and age of fish at 

maturation (Chapter 5 ) .  

4. Smaller fish within a cohort are subject to greater natural 

mortality rates (Chapter 5). 

A commonly used method of assessing residence period and growth 

at various life history stages of Pacific salmon has been examination 

of frequency and spacing of scale circuli. For example, Reimers 

(1973) based on his examination of the spacing of scale circuli of 

Sixes River chinook salmon, suggested that the growth rate of juvenile 

fish was reduced during the period of peak abundance in the estuary. 

Schlucter and Lichatowich (1977) used scale examination to determine 

that the size attained by chinook salmon at the end of their first 

year influenced subsequent growth and age at maturity. Healey (1982a) 

has demonstrated size-selective mortality of chum salmon juveniles on 

the basis of his examination of scale circuli spacing. 

However, interpretation of age and growth from circuli, or any 

other features of bony parts of fish, is based on the assumptions that 



t h e  s t r u c t u r e s  a r e  formed a t  a known r a t e  and t h a t  t h e  d i s t a n c e  

between consecut ive c i r c u l i  is p ropor t iona l  t o  f i s h  growth. I n  t he  

case  of s c a l e s  however, s e v e r a l  f a c t o r s  inc luding  feeding frequency 

and photoperiod a r e  known t o  a f f e c t  t he  r a t e  of product ion and t h e  

d i s t a n c e  between success ive  c i r c u l i  (B i l t on  1974) thus complicating 

or  i n v a l i d a t i n g  age and growth inferences .  

The r e l a t i v e l y  new f ind ing  by Pannel la  (1971) and subsequent 

workers t h a t  many t e l e o s t  f i s h  depos i t  o t o l i t h  growth increments wi th  

24:h p e r i o d i c i t y  appeared t o  o f f e r  a method of a s se s s ing  age and 

growth with g r e a t e r  accuracy and p rec i s ion  than wi th  sca les .  Wilson 

and Larkin (1982) found t h a t  widths of o t o l i t h  increments were corre-  

l a t e d  wi th  f i s h  growth i n  sockeye salmon (0. nerka).  Some authors  - -  

inc luding  Taubert and Coble -(1977) and Campana and Neilson (1982) have 

suggested t h a t  growth increment product ion followed a c i r c a d i a n  

rhythm. I f  increment product ion is  under the  con t ro l  of a b i o l o g i c a l  

c lock ,  i t  may be t h a t  environmental v a r i a b l e s  have l i t t l e  e f f e c t  on 

t h e i r  production. The assumptions f o r  i n t e r p r e t a t i o n  of age and 

growth of r egu la r  frequency of formation and c o r r e l a t i o n  with f i s h  

growth may t h e r e f o r e  be b e t t e r  met by o t o l i t h  micros t ruc ture  than 

s c a l e  c i r c u l i  i n  some spec ies .  

To examine t h e  u t i l i t y  of o t c h i t h  micros t ruc ture  examination a s  a 

method f o r  d e t a i l e d  study of chinook salmon age and growth, I conduc- 

t ed  labora tory  s t u d i e s  designed t o  t e s t  t he  fol lowing assumptions: 



1. The development of o t o l i t h s  is uniform and does not a f f e c t  

the  i n t e r p r e t a t i o n  of age and growth from o t o l i t h  micro- 

s t r u c t u r e  (Chapter 1 ) .  

2. The width of o t o l i t h  increments is p ropor t iona l  t o  f i s h  

growth (Chapters 2 and 3).  

3.  The frequency of o t o l i t h  increment formation and t h e i r  widths 

i s  not a f f e c t e d  by: 

a. photoperiod (Chapter 2) 

b. d i f f e r e n t  non-cyclic temperature regimes (Chapter 2) 

c. c y c l i c  water temperature regimes (Chapter 3 )  

d. r a t i o n  (Chapter 3)  

e. feeding  frequency (Chapter 2 and 3 )  

f .  f i s h  a c t i v i t y  (Chapter 3 ) .  

The terms I use t o  desc r ibe  f i s h  of d i f f e r e n t  age r e f e r r e d  t o  i n  

t h i s  t h e s i s  a r e  def ined below: 

a l e v i n  - r ecen t ly  hatched f i s h ,  wi th  yolk s a c  v i s i b l e .  

f r y  - yolk s a c  no longer  v i s i b l e ,  phys io logica l ly  adapted 

f o r  f reshwater  l i f e .  I n  the  case of chinook salmon, 

gene ra l ly  l e s s  chan 60 mm ( fo rk  length) .  

j uven i l e  - used i n  Chapter 4 i n  re ference  t o  the  underyearl ing 

chinook salmon caught i n  t he  S ixes  River estuary.  

These f i s h  ranged i n  s i z e  from 40 - 120 mrn. 

a d u l t  - sexual ly  mature i nd iv idua l  



The a lpha  (a) l e v e l  f o r  s t a t i s t i c a l  t e s t s  of i n fe rence  was 0.05. 

The exac t  s i g n i f i c a n c e  of t h e  test s t a t i s t i c  i s  repor ted  when 

determined with the  a i d  of a computer. When computed by hand, t h e  

range of t abu la t ed  values encompassing the  ca l cu la t ed  value is given 

(i.e. 0.05 < p < 0.10). 



VARIABILITY IN DIMENSIONS OF SAIHONID 

OTOLITH NUCLEI: IMPLICATIONS FOR STOCK 

IDENTIFICATION AND MICROSTRUCTOBe 



The early development of otoliths is poorly understood consi- 

dering their potential to provide data on fish age and growth to the 

daily level of precision (Pannella 1971; Wilson and Larkin 1982). The 

interpretation of fish growth from otolith microstructure .is based on 

the measurement of the width of bipartite growth increments formed 

concentrically around the nucleus. If increment width and number vary 

as a function of nucleus size and shape, then a source of the 15% 

error described by Wilson and Larkin (1982) in the estimation of fish 

growth from otolith growth could be identified. 

Variability of otolith nucleus size and shape is also of concern 

in stock identification studies, since nucleus dimensions may be 

racial characteristics. Rybock -- et a1 (1975) have suggested a positive 

correlation of Salmo gairdneri otolith nucleus size and the mean egg 

size of the female which, in turn, was positively correlated to the 

size of the female. Their data on Deschutes River steelhead trout 

females, which were larger on average than females of the sympatric 

population of resident rainbow trout, led to the suggestion that 

otolith nucleus dimensions would differ significantly and provide a 

basis for racial identification of juveniles. This hypothesis was of 

particular significance since no o'ther meris tic or morphomet ric trait 

is known which permits identification of juvenile sea-run and 

freshwater resident Salmo gairdneri. 



I n  t h i s  chapter ,  I desc r ibe  development of s a g i t t a l  o t o l i t h s  of 

rainbow t r o u t  Salmo g a i r d n e r i  (sea-run and freshwater  r e s i d e n t )  and 

chinook salmon (Oncorhynchus tshawytscha) and examine the  e f f e c t  of 

water temperature on o t o l i t h  nucleus dimensions. These da t a  permit ted 

a re-examination of t h e  hypothesis  of Rybock e t  a1  (1975). F i n a l l y ,  -- 
the  impl ica t ions  of v a r i a b i l i t y  i n  o t o l i t h  nucleus s i z e  on o t o l i t h  

mic ros t ruc tu re  and i t s  i n t e r p r e t a t i o n  a r e  considered. 



To study o t o l i t h  nucleus development i n  SalmoL g a i r d n e r i ,  I 

obta ined  eggs from s t ee lhead  t r o u t  i n  t h e  Deadman E v e r ,  B r i t i s h  

Columbia i n  1981 and from the  Nicola and Deadman Rivers  i n  1982 

(Thompson River t r i b u t a r i e s ) .  Rainbow t r o u t  eggs were . t aken  from 

the  Deadman River i n  1981, and from s tocks  i n  Mission Creek and 

Pennask Lake i n  south-cent ra l  B.C. i n  1982. P r i o r  t o  f e r t i l i z a t i o n ,  

samples of eggs (n=20) were taken f o r  dry weight determinat ion (17 of 

18 f i s h  co l l ec t ed  i n  1982). I n  a l l  cases ,  eggs were f e r t i l i z e d  with 

pooled sperm from 2-3 males of s i m i l a r  s i z e  and o r i g i n  a s  the  female. 

I n  t o t a l ,  eggs from 10 s t ee lhead  and 11 rainbow t r o u t  were used i n  

t h i s  study. 

The f e r t i l i z e d  eggs of each female were incubated i n  s e p a r a t e  

compartments i n  Heath Trays a t  Abbotsford and Loon Lake t r o u t  hatch- 

e r i e s .  I n  1981, f e r t i l i z e d  eggs from two female s tee lhead  and one 

female rainbow t r o u t  were subdivided i n t o  th ree  l o t s  and he ld  a t  6.5, 

9.5 and 15.0•‹C u n t i l  yolk-sac absorpt ion.  I n  1982, a l l  f i s h  were he ld  

a t  l l•‹C. An approximate 12:12 LD photoperiod was maintained through 

incubat ion  and rear ing .  Samples of s t ee lhead  and rainbow t r o u t  eggs 

o r  a l e v i n s  were taken a t  biweekly i n t e r v a l s  i n  1981, Alevins only 

were sampled i n  1982. 

Chinook salmon eggs were taken from the  f a l l ,  1981 Capilano River  

s tock  and were incubated a t  6OC under an approximate 12:12 LD photo- 



period.  Hatchery p r a c t i c e  d id  not  a l low sepa ra t e  r ea r ing  of groups of 

eggs from ind iv idua l  females. 

O t o l i t h  development i n  Salmo g a i r d n e r i  embryos was s tud ied  by 

d i s s e c t i n g  the  embryo from t h e  egg, c l e a r i n g  i t  wi th  carbol  x y l o l  and 

then squashing the  embryo between two microscope s l i d e s .  -This  t r e a t -  

ment, which made non-calcif ied t i s s u e  t r anspa ren t  and amorphous 

compared with o t o l i t h s  and o the r  hard p a r t s ,  permit ted o t o l i t h  exami- 

na t ion  wi th  a  t r ansmi t t ed  l i g h t  microscope a t  400X. While I a l s o  

examined embryos with X-ray and xeroradiographic techniques,  s a t i s -  

f a c t o r y  r e s u l t s  were obta ined  more simply wi th  the  ca rbo l  xy lo l  

t reatment .  

Examination of the nuc le i  of o t o l i t h s  from a l ev ins  requi red  t h a t  

o t o l i t h s  be ground and pol ished fol lowing the  method of Neilson and 

Geen (1981). The ex ten t  of the  o t o l i t h  nucleus i n  both embryos and 

a l e v i n s  was de l imi ted  by the  f i r s t  growth increment e n c i r c l i n g  a l l  

c e n t r a l  o t o l i t h  precursors  o r  primordia (~ig. 1-1). The f i r s t  growth 

increment e n c i r c l i n g  the  c e n t r a l  primordia genera l ly  appeared dark 

when viewed with a  t r ansmi t t ed  l i g h t  microscope. The only primordium 

o u t s i d e  the  nucleus was i n  t he  an t e r io r -ven t r a l  quadrant and was 

a s soc i a t ed  with the  formation of the  rostrum, t h e  pointed a n t e r i o r  

ex t remi ty  of t h e  o t o l i t h  shown i n  ~ i g .  1-1. 





Nucleus length 

Primordium 

Rostral primord ium 



Otolith nucleus length was measured from coded preparations with 

an ocular micrometer along the longest axis through the nuclear zone. 

The area of the otolith nucleus was measured fro; photographic 

enlargements with a polar planimeter. Increment widths were measured 

from photographic enlargements (final magnification 9700X) with a 

vernier caliper. The frequency of increment formation was determined 

by slopes of regressions of increment counts from otoliths of fish of 

known age. 

Nucleus measurements and primordia counts are only reported for 

otoliths removed from the fishes' left side as nucleus lengths were 

often greater in left-side than right-side sagittae, albeit not signi- 

ficantly so (p=O.O8ll, Wilcoxon Paired Sample Test). 

During the course of this study, otoliths from 257 rainbow trout, 

187 steelhead trout and 50 chinook salmon were examined. 



BEsmas 

To examine the  hypothes i s  t h a t  egg s i z e  ( a  func t ion  of female 

f o r k  l eng th )  i n f luences  o t o l i t h  nucleus l eng th  i n  progeny, I examined 

the  r e l a t i o n s h i p s  of female fo rk  l eng th  t o  egg dry weight and nucleus 

l e n g t h  i n  Salmo g a i r d n e r i .  The dry weight of s t ee lhead . and  rainbow 

t r o u t  eggs was p o s i t i v e l y  c o r r e l a t e d  wi th  t h e  s i z e  of t h e  female from 

which t h e  eggs o r i g i n a t e d  (r2=0. 54, p=O.OOO8, Fig. 1-2). However, 

t h e r e  was no s i g n i f i c a n t  r e l a t i o n s h i p  between o t o l i t h  nucleus l e n g t h  

and female fo rk  l eng th  ( t - t e s t ,  p=0.4511, Fig. 1-31, o r  egg dry weight 

( t - t e s t ,  p=0.1141). I f u r t h e r  i n v e s t i g a t e d  t he  u t i l i t y  of o t o l i t h  

2 nucleus l eng ths  a s  a  r a c i a l  c h a r a c t e r i s t i c  by c a l c u l a t i n g  D , a s  p a r t  

of a  d i sc r iminant  func t ion  a n a l y s i s .  I n  t h i s  i n s t a n c e ,  D* is a  

measlire of t h e  power of d i s c r imina t ion  of nucleus l eng th  i n  s e p a r a t i n g  

j u v e n i l e  sea-run and f reshwater  Salmo g a i r d n e r i .  D~ was 0.063 and w a s  

no t  s i g n i f i c a n t  (p=O. 1858). 

A major source  of t h e  v a r i a b i l i t y  i n  t h e '  o t o l i t h  nucleus length-  

female paren t  l eng th  r e l a t i o n s h i p  (Figure 1-3) was apparen t ly  r e l a t e d  

t o  t h e  ontogeny of o t o l i t h  n u c l e i  i n  t h e  salmonid embryos. O t o l i t h  

n u c l e i  r e s u l t  from the  fu s ion  of primordia.  Pr imordia ,  t he  f i r s t  

o s s i f i e d  s t r u c t u r e s  t o  a r i s e  i n  Salmo g a i r d n e r i  dur ing  embryonic -- 
development, appeared a t  11 5-214 Cent igrade degree-days. I nd iv idua l  

primordia i n c r e a s e  i n  s i z e  by concen t r i c  a c c r e t i o n s ,  u l t i m a t e l y  fu s ing  

wi th  neighbouring pr imordia  t o  form the  nucleus of the  o t o l i t h  a t  



Figure 1-2 Geometric mean r eg res s ion  of mean u n f e r t i l i z e d  egg 
dry weight on fork  l eng th  of female Salmo g a l r d n e r i  
from which eggs were obtained. Each point  i s  the  mean 
of 20 eggs from each female. F i sh  i n  t he  300-400 m 
s i z e  i n t e r v a l  a r e  rainbow t r o u t  from Pennask Lake, 
those 500-600 mm a r e  rainbow t r o u t  from Mission Creek, 
and those g r e a t e r  than  700 mrn a r e  Deadman o r  Nicola 
River  s teelhead.  
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Figure 1-3 S c a t t e r  p l o t  of Salmo g a i r d n e r i  female parent s i ze  
on o t o l i t h  nucleus l eng th  of progeny. The o r i g i n  o f  
a d u l t s  i s  given i n  t h e  cap t ion  of Figure  1-2. 
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226-241 degree days (Fig. 1-4). Hatching occurred at approximately 

320 degree-days. The pattern ~f nucleus development was similar in 

both rainbow and steelhead trout. Although I did not follow otolith 

development in chinook salmon, examination of their nuclei indicated 

that they also arose from fusion of multiple primordia. Deposition of 

growth increments commenced immediately after fusion. 

The number of primordia fusing to form the nucleus in the 

salmonid species I examined was variable, even within the progeny of a 

single female. In rainbow trout, there was an average of 8.2k2.7 

primordia (t 1 standard deviation indicated). In steelhead trout and 

chinook salmon, numbers of primordia averaged 10.7k2.4 and 10.1A2.7 

respectively. There were no significant differences in mean primordia 

counrs among the three stocks of rainbow or the two stocks of steel- 

head trout examined (ANOVA, p4.2 187). Fig. 1-5 shows the 

relationship between the number of primordia deposited and otolith 

nucleus length. 

The variable location of primordia within the nucleus also 

affects its dimensions and further increases variability. In some 

instances (<5%), primordia were formed at the periphery of the 

nucleus, resulting in a local distortion of otherwise regular growth 

increments (Fig. 1-6). 

The mean nucleus length (mm t 1 S.E.) of otoliths of S. gairdneri 

juveniles from the Deadman River was also affected by incubation 



Figure  1-4 Deadman River s t ee lhead  t r o u t  s a g i t t a l  o t o l i t h  
primordia before  fusion ( r i g h t ,  214 degree-days) 
and a f t e r  pr imordia  fu s ion  ( l e f t ,  331 degree-days). 
Bar = 10 pm. 





Figure 1-5 Geometric mean regressions of number of primordia per 
s a g i t t a l  o t o l i t h  on o t o l i t h  nucleus length for  
steelhead trout ( t o p ) ,  rainbow trout (middle) and 
Capilano River chinook salmon (bottom). Trout were 
incubated at  9 . 5 O C ,  and salmon a& 6•‹C. 
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Figure  1-6 Development of a s t ee lhead  t r o u t  o t o l i t h  nucleus 
r e s u l t i n g  from a p e r i p h e r a l  primordium ( top)  and t h e  
t y p i c a l  p a t t e r n  of nucleus development (bottom). Note 
compression of o t o l i t h  growth increments i n  t h e  
pos t - ro s t r a1  quadrant  (terminology of Messieh 1975). 
O t o l i t h s  were from progeny of t h e  same female. 
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One-way a n a l y s i s  of var iance  and the  Student-Newman-Kuels test ind ica-  

t e d  t h a t  t h e  mean o t o l i t h  nucleus l e n g t h  i n  rainbow o r  s tee lhead  t r o u t  

reared  a t  6.5OC was s i g n i f i c a n t l y  less (p=0.0012) than t h a t  a t  9.5 o r  

15.0•‹C a l though no s i g n i f i c a n t  d i f f e r e n c e s  i n  o t o l i t h  nucleus l e n g t h  

(p-0.5295) e x i s t e d  i n  f i s h  reared a t  t he  two h igher  temperatures.  The 

number of primordia formed i n  both Deadman River s t ee lhead  and rainbow 

t r o u t  was independent of t h e  incuba t ion  temperature  ( a n a l y s i s  of 

va r i ance ,  p=0.4993). 

I determined p o s s i b l e  e f f e c t s  of nucleus s i z e  v a r i a t i o n  on 

o t o l i t h  s i z e  by examining c o r r e l a t i o n s  between nucleus a r e a  and 

o t o l i t h  a r e a  a t  s e v e r a l  s t a g e s  of development of s t ee lhead  t r o u t  and 

chinook salmon of s i m i l a r  s i z e .  I? chose t o  r epo r t  nucleus a rea  i n  

t h i s  ca se ,  a s  i t  may r e f l e c t  nucleus dimension more p r e c i s e l y  than 

one-dimensional measurements such a s  nucleus length .  While nucleus 



area and length are significantly correlated (p=0.0003), nucleus 

length accounted for only 47 and 52% of the variability in nucleus 

area in steelhead trout and chinook salmon respectively. The best: 

correlations between nucleus area and subsequent otolith area were 

noted in the relatively small otoliths of recently-hatched alevins. 

The greatest degree of variability in otolith area also occurred 

during early stages of otolith development, up to 15 d after nucleus 

formation (Table 1-1). 

I did not find any correlation between mean increment width 

through the various stages of development and nucleus area in either 

species (t-tests, p=0.4544 and 0.6211 for rainbow and steelhead trout 

respectively). In addition, examination of regressions of increment 

counts on nucleus area indicated that the frequency of increment 

formation did not vary as a function of nucleus dimension (~10.6756 

and 0.5331 for both - S. gairdneri and chinook salmon respectively). 
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DISCUSSION 

S a g i t t a l  o t o l i t h s  i n  Salmo g a i r d n e r i  embryos arise by fus ion  of 

pr imordia ,  the  f i r s t  o s s i f i e d  s t r u c t u r e s  t o  appear during development 

( ~ c K e r n  -- e t  a 1  1974). Radtke and Dean (1982) repor ted  s i m i l a r  r e s u l t s  

f o r  mummichogs (Fundulus h e t e r o c l i t u s )  and a l s o  noted t h a t  the  o t o l i t h  

nucleus was f i r s t  apparent a s  an amorphous ge l - l ike  mass i n  t h e  a r ea  

of t he  l a b y r i n t h  i n  t he  developing la rvae .  Ca lc i f i ed  primordia 

appeared l a t e r  although Radtke and Dean d id  not d i scuss  any v a r i a b i l -  ' 

i t y  i n  t h e i r  number o r  pos i t i on .  McKern e t  a 1  (1974) did not desc r ibe  -- 
primordia i n  t h e i r  works involv ing  t h e  o t o l i t h  nucleus i n  s t ee lhead  

t r o u t .  Their  r e s u l t s  were based on the  use of X-ray techniques. I 

was not ab l e  t o  d e t e c t  primordia us ing  t h i s  method. 

The number and p o s i t i o n  of t he  primorida i s  va r i ab l e ,  even wi th in  

the  progeny of a  s i n g l e  female. This  v a r i a t i o n  a f f e c t s  the ex t en t  of 

t h e  o t o l i t h  nucleus.  I n  add i t i on ,  I observed t h a t  water temperature 

inf luenced nucleus s i z e .  The observed v a r i a t i o n  i n  nucleus s i z e  

l i m i t s  t h e  u t i l i t y  of t h i s  f e a t u r e  a s  a  c r i t e r i o n  f o r  s tock iden t i -  

f i c a t i o n .  However, d i f f e r e n c e s  i n  nucleus s i z e  did not a f f e c t  t h e  

number of growth increments subsequently formed and had no s i g n i f i c a n t  

i n f luence  on t h e i r  width. 

It is  l i k e l y  t h a t  t he  o t o l i t h s  of any f i s h  spec i e s  a r e  formed by 

t h e  fus ion  of mul t ip le  primordia. This  i s  apparent ly t h e  case  i n  a l l  

f i v e  spec i e s  of P a c i f i c  salmon, rainbow t r o u t ,  and the  P a c i f i c  he r r ing  
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(Clupea harengus).  Radtke and Dean (1982) noted mul t ip l e  primordia i n  

masou salmon (Oncorhynchus -- masou), A r c t i c  char  (Sa lve l inus  a l p i n u s ) ,  

brook t r o u t  (Sa lve l inus  f o n t i n a l i s )  and the  scu lp in  (Cottus  nozawa). 

