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ABSTRACT 

This study i n ~ e ~ t i g a t e d  t h e  genetis  r e l a t ionsh ip  between 

sympatric anadramoua and nonanadtomous Atlantic salmon i n  the  

G ~ M O  R ~ Y B L .  system, eastern Neorfoundland. so th  forms were 

cu l tu red  i n  t h e  laboratory and seasonal pa t t e rns  of 

development were monitored and ompared. Growth r a t a s  were 

not d i f f e r e n t  during most of t h e  f i r a t  year of l i f e ,  however 

smolting anadrmous salmon (I+) grew more rap id ly  than 

nonanadromous s a l m n  f o r  severa l  weeks p r i o r  t o  t h e  t i r e  of 

seaward migration. Several  other p h y s i ~ l o g i o a l  parameters 

assooiated with the par=-molt  transformation were measursd; 

no d i f fe rence  was noted i n  seasonal p ro f i l e s  of t o t a l  body 

moisture, condition fac to r  or plasma No' and Cl' 

concentrations. 60th groups exhibited inoreasing l eve l s  of 

integumentary s i l v e r i n g  during t h e  l a t e  winter  and ea r ly  

sp r ing  although t h i s  pa t t e rn  was more marked among t h e  

anadromous group. o i l 1  N~'-X' A T P ~ S ~  a c t i v i t y  increased wer 

t h e  same period i n  both g r o u p ,  however mean a c t i v i t i e s  among 

the nonanadromous salmon were consistently lower. Similarly.  

anadromous salmon displayed more, and l a rge r  ah lo r ids  c e l l s  i n  

t h e  g i l l  epithelium as revealed by l igh tn ic rossopy .  S a l i n i t y  

to le rance  was we l l  developed i n  both forms i n  April  and June 

d e s p i t e  differences i n  ohloride c e l l  abundance and N.'-X' 

A T P ~ L ~  as t iv i ty .  sexual  maturation did no t  occur among female 
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postsmolts of either gmup nor among male ansdmmous 

p~mtsm~lte when c~1tYred in freshwater and seawater. noet 

mala nonanadromous salmon did mature as 'poatsmolts'. 

nitochondrial DNA variation Was also examined among wild 

salmon of both forms using restriction enzymes. The Atlantic 

salmon nitochondrial genome contains approximately 16,700 bp. 

No evidence was round for either length polymorphiem or 

sequence heteroplasny. Variable restriction fragment patterns 

wore generated by five of eighteen enzymes? all variants could 

be socounted for by single base pair subetitutions. Pour 

distinct mitochondria1 DNA genotypes ware found.  airv vise 

sequence divergence estimates among genotypes range from 0.2 - 
1.0 percent. Significant genotype frequency differenas ware 

ObsaNed among the two forms. 

Reeults of this study are consistent with the hypothesis 

that anadromaus end nonanadeomaus salmon in the Gambo River 

system represent ganatisslly distinct reproductive units. 

Reproductive isolation is supported by the observation that 

the two forms use different spawning sites and that spawning 

times differ to some extent. Until Curther research is dona 

to verify these observations it would be prudent to manage the 

two forms in this system (and possibly others as well) as 

s ~ p ~ r a t e  etocks. 



A proj-t of t h i s  SO* cannot b. ~ompleted vithout the 

help of others. The members of my supervisory a m i t t e e ,  Drs. 

John Green, William Dsvidson and John Pippy have been moat 

helpfvl throughout the course of the worki I thank them fo r  

t h e i r  advice as  Hell as for t h e i r  friendship. 

an iinportant colnponent of postgraduate study i s  

interaction with eella,  graduata students, two of whom I 

mention For special acknowledgement. Dr. Rcbert Dillinger 

accoapenied me on several oolleating t r i p s  and spent many 

ho- camped on the shores of several Newfoundland ponds, 

often under l e s s  than ideal conditions. Denis Ooulet was 

a l so  most helpful i n  a number of ways during the early stages 

of the work. I am most grateful  to  Rob and Denim for the i r  

generosity, intel lsctual  stimulation and sense of humour. I 

a l so  wish t o  express my sppraoiation t o  the other graduate and 

undergraduate students in the ~ i o l o g y  IMpartment (and other 

departments) for the i r  help and stimulation. 

mch  time and ef fo r t  uas saved while oolleoting salmon 

thank. t o  the help of Ton Nrran sr. of Clovertom. I t h a n k  

TO. for h i s  hospital i ty and fo r  sha r iw the knovladge of Cambo 

pond and i t s  t r ibu ta r i e s  t h a t  ha has gained during a l ifet ime 

on the river. I thanL m. Steven Carr. David Inn.. and David 



V 

Schruidae for helpfuldiseuesion a t  various ti- durinq the 

study, Roy picken for sk i l l fu l  phottographio services and 

Sylvia Bart let t  for  keeping the  l ab  ~ n n i n g  smoothly. 

Parsop1 of the  Department of P ieher ie~  and Oceans were 

hslpfvl i n  providing collecting pernit6 and for log i s t i ca l  

assistanme. I also thank the Staff ef the m a n  Sciensee 

Centre for amsistance in culturing salmon. 

l a s t ly ,  I am grateful t o  my ui fa  Vicki for help in the 

f i e ld  and in the laboratory, and espesial ly fo r  her continuous 

support, part iovlarly during the d l f i ~ u l t  times. 

This work would not have been possible without f inancial  

support from the Departnents of Supply and Services and 

Fisheries and Oceans [contract). Additional funding was 

provided by the Natural Sciences and Engineering Research 

Council (NSERC) in the f o n  of a s t r a teg ic  Grant and Operating 

Grant. t o  Drs. J.N. Green and W.S. Davidson. I have been very 

fortunate throughout my graduate training t o  have received 

psrsonal support from NSERC [postgraduate schelarshipa) and 

from the Sohool of Graduate studies, Memorial University of 

Newfoundlard (postgraduate fellowship). 

This thes i s  i s  dedicated t o  the  memory of David W. Anderson, 

a fa i th fv l  friend. and Ralph n. C m d e t t ,  my grandfather. 



TABLE OP EENTENTS 

ABSTRACT 

ACKNonL8ffiEI(BNTS 

TABLE OF' CONTENTS 

LIST OP TABUS 

LIST OF FIGURES 

IllTROWCTION 

D e v e l ~ ~ e n ~ l / P h y r i ~ l ~ g i ~ a l  Experiment 

Genetic Cqarison 

IETHODS PJm UATBRIALS 

Study ?sea 

salmon Culture 

DroYth/Condition Pactor/silvering 

Sampling 

Ha*-@ ATPaSe ?.ctivity 

Salinity Challenge 

Chloride Cells 

Post-Smolt Maturation 

Mitochondria1 DNA 

End lobelling 

southern B1ot':ir.q 

Statisti~al PmCBdUreB 



XBSULTS 

Gmvth/ConditIon Factor 

Silvering 

misture 

Plasma ~a*/cl' 

salinity Challenge 

Nm+-f ATPase Activity 

Chloride Cells 

Poet-molt Growth and naturation 

nitoohandrial DUA 

BYal~atIon Of Mitochondri~l DNA Techniques 

DISCUSSION 

Growth and Maturation 

cendition FaDtor and Water Content 

Silvering, ATPara and P l a m  Na' and cl' 

nitochondeial DNA 

Ieolatiw Mechanismm 

evolution of Nonanadromous salmon 

REFERENCES 



v i i i  

LIST OF TaBLBS 

Inbl. 11 maan fork length (FL) , mass 
condition fac to r  (CF) , instantaneous g r o k h  
ra tes  (Ion) and sample s i r e s  (N) of cultured 
anadromous (above l ine )  and nonanadromous 
(below l ine )  salmon frw swim-up stage t o  the 
end of the  mol t ing  p e r i d  ........................... II 

Tablo 2: Numbers of uneilvered, pa r t i a l ly  
ei lvered and highly si lvered salmon among tim 
large s i r e  classee of ml tu red  salmon during 
the  mol t ing  period .................................. 38 

mb1.a 38 Two-way analysis  of variance 
comparing seasonal mean w i r t u r e  content  
within and between groups of cultured anadrvmous 
and nonanadromous salmon ........................... r.ll 

Table 4: Two-way analysis  of variance of 
seasonal plasma Na' Eoncentration within and 
between cultured anadromous and nonanadromous 

Tabl. 5 8  NO-Way D".~YS~S Of ~ d r i a n ~ e  0f 
seasonal p l s s - s  Cl'consentratlon within and 
between cultured anadrmous and nonanaeronocs 
salmon ............................................... 49 

Table 6 l  Fork length (IL) and t h e  u n t i l  
death (T) for oultured anadroaoua and 
nonanadromous Atlantic salmon during sa l in i ty  ...................................... challenge t e s t s  50 

Tabla 7s Two-uay analysis  of variance of 
soaaonal branchisl N ~ ' - K  ATPase activity 
withln and among cultured snadmmous and 
nonanadromous salmon ................................. 53 