I n  t h i s  s tudy ,  eggs were f e r t i l i z e d  with the  pooled sperm of 

s e v e r a l  males. It is  poss ib l e  t h a t  t he  observed v a r i a b i l i t y  i n  

nucleus s i z e  was r e l a t e d  t o  gene t i c  d i f f e r e n c e s  between the  male 

parents .  There was l i t t l e  d i f f e r e n c e  i n  t he  s i z e  of the males used., 

e i t h e r  w i th in  t h e  group o r  r e l a t i v e  t o  t h e  females. Any gene t i c  

e f f e c t s  i n f luenc ing  my r e s u l t s  would be no g r e a t e r  than would be 

expected in  n a t u r a l  populat ions.  The numbers of males from which 

sperm was pooled was usua l ly  t h r e e ,  a number l i k e l y  involved i n  f e r t i -  

l i z a t i o n  of eggs of a s i n g l e  female i n  na tu re  (Schroeder 1982; Gross, 

i n  p re s s ) .  

I n  developing a hypothesis  t o  expla in  why o t o l i t h  nucleus l eng th  

could be used a s  a r a c i a l  c r i t e r i o n ,  Rybock e t  a1  (1975) suggested -- 
t h a t  nucleus l eng th  was r e l a t e d  t o  egg s i z e ,  a l though no da t a  were 

presented.  While I found t h a t  g r e a t e r  nucleus l eng ths  were a s soc i a t ed  

with l a r g e r  eggs on average,  and l a r g e r  eggs o r ig ina t ed  from l a r g e r  

female pa ren t s ,  t he  s lope  of t h e  r eg re s s ion  of nucleus l eng th  on egg 

weight was not s i g n i f i c a n t .  Furthermore, t h e  v a r i a b i l i t y  of o t o l i t h  

nucleus dimensions i n  rainbow and s t ee lhead  t r o u t  from south-central  

B.C. made t h e i r  measurement l e s s  u se fu l  f o r  s tock  i d e n t i f i c a t i o n  than  

has been suggested f o r  - S. g a i r d n e r i  from the  Deschutes River ,  Oregon 

(Rybock et  a1 1975). However, o t o l i t h  nucleus dimensions d id  se rve  -- 



t o  s epa ra t e  summer and win te r  races  of s tee lhead  f r y  (McKern -- e t  a 1  

1974).  Workers proposing t o  use o t o l i t h  nucleus dimensions a s  s tock  

i d e n t i f i c a t i o n  c r i t e r i a  should cons ider  r e a r i n g  f i s h  unher con t ro l l ed  

condi t ions  t o  e s t a b l i s h  the  ex t en t  of nucleus s i z e  v a r i a b i l i t y  i n  t he  

s t o c k s  i n  question. 

O t o l i t h  nucleus l e n g t h  is  a l s o  inf luenced  by t h e  water  

temperature during embryonic development. My da ta  showed an inc rease  

of approximately 25% i n  nucleus l eng th  i n  o t o l i t h s  of f i s h  reared  a t  

9.5 o r  15.0•‹C r e l a t i v e  t o  t h a t  observed i n  f i s h  incubated a t  6.5OC. 

The s e n s i t i v i t y  of o t o l i t h  nucleus l eng th  t o  water  temperature may 

al low sepa ra t ion  of s e l e c t e d  f i s h  s tocks  whose eggs a r e  incubated a t  

d i f f e r e n t  water temperatures.  For example, chinook salmon juven i l e s  

o r i g i n a t i n g  from the  Canada Department of F i s h e r i e s  and Oceans Quinsam 

Hatchery on the  Campbell River  had s i g n i f i c a n t l y  g r e a t e r  o t o l i t h  

nucleus lengths  (p<0.01) than wild Campbell River chinook salmon 

incubated i n  cooler  waters  (M. Bradford pers.  comm.). 

The d e f i n i t i o n  of o t o l i t h  nucleus suggested here  can be consis-  

t e n t l y  appl ied.  With r e l a t i v e l y  simple prepara t ion  techniques,  

o t o l i t h  nucleus dimensions can be measured from micrographs o r  by 

us ing  a l i g h t  microscope equipped with an ocu la r  micrometer. Previous 

workers have de l imi ted  the  o t o l i t h  nucleus i n  r e l a t i o n  t o  metamorphic 

o r  nuc lear  checks. Such terms a r e  i l l -de f ined  and should be avoided 

s i n c e  they imply t h a t  o t o l i t h  checks r e s u l t  from important develop- 

mental events .  While i t  seems l i k e l y  t h a t  such events  may r e s u l t  i n  



growth i n t e r r u p t i o n s  o r  checks, causa l  l i n k s  have no t  y e t  been 

demonstrated. 

The imprecise d e f i n i t i o n  of t he  periphery of the o t o l i t h  ntnclcus 

may r e s u l t  i n  incons is tency  i n  t h e  measured dimensions. While I have 

defined the nucleus a s  l y i n g  wi th in  the  f i r s t  increment-  surrounding 

t h e  primordia,  s e v e r a l  checks occur during e a r l y  o t o l i t h  development. 

Incons i s t en t  use of t hese  checks t o  descr ibe  the  periphery of t h e  

nucleus would r e s u l t  i n  d i f f e r e n c e s  i n  measurements repor ted  by the  

var ious  i n v e s t i g a t o r s .  For example, nucleus lengths  of s tee lhead  

t r o u t  i n  t h i s  study were gene ra l ly  < 0.2 mm ( ~ i g .  1-3). The mean 

dia~neter of the o t o l i t h  nucleus of summer and winter  s tee lhead  

repor ted  by McKern -- e t  a 1  (1974) were 0.348 and 0.436 mm respec t ive ly .  

Di f fe rences  of t h i s  magnitude may be r a c i a l  i n  na ture  o r  may r e f l e c t  

d i f f e r e n c e s  i n  d e f i n i t i o n  of t h e  ex t en t  of t he  nucleus. 

While both s t ee lhead  t r o u t  and chinook salmon o t o l i t h  nucleus 

a r e a s  were v a r i a b l e ,  o t o l i t h  a r e a s  i n  o lde r  f i s h  (> 15 d  a f t e r  

primordia fu s ion )  were l e s s  s o  a s  i nd ica t ed  by t h e  decreasing coe f f i -  

c i e n t  of v a r i a t i o n  of o t o l i t h  a r ea  wi th  inc reas ing  age (Table 1-11. 

The decreased v a r i a t i o n  probably r e f l e c t s  t h e  development of o t o l i t h s  

from an inde termina te  a r r a y  of primordia t o  the  o t o l i t h s  of a d u l t  

f i s h ,  t he  l a t t e r  considered a spekiea-specif i c  c h a r a c t e r i s t i c   itch 

1968; Morrow 1977). However, v a r i a t i o n  i n  o t o l i t h  development i n  t h e  

juven i l e  salmonids s tud ied  here  do not present  d i f f i c u l t i e s  f o r  t he  



interpretation of microstructure as neither the number or width of 

growth Fncrements is significantly affected by nucleus size variation. 

Having demonstrated that the variable development of salmonid stoliths 

does not significantly affect the formation of growth Increments, I 

have satisfied the first. requirement for the valldation of otolith 

microstructure as a method for age and growth studies which I identi- 

fied in the general introduction. 



DAILY GR INCREMENTS IN OT@LITIE[S OF CHINOOK SATdWN 

AND FACTORS INPLWNCING THEIR FOBPUL.TION 



INTRODUCTION 

Since Pannella (1971) described daily growth increments in marine 

fish otoliths, research on otolith m~crostructure has proliferated. 

Daily growth increments have been reported In several species of fish, 

usually juveniles less than 200 d old. Counts of daily growth increments 

were correlated with the age of the fish in days after hatching (Pannella 

1971; Brothers -- et a1 1976; Campana and Neilson 1982; Marshall and Parker 

1982). As well as permitting improved resolution of age, otolith micro- 

structure allows refined estimates of fish growth through measurements 

of increment width (Struhsaker and Uchlyama 1976; Methot and Kramer 1979; 

Wilson and Larkfn 1982)- 

In Chapter 1, I demonstrated that variation in otolith nucleus 

development did not influence the number or width of growth increments 

that were formed subsequently. As noted in the general introduction, the 

further validation of conclusions based on otolith microstructure 

requires data on the effects of environmental variables such as photo- 

period, temperature and feeding frequency on otolith increment 

formation. Recent evidence Indicates, for example, that more than one 

growth increment may be formed each day under certain environmental 

conditions (Brothers 1979; Pannella 1980). Several environmental factors 

have been implicated in the formaiion of daily growth increments. 

Pannella (1980) suggested a close relationship between feeding frequency 

and number of growth increments formed, although no supporting data were 



offered .  Taubert and Coble (1977) s t a t e d  t h a t  a 24-h l i g h t l d a r k  cyc le  

en t r a ined  a d a i l y  p e r i o d i t y  i n  increment formation, while  Brothers  (1979) 

suggested t h a t  d i e 1  changes i n  water  temperature may a c t  as a z e i t g e b e r ,  

o r  time cue. Campana and Neilson (1982) found t h a t  the  number of incre-  

ments produced by s t a r r y  f lounders  ( P l a t i c h t h y s  s t e l l a t u s )  was unaffected 

by photoperiod o r  temperature f l u c t u a t i o n s .  To da t e ,  research  has 

l a r g e l y  been confined t o  t he  study of e f f e c t s  of environmental v a r i a b l e s  

on numbers of o t o l i t h  growth increments produced. Pew authors  have 

at tempted t o  r e l a t e  o t o l i t h  increment width t o  environmental va r i ab l e s .  

I n  t h i s  chapter ,  I examine t h e  e f f e c t s  of feeding frequency, photoperiod 

and cons tan t  temperature regimes on t h e  number and width of o t o l i t h  

growth increments formed i n  j uven i l e  chinook salmon (Oncorhynchus - 
tshawytscha).  



Feeding Frequency 

I used chinook salmon f r y  from the  1979 brood of the  Canada Depart- 

ment of F i s h e r i e s  and Oceans Capilano Salmon Hatchery, Vancouver, B r i t i s h  

Columbia, During the  period from f e r t i l i z a t i o n  through yolk sac  absorp- 

t i o n ,  f i s h  were held i n  Heath t r a y s  i n  a darkened room a t  an average of 

4OC. The f i s h  were t r a n s f e r r e d  t o  Simon F rase r  Univers i ty  approximately 

90 d a f t e r  hatching (free-swimming f r y )  and held i n  28-L flow-through 

aquar ia  suppl ied  with ae ra t ed  and dechlor ina ted  water. F ish  were not fed  

p r i o r  t o  t r a n s f e r ,  a s  yolk sacs  were present  u n t i l  t h a t  time. 

For experimental purposes,  two groups of s imi la r ly-s ized  f i s h  were 

he ld  under a 12:12 LD l i g h t  regime f o r  65 d. One group of 100 f i s h  was 

provided wi th  excess food (approximately 2.5 g Oregon Moist P e l l e t s  per  

feeding)  by an automatic  f i s h  feeder  a t  6 h i n t e r v a l s .  Excess food was 

siphoned from t h e  aquarium a t  1300 h each day. A second group of 100 f i s h  

was provided wi th  approximately 10 g a t  1200 h every day, wi th  excess  

food removed a f t e r  30 d n .  During these  experiments water  temperature 

ranged from 10-12O6, and d id  not vary i n  any cons i s t en t  d i e 1  fashion.  

Temperature 

Fish  incubated a t  t he  Capilano Salmon Hatchery (1979 brood) were 

t r a n s f e r r e d  a s  free-swimming f ry  45 d a f t e r  hatching t o  two ou t s ide  

holding tanks on hatchery premises. P r i o r  t o  t r a n s f e r  t o  the holding 



t anks ,  t h e  f i s h  had previously been kept  i n  a darkened Heath Tray a t  4OC 

u n t i l  hatching,  and a t  12OC from the  hatching t o  the free-swimming s tage.  

The experimental f i s h  i n  the  holding tanks were held a t  mean temper- 

a t u r e s  of 5.2 + t.6"C (+ 1 S.D., range 2 - 9OC) o r  11 L 1.4OC (range 7 - 

13•‹C). Although no d i e l  f l u c t u a t i o n s  i n  water temperature -were noted,  

mean d a i l y  temperature increased  gradual ly  over t he  45-d du ra t ion  of t he  

experiment. F ish  were fed  t o  excess  once every day. 

Photoperiod 

The r o l e  of photoperiod i n  modifying o t o l i t h  growth increments a t  

t h e  e a r l i e s t  s t ages  of development was examined. Two groups of 100 

u n f e r t i l i z e d  eggs (1980 brood) were t r anspor t ed  from Capilano Hatchery t o  

Simon F rase r  Univers i ty  and f e r t i l i z e d .  One l o t  was placed i n  a darkened 

Weiss-type incubat ion  funnel  while  a second l o t  was placed i n  a s i m i l a r  

funnel  and exposed t o  a 12:12 LD photoperiod. The water temperature 

through the  incubat ion  period ( f e r t i l i z a t i o n  t o  yolk s a c  absorp t ion)  

ranged from 7-9•‹C and d id  not vary i n  any cons i s t en t  d i e l  fashion. The 

experiment was terminated 80 d a f t e r  f e r t i l i z a t i o n  (30 d a f t e r  hatching) .  

The r o l e  of photoperiod i n  o t o l i t h  increment formation i n  o lde r  f i s h  

was examined by holding a group of '90 d-o3.d f r y  (1979 brood, Capilano 

Salmon Hatchery) under cons tan t  i l l umina t ion  from a f luo rescen t  l i g h t  

source  (200 l x )  f o r  65 d. A second group of f r y  was held under a 12:12 

LD phoLoperiod f o r  65 d. L ight  i n t e n s i t i e s  were 200 and 40 l x  during the  

l i g h t  and dark per iods ,  r e spec t ive ly .  Both groups were fed  approximately 



2.5 g of Oregon Moist P e l l e t s  every 6 h. Water temperature ranged from 

10-12•‹C over the  du ra t i on  of t he  experiment,  and d id  not f l u c t u a t e  wi th  

d i e 1  p e r i ~ d ~ c i t y .  The s e n s i t i v i t y  of t h e  record ing  thermograph was .t- 

0.5OC. 

Preparation and Examhation of OtoZiohs 

The s a g i t t a e ,  t he  l a r g e s t  of t h e  t h r e e  p a i r s  of o t o l i t h s  i n  salmon- 

i d s ,  were d i s sec t ed  from f i s h  preserved I n  95% e thano l  and s t o r e d  dry i n  

i nd iv idua l  we l l s  of t i s s u e  c u l t u r e  p l a t e s  u n t i l  f u r t h e r  processing.  To 

prepare  t h e  o t o l i t h  f o r  microscopic examination, it was a t t ached  wi th  t he  

su l cus  a c u s t i c u s  ( a  prominent depress ion  on the  proximal su r f ace )  s i d e  

down t o  a s tandard  g l a s s  microscope s l i d e  w i t h  "Crystalbond" ( d i s t r i b u t e d  

by Aremeo Ltd., New York), a thermose t t ing  p l a s t i c  r e s in .  The o t o l i t h  

was ground and pol i shed  on i t s  s a g i t t a l .  su r f ace  us ing  a gr ind ing  j i g  

(Nei lson and Geen, 1981) and m e t a l l u r g i c a l  l apping  f i lms  whose g r i t  s i z e  

ranged from 0.3 - 30 pm. I f  t h e  specimen was too  opaque t o  a l low exami-% 

na t ion  us ing  t ransmi t ted  l i g h t  microscopy a f t e r  the  f i r s t  g r ind ing ,  t h e  

s l i d e  was gen t ly  hea ted ,  t h e  o t o l i t h  removed and reset i n  t h e  thermo- 

s e t t i n g  p l a s t i c  with t he  ground su r f ace  a g a i n s t  t he  s l i d e .  The proximal 

s i d e  of t h e  o t o l i t h  was then ground and pol i shed  t o  reduce the th ickness  

of the  prepara t ion .  

I f  t h e  o t o l i t h  was t o  be examined us ing  t h e  scanning e l e c t r o n  micro- 

scope, it was t r a n s f e r r e d  t o  a SEM specimen s t u d ,  e tched by immersing the  

s tud  and o t o l i t h  i n  a 1% HC1 ba th  f o r  90 s, and then r insed  wi th  water.  



The weak acid differentially etches various parts of the otolith, 

resulting in th.e growth increments having a three-dimensional structure, 

a prerequisite for scanning electron microscopic examination. After 

etching, the regularly recurring increments are bipartite, consisting of 

relatively narrow, deeply-etched zones and relatively wide, lightly 

etched zones. After drying, the stud and otolith were placed in a 

planetary specimen holder and transferred to a vacuum evaporator where 

the otolith was gold-plated. The otolith was then viewed using a Perkin- 

Elmer Autoscan SEM at 600-900X magnification. 

Some otoliths, mainly those from the temperature experiment, were 

examined with a Zeiss photomicroscope at 800-1200X magnlfbcation. Light 

microscopy was most appropriate when examining otoliths from small fish 

((50 d after hatching) since sufficient light was transmitted through the 

relatively thin otolith for examination. 

Scanning electron and light micrographs were attached to a Tektronix 

4954 digitizing table on which increment widths were measured. The digi- 

tizing table had a direct link to computer facilities where data were 

stored and analyzed further using standard statistical programs. The 

resolution of the digitizing table was 0.3 m, representing about 3% of 

the average photographic enlargement of a 2 pm increment. Using a simple 

computer program, the data were transformed from scalar distances defined 

by increments along a radius of the otolith to increment widths. I: 

measured increment width along a radius 30' from the long axis of the 

otolith in the quadrant of maximum growth, as suggested by Pannella 

(1980). The increments were typically widest along this radius. 



I determined whi.ch increments  were t o  be d i g i t i z e d  by l o c a t i n g  

checks i n  t he  o therwise  r egu la r  p a t t e r n  of increment depos i t i on  caused by 

even t s  such a s  ha tch ing ,  t r a n s p o r t  stress o r  abrupt  temperature s h i f t s .  

Such checks were common t o  a l l  f i s h  examined. A f t e r ,  confirming t h a t  the 

checks corresponded t o  an event of kmwn da te ,  they were used a s  dated 

r e f e r ences  f o r  counts  o r  increment width measurements. 

E r r o r  of t he  d i g i t i z i n g  t a b l e  ope ra to r  i n  recognizing and recordl.ng 

increment boundaries  was assessed by d i g i t i z i n g  a series of f i f t y  i nc re -  

ments on fou r  d u p l i c a t e  SM micrographs. The mean increment widths f o r  

each of t he  fou r  t r i a l s  d id  not  s i g n i f i c a n t l y  d i f f e r  (p=0.5972),  and the 

same number of increments was recorded. 

lileasurements of increment width might be a f f e c t e d  by any dev ia t i on  

i n  the  angle  of g r ind ing  and po l i sh ing  from the  p re fe r r ed  plane ( t h e  

plane of maximum area on a Pongltt-tdinal. ax i s ) .  1 simulated t h i s  e f f e c t  

by t i l t i n g  t h e  SEM s t a g e  through 15", which was assumed t o  be the  maximun 

d e v i a t i o n  of t h e  gr ind ing  plane. Micrographs of a SEM preparati.on were 

taken a t  5' i n t e r v a l s  through t h i s  a r c ,  and d i g i t i z e d .  The e r r o r  in 

measurement of o t o l i t h  increment width through t h i s  a r c  was (1% i n  the 

600-3UOX magni f ica t iun  range used and i s  n o t  considered a s e r i o u s  source 

of e r r o r .  

The r e s u l t s  obtained using light. and scanning e l e c t r o n  inicroscopy 

were compared by making a reference mark on f i v e  o t o l i t h s  wich a carbide-  

t i p p e d  s t y l u s .  This  mark, v i s i b l e  under l i g h t  and s c a n n h g  e l e c t r o n  



microscopes, served as the starting point for counts and increment width 

measurements. Counts and increment widths obtained using either type of 

microscope did not differ significantly (~20.7938). Thus, etching the 

otolith surface with weak acid prior to SEM examination did not affect 

increment width or number. 

Fifty pairs of otoliths from alevins were examined to determine 

whether counts or otolith increment widths varied according to the side 

of the fish from which the otolith originated. Using a Wilcoxon Paired- 

Sample test, I detected no difference in counts obtained from either side 

of the fish (p=0.8911). However, otoliths removed from the left side of 

the fish were significantly larger (maximum length) than those from the 

right side. Data reported here are from left side otoliths only. 

Some authors (Brothers 1978; Campana 1983) have attempted to develop 

criteria for distinguishing daily from sub-daily increments. Such 

distinctions were often based on subjective appraisals of increment 

continuity and appearence when viewed with a light microscope. In 

chinook salmon' otoliths, no such differences were noted among growth 

increments. Moreover, as the purpose of this study is to determine the 

periodicity of increment formation as a basis for detailed study of fish 

growth, the subjective interpretation of increments as daily or sub-daily 

was not necessary. To determine if microstructure features reflect fish 

growth, it was sufficient to determine the frequency of formation of 

increments and the relationship between increment width and growth. 



Feeding Period%city 

F i s h  fed  once d a i l y  deposi ted an average of one growth increment pe r  

24 h ,  whereas f i s h  fed 4x/24 h formed more than one growth increment per  

day (Fig. 2-1 and 2-2). The s lopes  of the  two regress ions  (.0.98 and 1.35 

f o r  1 feeding124 h and 4 feedings124 h r e spec t ive ly )  a r e  s i g n i f i c a n t l y  

d i f f e r e n t  ( t - t e s t ,  0.01<p<0.05). The s lope  of t he  r eg re s s ion  f o r  1  

feeding124 h does not s i g n i f i c a n t l y  d i f f e r  from un i ty  (0.10<p<0.20), 

i n d i c a t i n g  one increment was formed every 24 h. The s lope  of t he  regres-  

s i o n  f o r  f i s h  fed  4x124 h was s i g n i f i c a n t l y  g r e a t e r  than u n i t y  

(0.01<p<0.05). I i n f e r r e d  t h a t  t o t a l  food a s s imi l a t ed  by f i s h  i n  the  two 

groups was comparable s i n c e  t h e r e  were no s i g n i f i c a n t  d i f f e r e n c e s  i n  fo rk  

l eng th  a t  the  conclusion of t he  experiment ( a n a l y s i s  of va r i ance ,  

p-0.2129). 

Mean increment widths dur ing  the  14-30 d per iod  of t h e  experiment 

were 1.52 + 0.10 and 1.30 +- 0.09 pm f o r  f i s h  fed  once and four  t imes 

every 24 h r e spec t ive ly .  During t h e  31-54 d per iod ,  mean increment widths 

were 2.27 2 0.39 and 1.25 4 0.25 pm f o r  1  feeding 124 h and 4 feedings  

I24 h r e spec t ive ly  (Fig. 2-3). Mean increment widths were s i g n i f i c a n t l y  

d i f f e r e n t  dur ing  both per iods  ( a n a l y s i s  of var iance ,  0.01<p<0.05 and 

0.001<p<0.01 f o r  d  14-30 and 31-54 r e spec t ive ly ) .  

The s lopes  of r eg re s s ions  of o t o l i t h  s i z e  on f i s h  s i z e  d id  not 

s i g n i f i c a n t l y  d i f f e r  f o r  each feeding  regime ( a n a l y s i s  of covariance,  

p=0.1102) nor were they d i f f e r e n t  from the  s lope  of t he  regress ion  



Figure 2-1 Relationship of number of otolith increments formed in 
chinook salmon fry fed 1x/24 h or 4x/24 h. Points on 
the regressions are means of counts from 5-10 otoliths 
(1 feedingl24h) and 4-14 otoliths (4 feedings/24 k) ,  
and 1 SD is indicated by the error bars. 



- -  Fed 1x/ 24 h (b=0.98) 

---- _ Fed 4x/24 h (b=1.35) 

Days after start of experiment 



Figu re  2-2 Scanning e l e c t r o n  micrographs of ground and etched 
chinook salmon o t o l i t h s  taken from f r y  fed 4x124 h 
( t op )  o r  1x124 h (bottom). Fish were s a c r i f i c e d  at  
d 65 of the feed ing  frequency experiment. 





F i g u r e  2-3 D i s t r i b u t i o n  of chinook salmon f r y  o t o l i t h  increment 
widths through d 14 - 30 and d 31 - 54 of the feed ing  
frequency experiment. 
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experimental treatments (Fig. 2-4, analysis of covariance, p-0.2994). 

Since both groups of fish grew at the same rate, and the length of the 

otolith relative to fork length remained the same, the increase in 

otolith size results from deposition of fewer, wide increments (1 

feeding/24 h) or more, narrow increments ( 4  feedings/24 h). 

Temperature 

The mean number of increments produced in free-swimming fry reared 

under the warmer and colder temperatures for 45 d were 42.50 - + 4.87 and 

42.40 - + 3.57, respectively and were not significantly different (analysis 

of variance, ~~0.3451, n=10). Mean width of increments formed during 

this 45-d period were 1.54 - + 0.32 pm (n-10) and 1.11 - + 0.12 pm (n=lO) for 

fish reared in warmer and colder water respectively and were 

significantly different (analysis of variance, p-0.0012). At the end of 

the 45-d period, mean fork lengths of fish were 39.0 A f 1.2 mrn and 53.2 - + 

4.5 mm under the lower and higher temperatures, respectively, and were 

significantly different (0.001<p<0.01). Slopes of regressions of otolith 

size on fish size did not significantly differ (analysis of covariance, 

p-0.3936, Fig. 2-4) reflecting isometric increases in otolith size and 

fish length. In this instance age in days was reflected by the number of 

increments, and growth rate indicated by increment width. 



Figure 2-4 Relationship of otolith length versus fish length for 
fish fed 4x/24h (V), 1x/24h ( A ) ,  reared i n  warm water 
(O), reared in cool water (O), reared under constant 
illumination (Q), and reared under 12:12 T;D (PI ). 
The regression is calculated from data pooled from all 
treatments. 
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Pbotoperiod 

l'hotoperiod did not i n f luence  the number of incremenVs produced by 

f i s h  dur ing  t h e  a l e v i n  s tage.  Slopes of r eg re s s ions  of mean increment 

counts  on days a f t e r  s t a r t  of t reatment  d id  not d i f f e r  s i g n i f i c a n t l y  bet- 

ween t rea tments ,  o r  from un i ty  ( t - t e s t ,  0.10<p<0.20). This  i n d i c a t e s  t h a t  

i n  f i s h  feeding endogenously, one growth increment was formed on average 

every 24 h,  r ega rd l e s s  of photoperiod. 

Although increment widths were not  examined i n  t h i s  phase of t h e  

work, t he  mean t o t a l  l ength  of o t o l i t h s  of f i s h  held under 24-h darkness 

was s i g n i f i c a n t l y  g r e a t e r  ( a n a l y s i s  of var iance ,  p=0.0011, n112) than 

t h a t  of f i s h  held under a 12:12 LD regime. This  i n d i c a t e s  t h a t  increment 

width was g r e a t e r  i n  f i s h  reared  i n  darkness.  

I n  t h e  photoperiod experiment wi th  90-d f r y ,  SEM examination of 

o t o l i t h s  taken from f i s h  held under cons tan t  i l l umina t ion  and the  12 : 12 

LD regime did not r evea l  any s i g n i f i c a n t  d i f f e r ences  i n  t he  number of 

increments between t h e  two t rea tments  ( t - t e s t ,  0.10<p<0.20). F i sh  held 

under cons tan t  i l l umina t fon  l a i d  down growth increments whose mean width 

was s i g n i f i c a n t l y  l e s s  (O.Ol<p<O. 05, a n a l y s i s  of var iance)  than t h a t  of 

f i s h  from the  12:12 LD t reatment  (1.03 t 0.16 pm and 1.25 t 0.25 pm 

r e spec t ive ly ) .  However, no s ign i f i ca r i t  d i f f e r e n c e  ( t - t e s t ,  0.10<p<0.20) 

was found between mean fork  lengths  of f i s h  held i n  these  phstoperiod 

regimes. Slopes of r eg re s s ions  of o t o l i t h  s i z e  on f i s h  s i z e  a l s o  did not 



differ significantly, nor were they different from the slope of the j 

regression representing pooled data from all experimental treatments 

(analysis of covariance, ~~0.2179 Fig. 2-4). 



DISCUSSION 

Of the  environmental v a r i a b l e s  examined, only feeding  frequency 

a f f e c t e d  both increment number and width. Young chinook salmon fed  more 

than once per  day produced more than one increment every 24 h,  while one 

feeding  per  day was a s soc i a t ed  wi th  t h e  average product ion 05 one incre-  

ment every 24 h. My r e s u l t s  are i n  agreement with those of Pane l l a  

(1980) f o r  T i l a p i a  sp. Since s e v e r a l  workers have ind ica t ed  t h a t  more 

than one peak i n  feeding  a c t i v i t y  occurs  i n  temperate f i s h  popula t ions  

(Keast and Welsh 1968; E l l i o t t  1970; McDonald 1973), t h e r e  i s  reason t o  

expect formation of >1 increment124 h i n  many f i s h  spec ies .  However, 

Marshal l  and Parker  (1982) f e l t  t h a t  forag ing  was not an  important f a c t o r  

i n  o t o l i t h  increment product ion as formation began p r i o r  t o  f i r s t  feeding 

and cont inued when f i s h  were s ta rved .  The p o s s i b i l i t y  t h a t  environmental 

cues such a s  photoperiod may act as ze i tgebe r s  i n  t h e  absence of 

exogenous feeding o p p o r t u n i t i e s  was no t  examined. 

The frequency of feeding  may not  be t h e  u l t ima te  f a c t o r  determining 

the  number and width of increments. Feeding undoubtedly a f f e c t s  f i s h  

a c t i v i t y  pa t t e rns .  The manner i n  which increment width o r  number might be 

a f f e c t e d  by a c t i v i t y  has not been e s t a b l i s h e d  al though it might r e l a t e  t o  

ac t iv i ty- induced  changes i n  calcium metabolism. This  p o s s i b i l i t y  i s  

examined f u r t h e r  i n  Chapter 3. 

The l i n e a r  r e l a t i o n s h i p  between f i s h  s i z e  and o t o l i t h  s i z e  (Fig. 



2-4) for all experimental conditions studied here indicates that otolith > 

increment width is inversely related to the number of increments depos- 

ited. While otolith growth is proportional to fish growth during a given 

period, the change in otolith size under different feeding frequencies is 

given by the number of increments deposited multiplied by their average 

width. 

My results showed that rearing temperature did not influence the 

number of otolith growth increments deposited and that increments were 

deposited daily under constant temperature. My laboratory results do not 

support Brothers' (1979) work on temperate stream-dwelling fish which 

implicated die1 temperature fluctuations in otolith increment produc- 

tion. Further, although I found daily increment production at h • ‹ C ,  

Marshall and Parker (1982) showed that increment formation in juvenile 

sockeye salmon ceased at 5OC. 

Water temperature affected fish growth which was in turn reflected 

in differences in mean increment width. Irie (1960) also described a 

relationship between temperature and otolith growth and showed that 

deposition of calcium (the major constituent of the otolith) was directly 

related to both water temperature and feeding. However, Irie did not 

assess temperature effects on otolith growth independent of food consump- 

tion rates. 

My results from experiments on eggs, alevins and free-swimming fry 

suggest that a 12:12 LD photoperiod is not necessary for otolith incre- 



ment formation. Free-swimming f r y  reared  i n  cons tan t  i l l umina t ion  and 

a l e v i n s  incubated i n  darkness from time of f e r t i l i z a t i o n  produced a t  

l e a s t  one growth increment every 24 h. Campana and Neilsbn (1982) a l s o  

found t h a t  product ion of d a i l y  increments i n  o t o l i t h s  of s t a r r y  f lounders  

( P l a t i c h t h y s  s t e l l a t u s )  was independent of a d i e 1  photoperiod. Taubert 

and Coble (1977) and Tanaka -- et a1 (1981) found t h a t  o t o l i t h  growth i n  

j uven i l e  f i s h  i s  p r imar i ly  c o n t r o l l e d  by an endogenous rhythm syn- 

chronized t o  photoperiod. I n  pre-emergent chinook salmon, however, 

photoperiod i s  not l i k e l y  r e spons ib l e  f o r  t h e  entrainment of d a i l y  growth 

increments.  F e r t i l i z e d  chinook eggs may be deposi ted i n  30 cm of g rave l ,  

w e l l  beyond t h e  v e r t i c a l  ex t en t  of l i g h t  pene t r a t ion  i n  g rave l  t y p i c a l l y  

used f o r  spawning (Heard 1964). Theref o re ,  developing eggs and a l e v i n s  

a r e  probably not  sub jec t  t o  photoperiod a s  a poss ib l e  ze i tgeber .  

I i n f e r r e d  t h a t  mean increment width i n  o t o l i t h s  of a l e v i n s  held i n  

darkness was g r e a t e r  than t h a t  of a l e v i n s  held i n  a 12:12 LD photoperiod 

s i n c e  o t o l i t h s  of a l e v i n s  reared  i n  darkness  were l a rge r .  D i r ec t  

measurements of o t o l i t h  increment width from free-swimming f r y  showed 

t h a t  mean width was l e s s  i n  o t o l i t h s  from f i s h  held under cons tan t  i l l u -  

mination than i n  those held under a 12:12 LD photoperiod. Thus, mean 

increment width i n  t hese  experiments can be summarized a s  follows: con- 

s t a n t  i l l umina t ion  < 12:12 LD < cons tan t  darkness.  A s  t h e  r a t e  of 

o t o l i t h  growth is  p ropor t iona l  t o  f i s h  growth, t h i s  means t h a t  growth was 

reduced under t he  12 : 12 LD photoperiod and cons tan t  i l luminat ion .  E i s l e r  

(1961) a l s o  presented r e s u l t s  showing g r e a t e r  growth i n  salmonids held i n  

darkness. H i s  r e s u l t s  and those  presented he re  may be explained by the  



photonegative behaviour of salmonid alevins (Dill 1969, Dill 1977). 

Chinook alevins exposed to the 12:12 LD photoperiod probably expended 

energy to avoid light, leaving less energy available for 'growth than in 

alevins held in total darkness. The photonegative response may continue 

beyond emergence and yolk sac absorption, albeit in a weakened form 

(Mason 1976). Hence, the decreased growth (as reflected by increment 

width) in chinook alevins and fry exposed to light in these experiments 

may be due to a light-induced increase in activity. 

While I found significant differences in otolith increment widths 

for fry held under 12:12 LD and continuous illumination, no difference in 

fish fork length was noted. This may be due to comparatively imprecise 

measurements of preserved fish relative to increment width measurements 

and the short duration of the experiment relative to the age of the fish. 

Some of the comparability of the experimental results presented here 

may be reduced since fish of somewhat different ages were used in experi- 

ments. For example, 90-155 d old fish were used for the feeding 

frequency experiments while 45-90 d old fish were used in the temperature 

experiment. This is probably not a serious problem since the age 

differences are slight. However, it may be inappropriate to extrapolate 

my results to other life history stages, since chinook salmon experience 

several different environmental faciors in the estuarine and oceanic 

environments which could affect increment formation. Furthermore, the 

utility of otolith microstructure studies for life history stages of 



temperate fish other than underyearlings is not clear. With the onset of 

winter, changing environmental conditions including reduced water temper- 

ature and prey availability may act to modify the pattern of increment 

deposition. 

No one environmental variable appeared to be a critical, determinant 

of production of otolith growth increments. The production of one 

increment124 h in otoliths of alevins held in total darkness lends cred- 

ence to the suggestion that an endogenous rhythm is responsible for 

increment production. Other workers, including Brady (1979), have des- 

cribed a circadian rhythmicity in laboratory-reared animals which had 

never experienced environmental rhythms of 24 h periodicity. Deviations 

from the one increment124 h relationship such as was seen when the 

chinook salmon received 4 feedings124 h may result from an interaction 

between an endogenous rhythm and some recurring exogenous event such as 

feeding activity. Considerable latitude probably also exists for modi- 

fication of increment width through interactive effects of environmental 

variables, as each variable examined singly in this chapter affected 

increment width. In Chapter 3, I describe the interactive effects of 

feeding frequency and die1 water temperature regimes. 

Otolith microstructure permits greater resolution of age and growth 

in young fish than was previously ~jossible using scales or other bony 

parts of fish, and possibly offers a means of assessing past 

environmental conditions that affect growth. However, some recent 



s t u d i e s  have t r e a t e d  growth increments a s  d a i l y  i n  t h e i r  occurrence 

without  cor robora t ion .  I n  a few cases ,  t hese  growth increments have 

provided t h e  b a s i s  f o r  back-calculat ion of growth. Data 'presented here  

i n d i c a t e  t h a t  while the  r e l a t i o n s h i p  between o t o l i t h  s i z e  and f i s h  s i z e  

remains cons tan t  under a v a r i e t y  of experimental  t rea tments ,  both number 

and width of o t o l i t h  increments can be modified by environmental 

va r i ab l e s .  Therefore,  t h e  d e r i v a t i o n  of back-calculated growth e s t ima te s  

and o t h e r  i n fe rences  based on o t o l i t d  mic ros t ruc tu re  should only be 

undertaken a f t e r  t he  frequency of formation of growth increments and t h e  

r o l e  of environmental v a r i a b l e s  i n  t h e i r  formation is understood. 



CHAPTER 3 

EFFECTS OF PgEDING REGIMES AND DIEL TEMPERATURE 

CYCLES OW OTOLITH INCREMENT FORMATION 

I N  JUVENILE CHINOOK SALMON 



INTRODUCTION 

In the previous chapter, I presented evidence thatLfeeding freq- 

uency affected both increment number and width in otoliths of chinook 

salmon fry. I suggested that feeding activity (or some other periodic 

event affecting fish activity) might modify the rate of oto.lith incre- 

ment production, perhaps through activity-induced changes in calcium 

metabolism. In this chapter, the influence of ration, feeding fre- 

quency and fish activity on otolith increment formation is examined in 

more detail. 

The effect of constant water temperature regimes on otolith 

increment formation was considered in Chapter 2. In this chapter, the 

inflr~ence of diel water temperature cycles on increment formation in 

chinook salmon alevins and fry is described. Die1 water temperature 

cycles have received little consideration as a possible modifier of 

the rate of increment formation or their width. Brothers (1978) 

suggested that diel temperature cycles were responsible for cyclic 

increment production in temperate stream-dwelling fish, although no 

data were presented. This gap in our understanding is significant, as 

diel water temperature cycles are common features of aquatic environ- 

ments. I also present data on the effects of interactions of water 

temperature regimes and feeding frequency on increment formation in 

chinook salmon fry. 



Alevins 

Chinook salmon used in the experiments described below originated 

from the 1981 brood of the Canada Department of Fisheries and Oceans 

Capilano Hatchery. Eggs were transferred to incubation facilities at 

Simon Fraser University at the "eyed" stage of development, corres- 

ponding to 347 Centigrade degree-days. Prior to transfer, the eggs 

were held under a 12:12 LD photoperiod and at a constant 8OC water 

temperature. The eggs were held for 5 d at 8.5OC before exposure to 

diel water temperature regimes. 

Two lots of 100 fish were exposed as eggs and later, as alevins 

over a 69-d period to a water temperature regime whose diel amplitude 

averaged 2" and 4OC (range 1.8-2.4 and 3.0-4.5) above a minimum 

temperature averaging 8.5OC. These ranges of temperature were 

consistent with my observations of diel temperature cycles in the 

Deadman River, a southern British Columbia stream supporting a chinook 

salmon population. At d 39, 20 alevins were transferred from the 4•‹C 

diel temperature treatment to a warm/cool temperature cycle with a 4OC 

amplitude and 12-h period for 30 d. A fourth group was held at a 

constant 8.5OC. The constant water' temperature corresponded to that 

of the cool period of the diel water temperature regimes. Eggs or 

alevins (n-10) were sampled 19, 40, 55 and 69 d after the start of the 

experiment, following 100% hatch at d 23, 26 and 29 for the 4OC, 2•‹C 



cycles and the constant temperature regime respectively. Sagittal 

otoliths were removed and prepared following the methods of Neilson 

and Geen (1981). Otolith sections were examined using llght or scann- 

ing electron microscopes as described in Chapter 2. 

Chinook salmon fry used in these experiments were approximately 

90-d old post-hatch and originated from the Capilano River hatchery 

stock. Prior to transfer to 25-L aquaria at Simon Fraser University, 

fish were held under natural light at a constant 8OC and fed once 

every 24 h. After transfer to SFU, fry were held for 2 wk in flow- 

through aquaria supplied with aerated and dechlorinated water at 6OC 

before experiments commenced.~ During this period the 50 fish in each 

aquarium were fed once124 h and exposed to a 12:12 LD photoperiod. 

Experimental feeding and temperature regimes to which fry were 

exposed are summarized in Table 3-1. The amplitude of daily tempera- 

ture fluctuations was 4OC (range 3.6-4.4) above the average minimum of 

6•‹C. The die1 temperature cycle in relation to photoperiod and feed- 

ing events is shown in Fig. 3-1. The activity of one group of fish 

was artificially increased to examine the effects of activity on 

otolith increment formation. ~hese' fish were forced to evade a slowly 

moving aquarium net for 10 min beginning at 1900 h daily. The induced 

activity level appeared similar to that associated with feeding. 



Table 3-1 

List of abbreviations denoting experimental regimes to which chinook 
salmon fry were exposed in 1982. Percent ration (% of body weight 
offered every 24 h) is given and the water temperature at time of 
feeding during the die1 cycle, if applicable, is indicated in 
brackets. Refer to Figure 3-1 for details of feeding, temperature and 
photoperiod regimes. 

Treatment 
Time of 
Feeding 

8% (warm) 
8% (cool) 
8% (constant) 
4% (warm) 
4% (cool) 
4% (constant) 
2 x 4%2 
2 x 2% 2 

4% + activity3 
Starvation 

l~ish in these treatments were held at constant temperature. 

2~ish in these treatments received two feedings124 h. 

3~ish in this treatment were exposed to a 10-min bout of forced 
activity at 1900 h every day. 



Figure 3-1 Die1 water temperature  cyc l e  i n  r e l a t i o n  t o  photoperiod 
and feed ing  events  (+) f o r  chinook salmon f ry .  Light  and 
dark  per iods a r e  i nd i ca t ed  by the  .open and s o l i d  bars  
r e spec t ive ly .  
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Ration provided to experimental lots of fish was maintained as a 

constant proportion (4 or 8%) of average fish dry weight by adjl~sting 

total food offered as fish grew or were sampled. Every third day, 

excess food was removed from aquaria within 30 min of offering, 

weighed and corrected consumption estimated. 

On d 26, I exposed chinook salmon fry for 30 min to a hypertonic 

solution of 1 ppt sodium chloride and 40 mg/l oxytetracycline hydro- 

chloride. The tetracycline was incorporated into the otolith and 

provided a time-marker which fluoresced under ultraviolet light. A11 

fry were successfully marked by this method. An attempt at d 1 to 

mark otoliths of fish with an intra-peritoneal injection of oxytetra- 

cycline hydrochloride/neutral saline following the methods of Campana 

and Neilson (1982) was unsuccessful in this case. 

Originally, I had intended to sample 15 fish at d 10, 20, and 

40. However, an accidental interruption of the dechlori.nated water 

supply on d 19 resulted in the mortality of some fish in treatments 

4% (cool), 4% (constant), 2 x 4% and 4% + activity. Complete morta- 

lity of starved fish occurred at that time. To ensure an adequate (N 

> 10) sample on experiment completion, samples were not taken at d 20 - 

for the above 4 treatments. Even so, a sample of only 5 fish was 

obtained at d 40 for the 4% (cool) treatment. 

Fork lengths were determined immediately after sacrifice. 



F i s h  were then oven-dried t o  a cons tan t  weight (60•‹C f o r  48 h) i n  

i n d i v i d u a l  l a b e l l e d  con ta ine r s  and weighed. Af te r  rehydrat ing t h e  

f i s h  i n  a g lycero l /water  s o l u t i o n ,  s a g i t t a l  o t o l f t h s .  were removed, 

weighed wi th  a Cahn e l ec t roba lance  and prepared a s  descr ibed i n  t h e  

previous chapter  f o r  examination wi th  the  SEM o r  a l i g h t  microscope. 



RESULTS 

Eggs and alevins 

Chinook salmon embryos and alevins produced 1 otolith increment/ 

24 h on average, whether the water temperature was constant or 

followed a die1 cycle (Table 3-2, analysis of variance; O.lO<p<0.20). 

However, the appearance of the daily growth increments differed 

between treatments. Otoliths of fish subject to a diel cycle in 

temperature were characterized by more regular and easily-observed 

growth increments than those subject to constant temperature (~ig. 

3-2). 

Examin .ation with a scanning electron microscope at lOOOX revealed 

that the bipartite nature of otolith growth increments differed bet- 

ween the temperature regimes. After etching with a weak acid (part of 

the standard SEM preparation procedure) the relatively deeply-etched 

portion of the bipartite growth increment (corresponding to the opaque 

portion of the bipartite structures when viewed with transmitted light 

microscopy) comprised a larger average fraction of growth increments 

(p=0.0041) in otoliths of fish subject to a diel cycle in temperature 

than those of fish subject to constant temperature. The deeply-etched 

portion of daily growth incremehts did not differ significantly 

between fish held in 2 O  and 4" C die1 temperature regimes (analysis of 

variance and the Student-Newman-Keuls test, p-0.2 12.5). 



Table 3-2 

Summary of chinook salmon otolith increment counts for 
alevins held under various temperature regimes. 

Increment Count 
Experiment - 

Day Constant Temperature 2OC Fluctuation 4 O C  Fluctuation 

+ 1 standard deviation indicated, n = 10. 



Figure  3-2 Comparison of chinook salmon a l e v i n  ( l eng th  30-31 mm) 
o t o l i t h  m i c r o s t r u c t u r e  i n  f i s h  held f o r  69 d i n  d i e 1  water 
t empera tu re  regimes of 4•‹C ampli tude  ( l e f t ) ,  2•‹C ampli tude 
(middle)  and cons t an t  temperature  ( r i g h t ) .  