Table I t  Mean number of chloride c a l l s  p r  
g i l l  1a1e110 and mean length of chloride cell* 
from culturld anadmmoun and wnansdromous ............................. salmon sampled on 3 1  nay 58 

Tabl. 98  Moan f o r k  lenqths of snadromous 
and nonanadromouo posremolrs &fore and a f t e r  
I46 days culture in e i the r  freshwater or seawater. 
The nlubmra of narurina and i m a t u n  salmon i n  
each condition are a l so  shown ........................ 59 



ix 

~abl* 10: Pragnent patterns generate4 by 
remtriation andonur;leaaa= used to screen anadrrrmous 
and nonanadromous Gambo salmon I~DNA.................~~ 

Tabla 111 Distribution of atDNA genotypes 
among anadromous and nonanadronous salmen............7a 

T.bl. 12: Percent sequence divergence estimates 
for mtDNA genotypes observed among Gambo sa lnon . . . . . . 71  



U S T  OF FIGURES 

Pig. 1: Wap of Cambo W n d  shoving major 
tributary streams ................................... 14 

Pig. a1 seasonal temprature conditions 
in whish anadeomous and nonanadmmoue salmon 
were oultured ....................................... 19 

riq. 3: rangth frequency distribution of 
juvenile cultured anadromous salmon on three 
dates prior to grading .............................. 34 

rig. 48 mngth frequenq distribution of 
3uvenile cultured nonanadrmous salmon en 
three dates prior to grading ....................... 36 

Pig. 52 Seaaonal mean total body moisture 
levels in cultured enadromous and nonanadrrnus 
8.110" .............................................. 41 

rig. 6s Seasonal mean plasma Na' levels in ........ cultlured anadronous and nonanadromous salmon 45 

rig. 1 2  Seasonal mean plaama cY levels in 
oultured anadromo~s m d  nonanadronous salmon ........ 47 

rig. 8 ,  seasonal mean activity levels of 
branchial Na+-f ATPase in cultured anadeomous 
and nonanadromous salmon ............................ 52 

salmon showing ohloride cells within the filament 
epithelium .......................................... 57 

rig. 101 Autoradiogram of end-labelled salmon 
mitochondria1 DNa fragments produced by EOORV. .................................... EcoRI and HincII 64 

rig. 111 Autoradiogram Of end-labelled salmon 
mitooh~ndrial DNA fragments produoed by 89111, ..................................... BstEII and DraI 66 

rig. 118 ~utoradiogram of end-labelled salmon ....... mitochondria1 DNA fraqmenttr produced by PvuII 68 



rig. 138 Restriotion site map nt Atlantic 
salmon mitoshondrial DNA ............................ 70 

rig. 14s Unrootsd netvork linking Atlantic 
salmon mitochondria1 genotypes ...................... 76 

Pig. 1st Autoradiogram of Southern blot Of 
salmon mitoshondrial LWA probed with  labelled ....................................... capelin mtDNA 80 



For aenturiea the  At lant i s  salmon, u rn I. has 

been an important fomponent of the  economies of so t~nt r ies  

bordering the  North Atlantic ocean. Historically the salmon 

occupied a much wider range than it does today. I n  North 

America t h i s  apeoies could be observed in  most r ivers  from the  

Hudson and others draining in to  Long Island Sound, north 

almost continuously t o  t h e  watersheds flowing in to  Ungava Bay. 

European salmon occurred in  r ivers  from the  Iberian Peninsula 

north t o  t h e  Peshora River, as wall a n  r ivers  i n  the British 

I s l e s ,  Iceland and Greenland (Netboy 1968). The range has 

contracted considerably in  recent times. Most New England 

r i v e r s  now support no salmon o r  only tiny remnants of former 

populations. Similarly, salmonhavebeen extirpated Ironmany 

r i v e r s  i n  the  Harrtime Provinces of Canada. Populations in  

Newfoundland and Labrador are  smaller than i n  tha  past 

although mast r ivers  s t i l l  contain some salmon. The s i tua t ion  

in  Europe is more serious: salmon no longer occur i n  

Switzerland, Denmark or  t h e  Low Countries. Remnant 

populations i n  Spain and France are seriously threatened. The 

Rhina, a t  we t i n e  ~ u r o p e ' s  most productive r i v e r ,  no longer 

supports salmon: only a century ago t h i s  r iver  supportad an 

annual catch i n  excess of a million pounds (Netboy 1968), 

several fac tors  are responsible f o r  t h e  decline in  

~ t l a n t i c  salmon populations. Dalalning of r ivers  for  

hydroelectric development has rendered large  sections of many 
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formerly productive r i v e r s  inaccessible t o  upstream migrating 

f i sh .  Pollution i s  a earious problem in industrialized areas, 

and overfishing has a l s o  contributed t o  t h e  decline. 