Chinook salmon transferred from a 4 O C  diel temperature regime 

(24-h period) to a 12-h regime of similar amplitude produced an 

average of 1.56 increments124 h. The slope of the regfession of mean 

increment counts on experiment day differed significantly from unity 

(p=0.0019). An example of an otolith from a fish exposed to the 12-h 

period cyclic temperature regime is shown in Fig. 3-3 and .illustrates 

the narrower increments associated with the 12-h cycle. 

Fry 

Slopes of arithmetic mean linear regressions of fish dry weight 

on experiment day indicated that the average rate of growth of fish 

fed 8% body weight124 h at the beginning of the warm portion of the 

diel temperature cycle was significantly greater than that of fish fed 

at the beginning of the cool portion or at the constantWwater 

temperature (analysis of covariance and the Student-Newman-Keuls test, 

p=0.0034). Similar analyses among treatments where fish were fed 4% 

B.W.124 h (4% (warm), 4% (cool), 4% (constant)) or received two 

feedings or an enforced bout of activity (2x4%, 2x2%, 4% + activity) 

indicated no significant differences in growth rate (p-0.4147). 

To determine whether otolith growth-fish growth relationships 

were similar among treatments, I 'calculated otolith weight-f ish dry 

weight regressions for data from all experimental regimes. Analysis 

of covariance indicated that the slopes of the regressions among 



Figure 3-3 Change in otolith microstructure in a chinook salmon 
alevin transferred from a 24-h temperature cycle (4•‹C 
amplitude) to a 12-h temperature cycle (4OC amplitude). 





groups of fish fed 8% B.w.124 h did not significantly differ from each 

other (p=0.2511). Nor were there significant differences among treat- 

ments with.fish fed twice124 h or those exposed to the ehforced lO-min 

bout of activity (p=0.6870). The slope of the regression representing 

the otolith weight-fish weight relationship for those fish receiving a 

ration of 4% B.w.124 h on the cool portion of the die1 cycle was 

significantly greater than the slopes of regressions representing fish 

fed 4% B.w.124 h (p'-0.0034, analysis of covariance and the Student- 

Newman-Keuls test). However, the regression is based on only 20 data 

points, whereas others are based on at least 40 observations each. 

Otolith growth increments were formed at the rate of one every 24 

h under all experimental regimes (t-tests, n - > 20 for all treatments 

p > 0.05) except those receiving 2 feedings124 h or 1 feeding 

and one bout of activity (t-tests, p < 0.01). Arithmetic mean 

regressions of increment counts on. experiment day for the latter 

treatments are given below: 

Treatment Regression Equation r 2 
-- -- 

8% B.W. ration fed twice/ y=1.45(x) + 1.58 0.91 
24 h 
4% B.W. r a t i o n  fed twice/ y=1.76(x) - 1.40 0.98 
24 h 
4% B.W. ration and one y=1.50(x) - 0.80 0.93 
10-min bout of forced 
activity 



In the above treatments slopes did not significantly differ from each 

other (analysis of covariance, p=0.2191). 

The distributions of increment widths for the fed groups of fish 

are shown in Fig. 3-4. One-way analysis of variance was completed on 

each of the two upper horizontal strata. The Student-Newman-Keuls 

test indicated that among treatments with fish receiving a ration of 

8% B.W./24 h in one feeding, mean increment widths significantly 

differed between groups (~10.0264). Among fish receiving a ration of 

4% ~.W./24 h in one feeding, mean increment widths did not differ 

significantly in fish receiving the ration either during the cool or 

warm portion of the diel temperature cycle (Student-Newman-Keuls test, 

g=0.3211). However, fish receiving 4% ~.~./24 h under constant water 

temperature produced growth increments whose mean width was signifi- 

cantly less than those of fish held in the diel water temperature 

regimes (p=0.0094, Student-Newman-Keuls Test). 

The top two horizontal strata of Fig. 3-4 constitute a 3 x 2 

factorial design, and were examined with a two-way analysis of vari- 

ance. The effects of time of feeding with respect to the diel 

temperature cycle, ration level and their interaction was examined in 

relation to mean otolith increment width. The effect of time of 

offering with respect to the diel Semperature cycle on mean increment 

width was significant (p<0.0001) whereas ration level was not 

(p=0.0905). The interaction of time of offering in relation to the 



Figure 3-4 Distributions of otolith increment widths under the 
experimental regimes. Treatments are identified by 
numbers in the top-left corners of histograms, and 
correspond to treatments listed in Table 1. The 
average rate of increment formation per 24 h is shown 
in brackets. 
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die1 temperature cycle and ration level on otolith increment width was 

also significant (p=0.0003). 

Fish in treatments receiving 2 feedings124 h or 1 feeding and 1 

10-min bout of activity produced growth increments whose average 

widths were significantly less than those of fish in .treatments 

receiving the same level of ration with one feeding/24 h. Treatments 

where fish received either rations of 8% or 4% with one or two 

feedings124 h comprise a 2 x 2 factorial design, and were analyzed 

with a 2-way ANOVA. Increased feeding frequency significantly reduced 

mean increment width (p=0.0001), although ration level did not 

(p=0.4561). The interaction of feeding frequency and ration level was 

not significant (p=0.5543). 

Widths of otolith increments formed when fish were fed 4% B.W.124 

h and subjected to a 10-min bout of activity were not significantly 

different from widths of increments in fish which received 2 feedings 

equivalent to the 4% B.W.124 h ration level (~4.4261). However, fish 

fed 8% B.W.124 h with two feedings produced increments whose average 

width was significantly greater than the latter two treatments (analy- 

sis of variance and the Student-Newman-Keuls test, p=0.0004). Mean 

increment widths in fish from the treatment receiving 4% B.W.124 h 

with a constant water temperature kegime were significantly greater 

than increment widths in fish receiving the same ration plus a 10-min 

period of forced activity (t-test, p=0.0002). A summary of the 



comparisons of increment widths among t rea tments  i s  provided i n  Fig. 

3-5. 

Product ion of t he  narrower growth increments a s soc i a t ed  with 2 

feedings/24 h or 1 feeding  and induced a c t i v i t y  d id  not occur imrnedi- 

a t e l y  upon commencement of t he  experimental  regimes. A period of 

t r a n s i t i o n  i n  o t o l i t h  mic ros t ruc tu re  was evident  corresponding t o  t h e  

i n i t i a t i o n  of the experimental feeding  regime ( ~ i g .  3-6). Fig. 3-6 

shows the  decrease i n  increment widths wi th  time i n  f i s h  f ed  8% 

B.W./24 h over two feedings  compared with those t h a t  received an 8% 

r a t i o n  once each day, The s lope  of t he  regress ion  of increment width 

on da t e  f o r  t he  l a t t e r  t reatment  d id  not d i f f e r  s i g n i f i c a n t l y  from 

ze ro  (p=0.6112), whereas t h e  former d id  ( t - t e s t  , p=0.0001). 

Starved chinook salmon f r y  continued t o  produce one o t o l i t h  

increment every 24 h. However, the  growth increments were f a i n t  when 

observed with a t r ansmi t t ed  l i g h t  microscope. That por t ion  of o t o l i t h  

growth formed under s t a r v a t i o n  condi t ions  w a s  more t r anspa ren t  than  

t h e  po r t ion  of o t o l i t h  growth produced when f i s h  were fed. Growth 

increment d i e 1  p e r i o d i c i t y  was a l s o  more pronounced during t h e  po r t ion  

of o t o l i t h  growth corresponding t o  t h a t  per iod when f i s h  were f ed  

(Fig. 3-7). 

To confirm t h a t  increment widths were p ropor t iona l  t o  f i s h  

growth, I p l o t t e d  ins tan taneous  grawth i n  dry weight aga ins t  average 



Figure 3-5 Summary of Student-Newman-Keuls or t-test (a = 0.05) 
comparisons of mean increment widths in chinook 
salmon fry held under the various experimental 
regimes. Arrow heads pointhg left or right signify 
"less than" and "greater than" respectively. 





Figure 3-6 Mean o t o l i t h  increment widths f o r  chinook salmon f r y  from 
the  2 ~ 4 %  experimental  feeding regime over d 1-40 (0, 
reg res s ion  l i n e  shown). P r i o r  t o  d 1, f i s h  were fed  once 
every 24-h. Also shown a r c  mean increment widths (m) of 
f i s h  from t h e  8% (cons t an t )  feeding regime, where f i s h  
received only one feeding  every 24 h. 



Experiment Day 



Figure 3-7 Example of o t o l i t h  mic ros t ruc tu re  from a s t a rved  
chinook salmon f r y  when viewed under t r ansmi t t ed  
l i g h t  microscopy. The r e l a t i v e l y  t r anspa ren t  
reg ion  near t h e  o t o l i t h  per iphery  corresponds t o  
t h e  s t a r v a t i o n  per iod.  





increment width for  all treatments except the s ta rved  group (Fig. 

2 3-8). The c o e f f i c i e n t  of de te rmina t ion  (r ) as soc ia t ed  wi th  those  

t r ea tmen t s  i n  which f i s h  formed one growth increment every 24 h was 

0.735, and the  s lope  of t h e  regress ion  was s i g n i f i c a n t l y  d i f f e r e n t  

from zero (p=0.0084). Note t h a t  po in t s  a s soc i a t ed  with t rea tments  i n  

which f i s h  formed more than one increment every 24 h l i e  considerably 

above t h a t  regress ion .  The r eg res s ion  of t hese  d a t a  d i f f e r s  

s i g n i f i c a n t l y  i n  both s lope  and y- in te rcept  ( a n a l y s i s  of covariance 

and t - t e s t ,  p<0.0001) as from t h a t  of f i s h  fed once per  day. 



Figure 3-8 Regressions of mean o t o l i t h  increment width versus  
ins tan taneous  growth r a t e  (dry  weight) f o r  t he  
va r ious  experimental  regimes. So l id  l i n e  r ep re sen t s  
groups where f i s h  produced 1 increment every 24 h on 
average and t h e  dashed l i n e  r e p r e s e n t s  t rea tments  
where f i s h  produced s i g n i f i c a n t l y  more than one 
increment every 24 h. The geometric mean r eg re s s ions  
a r e  y = 0.8524(x) - 0.6249 and y = 2.8814(x) - 2.6917, 
r e spec t ive ly .  





DISCUSSION 

Under most environmental condi t ions  s tudied  here iind reported i n  

t h e  previous chap te r ,  o t o l i t h  growth increments were formed with d i e l  

p e r i o d i c i t y  g iv ing  support t o  the  hypothesis  t h a t  an endogenous rhythm 

in f luences  growth increment formation. I n  the previous  chapter ,  I 

a l s o  found t h a t  mu l t ip l e  feedings  every 24 h r e s u l t e d  i n  the  formation 

of > 1 increment/24 h and suggested t h a t  t h i s  r e s u l t e d  from the  i n t e r -  

a c t i o n  of an endogenous d i e l  rhythm of increment production and some 

r e g u l a r l y  r ecu r r ing  environmental event. Data presented here  are 

c o n s i s t e n t  with t h a t  view, a s  increased  feeding frequency, the  12-h 

period warm/cool temperaturq cyc le  (Fig. 3-3) and f i s h  a c t i v i t y  a l l  

formation. The 

o t o l i t h  micro- 

modi f ica t ion  of 

.hm (Matty 1978). 

I f  o t o l i t h  growth increment production fol lows a c i r cad ian  rhythm t h a t  

i s  sometimes o v e r l a i n  by environmental events ,  i t  seems reasonable t o  

assume t h a t  while  f i s h  may produce one o r  more growth increments every 

24 h ,  they do not produce l e s s  than one every 24 h. I n  my experi-  

mental s t u d i e s ,  chinook salmon a l e v i n s  and f r y  produced one o r  more 

were a s soc i a t ed  with an increased  r a t e  of increment 

e f f e c t s  of a t  l e a s t  some environmental events  on 

s t r u c t u r e  may be mediated through act ivi ty- induced 

f i s h  metabolism, which o f t e n  fol lows a c i r cad ian  rhyt 

growth increments every 24 h. This  agrees  with the  r e s u l t s  of t he  

ma jo r i t y  of s t u d i e s  repor ted  by o the r  workers o r  o the r  spec i e s ,  even 

when f i s h  were exposed t o  s t i m u l i  with a per iod > 24 h (Campana and 

Neilson 1982). 



When fish previously exposed to a cyclic event (temperature or 

feeding) of 24-h duration were transferred to an environment with 12-b 

periodicity or less, the transition in otolith microstructure did not 

occur immediately (Figs. 3-6 and results in Ch. 2). In my relatively 

short-term ((65 d) experiments, otoliths of fish exposed to a cyclic 

phenomena with periods <24 h exhibited increment counts that were less 

than expected had the transition in otolith microstructure occurred 

immediately. Aschoff -- et a1 (1975) in reviewing similar findings, 

noted that the time required for entrainment to the new external cue 

is negatively correlated with the degree of influence the new 

zeitgeber has on the biological rhythm and positively correlated with 

the magnitude of the zeitgeber period change. 

While diel water temperature fluctuations are not necessary for 

otolith increment production in chinook salmon, they enhance 

structural differences between each portion of bipartite otolith 

growth increments. The proportion of the total increment width 

comprised by the deeply-etched portion of daily growth increments is 

significantly greater in otoliths of fish taken from a diel water 

temperature regime than those from fish held in water of constant 

temperature. On the basis of examination of otoliths from goldfish 

(Carassius auratus), Mugiya $- (1981) concluded that the 

deeply-etched portion is composed of calcium carbonate and protein, 

the latter in relatively greater concentration. The postulated 

increase in percent of protein in the increment might explain the 

greater contrast of daily growth increments produced under a diel 



water temperature regime, if it was assumed that less light is 

transmitted through proteinaceous material than calcium carbonate. 

Degens -- et a1 (1969) suggested that the deposition of the organic 

matrix is a conservative process, not readily modified by environ- 

mental events. Therefore, of the two major constituents of the 

otolith, it is probably the rate of calcium carbonate deposition, not 

protein, which changes in response to die1 water temperature cycles. 

However, as mean increment width reflected fish growth under a variety 

of water temperature regimes (Fig. 3-8), I conclude that the total 

width of a given growth increment reflects the rate of fish growth 

during its formation, regardless of water temperature regime and 

related effects on growth increment structure. 

On the basis of my examination of otolith weight-fish weight 

regressions and data presented in the previous chapter, I conclude 

that otolith growth of chinook salmon fry is closely coupled to fish 

growth under a variety of experimental conditions, ranging over what 

might be expected to occur in natural environments. Marshall and 

Parker (1982) also reported that differences in ration and water 

temperature to which sockeye salmon fry (Oncorhynchus nerka) were 

expo~ed did not significantly affect slopes of otolith size - fish 

size regressions among fed groups.' Exceptions to the isometric growth 

relation between fish size and otolith size have only been observed in 

recently-hatched salmonid alevins, as noted in Chapter 1, and in 

starved chinook salmon fry. Chinook salmon fry deprived of food for 



19 d continued to form daily growth increments. Assuming fish dry 

weight did not change over this period, then the slope of the otolith 

weight-fish weight regression would probably be greater than for fed 

fish. Marshall and Parker (1982) reported similar results over a 2-wk 

starvation period of sockeye salmon (Oncorhynchus nerka). Evidently 

continued otolith growth in starved fish resulted from the metabolism 

of stored energy reserves. 

Interactions between ration level and time of feeding with 

respect to the 24-h temperature cycle affected mean increment width. 

Ration level as a single factor influencing increment width was not 

significant. However, the interaction between temperature and ration 

on increment width was significant, suggesting that calcium carbonate 

deposition on the otolith was higher under elevated temperatures at 

time of feeding. Estimates of food consumption indicated that fish 

fed 8% B.W.124 h in conjunction with the die1 water temperature cycle 

consumed significantly more food per g of fish when the food was 

offered during the warm period (t-test, ~<0.01). Differences in food 

consumption were not noted for fish receiving a ration of 4% B.W.124 h 

on either the warm or cool portion of the diel water temperature 

regime (t-tests, p>0.05). With the lower ration level (4% ~.~./24 h) 

it is possible that fish were not satiated, regardless of water 

temperature regime. With the higher ration, fish were satiated even 

when the food was offered during the cool period of the water 

temperature cycle, and additional consumption occurred only if offered 

during the warm portion of the diel temperature cycle. English (1981) 



a l s o  found t h a t  increment widths  i n  chinook salmon r e f l e c t  water  

temperature  more c l o s e l y  than  food abundance. However, h i s  

conc lus ions  were based on a  smal l  sample (n = 6) '  and p o s s i b l e  

i n t e r a c t i o n s  were not  repor ted .  

I n  a two-way comparison wi th  r a t i o n  l e v e l  and feeding frequency 

(water  temperature  was c o n s t a n t ) ,  increment width was a f f e c t e d  by 

feed ing  frequency and not by r a t i o n  l e v e l .  This  r e s u l t  is expected,  

as t h e  r a t e  of increment product ion i s  a f f e c t e d  by feed ing  frequency 

a s  w a s  shown e a r l i e r ,  and i n  t h e  previous chapter .  

The increased  growth r a t e  of salmonids exposed t o  d a i l y  temp- 

e r a t u r e  cyc l e s  compared wi th  those  i n  a cons tan t  water  temperature  

regime ( equ iva l en t  t o  t he  mean of the  c y c l i c  temperatures)  has been 

noted by Hokanson e t  a 1  (1977) and B i e t t e  and Geen (1980), and is  -- 
comparable t o  t h e  r e s u l t s  p resen ted  he re  f o r  f i s h  r ece iv ing  a r a t i o n  

of 8% B.W./24 h. Increased  growth under d a i l y  c y c l i c  temperature  

f l u c t u a t i o n s  may be r e l a t e d  t o  t h e  metabol ic  advantage pos tu l a t ed  by 

McLaren (1963) where reduced metabol ic  c o s t s  a r e  a s soc i a t ed  wi th  t h e  

cool  po r t i on  of d a i l y  temperature  cyc l e ,  l e av ing  more energy a v a i l a b l e  

f o r  growth. B r e t t  (1979) noted t h a t  t h e  e f f e c t  of c y c l i c  temperatures  

p o s i t i v e l y  a f f e c t s  f i s h  growth when the  f l u c t u a t i o n  encompasses a  

temperature  range a t  o r  below the' optimum f o r  a  given r a t i o n  l eve l .  

My r e s u l t s  s a t i s f y  t h i s  c r i t e r i o n  s i n c e  t h e  experimental  temperature 

range is  on t h e  lef t -hand limb of t h e  dome-shaped func t ion  of s a t i a -  

t i o n  r a t i o n  versus  water  temperature  descr ibed  f o r  chinook salmon by 



Brett -- et a1 (1982). However, the similarities of my results to those 

previously reported are somewhat overstated because the constant water 

temperature regime in my experiments corresponded to the daily minimum 

of the fluctuating regime, not the mean as in the work of Hokanson et - 
a1 (1977) and Biette and Geen (1980). In addition, the mean growth - 

rate and otolith increment width associated with the 4% (cool) treat- 

ment was higher than expected. I believe this may have resulted from 

the interruption of the water supply mentioned earlier, with only 

larger fish surviving. 

Given that both water temperature and food consumption are con- 

sidered the most important aspects of fishes' environment affecting 

their growth (Paloheirno and Dickie 1966), it is not surprising to find 

that water temperature regimes and ration levels influence otolith 

growth increment production. On the basis of my findings and those 

presented by English (1981) it seems likely that interpretation of 

prey abundance and feeding success from otolith microstructure may be 

masked by relatively small changes in water temperature. Workers 

attempting to quantify fish growth with respect to ration size through 

examination of otolith microstructure should be aware of t~ie effects 

of water temperature documented here, and design studies accordingly. 



THE ESTUABINB G B m  OF .JUVENILE CBZNOOK 

S D O N  AS DETERMINED FROn OTOLITH MICROS'CRUCTURE 



Juveniles of three Pacific salmon species (chinook, Oncorhynchus 

tshawytscha, coho, 2. kisutch, and chum, 0. keta) reside in estuaries - -  

for significant periods prior to ocean migration. Estuaries provtde 

opportunities for sea-water acclimation and feeding prior to entry 

into the oceanic environment. Chinook salmon juveniles, although not 

obligate estuary dwellers, utilize estuaries to the greatest extent 

(Dorcey -- et a1 1978; Healey 1982b) and of ten spend several months in 

the estuary before migrating to the ocean. Levy and Northcote (1981) 

suggested that the duration and quality of estuarine residence might 

be a determinant of subsequent marine survival of chinook salmon. 

Rapid growth during the period of estuarine residence confers 

advantages, as the size attained by juvenile Pacific salmon prior to 

entering the marine environment is considered critical by many 

workers. Larger salmon molts adapt better to higher salinities (Hoar 

1976) and are thought to be less vulnerable to predation (Parker 

1971). Schlucter and Lichatowich (1977) found that the size attained 

by juvenile chinook salmon after estuarine residence and by the end of 

their first year influenced subsequent growth and age at maturity. 

In a review of the importance of estuaries to Pacific salmon, 

Simenstad - -  et a1 (1982) suggested that salmonids use estuaries as 

refugia from predators, for optimum availability of preferred food 

organisms promoting rapid growth and as a physiological transition 

area. Those authors noted, however, that the quantitative 

significance of such factors to the ultimate survival of adults is not 

well established. 



One of t h e  few s t u d i e s  which attempted t o  quan t i fy  t h e  s i g n i f i c -  

ance of e s t u a r i n e  res idence  was completed by Reimers (1973), He found 

t h a t  of t he  f i v e  juven i l e  l i f e  h i s t o r y  types thought 'to e x i s t  among 

Sixes River  (Oregon) chinook salmon, those t h a t  spent  3-4 mo i n  t h e  

e s t u a r y  fo l lowing  a f reshwater  res idence  of s i m i l a r  du ra t ion  comprised 

over  90% of r e tu rn ing  adu l t s .  The percentage of f i s h  which had spent  

an extended period i n  t h e  e s t u a r y  was considerably g r e a t e r  i n  mature 

a d u l t s  than t h a t  expected based on the  r e l a t i v e  propor t ions  of d i f f e r -  

e n t  l i f e  h i s t o r y  types t h a t  occurred i n  j uven i l e s ,  poss ib ly  i n d i c a t i n g  

a g r e a t e r  r a t e  of s u r v i v a l  t o  maturat ion.  

Reimers (1973) a l s o  suggested t h a t  a reduct ion  of j uven i l e  

chinook salmon growth r a t e  occurred i n  years  of high populat ion 

abundance. He hypothesized a density-dependent growth reduct ion  

r e l a t e d  t o  prey a v a i l a b i l i t y .  To t e s t  Reimers' hypothesis ,  Oregon F i sh  

and W i l d l i f e  s t a f f  have c o l l e c t e d  s e v e r a l  years  of d a t a  on Sixes River 

j uven i l e  chinook salmon popula t ion  abundance. In  1980, prey 

a v a i l a b i l i t y ,  quan t i t y  of prey consumed, and e s t u a r i n e  water 

temperature da t a  were a l s o  obtained. The s u b s t a n t i a l  d a t a  record on 

Sixes River  chinook salmon populat ions a l s o  provides an opportuni ty t o  

a s s e s s  o the r  f a c t o r s  which might a f f e c t  e s t u a r i n e  growth of chinook 

salmon. 

In  t h i s  chap te r ,  I descr ibe  the  use of o t o l i t h  micros t ruc ture  t o  

a s s e s s  of Reimers' hypothesis  of density-dependent growth r e l a t e d  t o  



prey abundance. I n  add i t i on ,  examination of o t o l i t h  mic ros t ruc tu re  A 

with in  the  populat ion permitted an assessment of the  v a r i a b i l i t y  i n  

t h e  t i m e  a t  which e s t u a r i n e  res idence  commences and e s t u a r i n e  growth 

i n  r e l a t i o n  t o  previous f reshwater  l i f e  h i s t o r y ,  inc luding  du ra t ion  of 

f reshwater  res idence ,  f reshwater  growth r a t e  and s i z e  a t  en t ry  t o  the  

e s t u a r i n e  environment. 

Although s c a l e  c i r c u l i  were used by Reimers (1973) t o  a s s e s s  

p a t t e r n s  of e s t u a r i n e  res idence  and growth, o t o l i t h  mic ros t ruc tu re  

o f f e r s  g r e a t e r  r e s o l u t i o n  and p rec i s ion  due t o  the  g r e a t e r  frequency 

wi th  which r egu la r  s t r u c t u r a l  f e a t u r e s  a r e  formed (Pannel la  1971). 

I n  add i t i on ,  regress ion  models of f i s h  l eng th  on o t o l i t h  s i z e  o f t e n  

g ive  b e t t e r  f i t s  than do models of f i s h  length  and s c a l e  r a d i i  f o r  

salmonid da t a  (Jonsson and -S tense th  1977). This chapter  r ep re sen t s  

one of t h e  f i r s t  a p p l i c a t i o n s  of o t o l i t h  micros t ruc ture  t o  i n t e r p r e t a -  

t i o n  of f i e l d  da t a  which go beyond a  more d e t a i l e d  desc r ip t ion  of age 

and/or  growth. Moreover, confidence i n  t he  i n t e r p r e t a t i o n  of o t o l i t h  

mic ros t ruc tu re  i s  increased  a s  d a t a  i n  t h e  previous chapters  have 

provided a  b e t t e r  app rec i a t ion  of t h e  e f f e c t  of var ious  photoperiod, 

feeding and temperature regimes on o t o l i t h  increment production. 



Descri~tion of the Studv Area 

The e s tua ry  of t he  Sixes River  (Fig. 4-1) is  loca t ed  80 k m  sou th  

of Coos Bay, Oregon, and 110 km n o r t h  of t he  Oregon-California border  

2 (42' 58'N, 124' 33'W). The r i v e r  d ra ins  340 km of t he  c o a s t a l  and 

Klamath mountains, dropping approximately 290 m t o  sea  l e v e l  over a 

d i s t a n c e  of 56 km (Bottom -- e t  a1 1983). Mean d a i l y  d ischarge  ranges 

3 from 0.5 m3/sec i n  t he  summer t o  more than 200 m / see  i n  the  win ter  

(Reimers 1973). 

Tidewater extends about 4 km upstream from t h e  mouth of S ixes  

River.  However, most of t h e  r e sea rch  has been confined t o  the broad, 

shal low embayment i n  t h e  lower 1 km of the  r i v e r  (Fig. 4-1). Sedi- 

ments i n  t h i s  a r e a  a r e  p r imar i ly  g rave l ,  o r  sand and gravel .  Maximum 

depth  a t  high t i d e  is approximately 5 m, a l though most of t h e  lower 

e s t u a r y  is  only 1-2 m deep during seasonal  low flows. 

Reduced outflows and s t rong  northwest winds cause a shallow sand 

s i l l  t o  bu i ld  a t  t h e  mouth of t he  S ixes  River  during the  summer. When 

t h e  s i l l  i s  f u l l y  developed, ocean waters  e n t e r  through a narrow gap 

i n  the  s i l l  only near the  high t i d e ;  t he re  is a ne t  outflow from the  

e s t u a r y  75% of t h e  time. Throughout most of t he  summer the  e s tua ry  i s  

s t r a t i f i e d  during the  period of outf low with a s  much a s  10 t o  25 o/oo 



d i f f e r e n c e  i n  s a l i n i t y  between su r f ace  and bottom l a y e r s  of t h e  

shallow bay (Reimers 1973). During f lood  t i d e s ,  water mixes r a p i d l y  

near  the  mouth and s a l t w a t e r  moves slowly upstream along the bottom. 

Two spec i e s  of tube-dwelling amphipod, Corophium salmonis and - C. 

sp in i co rne ,  and the  gammarid amphipod Eoganunarus conferv ico lus  repre-  

s e n t  71-92% of t h e  t o t a l  number and 62-78% of t he  t o t a l  biomass of 

prey consumed by juven i l e  chinook salmon i n  the  Sixes River e s t u a r y  

through 1978-1980 (Bottom -- e t  a1 1983). The s tanding  crop of Corophium 

peaks i n  l a t e  June and dec l ines  i n  abundance through the  summer. 

Sixes River chinook salmon a r e  a " f a l l "  race ,  with the a d u l t s  

e n t e r i n g  f reshwater  i n  t he  f a l l  of each yea r ,  and spawning from 

December through March. Af te r  about 3 months, f r y  and a sma l l e r  

number of yea r l i ngs  move down i n t o  the  e s tua ry  beginning i n  May or  

June and a r e  t h e  most abundant salmonids i n  the  Sixes River e s t u a r y  

through the  summer. Popula t ion  e s t ima te s  of j uven i l e  chinook salmon 

over t h e  pas t  15 years  have ranged from 59,000 t o  269,000 during t h e  

midsummer period. Young-of-the-year r e s i d e  i n  t he  e s tua ry  u n t i l  

October or  November, ranging i n  s i z e  from approximately 40 mm i n  t h e  

sp r ing  t o  110-130 mm i n  mid-October. S ize  a t  migrat ion t o  the  sea  

from the  e s t u a r y  v a r i e s  with populat ion abundance and the  p roduc t iv i ty  

of t he  Sixes River e s tua ry  i n  a p a r t i c u l a r  year (Reimers 1973) .  



Field Sampling Program 

Juven i l e  chinook salmon were sampled by Oregon Dcparthent of f i s h  

and W i l d l i f e  (ODFW) personnel  i n  t h e  S ixes  'River Estuary i n  1979, 

1980, and 1981. Samples of  f i s h  (n-15) used f o r  o t o l i t h  

rn ic ros t ruc ture  examination were c o l l e c t e d  from s e i n e  hauls  a t  

approximately biweekly i n t e r v a l s  from May through September. The 

sampling l o c a t i o n  is  shown i n  Fig. 4-1. The d a i l y  r a t i o n  was 

determined (1980 only)  and o t o l i t h s  were r e t a ined  f o r  mic ros t ruc tu re  

examination. Water temperature  was recorded cont inuously i n  1980 by 

thermographs loca ted  a t  the  s u r f a c e  and bottom of t he  e s tua ry  near  

where f i s h  were captured.  

Popula t ion  s i z e  was es t imated  fou r  t imes i n  1980 using t h e  

Bailey-modified Pe te rson  s i n g l e  census mark-recapture procedure 

(Ric.ker 1975),  and c a t c h  per  u n i t  e f f o r t  (CPUE) statistics. F i s h  were 

c o l l e c t e d  w i th  s e i n e s  over a 2 to 3-d per iod  and marked wi th  a brand 

cooled w i t h  l i q u i d  n i t rogen .  The use of d i f f e r e n t  brands f o r  

successive populat ion e s t ima te s  allowed ODkW personnel  t o  e s t ima te  t he  

popula t ion  abundance a t  each time per iod.  However, no c o r r e c t i o n  f o r  

l o s s  of tagged f i s h  through m o r t a l i t y  o r  emigrat ion was made, a 

procedttre which may s j g n i f i c a n t l y  i n f l a t e  t he  popul-ation es t imate .  

Es t imates  of d a i l y  r a t i o n  were obtained by ODFW personnel  i n  1980 

us ing  E l l i o t  and ~ e r s s o n ' s  (1978) method. A sample of 15 f i s h  was 

o b t a h e d  every 2 h over e i g h t  24 h pe r iods  from t h e  end of Flay through 



Figure  4-1 S ixes  River e s t u a r y  showing t h e  sampling l o c a t i o n  
(*) i n  1980. I n s e r t  shows t h e  l o c a t i o n  of t h e  
Sixes River i n  Oregon. Figure.suppXied cour tesy  
of Oregon Department of F i sh  and Wildlife. 





September. Once captured, fish were anaesthetized wfth MS-222 to 

prevent regurgitation of gut contents. They then injected with 7.6% 

formaldehyde to halt digestion. Fish were stored in 7.6% formaldehyde 

for 1 wk and then transferred to 80% ethanol until examination. The 

stomach contents for each fish were weighed after blotting and a 

10-min period of air drying. Consumption (ct) was estimated using 

the equation: 

where 

S = mean amount of food in the stomach 
over a 24-h period 

Rt = rate of gastric evacuation 

During each daily ration experiment, Rt was estimated by 

regression analyses, assuming that logarithmic decreases in mean 

stomach content weight represented periods of non-feeding. I n  later 

experiments, perfods of non-feeding were simulated by holding captive 

fish in barrels supplied with aerated and filtered estuary water. 

Every few hours, fish were sacrificed and the logarithmic decrease in 

stomach contents provided a second estimate of q e  The results of 

the experiments with captive fish were comparable to those obtained 

with fish caught in the estuary (Bottom et a1 1983). However, results -- 
presented here are based on the latter method. 

Preparation of Otoliths and Data Ana1y~)es 

Otoliths were prepared for microstructure examination following 

the methods outlined by Neilson and Geen (1981). Where otolith 



increment widths a r e  repor ted ,  t h e  d a t a  were derived by d i g i t i z i n g  ." 
increment widths along a  s tandard  r ad ius  on enlarged scanning e l e c t r o n  

microscope photographs. D e t a i l s  a r e  given i n  Chapter 2: Prepa ra t ions  

were coded and examined i n  a  random sequence t o  avoid b i a s  i n  t he  

i n t e r p r e t a t i o n  of o t o l i t h  micros t ruc ture .  

Back ca lcu l .a t ions  of l eng ths  a t  age were made from o t o l i t h s  of 

j uven i l e  chinook salmon using Lee's method as described by Carlander 

(1981). Length a t  age i s  given by the  equation: 

where 

Sc = t he  o t o l i t h  l eng th  a t  cap ture ,  

Si = t he  o t o l i t h  l eng th  a t  age i, 

LC = the  l eng th  of t h e  f i s h  a t  cap ture ,  

h 

L~ = t he  l eng th  of t he  f i s h  a t  age i, 

and 

a = is  t h e  y- in te rcept  of t h e  f i s h  
l e n g t t r o t o l i t h  l eng th  regress ion .  

I n  developing t h e  f i s h  l eng th -o to l i t h  l eng th  r e l a t i o n s h i p ,  I used 

o t o l i t h  l eng th  a s  t h e  independent v a r i a b l e  r a t h e r  than o t o l i t h  

rad ius .  The presence of m u l t i p l e , o t o l i t h  precursors ,  o r  primordia,  i n  

chinook salmon (Chapter 1) c rea t ed  d i f f i c u l t y  i n  l oca t ing  the  c e n t r e  

of t h e  o t o l i t h  f o r  r ad ius  measurements. I used geometric mean 

r eg res s ions  f o r  t h e  f i s h  s i z e - o t o l i t h  s i z e  r e l a t i o n s h i p s  a s  n a t u r a l  



v a r i a b i l i t y  was a s soc i a t ed  wi th  both axes (Ricker 1973). Measurements 

of o t o l i t h  l eng th  were made from images pro jec ted  on a microfiche 

viewer. I made two independent s e t s  of measurement's on the  coded 

s e r i e s  of prepara t ions .  I n  cases  where measurements d i f f e r e d  by > 

lo%,  t h e  p repa ra t ion  was excluded from f u r t h e r  examination. Using 

t h i s  c r i t e r i o n ,  14 of the  p repa ra t ions  were r e j ec t ed .  

I used a  mul t ip le  regress ion  model t o  examine the  i n t e r r e l a t i o o s  

between the  mean o t o l i t h  increment width of f i s h  i n  t he  e s tua ry ,  and 

d a i l y  r a t i o n ,  e s t u a r i n e  bottom water temperature and juven i l e  chinook 

salmon populat ion dens i ty .  The model was determined using the  methods 

descr ibed by Bowerman and O'Connell (1979) and Rai l s  and Peppers 

(1982). The s t e p s  cons is ted  of i d e n t i f y i n g  the  func t iona l  r e l a t i on -  

sh ips  ( i . e .  l i n e a r ,  quad ra t i c ,  e t c )  between t h e  dependent and inde- 

pendent v a r i a b l e s ,  by examination of p l o t s  of t he  independent terms on 

increment width. I n  a l l  t h r e e  cases ,  t h e r e  was evidence of non- 

l i n e a r ~ ,  warrant ing the  i n c l u s i o n  of second and third-order  terms f o r  

poss ib l e  s e l e c t i o n  i n  t he  r eg re s s ion  model. I t e s t e d  f o r  lagged 

e f f e c t s  between water temperature and increment width using a cross-  

c o r r e l a t i o n  and a s  none were found, water temperature was included a s  

a non-lagged v a r i a b l e  only. Th i s  s t e p  was completed f o r  bottom 

temperature only,  a s  t ime-ser ies  of o the r  independent va r i ab l e s  were 

der ived  from i n t e r p o l a t i o n s  betwee; po in t  es t imates  and a s  such, were 

inappropr i a t e  f o r  examination by cross-cor re la t ion .  Bottom water 

temperature was considered f o r  i nc lus ion  i n  t he  regress ion  model 

r a t h e r  than  su r f ace  temperature,  a s  bes t  c o r r e l a t i o n s  with d a i l y  



r a t i o n  were noted with t h e  former var iab le .  Th i s  approach seemed 

reasonable a s  Sixes River chinook salmon consume epibentb ic  prey i n  

most cases  (Bottom e t  a l ,  1983). Of the  two measures of populat ion -- 
s i z e  a v a i l a b l e ,  the  mark-recapture es t imates  and ca tch  per u n i t  e f f o r t  

i n d i c e s ,  the  former measure of abundance was used i n  the regress ion  

model (Fig. 4-2) .  I did not use the  ca tch  per u n i t  e f f o r t  da t a  a s  

observed schooling of j uven i l e  chinook salmon (D. Bottom, pers. coma.) 

might cause biased es t imates .  Moreover, the  CPUE da t a  were obtained 

from s i n g l e  l o c a t i o n s  i n  t h e  e s t u a r y  whereas each mark-recapture 

e s t ima te  was based on comparatively i n t e n s i v e  sampling through out t he  

e s tua ry .  

The f i n a l  components of t h e  regress ion  model were i n t e r a c t i o n  

terms inc luding  r a t i o n  and popu la t ion  abundance and r a t i o n  and 

temperature.  I n t e r a c t i o n  terms were only included when the re  were 2 

p r i o r i  grounds f o r  doing so. For example, a clear r e l a t i o n s h i p  

( r  *=0.623) e x i s t e d  between water temperature and r a t i o n  (Fig. 4-3) and 

hence a  m u l t i p l i c a t i v e  i n t e r a c t i o n  term was included. 

The v a r i a b l e s  t o  be included i n  t he  r eg re s s ion  model were then 

s e l e c t e d  using a  s tepwise v a r i a b l e  e l imina t ion  computer rout ine.  The 

v a r i a b l e  e l imina t ion  rou t ine  adds independent v a r i a b l e s  t o  the  regres-  

s i o n  model based on a user-specified'  l e v e l  of s i g n i f i c a n c e  f o r  t h e i r  

i nc lus ion  ( a  = 0.10). The v a r i a b l e  added a t  each s t e p  was t h a t  wi th  

t h e  h ighes t  p a r t i a l  c o r r e l a t i o n  c o e f f i c i e n t  wi th  r e spec t  t o  t he  



Figure  4-2 Chinook salmon popul.ation abundance i n  the S ixes  
River e s t u a r y  i n  1980, es t imated  from Bailey-modified 
mark-recapture wi th  confidence i n t e r v a l s  shown and 
catch per u n i t  e f f o r t  s t a t i s t i c s .  





Figure  4-3 Rela t ionsh ip  between d a l l y  r a t i o n  of j uven i l e  chinook 
salmon (---I and mean d a i l y  water temperature (-) 
(measured by a thermograph loca ted  near the e s tua ry  
bottom) i n  the S ixes  River estuary, 1980. 





dcpcr ldent  terrn ( inc rement  w i d t h ) .  'She rcgrcssfur~ tm:, recornput rtl .is 

path v a r i a b l e  w a s  added, u n t i l  no v a r i a b l e s  were ! ~ f t  w i ~ l l  1.111, 

r e q u i r e d  l e v e l  of s i g n i f i c a n c e .  The time s e r i e s  of increinent  width:; 

ra~igctl from J u n e  1 to  September 25,  1300, a tlotal  of: 1 IG d .  

A t o t a l  of 255 l e f t - s i d e  s a g i t t a l  o t o l i  t h s  were c c: i r i l f  1 1 ~ 1  k ~ i  ~ 1 1  t \ I ( >  

m i c r o f i c h e  viewer  d u r i n g  t h i s  s tudy.  Of t h a t  t o t a l ,  60 were examlnetf 

wi th  a scanning e l e c t r o n  microscope f o r  dete rminn t  Lo11 of Increment 

wid ths .  



RESULTS 

To study e s t u a r i n e  growth using o t o l i t h  micros t ruc ture ,  I. f i r s t  

descr ibed  the  r e l a t i o n s h i p  between f i s h  s i z e  and o t o l i t h  sPze and 

determined the  frequency of o t o l i t h  growth increment formation. The 

r e l a t i o n s h i p s  between f i s h  l eng th  and o t o l i t h  t o t a l  l eng th  a r e  

adequately represented by geometric mean l i n e a r  regress ions  and a r e  

shown below: 

---.-,- -- ..- 

Year of Coe f f i c i en t  of 
Je 

Sample n Regression Equaf i on  ~ e t e r m i n a t i  on(r2)* Signi f icance  
___________I- .-- 

* Calcula ted  using t h e  a r i t h m e t i c  mean procedure 

The equat ions  a r e  given i n  t he  form y = o t o l i t h  length  and x = f i s h  

l eng th  t o  f a c i l i t a t e  comparisons with r e s u l t s  'in Chapters 2 arid 3.  

However, back-calculat ions of s i z e  were based on regress ions  of f i s h  

l eng th  (y) on o t o l i t h  l eng th  (x). Analysis of covariance (using t h e  

a r i t h m e t i c  mean r eg res s ions )  and t h e  Student-Newman-KeuZs t e s t  

indicated t h a t  the s lope  of the  regress ion  of o t o l i t h  lerrgth-fish 

l e n g t h  d a t a  i n  1979 samples was s ignik ' ican t ly  l e s s  (p<0.0001) than the  

s lopes  of t he  1980 and 1981 regress ions .  For t h a t  reason, s epa ra t e  

r eg re s s ions  were r e t a ined  f o r  back-calculat ions of f i s h  length  a t  age. 



The rate of growth of juvenile chinook salmon downstream migrants 

increased markedly upon entry into the estuarhe environment. That 

was reflected in greater otolith increment widths ( ~ i g :  4-4). The 

criterion for determining the beginning of estuarine residence was the 

point at which increment width increased 25% or more relative to the 

mean of the previous 10 increments, and was sustained over at least 10 

consecutive increments or to the otolith periphery. Increments formed 

in freshwater averaged < 3 pm in width, whereas the estuarine growth 

increments formed in early summer were > 4 p. The close correspon- 

dence between increased increment width and the migration from fresh- 

water to the estuary is supported by data from the biweekly fish 

collections from the Sixes River estuary. In 1981, the first migrants 

in the estuary were taken on May 4, and had 0-14 (x=4.5) estuarine 

growth increments. ~xamination of otoliths from fish caught above the 

estuary provided a means of characterizing known freshwater growth 

increments and verified my ability to differentiate between increments 

formed in freshwater and in the estuary. 

Estuarine growth increments appeared to be formed with daily 

periodicity. I determined the frequency of formation by comparing the 

mean observed increase in estuarine increment counts versus the expec- 

ted increase in increment counts assuming a daily frequency of forma- 

tion in consecutive bi-weekly samples. To calculate the expected 

number of growth Increments, I took the Julian date of first capture 

each year and subtracted 14 d to account for the interval between 

biweekly samples. That date was assumed to be the first day of 



Figure 4-4 PoLJ.shed sect ion of a juveni.le cliinook salmon s a g i t t a l  
o t o l i t h  showing microstructure differences associated 
with movement from freshwater to the estuary. 



Freshwater Estuarine 
~ r o w t h  -1- Growth 



e s t u a r i n e  residence. Because of t h e  way i n  which I ca l cu la t ed  t h e  

d a t e  of commencement of the  e s t u a r i n e  r e a r i n g  per iod ,  increment counts  

were gene ra l ly  l e s s  than expected, a l though not significattt1.y so, The 

s lope  of a r i t hme t i c  mean r eg res s ions  of observed increment counts on 

expected increment counts  d id  not  s i g n i f i c a n t l y  d i f f e r  from un i ty  f o r  

the  1979, 1980 o r  1981 da t a  ( t - t e s t s ,  0.05<p<0.10) i n d i c a t i n g  t h a t  one 

o t o l i t h  growth increment was formed every 24 h ,  on average. Data f o r  

1981 a r e  shown i n  Fig, 4-5. 

A s  I did not have sequen t i a l  samples of chinook salmon from 

f r e shwa te r ,  evidence t h a t  o t o l i t h  increments were formed once every 

24-h i n  f reshwater  was i n d i r e c t ,  Averages of 72.4 + 15.9, 86.6 + 20.3 

and 72.4 + 19.3 f reshwater  growth increments were counted i n  o t o l i t h s  

from juven i l e  chinook salmon samples from 1979, 1980 and 1981 respec- 

t i v e l y  ( I  one s tandard dev ia t ion  ind ica t ed ) .  The counts  were reason- 

ab ly  cons i s t en t  with the  number of days elapsed from peak emergence t o  

peak numbers of f i s h  migrat ing downstream i n t o  t h e  e s tua ry  (approxi- 

mately 75 d )  p lus  approximately 10 d a s  o t o l i t h  increment production 

begins before  hatching and emergence (Chapter 1). 

Estuarine Growth in Relation to Freshwater Growth and Residence 

The back-calculated s i z e  d i s t r i l h t i o n s  of chinook salmon migrants  

e n t e r i n g  t h e  Sixes River e s tua ry  i n  1979, 1980 and 1981 a r e  shown i n  

Fig. 4-6. The ca l cu la t ed  mean s i z e  of migrants en t e r ing  the e s tua ry  

d i d  not  d i f f e r  s i g n i f i c a n t l y  between years  ( a n a l y s i s  of var iance ,  



Figure 4-5 Arithmetic mean regression of counts ( 2  1 S.E.) of 
estuary growth increments versus expected number of 
increments for otoliths of Sixes River juvenile chinook 
salmon. 