The l i f e  cycle of the  Atlantic salnon i s  well known 

pones 1959). During t h e  autumn mature f iah  bury t h e i r  large 

yolky eggs in  depressions excavated from geaval bars in  

freshwater streams. Embryonic development ensues during the  

winter and f ry  emerge i n  t h e  spring t o  begin feeding. The 

young salmon remain i n  freshwater for a variable length of 

time, dependlng on temperature and food avai labi l i ty .  This 

period may l a s t  for as l i t t l e  as oce year i n  productive i 

sonthern streams, or as long as seven or eight years i n  cold 

northern rivers.  Juvenile salmon (parr) then undergo a 

metamorphosis t h a t  prepares them for l i f e  i n  the marine 

environment. This metamorphosis includes a s e r i e s  of 

physiological and behavioral changes col lec t ive ly  referred t o  

as t h e  parr -mol t  transformation (reviewed by Hoar 1976, 1988; I 

rolmar and Dickhoff 1980). Juvenile salmon t h a t  have 

underqme these changes are known as m o l t s ,  and a t  t h i s  stage 

movement downstream t o  t h e  osean takes place. L i t t l e  is known 

about t h e  postsmolt stage a f t e r  entering the marine 

environment. Salmon t h a t  rel&:.n a t  sea f o r  only one winter 

before maturing (gr i l se)  probably do not move grea t  distances 

f-,m the natal r iver ,  while f i sh  remaining f o r  two o r  more 

winters a t  eea jmulti sea-winter salmon) nay t ravel  great 

distances (Thorpe 1988). Many salmon from North America end 
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Europe migrate t o  feeding grounds in waters oiS west Greenland 

and Labrador. O t h e r  stocks, for  example those in  t h e  ~ a l t i c  

and Bay of Fundy, do not undertake such extensive oceanic 

migrations (Huntsman 19391 Jerisop 1976; Thorpe 1988). 

Growth i n  the  marine environment i s  rapid. ~os tsmol te  

captured along the north shore of the  Gulf of St. Lavrenoe 

were caloulated t o  grow a t  a r a t e  of 1.65 nm/day during the 

f i r s t  two months a f t e r  leaving the r iver  (Dutil  and Coutu 

1988). After only one winter spent feeding a t  sea, smolts 

or ig inal ly  measuring approximately 15 Em can typica l ly  a t ta in  

langths of more than 50 clp and weights of 1.5-3.0 kg (Allen et 

a l .  1972). The adul t  salmon ultimately return t o  freshwater 

where they spawn, usually i n  t h e i r  r iver  of origin. 

The l i f e  history described above represents t h a t  of the 

Atlantic salmon i n  a vary general sense. Salmonid f i shes  as 

a group are well known for p las t ic i ty  i n  l i f e  history 

parameters. and in t raspeoi f io  variation i s  well, documented. I n  

addition t o  environmentally caused variation, important 

genetically determined var ia t ion  i n  l i f e  h is tory  t r a i t s  

exis ts .  For example, Naevdal e t  a l .  (1979) reported 

differences i n  postsmolt growth ra tes  and age a t  f i r s t  

maturation among s ib l ing  population groups of cultured 

Atlantic salmon. Similarly, Sut ter l in  and MacLean (19841 

showed t h a t ,  despite s imi lar  growth rates, female Atlantic 

salmon from a dwarf nonanadromous population matured a t  age 

2+; no females derived from anadromous parents matured a t  



t h i s  age. I s i g n i f i c a n t  p ropor t ion  of male A t l a n t i c  salmon 

(and o the r  spec ies )  mature a s  pa r r  and spawn before  s m a l t i n g  

and migrating t o  sea (Jones 1959).  This phenomenon is  very 

widespread al though t h e  frequency o f  such 'precocioua'  

ma tu ra t ion  v a r i e s  among popu la t ions  (Dallsy e t  a l .  1983). 

saunaers and schon (198s) d e s c r i b e d  ex tens ive  v a r i a t i o n  i n  

l i f e  h i s t o r y  parameters of A t l a n t i c  salmon and su-gerted t h a t  

in t rapopu la t ion  heterocreneity in a g e  a t  maturation p r e v e n t s  

inbreeding depress ion  i n  apparen t ly  Small  spawning 

populations.  S i n c e  spawners r e p r e s e n t  d i f f e r e n t  yea r  c l a s s e s ,  

ind iv idua l s  can mate w i t h  members o f  cohor t s  o t h e r  t h a n  t h e i r  

own, resu l t ing  i n  increased e f f e c t i v e  popu la t ion  s i r e .  