EXPECTED NUMBER OF OTOLITH GROWTH INCREMENTS 



Figure 4-6 Size-distributions of juvenile chinook salmon 
entering the Sixes River Estuary in 1979, 1980 
and 1981 determined by back-calculation from 
otolith microstructure and size at capture. 





p=O.O538), no r  d id  t h e  average d a t e  of e s t u a r i n e  e n t r y  vary 

s i g n i f i c a n t l y  (Fig. 4-7, a n a l y s i s  of var iance ,  p0.1007) a s  i nd ica t ed  

through o t o l i t h  mic ros t ruc tu re  examination. ~ e g r k s s i o n s  of 

back-calculated s i z e  a t  e s t u a r i n e  e n t r y  on da t e  of e s t u a r i n e  e n t r y  

( J u l i a n  day) were not s i g n i f i c a n t  (p=0.1129, 0.7129 and 0.2615 

r e spec t ive ly ) .  Regressions of f reshwater  age (number of increments) 

on da t e  of e s t u a r i n e  e n t r y  ( J u l i a n  day) were s i g n i f i c a n t  i n  1979 and 

1981 (p=0.0044 and 0.0030 r e s p e c t i v e l y )  and not s i g n i f i c a n t  i n  1980 

(p=0.1836). Regress ion ,equat ions  f o r  t he  1979 and 1981 d a t a  a r e  given 

below: 

where 'y' is  number of increments formed i n  freshwater  and 'x' i s  

J u l i a n  day. The negat ive  s lopes  of t h e  geometric mean r eg res s ions  

i n d i c a t e d  t h a t  a s  summer progressed i n  1979 and 1981, migrants  

en t e r ing  the  e s tua ry  were younger on average. 

To a s s e s s  whether l a t e  migrants  i n t o  the  e s tua ry  showed d i f f e r e n t  

t r ends  i n  growth from e a r l i e r  migrants ,  I randomly se l ec t ed  10 f i s h  

t h a t  a r r i v e d  i n  the  e s tua ry  before May 24, 1981 ( t h e  mean da t e  of 

e s t u a r i n e  e n t r y )  and compared t h e  p a t t e r n  of e s t u a r i n e  growth as indi -  

cated by o t o l i t h  micros t ruc ture  with t h a t  of 10 f i s h  which had en tered  

t h e  e s tua ry  a f t e r  May 24. The mean d a t e  of e n t r y  i n t o  the  e s tua ry  was 

May 17 and June 25 f o r  t he  samples of the  "ear ly" and " l a t e "  migrants  



Figure 4-7 Date of entry into the estuary for chinook salmon 
migrants in 1979, 1980 and 1981 as determined from 
otolith microstructure. 





r e spec t ive ly .  A f t e r  t h e  depos i t i on  of a s e r i e s  of r e l a t i v e l y  wide 

increments assumed t o  correspond wi th  the  beginning of e s t u a r i n e  

r e s idence ,  increment widths gradual ly  decl ined.  Nei ther  t he  peak 

increment width ( t - t e s t ,  0.05<p<0.10) nor the r a t e  of increment width 

d e c l i n e  d i f f e r e d  s i g n i f i c a n t l y  ( a n a l y s i s  of covariance,  0.10<p<0.20), 

i n d i c a t i n g  t h a t  no d i f f e r e n t i a l  growth was assoc ia ted  wi th .  d i f f e r e n t  

t imes of e n t r y  i n t o  the  es tuary .  

Estuarine Growth in Relation to Environmental Factors 

The average growth r a t e s  of f i s h  expressed a s  mean o t o l i t h  

increment width i n  1979 and 1980 a r e  shown i n  Fig. 4-8. Mean incre-  

ment width increased  markedly i n  May and June during the  period 

corresponding t o  e s t u a r i n e  en t ry .  The rea f t e r  a gradual  reduct ion i n  

increment width was observed, an i n d i c a t i o n  of dec l in ing  growth r a t e .  

That t rend  was observed i n  a l l  t h r e e  years .  The reduct ion  i n  o t o l i t h  

increment width was more no t i ceab le  i n  1980 than i n  1979, a s  a n a l y s i s  

of covariance f o r  da t a  from June 1 t o  September 24 i nd ica t ed  t h a t  the  

s lope  of the  r eg re s s ion  of mean increment width on time was s i g n i f i -  

c a n t l y  g r e a t e r  i n  1980 than  i n  1979 ( a n a l y s i s  of covariance,  

p=0.0020). The reduct ion  i n  increment width i n  1980 r e f l e c t e d  a 

slower growth r a t e  of f i s h .  Note t h a t  increment width maxima coinc ide  

approximately with t h e  beginning of reduced f i s h  growth. The ins tan-  

taneous d a i l y  growth r a t e  i n  June,  1980 averaged approximately 5% 

based on fo rk  l eng th ,  corresponding t o  increment widths of about 3.5 

pn (Fig. 4-8). By l a t e  August, ins tan taneous  d a i l y  growth was 2% o r  



Figure 4-8 Mean increment width ( * )  versus time as determined 
from otol,iths of juvenile chinook salmon caught in 
the Sixes River estuary, late September, 1979 and 
1980 (n = 10 for each gear). Curves are fitted 
using the method of cubic splines with delta (a 
root-mean-square weighting factor) equal to 0.5. 
Average size ( 2  1 standard error) of juvenile 
chinook salmon caught in biweekly seine hauls are 
also indicated (H). 
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l e s s ,  corresponding t o  increment widths of about 2 pm. While da t a  

shown are f o r  f i s h  caught a t  the  end of the  e s tua ry  rear ing  per iod ,  

f i s h  caught e a r l i e r  i n  t he  summer a l s o  showed an increas ink  t rend upon 

e n t r y  i n t o  t h e  e s tua ry  which dec l ined  a s  the  summer progressed. 

I attempted to  r e l a t e  t he  observed p a t t e r n  of o t o l i t h  growth t o  

environmental condi t ions  i n  t he  e s tua ry  i n  1980, t he  year  f o r  which 

t h e  most complete d a t a  were ava i l ab l e .  I completed a stepwise 

m u l t i p l e  r eg re s s ion  of populat ion d e n s i t y ,  d a i l y  r a t i o n  and bottom 

water temperature with t h e  dependent v a r i a b l e ,  o t o l i t h  increment 

width. A summary of t h e  da t a  used i n  t he  regress ion  model i s  provided 

i n  Table 4-1. 

The r e s u l t s  of the  mul t ip l e  regress ion  a n a l y s i s  a r e  shown i n  

Table 4-2. Popula t ion  dens i ty  ( t h e  l i n e a r  term) was t h e  independent 

v a r i a b l e  accounting f o r  the  most v a r i a b i l i t y  (40%) i n  the dependent 

term, mean increment width. Other s i g n i f i c a n t  independent va r i ab l e s  

included r a t i o n ,  r a t i o n 3  and the populat ion abundance-ration i n t e r -  

a c t i o n  term. These independent terms accounted f o r  a f u r t h e r  12,  10 

and 3% r e s p e c t i v e l y  of t he  observed var iance  i n  mean increment width. 



TABLE 4-1 

Summary of data used in a multiple regression 
describing otolith increment widths in Sixes 

River juvenile chinook salmon, 
May-September, 1980 

- 
n x Range Standard Deviation 

- 

Increment width 116 3.00 1.30-5.20 0.86 
(um) 

Mean daily 116 14.83 11.30-20.60 2.30 
watef temperature 
("C> 

Daily Ration 8 6.12 2.18-10.45 2 :  17 
( X  body weight/ 
24 h) 

Population 
abundance * 

1. Mean of hourly observations from recording thermograph placed near 
the estuary bottom. 

2. Estimates determined by the mark-recapture technique (see text). 
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DISCUSSION 

Of the variables influencing otolith increment width', population 

density was the most important (Table 4-2). Lower average increment 

widths (and hence fish growth rates) were associated with higher popu- 

lation densities. The mechanism responsible for reduced growth rate 

was probably food limitation. Evidence for food limitation was given 

by the relatively high significance of the ration-population abundance 

interaction and ration terms in the stepwise regression model (Table 

4-2). Density-dependent growth in Sixes River juvenile! chinook salom 

has been suggested in previous studies (~eimers 1973; Bottom et a1 -- 
1983). However, previous workers hypothesizing density-dependent 

growth rate reductions in the Sixes River were not able to dismiss the 

possibility that observed mean- growth rate reductions were artifacts 

resulting from inclusion of recently recruited smaller fish in the 

samples. Based on examination of otolith microstructure my analyses 

provided growth records for individual fish and gave further support 

to Reimers' (1973) hypothesis that density-dependent growth rate 

reductions occur durl.ng chinook salmon residence in the Sixes River - 
estuary. Bottom et a1 (1983) provided further evidence of food 

7- 

limitation, noting that Corophium standing crop and productivity were 

less in 1980 than in 1979. The mean biomass and number of Corophium 

in chinook salmon stomachs was also less in 1980. Finally, the 

smaller average size of Corophium in the stomachs of fish sampled in 

1980 may have reflected a greater rate of removal associated with a 

smaller food resource. 



Healey (1982b) has reviewed evidence f o r  growth r a t e  reduc t ions  

of j u v e n i l e  P a c i f i c  salmon i n  more no r the rn  e s t u a r i e s .  The only o t h e r  

systems where growth r a t e  reduc t fons  were thought t o  occrx were t h e  

e s t u a r i e s  of t he  Squamish River ,  B.C. and the  Yaquina River ,  Oregon. 

However, given the  apparent  v a r i a b i l i t y  of growth r a t e  of j u v e n i l e  

chinook salmon i n  t h e  S ixes  River  from year  t o  yea r ,  density-dependent 

growth r a t e  reduc t ions  i n  j u v e n i l e  salmon r e a r i n g  i n  o the r  systems not  

c l o s e l y  s tnd i ed  on an annual b a s i s  may he a more common occu r r ence .  

t han  is  c u r r e n t l y  thought. 

I n  my mul t t p l e  r eg re s s ion  model, no temperature term was s i ~ n f -  

f i c a n t  i n  accounting f o r  v a r i a b i l i t y  i n  mean o t o l i t h  increment width.  

Th i s  f i nd ing  was somewhat c o u n t e r - i n t u i t i v e ,  s i n c e  Engl ish (1981) and 

r e s u l t s  i n  t h e  previous chap te r  i nd i ca t ed  t h a t  water temperature  

could a f f e c t  mean increment width,  and msk the  e f f e c t  of o t h e r  er1vi.-- 

ronmental v a r i a b l e s  such a s  r a t i o n .  However, the  temperature  range 

through t h e  1980 period (11.9-20.1•‹C) d i f f e r e d  from t h a t  of my l a b  

experiments (6 'C 4- 2-4 'C d i e 1  temperature  f l u c t u a t i o n s )  and Engl i s h '  s 

s tudy  i n  P a t r i c i a  Bay, B.C. (~10.5-12.5'6). B r e t t  - e t  ..- a 1  (1982) have 

shown t h a t  the  growth r a t e  of chinook salmon when fed t o  s a t i a t i o n  

v a r i e d  l i t t l e  wi th  r e spec t  t o  water  temperature  through the  range 

13-21'C (2.9 - 3.3% d r y  weight/day).  While I t  is  un l lke ly  t h a t  S i x e s  

River f i s h  were feed ing  t o  s a t i a t i o n  given the  average stomach conten t  

weight (1-2% of w e t  body weight; Bottom -- e t  a 1  1983) compared wi th  

o t h e r  published d a t a  such a s  HeaPey's (1980) Nanaimo River s tudy (up 



to 5% of body weight), it may be that chinook salmon growth is 

relatively insensit-lve to the range of temperatures observed in the 

Sixes River estuary in 1980. 

The temperature-ration interaction term was also not signifi- 

cant. However, I may have underestimated the degree of association 

between water temperature and ration. On June 4 and August 27 (Fig. 

4-3), daily ration was greater than expected, assuming a positi~e 

relationship between water temperature and daily ration. On both days 

the estuary was highly stratified, with mean bottom temperatures less 

than 13.5OC. During periods of stratification it is possible that the 

relatively thin layer of seawater measured by the thermograph was not 

representative of the average water temperature experienced by the 

chinook salmon juveniles. 

A dif f iculty with the 

model was that the degrees 

interpretation of the multiple regression 

of freedom were somewhat inflated due to 

the inclusion of time series of daily ration and population abundance 

data determined by interpolation between point estimates. The 

question of how many degrees of freedom are appropriate for the model 

when the degrees of freedom of the independent terms vary has not 

received attention from statisticians (S.Smith, pers. corn. ). 

However, several statisticians considered the methodology used here as 

adequate (C. Vilegas, S. Smith, A. Sreedharan pers. corn.). Given the 

difficulty of obtaining data such as daily ration and mark-recapture 

population abundance estimates, it seems unlikely that more frequent 



c o l l e c t i o n s  of da t a  y i e ld ing  h lgher  degrees of freedom could occur a 

under most circumstances.  

Engl i sh  (1981) examined o t o l i t h  mic ros t ruc tu re  i n  j u v e n i l e  

chinook salmon and proposed a mul t ip l e  r eg re s s ion  model of mean incre-  

ment width using the  independent terms water temperatme and prey 

abundance, However, h i s  r eg re s s ion  model explained only 14% of t he  

observed v a r i a t i o n  i n  o t o l i t h  increment width. My model accounts f o r  

68% of t he  v a r i a t i o n  i n  mean increment width. Poss ib l e  drawbacks of 

Eng l i sh ' s  model included a small  sample s i z e  ( ~ 6 )  and no considera- 

t i o n  of non-linear r e l a t i o n s h i p s  between increment widths and the  

independent va r i ab l e s .  

It has been argued t h a t  incaut ious  use of mu l t ip l e  r eg re s s ion  

computer programs has l ed  t o  erroneous conclusions (Geary and Leser 

1968; Cramer 1972). Indeed, a drawback of t h e  mul t ip l e  r eg re s s ion  

approach i s  t h a t  no unique "best"  model e x i s t s  f o r  a given s i t u a t i o n ,  

and d i f f e r e n t  procedures f o r  de r iv ing  the  model may y i e l d  c o n f l i c t i n g  

r e s u l t s  (Zar 1974). However, when I completed t h e  mul t ip l e  r eg re s s ion  

fol lowing the  s tepwise v a r i a b l e  d e l e t i o n  procedure in s t ead  of t h e  

v a r i a b l e  add i t i on  method used previous ly ,  t he  same v a r i a b l e s  were 

s e l e c t e d  with a t o t a l  R* of 0.66. Therefore,  my r e s u l t s  appear 

unaf fec ted  by the  choice of method. 

The back-calculated s i z e s  of f i s h  on e n t r y  i n t o  the e s tua ry  

underestimated t h e i r  observed s i ze .  This was p a r t i c u l a r l y  apparent  



i n  1981, when the  mean back-calculated fo rk  l eng th  was 35.8 mm. Among 

f i s h  caught on May 4 ,  1981, those  which by my c r i t e r i o n  of o t o l i t h  

mic ros t ruc tu re  had en tered  the  e s tua ry  t h a t  day averaged 40.0 mm fork  

l eng th  (range 38-41 mm, n=5). The b i a s  could have been caused by an 

inappropr i a t e  back-calculat ion procedure o r  by a  m i s i n t e r p r e t a t i o n  of 

t h e  beginning of e s t u a r i n e  res idence  from examination of o t o l i t h  

micros t ruc ture .  However, t h e  Lee method of back-calculat ion employed 

here is widely used and gene ra l ly  considered appropr ia te  (Carlander  

1981). The l i n e a r  o t o l i t h  l eng th  - fork  l eng th  r e l a t i o n s h i p s  a l s o  

seemed adequate a s  examination of r e s i d u a l  p l o t s  of the  unexplained 

va r i ance  gave no i n d i c a t i o n  of c u r v i l i n e a r i t y .  The p o s s i b i l i t y  of 

m i s i n t e r p r e t a t i o n  of t he  beginning of t he  e s t u a r i n e  residence period 

i s  not  r e a d i l y  dismissed,  a s  no independent confirmation such a s  

t e t r a c y c l i n e  marking (Chapter 3) were ava i l ab l e .  However, a s  t he  b i a s  

towards underest imating t h e  observed s i z e  seems sys temat ic ,  my 

conclusions a r e  robust f o r  comparative purposes. Other authors who 

have noted sys temat ic  e r r o r s  i n  back-calculated lengths  from o t o l i t h  

measurements inc lude  Hickl ing (1933), Ha l l i day  (1969) and Reay (1972).  

I n  the  absence of a r t i f i c i a l l y  induced time-markers t he re  was 

some unce r t a in ty  regarding the  frequency of increment formation. 

While my comparison of observed ve r sus  expected increment counts  

i n d i c a t e d  t h a t  one increment was 'formed every 24 h i n  f i s h  caught i n  

t h e  e s t u a r y ,  the  technique was not p r e c i s e  s ince  f i s h  were r e c r u i t e d  

t o  the es tuary  populat ion over a  long per iod  of time. However, t he  



increment widths  were c o n s i s t e n t  wi th  those  formed i n  Chapters 2 and , 

3. Bro thers  (pers .  comm,) and Engl i sh  (1981) a l s o  found t h a t  j u v e n i l e  

ch.inook salmon form one increment every 24 h i n  marine environments. 

I n  t he  f i e l d ,  t h e  frequency of increment formation could be determined 

by examining o t o l i t h s  of chinook salmon held i n  pens loca ted  i n  t he  

e s tua ry .  However, even i f  increments were not formed once every 24 h 

i n  Sixes  River  chinook salmon, i t  was s t i l l  l i k e l y  t h a t  increment 

widths  were p ropor t i ona l  t o  f i s h  growth and had u t i l i t y  f o r  growth 

s t u d i e s ,  i f  t h e  frequency of increment formation was assumed 

cons t an t .  For example, the  model proposed here  desc r ib ing  the  r e l a -  

t i o n s h i p s  between f i s h  growth and environmental v a r i a b l e s  employed 

t i m e  s e r i e s  of da ta .  With such an approach, knowledge of t h e  

f requency of increment width d a t a  must be p r e c i s e l y  c o r r e l a t e d  wi th  

environmental d a t a  c o l l e c t e d  over d i s c r e t e  t i m e  i n t e r v a l s .  

The marked v i s u a l  c o n t r a s t  which a ided  i d e n t i f i c a t i o n  of e s tua r -  

i n e  growth increments may have r e f l e c t e d  t h e  g r e a t e r  amplitude of 

water  temperature  f l u c t u a t i o n s  i n  t h e  Sixes  River Estuary r e l a t i v e  t o  

temperature  f l u c t u a t i o n s  i n  t h e  r i v e r .  I n  Chapter 3 ,  1 showed t h a t  

d i e l  temperature  f l u c t u a t i o n s  of 2 - 4 O C  a m p l i t ~ ~ d e  resul.tcd In increased  

v i s u a l  c o n t r a s t  of growth increments ,  compared wi th  o t o l i t h s  from f i s h  

reared  i n  a cons tan t  temperature  regime. I n  t h e  Sixes  River diel 

temperature  f l u c t u a t i o n s ,  whi le  p r e s e n t ,  were i r r e g u l a r  i n  occurrence 

and ampli tude,  compared wi th  t h e  e s tua ry .  River temperatures  ranged 

through 3.5 t 1.5"C (mean d a i l y  amplitude measured w 2 0  km upstream of 



t h e  e s t u a r y ,  + 1 S.D. i nd i ca t ed )  i n  May 1979, t h e  only year  i n  which , 

temperature da t a  were a v a i l a b l e  f o r  t h e  e a r l y  summer period.  During a 

corresponding period i n  1980, mean d a i l y  f l u c t u a t i o n s ' i n  the e s tua ry  

were 5.9 t l.O•‹C. F ish  might a l s o  be exposed t o  d a i l y  temperature 

f l u c t u a t i o n s  i f  they exh ib i t ed  a d i e l  v e r t i c a l  migrat ion through the  

thermally s t r a t i f i e d  water column (up t o  10•‹C) of the  es tuary .  Volk 

e t  a 1  (1983) have a l s o  noted a similar t r a n s i t i o n  i n  o t o l i t h  
7 - 
micros t ruc tu re  a s  j uven i l e  chum salmon leave  f reshwater  a s  has 

Bradford (pers .  comm.) i n  a prel iminary s tudy of o t o l i t h s  of Yakoun 

River pink salmon (0. - gorbuscha). 

I have compared my f indings  f o r  Sixes River chinook salmon t o  t h e  

l a b o r a t o r y  (Chapters 2 and 3) from which I suggested t h a t  mu l t ip l e  

feedings  or  water temperature f l u c t u a t i o n s  increased t h e  r a t e  of 

o t o l i t h  increment product ion and thereby could c r e a t e  poss ib l e  d i f f i -  

c u l t i e s  i n  i n t e r p r e t a t i o n  of age and growth data .  S ixes  River 

j u v e n i l e  chinook salmon, however, d i d  not show s i g n i f i c a n t  dev ia t ions  

from the 1 increment124 h r a t e  of increment production. Twice d a i l y  

temperature cyc l e s ,  a s  might be expected under t i d a l  in f luence ,  d id  

not occur i n  the  e s tua ry  al though the re  were marked d i e 1  f luc tua -  

t i o n s .  S imi l a r ly ,  while  some d i e l  p e r i o d i c i t y  i n  gut conten ts  were 

noted,  they were weak and i r r e g u l a r  i n  t h e i r  occurrence. The absence 

of any r e g u l a r i t y  i n  feeding patt 'ern o r  temperature f l u c t u a t i o n s  may 

have precluded formation of more than one growth increment every 24 h 

such a s  were noted i n  the  l abo ra to ry  experiments. 



I examined the effects of different freshwater life history 

patterns on timing of estuarine entry and subsequent growth. f found 

a negative correlation between date of estuarine entry and freshwater 

age in 2 of 3 years studied. The earlier emigration of fish 

developing from eggs deposited relatively late in the spawning season 

may have been due to increased river temperatures, a mechanilsm sugges- 

ted by Reimers (1973). Alternately, part of the life history strategy 

associated with progeny of late spawners may include an abbreviated 

period in freshwater with the result that fish benefit from better 

growth while in the estuary. However, my examination of otolith 

microstructure indicated that while otolith incre~nent widths in fish 

arriving in the estuary relatively late in 1980 increased upon entry 

into the estuary, the rate of growth inferred from increment widths 

did not differ significantly from that of early recruits to the 

estuary population. It may be that late migrants leave the estuary at 

a smaller average size than earlier recruits to the estuary, assuming 

no differential duration of residence in the estuary. 

Many workers have commented upon the importance of estuaries as 

rearing habitat for Pacific salmon juveniles. However, prior to the 

use of otolith microstructure examination as a tool for detailed study 

of age and growth, it has been difficult to quantify fish growth in 

estuaries relative to other habi&s without extensive mark-recapture 

programs. This chapter has identified the relationships between fish 

growth rate, expressed through otolith mean increment width, and 



environmental  condi t ions  i n  t h e  es tuary .  I presen t  evidence t h a t  

growth of j uven i l e  chinook salmon i n  t he  Sixes  River  e s t u a r y  i s  

density-dependent and l i m i t e d  by food a v a i l a b i l i t y .  Xmong p o s s i b l e  

a l t e r n a t i v e  hypotheses t h a t  might exp la in  t h e  apparent d e c l i n e  i n  

growth r a t e ,  two of t h e  most l i k e l y  a r e  s i z e - s e l e c t i v e  m o r t a l i t y  o r  

emigrat ion.  While d a t a  presented i n  t h e  next chapter  do .no t  suppor t  

t h e  occurence of s i z e - s e l e c t i v e  m o r t a l i t y  i n  t h e  e s t u a r y ,  I cannot 

d i scount  t h e  p o s s i b i l i t y  t h a t  s i z e - s e l e c t i v e  emigrat ion ex i s t ed .  

It is  d i f f i c u l t  t o  comment on t h e  a p p l i c a b i l i t y  of my r e s u l t s  t o  

o t h e r  s tocks  a s  t he  feed ing  op t ions  a v a i l a b l e  t o  Sixes  River chinook 

salmon d i f f e r  s i g n i f i c a n t l y  from those a v a i l a b l e  i n  o the r  e s t u a r i e s .  

A s  noted by Bottom et a 1  ( l 983 ) ,  t h e  food web of t he  Sixes  River  -- 
e s t u a r y  is  simple and comprised of r e l a t i v e l y  few f i s h  o r  i n v e r t e b r a t e  

spec i e s .  Sixes  River chinook salmon do not  feed on the  infauna found 

throughout t he  e s t u a r y ,  but consume only t h e  l a r g e  ep iben th i c  c rus ta -  

ceans.  I n  c o n t r a s t ,  chinook salmon i n  l a r g e r  Oregon e s t u a r i e s  consume 

a g r e a t e r  v a r i e t y  of prey,  i nc lud ing  i n s e c t s  and l a r v a l  f i s h  (Forsberg 

e t  a 1  1977; Myers 1980). I n  B r i t i s h  Columbia e s t u a r i e s ,  chinook - -  
salmon d i e t s  a r e  v a r i a b l e ,  but a d u l t  i n s e c t  and decapod l a rvae  a r e  

f r e q u e n t l y  important ( S i b e r t  and Kask 1978; Levy and Northcote 1981; 

Healey 1982b). Although the  feed ing  h a b i t s  of chinook salmon vary 

s i g n i f i c a n t l y  among e s t u a r i e s ,  th;! chinook salmon-amphipod food chain 

i n  Sixes  River e s t u a r y  may be comparable t o  t h e  food chain of l a r g e r ,  

more d i v e r s e  e s t u a r i e s ,  where salmon product ion i s  a l s o  p r imar i l y  

d e t r i t u s  based ( S i b e r t  -- e t  a 1  1978; Levings 1980; Healey 1982b). 



CHAPTER 5 

TKR EFFECTS OF FIRST-YEAR GROWTH RATE ON SIZE-SELECIIIVK 

MORTALITY AND AGE AT N&URITY OF SIXES RIVER CEINOOK SALMON 

AS DE'IXRMINED PBOM OTOLITH MICROSTRUCTURE 



Seve ra l  workers have noted t h a t  growth rate d u r i n g , t h e  f i r s t  year  

a f f e c t s  t h e  subsequent s u r v i v a l ,  growth and maturat ion of P a c i f i c  

salmon (Oncorhynchus sp. ) . Parker  (1971) and Healey ( l982a) have 

presented evidence of s i z e - s e l e c t i v e  m o r t a l i t y  i n  t he  f i r s t  year  of 

l i f e  i n  pink (0. - gorbuscha) and chum salmon (0. k e t a )  r e spec t ive ly .  - - 
P a r k e r ' s  conclusions were based on examination of a series of length-  

frequency p l o t s  of pink salmon f r y  a s  t h e  cohort  grew o l d e r ,  while  

Healey examined the  widths  between success ive  c i r c u l i  of chum salmon 

s c a l e s .  I n  t he  l a t t e r  ca se ,  slower-growing f i s h  had narrower c i r c u l i  

spac ing  on average. The l o s s  of t he  sma l l e r ,  slower-growing f i s h  t o  

p reda to r s  r e s u l t e d  i n  wider average c i r c u l u s  spacing among t h e  

su rv ivo r s .  Hager and NobZe (1976) and B i l t on  (1982) have a l s o  

suggested t h a t  based on experimental  r e l e a s e s  of coho salmon (2. 

k i s u t c h )  from h a t c h e r i e s ,  j u v e n i l e  males which grow f a s t e r  gene ra l l y  

mature at an e a r l i e r  age. 

O t o l i t h  mic ros t ruc tu re  provides  a t o o l  f o r  examining age and 

growth of j u v e n i l e  P a c i f i c  salmon (Wilson and Larkin 1982) and a l s o  

f o r  determining s i z e - s e l e c t i v e  m o r t a l i t y  a s  has  been done wi th  

s c a l e s .  More p r e c i s e  e s t i m a t e s  of t h e  t iming and ex t en t  of m o r t a l i t y  

may be pos s ib l e  wi th  o t o l i t h s  given t h e  g r e a t e r  frequency of formation 

of growth increments compared wi th  s c a l e  c i r c u l i .  I n  t h i s  chap te r ,  1 

examine t h e  evidence f o r  s i z e - s e l e c t i v e  m o r t a l i t y  of j uven i l e  S ixes  

River  (Oregon) chinook salmon (0. - tshawytscha) while  r e a r i n g  i n  t he  



e s t u a r y  and during l a t e r  ocean l i f e .  

On the  b a s i s  of my examination of o t o l i t h s  from i e t u r n i n g  Sixes 

River  chinook salmon, I was a l s o  ab le  t o  t e s t  whether f a s t  growth a s  

j u v e n i l e s  was r e l a t e d  t o  e a r l y  maturat ion and b e t t e r  s u r v i v a l  i n  a  

wild population. The work descr ibed i n  t h i s  chapter  r ep re sen t s  t h e  

f i r s t  a p p l i c a t i o n  of o t o l i t h  mic ros t ruc tu re  examination t o  a d u l t s  of a  

temperate f i s h  spec ies .  



Oregon Department of Fish and Wildlife persohnel collected 

otoliths from 320 carcasses following the 1980-81 spawning run of 

chinook salmon to the Sixes River. Otoliths were removed using the 

punch described by McKern and Horton (1974) and stored dry in paper 

envelopes. An attempt was made to sample size-classes in proportion 

to their abundance. 

Lengths of adult fish were recorded as the "MEPS" length, a 

measurement which extended from the middle of the eye to the most 

posterior scale on the caudal peduncle. Changes in body structure 

associated with sexual maturation did not appear to affect the MEPS 

measurement (Reimers 1970). However, in order to generate a fish 

length - body length regression based on the same unit of measurement 
for data from both the juvenile and adult fish collections, it was 

necessary to convert the MEPS measurements to fork length equival- 

ents. To do this, I used the regression: 

FL = 1.2451 (MEPS) - 1.4804 

r2 = 0.994, N=233 

(Reimers 1970) 

Examination of adult otoliths necessitated the development of a 

specialized preparation technique. Chinook salmon otoliths are convex 

on the sulcus side of the sagittal plane, with the degree of convexity 

increasing in larger fish. The zone of freshwater and estuarine 



grdwth is  skewed with r e spec t  t o  the a d u l t  o t o l i t h .  The long a x i s  of 

t he  po r t ion  of the o t o l i t h  formed during t h e  juven i l e  phase was not 

p a r a l l e l  t o  t he  long a x i s  of t he  a d u l t  o t o l i t h  and was b f t en  d isp laced  

up t o  30'. Because of the  s i z e  and s t r u c t u r a l  complexity of a d u l t  

chinook salmon o t o l i t h s ,  t he  simple pethods used f o r  preparing juve- 

n i l e  o t o l i t h s  such a s  handheld (Wilson and Larkin 1980) o r  j ig -ass i s -  

t ed  (Neilson and Geen 1982) gr inding  and pol i sh ing  did not cons is t -  

e n t l y  provide adequate s e c t i o n s  through juven i l e  growth zones. 

Attempts t o  ob ta in  o t o l i t h  s e c t i o n s  using j ewe l l e r s '  saws 'or micro- 

tomes were a l s o  unsuccessful.  

S a t i s f a c t o r y  r e s u l t s  were obtained using petrographic techniques 

f o r  gr inding  and po l i sh ing  hard mineral  samples. O t o l i t h s  were 

a t t ached  t o  the  head of l a b e l l e d  roof ing  r a i l s  with a  thermoset t ing 

p l a s t i c ,  su lcus  (proximal) s i d e  up, and a l igned  wi th  the  long a x i s  of 

t h e  o t o l i t h  p a r a l l e l  with the  su r f ace  of t h e  n a i l  head. A coarse  

g r ind  was performed a t  400 rpm on a concent r ic  grooved c a s t  i r o n  

gr inding  wheel using a  s l u r r y  of 240 g r i t  s i l i c o n  carbide and water.  

The n a i l  was held v e r t i c a l  t o  the  ab ra s ive  su r f ace ,  o t o l i t h  down, and 

lowered u n t i l  the o t o l i t h  made contac t .  Light  pressure  was exer ted  a s  

g r ind ing  proceeded quickly. During the  gr inding ,  f requent  checks were 

made t o  ensure t h a t  the  gr inding  d i d n ' t  proceed beyond the  des i r ed  

p lane  of the  o t o l i t h .  The coars; g r ind  was stopped j u s t  before the  

groove of t h e  su lcus  was no longer  apparent .  



A f i n e  g r ind  was performed on a  g l a s s  p l a t e  using a  s l u r r y  of 100 

g r i t  s i l i c o n  carb ide  and water. The n a i l  was held i n  the  same manner 

as dur ing  the coarse  gr ind.  Using l i g h t  pressure  and a. f i g u r e  e i g h t  

motion, t he  o t o l i t h  was ground by hand f o r  2 t o  3 min. The n a i l -  

mounted o t o l i t h s  were then placed i n  an u l t r a s o n i c  c leaner  f o r  30 s t o  

remove any r e s i d u a l  abras ive  a f t e r  which specimens were placed on a  

ho t  p l a t e  and heated t o  100•‹C t o  melt  t he  thermoset t ing p l a s t i c .  

O t o l i t h s  were removed and c a r e f u l l y  r ea t t ached ,  su lcus  s i d e  down, t o  

numbered 26 x 46 mm pet rographic  s l i d e s .  The d i s t a l  su r f ace  of t h e  

o t o l i t h  was then coarse  and fine-ground to  approximately 120 pm 

th ickness .  

Af t e r  t h e  prepara t ion  was aga in  cleaned i n  t he  u l t r a s o n i c  ba th ,  

the f i n a l  po l i sh  was completcid on a  Buehler Ecomet I1 po l i she r  using 

t h e  Buehler microc lo th  and Alumina A s l u r r y  (0.3 micron). Po l i sh ing  

du ra t ion  was 3 min, with a  load weight of 4.5 kg appl ied  t o  t h e  

prepara t ion .  Af te r  each run s e c t i o n s  were examined wi th  a  microscope 

t o  determine c l a r i t y  of growth increments. Pol i sh ing  was repeated 

u n t i l  t h e  des i r ed  o t o l i t h  t h i ckness  (approximately 100 pm) was 

achieved. An example of an a d u l t  chinook salmon o t o l i t h  prepara t ion  

i s  shown i n  Fig. 5-1. 

Measurements of t o t a l  o t o l i t h '  l eng th  were made using a v e r n i e r  

c a l i p e r  (+ 0.05 mm) p r i o r  t o  t h e  gr inding  and pol i sh ing  t reatment .  

Measurements of o t o l i t h  t o t a l  l eng th  on e n t r y  t o  the e s tua ry  and a t  



Figure 5-1 Micrograph of a polished sagittal section of an 
otolith from a Sixes River adult chinook salmon, 
with the freshwater and estuarine zones of growth 
identified. 





t h e  f i r s t  annulus were determined from images pro jec ted  on a micro- , 

f i c h e  reader .  O t o l i t h  growth increments formed during freshwater  and 

e s t u a r i n e  res idence  were d i f f e r e n t i a t e d  using the  c r i t e r i a  descr ibed 

i n  Chapter 4. The f i r s t  annulus was evident  a s  a d i s t i n c t  dark band 

when viewed wi th  a t r ansmi t t ed  l i g h t  microscope, and measurements were 

made along t h e  long a x i s  of t h e  o t o l i t h s  t o  the  midpoint o,f t he  band. 

A l l  p r epa ra t ions  were coded t o  avoid b i a s .  I made two independent 

s e t s  of measurements on t h e  coded s e r i e s  of prepara t ions .  I n  ca ses  

where measurements d i f f e r e d  by > lo%, t h e  prepara t ion  was excluded 

from f u r t h e r  examination. Back-calculations of size-at-age were made 

us ing  the  Lee formula descr ibed  i n  Chapter 4. Only l e f t - s i d e  o t o l i t h s  

were used i n  t h i s  study. 
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RESULTS 

Of t h e  320 a d u l t  f i s h  sampled f o r  o t o l i t h s ,  117 were male and 203 

were female. The mean s i z e  of males was 75.55 + 13.43 cm and of 

females ,  78.47 1 6.96 cm. The average s i z e  of females was s i g n i f i c -  

a n t l y  g r e a t e r  than males ( a n a l y s i s  of var iance ,  ~=0.0039) .  The age 

composition of the  spawning a d u l t s ,  a s  determined by Oregon Department 

of F i s h  and W i l d l i f e  personnel  from examination of s c a l e s  from 452 

f i s h ,  was 2.8% 2-year-olds, 14.3% 3-year-olds, 12.5% 4-year-olds, 

64.7% 5-year-olds and 5.7% 6-year-olds. Only 8 (1.8%) had overwin- 

t e r ed  i n  f reshwater .  

I randomly s e l e c t e d  200 o t o l i t h s  f o r  mic ros t ruc tu re  examination. 

Problems developing an adequate  methodology f o r  g r ind ing  and po l i sh ing  

a d u l t  o t o l i t h s  reduced the  t o t a l  considered s u i t a b l e  f o r  i n t e r p r e t a -  

t i o n  of j u v e n i l e  growth p a t t e r n s  t o  102 (51%). The f i s h  examined had 

spent  some time i n  t h e  e s t u a r y  but had migrated from f reshwater  before  

formation of t h e  first  annulus.  

The r e l a t i o n s h i p  between f i s h  s i z e  and o t o l i t h  s i z e  f o r  Sixes  

River  j uven i l e  and a d u l t  chinook salmon is  shown i n  Fig. 5-2. The 

equa t ion  of t he  geometr ic  mean r eg re s s ion  of o t o l i t h  length  on f i s h  

l e n g t h  was y = 0.0123(x) + 0.1481 (r2 = 0.973) and was used f o r  back- 

c a l c u l a t i o n s  of s ize-at-age from the  o t o l i t h s  of t h e  a d u l t  f i s h .  

Although f i s h  s i z e  - o t o l i t h  s i z e  d a t a  were not a v a i l a b l e  f o r  



Figure 5-2 Geometric mean regression of left sagittal otolith 
length on fork length for Sixes River chinook salmon. 
n = 581. In cases where more than nine points are 
superimposed, the symbol '0' is plotted. 
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j u v e n i l e s  i n  t h e  e s t u a r y  i n  1975-1978 ( 4  of t h e  5 brood-years 

comprising the  1980-81 run s f  a d u l t s )  I pooled d a t a  from the  1979-81 

j u v e n i l e  f i s h  c o l l e c t i o n s  r epo r t ed  i n  t he  previous chap'ter t o  develop 

t h e  r e l a t i o n s h i p  shown i n  Fig. 5-2. A s  noted i n  t h e  previous chap te r ,  

wh i l e  t h e  average d a t e  and s i z e  of f i s h  a t  e n t r y  i n t o  the e s t u a r y  d id  

not vary s i g n i f i c a n t l y  from year  t o  yea r ,  t h e  s lopes  of . t he  o t o l i t h  

l e n g t h  - f i s h  l e n g t h  r eg re s s ions  did.  I t h e r e f o r e  concluded t h a t  

pool ing t h e  t h r e e  years  of d a t a  from t h e  c o l l e c t i o n s  of j u v e n i l e  

chinook salmon would provide t h e  most r e p r e s e n t a t i v e  o t o l i t h  l e n g t h  - 

f i s h  l e n g t h  r e l a t i o n s h i p .  

I compared t h e  d i s t r i b u t i o n  of back-calculated s i z e s  a t  e n t r y  

i n t o  t he  e s t u a r y  f o r  chinook salmon j u v e n i l e s  caught i n  t he  Sixes  

Rivchr Estuary i n  May and June of 1979-81 ( t h e  beginning of e s t u a r y  

r e a r i n g  of chinook salmon - Chapter 4 )  t o  t h a t  of f i s h  caught i n  Sep- 

tember and October,  1979-81 ( t h e  end of t h e  e s tua ry  r e a r i n g  per iod) .  

These d i s t r i b u t i o n s  were a l s o  compared wi th  t he  d i s t r i b u t i o n  of s i z e s  

of f i s h  a t  e n t r y  i n t o  t h e  e s t u a r y  a s  back-calculated from t h e  a d u l t  

o t o l i t h s  (Fig. 5-3). While t h e  average s i z e  a t  e n t r y  i n t o  the  e s tua ry  

d id  not d i f f e r  s i g n i f i c a n t l y  between the  two juven i l e  c o l l e c t i o n s  

(0.05<p<0.10), t h e  average back-calculated s i z e  a t  e s t u a r i n e  e n t r y  was 

s i g n i f i c a n t l y  l a r g e r  when determined from o t o l i t h s  of r e tu rn ing  a d u l t s  

( a n a l y s i s  of var iance  and t h e  Student-Newman-Keuls t e s t ,  p<0.05). It 

was not pos s ib l e  t o  comment on the  s i z e  of f i s h  when they l e f t  t h e  

e s t u a r y ,  o r  the  t o t a l  du ra t i on  of e s t u a r i n e  res idence  a s  t h e r e  was no 



Figure 5-3 Histogram of back-calculated size at entry into the 
estuary of juvenile chinook salmon caught in the 
Sixes River estuary in May-June of 1979-81 (top 
histogram) and September-October (middle) of 1979-81; 
and from adults returning in 1980-81 (bottom). 
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c l e a r  demarcation between e s t u a r i n e  and oceanic  growth ev ident  from I) 

examination of o t o l i t h  micros t ruc ture .  

The l a r g e r  juveni le  chinook salmon a t  time of en t ry  i n t o  t h e  

e s t u a r y  remained l a r g e  compared wi th  t h e  r e s t  of t he  cohort  on 

average,  u n t i l  a t  l e a s t  t h e  formation of the  f i r s t  annulus (Fig .  

5-4). The s lope  of t he  r eg re s s ion  d i f f e r s  s i g n i f i c a n t l y  from zero  

(p<0.0001). 

The fo rk  l eng th  of males a t  the  time of f i r s t  annulus formation 

i s  a  s i g n i f i c a n t  p red ic to r  of age of maturation. The l a r g e r  f r y  i n  

t he  e s tua ry  returned t o  spawn e a r l i e r  on average (p=0.012, Fig. 5-5). 

However, no r e l a t i o n s h i p  was found between the  s i z e  of t he  juven i l e s  

a t  e n t r y  i n t o  t h e  e s tua ry  and age of maturat ion of t h e  males 

(p.50.2196). S imi l a r ly ,  no r e l a t i o n s h i p  was found between e i t h e r  s i z e  

a t  e s t u a r i n e  e n t r y  o r  f i r s t  annulus and age of matur i ty  i n  female 

chinook salmon (p=0.3991). 



Figure  5-4 Geometric mean r eg re s s ion  of back-calculated size 
a t  e n t r y  i n t o  t h e  e s t u a r y  on s i z e  a t  formation of 
t h e  f i r s t  o t o l i t h  annulus f o r  Sixes  River chinook 
salmon r e t u r n i n g  t o  spayn i n  1980-81, n = 102. 
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Figure 5-5 Geometric mean regression of age at maturity on 
back-calculated size at formation of the first 
otolith annulus for male Sixes River chinook 
salmon, n = 38. 
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DISCUSSION 

The s i z e - d i s t r i b u t i o n s  i n  Fig. 5-3 a r e  i n d i c a t f v e  of nega t ive  

Lee ' s  phenomenon (Ricker 1969): l eng ths  of f i s h  en t e r ing  the  e s tua ry  

back-calculated from o lde r  f i s h  a r e  l a r g e r  than those ca l cu la t ed  from 

o t o l i t h s  of younger f i s h .  To provide evidence t h a t  Fig.. 5-3 r e f l e c t s  

s i z e - s e l e c t i v e  m o r t a l i t y  (one explana t ion  o f f e red  by Ricker f o r  Lee's 

phenomena) r equ i r e s  t h a t  t he  two a l t e r n a t e  explana t ions ,  biased samp- 

l i n g  o r  an inco r rec t  o t o l i t h  length- f i sh  l eng th  r e l a t i o n s h i p  do not 

apply i n  t h i s  case. An i n c o r r e c t  f i s h  l eng th -o to l i t h  length  r e l a t i o n -  

sh ip  seems un l ike ly  s i n c e  the  sample s i z e  was l a rge  (n = 581, Fig. 

5-2) and t h e  geometric mean r eg res s ion  was used (Kicker 1973). 

However, t he  s lope  of t h e  r eg re s s ion  i n  Fig. 5-2 was l e s s  than those  

of regress ions  ca l cu la t ed  i n  Ch. 4 on the b a s i s  of da t a  f o r  j uven i l e  

f i s h  only. The inc lus ion  of t he  adu l t  f i s h  da t a  increased t h e  

y- in te rcept  of t h e  r eg re s s ion  and hence a l s o  increased the  back- 

ca l cu la t ed  lengths .  It may be t h a t  a  b e t t e r  f i t  t o  the  da t a  could 

have been obtained through use of a  power func t ion  o r  a  polynomial 

r eg re s s ion  a s  done by West (1983) using o t o l i t h s  of juveni le  sockeye 

salmon (0. nerka).  However, t h e  form of the  non-linear r e l a t i o n s h i p  - -  

w a s  unknown a s  no da t a  ex i s t ed  f o r  f i s h  in te rmedia te  i n  s i z e  between 

t h e  juven i l e s  and adu l t s .  While I cannot completely dismiss  t he  

p o s s i b i l i t y  of biased sampling bf r e tu rn ing  a d u l t s ,  ODFW personnel 

endeavored t o  sample s i ze -c l a s ses  of ca rcas ses  i n  proport ion t o  t h e i r  

abundance. Therefore,  I concluded t h a t  t he  d i s t r i b u t i o n s  shown i n  



Fig.  5-3 a r e  c o n s i s t e n t  w i th  t h e  hypothes i s  of s i ze - se l ec t i ve  a 

m o r t a l i t y  a l though t h i s  cannot be shown conclusively.  Smaller f i s h  

appa ren t ly  were removed a t  a g r e a t e r  r a t e  during oceanic  o r  l a t e  

e s t u a r i n e  l i f e .  S i ze - se l ec t i ve  m o r t a l i t y  during ocean l i f e  has a l s o  

been noted by Healey (1982a) f o r  chum salmon and by Parker  (1971) f o r  

pink salmon, with preda t ion  suggested a s  t h e  most l i k e l y  source of 

m o r t a l i t y .  However, t h e  p o s s i b i l i t y  of s i ze - se l ec t i ve  f i s h i n g  

m o r t a l i t y  e x i s t s  a s  a  t r o l l  f i s h e r y  takes  p lace  near t he  mouth of t h e  

S ixes  River (Bottom, pers.  comm.). 