I n  c o n t r a s t  t o  salmon populations i n  which t h e  major 

growth phase occurs a t  sea. many A t l a n t i c  salmon never  l e a v e  

freshwater.  These nonanadromous o r  freshwater r e s i d e n t  forma 

are common in many p a r t s  of t h e  spec ies '  range and a r e  known 

by s e v e r a l  l o c a l  names. The famous Sebago aalmon a r e  named 

foe t h e  l a k e s  t h e y  occupy i n  Maine. Nonanadromous salmon i n  

Newfoundland and p a r t s  o f  pu6bec a r e  known as ouananiche.  The 

l e t t e r  a r e  found i n  more n o r t h e r l y  areas than Sebago salmon 

and d o  n o t  usua l ly  a t t a i n  s u c h  l a r g e  s i z e  as t h e  l a t t e r .  I n  

Noway, nonanadromoua salmon a r e  known as blege  or  smablank. 

While nonanadronous f o r n r  a r e  o f t e n  r e f e r r e d  t o  a s  

landlocked salmon, many popu la t ions  are n o t  p h y s i c a l l y  denied 

access t o  t h e  sea. y e t  remain i n  f reshwate r  th roughout  t h e i r  

l i f e  cyc le .  Landlocked salmon t h a t  are p h y s i a a l l y  p reven ted  
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r m  e n t e r i n g  the  s e a  a l s o  e x i s t .  Power (1958) h a s  suggested 

t h a t  t h e  l a t t e r  a r e  of r ecen t  o r i g i n ,  and have evolved s ince  

t h e  Wisconsin Glac ia l  Period.  Withdrawal o f  t h e  con t inen ta l  

i s e  s h e e t s  and t h e  r e s u l t i q  upward rebounding o f  the  e a r t h ' s  

c r u s t  c r e a t e d  b a r r i e r s  t o  upatream migrating anadromus salmon 

i n  many r i v e r s .  Power suggested tha t  cool temperatures 

p r e v a i l i n g  a t  t h i s  time r e s u l t e d  i n  slow growth and de layed  

emol t ing  i n  salmon inhab i t ing  these  systems. Under these  

cond i t ions  maturation without p r i o r  nmolting may have 

occur red  i n  soma females, r e s u l t i n g  i n  evolution o f  t h e  

nonanadmnous popu la t ions  t h a t  now occupy s e c t i o n s  of 

watersheds upstream of b a r r i e r s  t o  migration.  Such populations 

a r e  e f f e c t i v e l y  i s o l a t e d  from gene t i c  inpu t  from salmon 

downstream o f  the b a r r i e r .  

The taranemic s t a t u s  of nonanadromoue salmon h a s  been 

problematic;  ea r ly  au thors  granted subspec i f i s  s t a t u s  to these  

forns i . e .  Salmo s a l a r  ~ e b a 4 0  a n d  % .z, ousnaniche (Jordan and 

Evermann 1896).  Wilder (1947) , however, was unable to f i n d  

c o n s i s t e n t  morpho loq i~a l  or m e r i s t i o  d i f f e r e n c e s  among t h e  

forms, and concluded t h a t  eubspeaific:  s t a t u s  is unwarranted. 

The degree o f  anadromy among salmon i n  Newfoundland is 

v a r i a b l e .  I n  add i t ion  t o  t y p i c a l  enadmmoua forms, phys ica l ly  

landlocked salmon as v e l l  aa nonanadromous salmon t h a t  a r e  not 

phys ica l ly  landlocked a r e  common. Several  populations of  

phys ica l ly  landlocked salmon have been dasor ibed ,  some of  

which c o n t a i n  only s t u n t e d  f i s h .  S u t t e r l i n  and Maclean (1984) 
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dasnrihed one such population from Five R i l e  mnd  East (Avalon 

Peninsula) i n  which f i s h  seldom exceed 1 5  m i n  l eng th  and 

females spawn f o r  the f i r s t  t i m e  a t  age I + .  Leggett a n d  Wver 

(1969) described s s imi la r  populqfion i n  Platwater Pond and  

sarbour e t  a l .  (1979) desc r ibed  another from Candlest ick Wnd, 

a smal l  l a k e  s i tua ted  i n  the headwaters o f  the Hulnber River. 