There was no evidence of s i z e - s e l e c t i v e  m o r t a l i t y  during the  

e s t u a r y  r e a r i n g  per iod (Fig. 5-3) a l though my da ta  do not a l low me t o  

q u a n t i f y  t o t a l  m o r t a l i t y  t o  a l l  s i ze -c l a s se s ,  which may be proport ion-  

a t e  ac ros s  a l l  s i z e s .  HigK m o r t a l i t y  due t o  preda t ion  seems un l ike ly  

however, s i n c e  the  only p o t e n t i a l  p reda tors  of chinook salmon i n  t he  

Sixes  River e s tua ry  were s t ee lhead  t r o u t  (Salmo g a i r d n e r i ,  abundant 

on ly  i n  May-June) and sea-run c u t t h r o a t  t r o u t  (Salmo c l a r k i ,  Bottom et 

a 1  1983). - 

The mean s i z e  of f i s h  e n t e r i n g  t h e  e s tua ry  back-calculated from 

a d u l t  o t o l i t h s  was cons iderab ly  more v a r i a b l e  ( c o e f f i c i e n t  of var ia -  

t i o n  = 27.5%) than t h a t  c a l c u l a t e d  from o t o l i t h s  of j uven i l e s  (coef f i- 

c i e n t s  of v a r i a t i o n  were 21.8 a n d k l l . l %  f o r  e a r l y  and l a t e  r e c r u i t s  t o  

t h e  e s t u a r y  r e spec t ive ly ) .  The increased  v a r i a b i l i t y  was unexpected, 

a s  s i z e - s e l e c t i v e  m o r t a l i t y  a l t e r s  t he  v a r i a b i l i t y  of t h e  back-calcu- 

l a t e d  length-frequency d i s t r i b u t i o n s  only s l i g h t l y  o r  not a t  a l l  



(Kicker 1969). I d e n t i f i c a t i o n  of f reshwater  and e s t u a r i n e  o t o l i t h  

mic ros t ruc tu re  was somevhat more d i f f i c u l t  i n  a d u l t  o t o l i t h s  than i n  

j u v e n i l e s  a s  a  r e s u l t  of g r e a t e r  opac i ty  and may thereTore c o n s t i t u t e  

a measurement e r r o r  i n  t he  back-calculat ion procedure. A l t e r n a t e l y ,  

i t  may be t h a t  t he  f i v e  d i f f e r e n t  j uven i l e  l i f e  h i s t o r y  types  thought 

t o  occur i n  Sixes River chinook salmon (Reimers 1973) a r e  represented 

t o  a  g r e a t e r  ex t en t  i n  r e tu rn ing  a d u l t s  than i n  j uven i l e s  c o l l e c t e d  i n  

t h e  es tuary .  For example, f i s h  which went d i r e c t l y  t o  sea  a  few weeks 

a f t e r  emergence (Reimers' Type 1 l i f e  h i s t o r y )  might have been under- 

es t imated  i n  t he  samples of j uven i l e s  caught i n  t h e  estuary.  However, 

t he  e x i s t e n c e  of the  Type 1 l i f e  h i s t o r y  i s  hypo the t i ca l ,  a s  no 

examples have been found e i t h e r  by Reimers o r  myself. F ish  which had 

overwintered i n  f reshwater  and migrated d i r e c t l y  t o  the ocean might 

a l s o  c o n t r i b u t e  t o  t he  va i i ance  i n  back-calculated s i z e s  shown i n  

Fig. 5-3. However, a s  i nd ica t ed  e a r l i e r ,  only 8 of t he  452 a d u l t s  

whose ages were determined by ODFW personnel had overwintered i n  

f reshwater  a s  juveni les .  S t r ay ing  of a d u l t s  of o the r  s tocks  t o  t h e  

Sixes River s tock could a l s o  be respons ib le  f o r  t he  r e s u l t s  shown i n  

F ig .  5-3. While some chinook salmon from the Elk River a r e  known t o  

s t r a y  i n t o  the  Sixes River ,  t h e i r  number i s  considered i n s i g n i f i c a n t  

(Bottom, pers .  comm.). 

On average,  f i s h  which wcke l a r g e  on en te r ing  the  e s t u a r y  

remained l a r g e r  r e l a t i v e  t o  t he  r e s t  of t h e  cohort u n t i l  formation of 

t h e  f i r s t  annulus.  Given t h e  p o s s i b i l i t y  of s i ze - se l ec t ive  preda t ion  

once f i s h  have l e f t  t he  e s t u a r y ,  l a r g e r  s i z e  a t  en t ry  t o  t he  e s t u a r y  

may then be a  p red ic to r  of f u t u r e  surv iva l .  The consis tency wi th  



which f i s h  r e t a i n  t h e i r  p o s i t i o n  wi th in  the  s i z e  h ie rarchy  of t h e  J 

cohort (Fig. 5-4) sugges ts  t h a t  l i t t l e  o r  no d i f f e r e n t i a l  growth w a s  

ev ident  among juven i l e s  i n  t h e  e s tua ry  during t h e i r  f i r s t  year. West 

(1983) a l s o  found t h a t  t he  rank of a  sockeye salmon f r y  wi th in  t h e  

s i z e  he i ra rchy  of t he  cohort  was r e t a ined  on average, a s  t he  f i s h  grew 

from emergence through t o  s m o l t i f i c a t i o n .  

Male chinook salmon juven i l e s  which grew quickly i n  t he  e s t u a r y  

and ocean up t o  t he  formation of t he  f i r s t  annulus matured e a r l i e r ,  on 

average. Schluc ter  and Lichatowich (1977) a l s o  found t h a t  on the  

b a s i s  of s c a l e  examination of Rogue River   rego on) chinook salmon, 

t he  s i z e  a t t a i n e d  a t  t he  end of t he  f i r s t  year inf luenced subsequent 

growth and age a t  maturi ty .  I n  terms of l i f e - h i s t o r y  s t r a t e g y ,  

early-maturing males appear t o  be sub jec t  t o  a  lower m o r t a l i t y  r a t e  

due t o  t h e i r  l a r g e r  s i z e  a s  j uven i l e s  and the dura t ion  of t he  period 

of v u l n e r a b i l i t y  t o  n a t u r a l  m o r t a l i t y  p r i o r  t o  reproduct ion i s  l e s s .  

However, small  males may be a t  a  disadvantage when spawning, a s  

observa t ions  by Hanson and Smith (1967) i nd ica t ed  t h a t  jack sockeye 

salmon (2. nerka)  a r e  o f t e n  incapable  of defending a  s i n g l e  spawning 

female from o the r  males, while l a r g e  males may defend seve ra l  females 

a t  once. I n  summary, i t  seems t h a t  d i f f e r e n t  r a t e s  of growth a s  

j uven i l e s  promote d i f f e r e n t  ages a t  ma tu r i t y ,  a  f e a t u r e  which probably 

he lps  ensure  the  long-term s u r v i v a l  of t he  s tock  (Schaf fer  1974). 

A poss ib l e  long-term consequence of t h e  s i ze - se l ec t ive  m o r t a l i t y  

pos tu la ted  here  might be t h a t  t h e  f i s h  which grew quickly a s  j uven i l e s  



were a t  a  s e l e c t i v e  advantage. I n  add i t i on ,  a s  fast-growing males a 

reach sexual  matur i ty  sooner on average,  t he  period of v u l n e r a b l i t y  t o  

n a t u r a l  m o r t a l i t y  p r i o r  t o  reproduct ion is sho r t e r .  However, repro- 

duc t ive  success  once a t  t he  spawning grounds is  another  important 

a spec t  of f i s h e s '  f i t n e s s  and smal le r  f i s h  may be a t  a  disadvantage i n  

t h a t  regard. Hanson and Smith (1967) i nd ica t ed  t h a t  jack sockeye 

salmon a r e  o f t e n  incapable of defending a  s i n g l e  spawning female from 

o t h e r  males,  while l a r g e  males may defend seve ra l  females a t  once. 

Gross and Van Den Berghe ( i n  p re s s )  have a l s o  noted t h a t  the l i f e s p a n  

of jacks  on the  spawning grounds is s i g n i f i c a n t l y  s h o r t e r  than t h a t  of 

t he  o lde r  males. While it i s  d i f f i c u l t  t o  quan t i fy  s u r v i v a l  t o  repro- 

duc t ion  and reproduct ive success  a s  f a c t o r s  a f f e c t i n g  f i s h e s '  f i t n e s s ,  

t h e  pe r s i s t ence  of jacks  and o lde r  males a s  a l t e r n a t e  l i f e  h i s t o r y  

s t r a t e g i e s  sugges ts  t h a t  the  f i t n e s s  assoc ia ted  with each is  equal .  

Poss ib l e  reasons why faster-growing females do not  r e t u r n  to  spawn 

e a r l i e r  a s  do males might inc lude  the  i n a b i l i t y  of smaller  f i s h  t o  

c o n s t r u c t  redds of s u f f i c i e n t  depth. A l t e r n a t i v e l y ,  a s  smal le r  

females a r e  known t o  produce smal le r  eggs, the r e s u l t i n g  smaller  f r y  

might be sub jec t  t o  higher  m o r t a l i t y  (Ricker 1978). 

Examination of o t o l i t h  mic ros t ruc tu re  al lows g r e a t e r  r e so lu t ion  

of age and growth and r e l a t e d  problems i n  chinook salmon than was 

previous ly  poss ib l e  using scales:  However, i t  appears t h a t  appl ica-  

t i o n s  of o t o l i t h  mic ros t ruc tu re  f o r  d e t a i l e d  s tudy of age and growth 

a r e  l i m i t e d  t o  the  period p r i o r  t o  t h e  formation of t he  f i r s t  



annulus.  During t h a t  per iod ,  new c e n t r e s  of o t o l i t h  growth which I a 

term accessory primordia a r i s e  (Fig. 5-6), r e s u l t i n g  in a v a r i a b l e  and 

o f t e n  i n t e r s e c t i n g  a r r a y  of growth increments. The va lue  of o t o l i t h  

mic ros t ruc tu re  f o r  i n t e r p r e t a t i o n  of f i s h  growth beyond the  f i r s t  year  

of l i f e  may t h e r e f o r e  prove minimal i n  spec i e s  wi th  s i m i l a r  o t o l i t h  

development. 



Figure  5-6 Micrograph of a  po l i shed  s a g i t t a l .  s e c t i o n  of an 
o t o l i t h  from a Sixes River  a d u l t  chinook salmon, 
showing cen t r e s  of o t o l i t h  growth (accessory primordia) 
t h a t  a r i s e  a t  o r  before t he  time of t he  formation of 
t h e  f i r s t  annulus. 





GENERAL DISCUSSION 

A major portion of my thesis research was 'concerned with 

determining how environmental factors influenced otolith increment 

production. The chemical composition of increments or biochemical 

processes responsible for their formation therefore were not signific- 

ant topics of my research. However, a review of those topics of my 
\ 

research is useful to identify plausible pathways of increment 

formation which may be studied furthered. 

When otoliths of chinook salmon were viewed with the SEM, a 24-h 

sequence of increments usually consisted of a relatively wide, lightly 

etched zone followed by a narrow, deeply-etched zone. Under high 

magnification OlOOOX), the crystal structure was apparent, with the 

long axis of the crystalk oriented perpendicularly to the growth 

increments. The crystalline structure of the lightly-etched zone is 

thought to be largely calcium carbonate in the aragonite configuration 

(Mugiya -- et a1 1981). Dunkelberger et a1 (1980) have shown that the -- 
narrow, deeply-etched zone is rich in a protein matrix. The matrix 

structure is sheet-like, with tightly-packed fibers 80 A in diameter. 

As discussed in Chapter 3 and by Mugiya -- et a1 (1981), the calcium and 

protein dominant zones may be alternately deposited as a result of a 

die1 rhythm of calcium deposition. 

The cyclic nature of ~a* deposition has been elucidated by 

workers using the radioisotope 45~a. Mugiya (1974) showed that 

macular cells secreted 4 5 ~ a  into the endolymphatic flufd surrounding 



p a r t s  of t he  o t o l i t h  was p ropor t iona l  t o  the concent ra t ion  of ad jacent  , 

macular c e l l s .  Mugiya e t  a l  (1981) demonstrated t h a t  t he  r a t e  of -- 
calcium depos i t i on  on g o l d f i s h  (Carass ius  aura tus)  ' o t o l i t h ~  slowed 

around s u n r i s e ,  poss ib ly  as a r e s u l t  of reduced macular c e l l  

s ec re t ion .  

Given t h a t  CaC03 i s  t h e  major c o n s t i t u e n t  of t h e  o t o l i t h ,  a s p e c t s  

of f i s h e s '  calcium metabolism and i t s  con t ro l  should a f f e c t  o t o l i t h  

growth. I n  higher  v e r t e b r a t e s ,  calcium metabolism is  con t ro l l ed  

through the a c t i o n  of para thyro id  hormone, vitamin D and c a l c i t o n i n .  
Z 

Of the  th ree  compounds, only Vitamin D and c a l c i t o n i n  a r e  known t o  be 

present  i n  f i s h .  While t h e  r o l e  of t hese  compounds is not known 

(Simkiss l973) ,  i t  seems c l e a r  t h a t  calcium homeostatis is under 

endocr inologica l  c o n t r o l  * (Fleming 1967). Simkiss (1973) has 

specula ted  t h a t  s c a l e  growth may c l o s e l y  r e f l e c t  the  l e v e l  of growth 

hormone. Such r e l a t i o n s h i p s  have not ye t  been advanced f o r  o t o l i t h s .  

Indeed, p a r a l l e l s  between s c a l e  and o t o l i t h  growth a r e  d i f f i c u l t  t o  

i d e n t i f y .  For example, s c a l e  growth ceases  under condi t ions  of food 

d e p r i v a t i o n  and i n  ca ses  of severe  s t r e s s ,  r e so rp t ion  may occur.  

S imi la r  phenomena have not ye t  been documented f o r  o t o l i t h s .  O t o l i t h s  

cont inue  t o  grow under cond i t i ons  of food depr iva t ion  ( ~ a r s h a l l  and 

Parker  1982; Volk - e t  - a 1  i n  p re s s ;  Chapter 3) .  Fish s t r e s s e d  by 

e x e r t i o n  (Campana 1983) o r  by' exposure t o  low pH (Geen et & 

unpublished) d id  not show evidence of o t o l i t h  resorp t ion .  It i s  

p o s s i b l e  t h a t  s epe ra t e  pathways of calcium a c c r e t i o n  e x i s t  f o r  t he  two 

s t r u c t u r e s .  



Pannel la  (1980) summarized t h e  knowledge of c a l c i f i c a t i o n  a 

processes  a f f e c t i n g  pe r iod ic  growth p a t t e r n s  i n  f i s h  o t o l i t h s  and came 

t o  the fol lowing conclusions: (1) al though chemically d i f f e r e n t  from 

bones and s c a l e s ,  o t o l i t h s  appear t o  be a f f e c t e d  by pe r iod ic  v a r i a t i o n  

i n  d i f f u s i b l e  calcium i n  a s i m i l a r  manner t o  t h a t  of bones and s c a l e s ;  

(2 )  an organic  precursor  is  necessary f o r  calcium depos i t ion  i n  f i s h  

s k e l e t a l  t i s s u e s  incuding o t o l i t h s ;  ( 3 )  endolymph physiochemical 

changes c o n t r o l  t h e  depos i t i on  of organic  and inorganic components of 

o t o l i t h s  and ( 4 )  feeding a c t i v i t i e s  appear t o  a f f e c t  endolymph ~ a *  

concent ra t ion  and the re fo re  t h e  growth of o t o l i t h s ,  a  conclusion 

supported by my l abo ra to ry  s t u d i e s  i n  Chapters 2 and 3. I n  Chapter 3 ,  

I suggested t h a t  t h e r e  may be a  r e l a t i o n s h i p  between increment 
8 

formation and c y c l i c  per iods  of a c t i v i t y  a s soc i a t ed  with pe r iod ic  

feeding events .  Pannel la  ( 1980) specula ted  t h a t  a  c lo se  r e l a t i o n s h i p  

e x i s t e d  between the  sharpness  of increment boundaries and the  na ture  

of t he  phys io logica l  t r a n s i t i o n  between cyc les  of a c t i v i t y  and r e s t .  

Pannel la  f u r t h e r  i nd ica t ed  t h a t  i n  those spec i e s  known t o  be almost 

cons t an t ly  a c t i v e ,  increment s epa ra t ions  a r e  f a i n t  o r  i n d i s t i n c t .  

These observa t ions  a r e  c o n s i s t e n t  with my observa t ions  regarding t h e  

e f f e c t s  of a c t i v i t y  on increment production. 

That o t o l i t h  s i z e  r e f l e c t s  f i s h  s i z e  so  c l o s e l y  serves  t o  

underscore i t s  u t i l i t y  f o r  growth s t u d i e s  r e l a t i v e  t o  o the r  p a r t s  such 

a s  s ca l e s .  The conserva t ive  na tu re  of o t o l i t h  growth compared wi th  

s c a l e  growth may r e f l e c t  the func t ions  of each: t h e  o t o l i t h  a s  an 



organ of equi l ibr ium presumably must maintain a p rec i se  con f igu ra t ion  a 

with  r e spec t  t o  o the r  p a r t s  of t h e  f i s h e s '  i nne r  e a r  whereas t h e  

s c a l e s '  f unc t ion  a s  p a r t  of t h e  integument may permit g r e a t e r  l a t i t u d e  

i n  func t ioning  a s  p a r t  of t h e  calcium reserves .  

I n  a d d i t i o n  t o  providing b e t t e r  i n d i c a t o r s  of . f i s h  growth 

i n  some salmonid spec ies  (Jonsson and Stense th  1977), t h e  e f f e c t s  of 

environmental v a r i a b l e s  on growth of o t o l i t h s  appear b e t t e r  understood 

than  is the  case  f o r  s c a l e s  (Table 6-1). This  probably r e f l e c t s  t he  

convenience of s tudying phenomenon wi th  d a i l y  p e r i o d i c i t y  r a t h e r  than  

monthly o r  longer ,  a s  i n  s c a l e  c i r c u l i .  However, s c a l e s  w i l l  probably 

cont inue t o  be an important source of age and growth da t a  i n  t he  

fu tu re .  The advantages of use of s c a l e s  inc lude  ease of prepara t ion  

\ 

and examination r e l a t i v e  t o  a t o l i t h s  and f i s h  need not be s a c r i f i c e d  

t o  ob ta in  them. 

A concern regarding the  a p p l i c a t i o n  of o t o l i t h  micros t ruc ture  

examination to  wild populat ions is t h e  apparent ly  l a r g e  number of 

environmental s t i m u l i  which a f f e c t e d  increment number and width under 

l abo ra to ry  condi t ions  (Chapter 2 and 3 ) .  I n  na ture ,  it  seems l i k e l y  

t h a t  many c y c l i c  phenomena of va r ious  periods e x i s t  which could cause 

deviation from t h e  one increment every 24 h r e l a t i o n s h i p .  Yet 

j uven i l e  chinook salmon i n  t he  Sixes River e s tua ry  formed increments 

every 24 h ,  on average,  poss ib ly  i n  response t o  a c i r cad ian  rhythm of 

calcium carbonate  deposi t ion.  It may be t h a t  while t h e r e  is  a v a r i e t y  

of poss ib l e  ze i tgebe r s  i n  t h e  environment, the  endogenous rhythm of 
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t h e  animal may only r e g i s t e r  a s  z e i t w b e r s  cy1f.c cues which have a 
J 

c e r t a i n  per iod ,  amplitude o r  phase. From an e n e r g e t i c  perspec t ive ,  i t  

may be advantageous t o  be i n  phase wi th  the  most cons tan t  ze i tgebe r  t o  

al low f i s h  t o  concent ra te  feeding behaviour,  f o r  example, a t  c r i t i c a l  

t imes of t h e  day. I f  c i r c a d i a n  rhythms serve  pr imar i ly  t o  concent ra te  

app ropr i a t e  behavior at c e r t a i n  t imes of t he  day, cyclic.  cues not i n  

phase with t h e  optimum a c t i v i t y  per iods  might not  in f luence  f i s h .  

Such a  phenomenom is known a s  frequency demul t ip l i ca t ion  (Marler and 

Hamilton 1967; Aschoff -- e t  a 1  1975). Frequency demul t ip l i ca t ion  might 

exp la in  why apparent ly  only one increment was formed every 24 h i n  t h e  

o t o l i t h s  of Sixes River chinook salmon, d e s p i t e  t he  p o s s i b i l i t y  of 

ze i tgebe r s  wi th  a  per iod l e s s  than 24 h. However, a s  discussed i n  

Chapter 4 ,  t h e  presence of such' ze i tgebe r s  i s  quest ionable.  

Temperature f l u c t u a t i o n s  i n  t h e  e s tua ry  were i r r e g u l a r  and f i s h  

appeared t o  be feeding more o r  l e s s  continuously. I n  t he  former ca se ,  

t h e  i r r e g u l a r  per iod of t h e  temperature cue d i s q u a l i f i e s  it a s  a  

p o t e n t i a l  ze i tgebe r  en t r a in ing  a  r egu la r  endogenous rhythm. A s  t h e r e  

was no p e r i o d i c i t y  i n  feeding de tec ted  comparable t o  the  l abo ra to ry  

regimes, i t  may not  be s u r p r i s i n g  t h a t  no d i f f e r e n c e  i n  o t o l i t h  

mic ros t ruc tu re  was apparent  between f i s h  rece iv ing  one feeding every 

24 h i n  t h e  l a b  and f i s h  caught i n  t he  S ixes  River es tuary .  

\ 

I n  conclusion,  o t o l i t h  mic ros t ruc tu re  examination has p a r t i c u l a r  

u t i l i t y  f o r  d e t a i l e d  s tudy of the  age and growth of j uven i l e  P a c i f i c  

salmon. The v a l i d a t i o n  of t h i s  method o f f e r s  a  new t o o l  f o r  f i s h e r i e s  



managers. Some possibilities might include detailed assessment of 

enhancement measures such as lake fertilization or control of preda- 

tors and/or competitors. Examination of increment widths before and 

after the management measures were enacted would indicate whether 

measures resulted in improved fish growth. The importance of certain 

habitats such as estuaries may now be determined with greater preci- 

sion. In general, growth during the first year of life of Pacific 

salmon, a phase considered critical to subsequent survival, may be 

assessed in more detail than was previously possible. 
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