Anadromous salmon have n o t  been observed i n  t h e s e  ponds. 

A somewhat d i f fe ren t  s i t u a t i o n  e x i s t s  when seaward 

migration i s  n o t  prevented by physical  b a r r i e r s .  I n  

Newfoundland, anadmrnous and nonanadromous salmon o f ten  ocsupy 

the same watershed, p a r t i c u l a r l y  those oontaining l a r g e  

expanses o f  lake hab i t a t .  T h i s  is a common fea tu re  o f  many 

watersheds in Newfoundland, and both anadronous and 

nonanadromoua salmon have been repor ted  in Gander River 

(Verspoor and Cole 1989). Ter ra  Nova River (Andreus 1966) , 
wing 0 s  rook (Hutchings 1986) , Gambo River ( l a g g e t t  and  Wver 

1969), Worth Am River (Couturier  e t  a l .  1986).  a n d  many 

o the r s .  The genetic r e l a t ionsh ip  among t h e  two foma  i n  t h i s  

s i t u a t i o n  is not well  understood. They may represent  d i s t i n c t  

breeding u n i t s  t h a t  d i f f e r  gene t i ca l ly .  

Al te rna t ive ly ,  anadrmous and ncnanadramous f o m s  may n o t  

be reproductively isolated.  I n  t h i s  case the two  behavioral  

p a t t e r n s  probably represent  in t rapopu la t ion  va r i a t ion  i n  l i f e  

h i s t o r y  parameters. This would imply t h a t  little or n o  

gene t i0  d i f f e r e n t i a t i o n  i s  p resen t  and M a t  within a given 

r i v e r  the two e o n s  do not necessa r i ly  belong t o  s e p a r a t e  
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reproduc t ive  un i t s .  

  he purpose o f  t h i s  study was t o  eva lua te  t h e  hypothesla 

t h a t  anadromour and nonanadrornous salmon t h a t  occupy a 

Newfoundland r i v e r  do no t  r ep resen t  separa te  gene pools. mo 

approaches were adopted t o  t e s t  t h i s  hypothesis .  I n  tho f i r s t  

t e s t ,  comparisons were made of developmental p a t t e r n s  

d i sp layed  by offspring of t h e  two forms cu l tu red  i n  the 

l abora to ry .  Since the  salmon were cu l tu red  under i d e n t i c a l  

cond i t ions  it i s  assumed tha t  any  developmental d i f f e r e n c e s  

observed a re  due t o  gene t i c  d i f fe rences .  The second t e s t  

c o n s i s t e d  of an ana lys i s  of mitochondria1 DNA (mtDNA) 

v a r i a t i o n  i n  the  two f o m s  o f  rslnon.  The obse rva t ion  of 

s t a t i s t i c a l l y  s ign i f i can t  d i f fe rences  i n  genotype frequencies 

would c o n s t i t u t e  s t rong  evidence f o r  reproductive i s o l a t i o n  

between the folms. 

Developmental/Physiol~ical  Experiment 

w i l d  broodstock were ~ o l l e c t e d  i n  the ~ambo Rivee sye ten  

and t h e i r  o f f s p r i n g  were c u l t u r e d  under iden t i ca l  condit ions.  

I n  t h i s  experiment preamolt growth r a t a s  and t h e  inc idence  of 

pos t smol t  maturation were compared between t h e  two groups.  In 

a d d i t i o n ,  p a r m a t e r a  assoc ia ted  with t h e  parr-smolt 

t r ans fo rmat ion  Vera compared. Migra to ry  behaviour is t h e  most 

obvious d i f fe rence  between anadronoub and nonenadromoue 

salmon. se lec t ion  pressures a c t i n g  upon anadrmous salmon a t  

t h e  t i m e  of seaward migration, e n d  beyond, are very d i f f e r e n t  
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from t h o s e  experienced by nonanadrmous salmon dur ing  t h i s  

p e r i d  of the  l i f e  h i s to ry .  Geneti= d i f fe rences  ( i f  a n y )  

present  among t h e  two forms might the re fo re  be  expected t o  

r e l a t e  t o  p rocesses  associated with anadromy. S i n a e  

nonanadromous se laon  never encounter t h e  marine environment, 

phys io log ica l  a l t e r a t i o n s  concerned w i t h  t h e  switch f rom 

hyperosmoragulatopl t o  hypoosmoragulatory mechanisms may n o t  

occur in t h e s e  f i e h .  Anadromous salmon o n  the  o the r  hand must 

be capab le  o f  maintaining hydromineral  i n  seawater,  s o  

phys io log ica l  a l t e r a t i o n s  a s s o c i a t e d  w i t h  hypoosmoregulation 

are expected t o  occur during the  smol t ing  process. Parameters 

a s s ~ c i a t e d  with =molting t h a t  ware measured inc lude  seasona l  

changes i n  s k i n  pigmentation ( s i l v e r i n g ) ,  body mois tu re  

content .  gill Na'-I2 ATPase a c t i v i t y ,  s a l i n i t y  to le rance ,  and  

plasma sodium a n d  chloride l eve l s .  Size and abundance of g i l l  

ch lo r ide  c e l l s  were measured i n  salmon sampled on  one occas ion  

near the  t i m e  when seaward migra t ion  would occur. 

Genetic Comparison 

A more d i r e c t  approach for assessment of t h e  g e n e t i c  

r e l a t i o n s h i p  betveen synpa t r i c  anadrmoue  and nonanadronous 

Ealmon was t aken  in t h e  fonn of a n  ana lys i s  o f  mitochondria1 

DNA sequence v a r i a t i o n .  During t h e  l a s t  decade mtDNA h a s  

become a va luab le  t o o l  f o r  eva lua t ing  g e n e t i s  d i f f e r e n c e s  

among ~ l o s e l y  r e l a t e d  organisms. P r i o r  t o  the  widespread u s e  

of mtDNA, p ro te in  e lec t rophores i s  was  t h e  most common 
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molecular t e o h n i w s  tor these  inves t iga t ions .  ~ o v e v e r  t h i s  

technique is  n o t  s u f f i c i e n t l y  s e n s i t i v e  t o  rou t ine ly  d e t e c t  

gene t i c  d ive rgence  among very c l o s e l y  r e l a t e d  populations,  

e spec ia l ly  i n  spec ies  t h a t  e x h i b i t  a low degree of g e n e t i c  

va r i a t ion  such as Atlantic salmon. Attempts t o  de l inea te  f i n e  

eca la  popu la t ion  s t ruc tu r ing  in t h i e  spec ies  using p r o t e i n  

e lac t rophoree ia  have achieved l i t t l e  success (S tah l  1983. 

1987; mvidson  a t  a l .  19891, the re fo re  an  analysis  o f  mtDNA 

var ia t ion  is  appropriate.  Animal mitochondria1 genes accep t  

mutations more rap id ly  than do most  protein coding genes i n  

t h e  n u c l e a r  genome (Brown e t  a l .  1979, 1982; Sh ie lds  a n d  

Wilson 1987) and are the re fo re  more s e n s i t i v e  ind ica to r s  o f  

gene t i c  s t r u c t u r i n g .  Most common mutations i n  mtDNA c o n s i s t  

of t r a n s i t i o n s  and small  length mutations (Wilson e t  a l .  

1985a). Two fac to r s  appear t o  con t r ibu te  t o  t h e  r a p i d  

e ~ o l u t i o n  o f  ntDNA. P i r s t ,  r e p l i c a t i o n  e r r o r  and DNA l e s i o n s  

go unrapa i red  more frequently in mitochondria1 genes than i n  

nuolear genes  d u e  t o  a n  i n e f f i c i e n t  aismatoh repa i r  system. 

second, t h e  mitochondria1 genome does  n o t  code f o r  p r o t e i n s  

t h a t  func t ion  i n  its own r e p l i c a t i o n  o r  i n  mitochondria1 

peotein s y n t h e s i s .  Less accuracy i s  t h e r e f o r e  required t o r  

r e p l i c a t i o n  of t h i s  system than r o r  t h e  e r t r an i tochondr ia l  

p ro te in  s y n t h e s i s  system (Cann e t  al .  1981: Wilson e t  a l .  

198sa). 

Other f a c t o r s  con t r ibu te  t o  t h e  increased use of  ntDNA 

ana lys i s  i n  population-level  s t u d i e s .  Highly p u r i f i e d  
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material can be prepared using re la t ive ly  simple techniques 

transman s t  a i .  1981). 1" animals t h e  molecule i s  a small 

(approximately 16,000 bp in  lenqth) covalently closed o i r c l e  

specifying t h e  oaquenoe of  22 trUIAs, 2 rmAs end 13 W A S .  

Polypeptides translated from the m A s  are a l l  involved with 

the  enerqy production system of the mitochondrion. To da te  

the complete nuoleotide sequence has been datemined f o r  s i x  

vertebrates: Homo E B D ~ ~ ~ S  (Anderson e t  al.  1981). Bgg Lmru 
(Anderson e t  al.  1982). Kw (Bibb e t  a l .  1981). BaLias 

(Gadaleta e t  a l .  1989). Ga11"s domasticus (nora is  

a), end Xeno~us laevitl (Roe e t  al.  1985). The cornplete 

Sequence has also been reported for Droso~hi la  vakuba (Clary 

and Wolstenhollae 1985) and p a r t i a l  sequences have been 

reported f o r  many other species. These and other s tudies  

indicate t h a t ,  within t h e  ver tebra tes ,  gene content and 

arrangement a r e  highly conserved despi te  t h e  high v a r i a b i l i t y  

of nucleotide sequence. The mitochondria1 genome of 

vartobrates generally contains no repeated sequences. and 

spacer regions between genes, where present ,  consist of very 

few nusleotidea. The only major nontranacribed rr:qion l i e s  

between the  sequences encoding tRNAs for  proline and 

phenylalanine. This region i s  often refer red  t o  as the  D-loop 

(displacement loop) and contains tha or ig in  of replication f o r  

t h e  heavy s t rand (Brown 1983). 

nitoohondrial DNA appears t o  b e  inherited in  c lonal  

fashlon from the maternal parent only. Gyllenstan e t  a l .  
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( I sas )  could not detect paternal inheritance i n  s tudies  

involving reciprocal backcrossing of female in terspes i f io  

hybrid mice t o  males o€ the paternal s p e c i e s .  As well ,  there 

appears t o  b e  no reomhination i n  mtDNa, an attribute that 

makes the  molecule especially useful i n  phylogenetic analysis .  



l a  

METHODS AND MATERIAL6 

Study Area 

Ganbo Pond (48° 3 7 ' N .  54' ZI'W), a n  o l i g o t r o p h i s  l ake  i n  

eas te rn  Newfoundland, a c t u a l l y  c o n s i s t s  of two long  narrow 

l a k e s  separa ted  by a s h o r t  s t r e t c h  of r i v e r  ( the  Narrows). 

The north pmd has a nur facs  area of approximatsly 1100 ha and 

a maximum depth of 12 meters while the south pond is s l i g h t l y  

smal le r  i n  area (950 he) but  deeper (maximum dep th  of 4 0  

meters,  Leggett  and power 1969). The two b a s i n s  are o r i en ted  

roughly along a NE-SW axis.  Gambo Pond North is drained by 

Gambo River,  which runs for  approximately Z km t o  Freshwater 

Bay. Two najor t r i b u t a r i e s  empty i n t o  t h e  system: Tr i ton  

Brook e n t e r s  Gdmbo Pond South near t h e  south west end while 

Mint Brook e n t e r s  near t h e  o u t l e t  of Ganbo Pond North. I n  

add i t ion .  Rlverhead Brwk e n t e r s  Gambo Pond South near t h e  

o u t l e t  of Tr i ton  Brook and Parson's Brook e n t e r s  Gambo Pond 

North near t h e  Narrowa. Several  small  i n t e r m i t t e n t  brooks 

enter t h e  l akes  a t  va r ious  o the r  loca t ions  (Fig.  1 ) .  Three 

sa lnon ine  spec ies  occupy the system, including both anadromous 

and nonanadromoua A t l a n t i c  salmon and brook c h a r r  (Salvelinua 

fPDfinBlis) and a slnall population of nonanadrornoue Arc t i c  

c h a r t  (Salvelinue a l ~ i n u s ) .  In  add i t ion  t h e  system conteinn 

anadromous rainbow smelt  (osmerus mbrdax) , Jmerisan e e l  

(eac&& m), three-spined s t i ck leback  (Gasterosteur 

aculeatua) 



Fig. 1: Hap of Galnbo Pond and principle tributary streams. 
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and nine-spined stickleback (- gunaitius) . During the 
summer months thernal stratifisation occurs in Gam3o Pond 

South and nonanadromoua salmon remain in this pond below the 

thermocline when the temperature at the surface exceeds 160. 

When temperatures are lowee these salmon are distributed 

throughout both lakes (Leggett and Power 1969). 

Salmm culture 

Adult Atlantis salmon broodstook were c011ected in 

October 1986. Infomtion gathered from local residents and 

anglers encountered in the Ganbabo area indicated that 

nonanaidromous salmon congregate at the outlet of Ganbo Pond 

South during the autum and spawn at this site. These fish 

were sampled using fyke nets and angling gear. Anadromous 

salmon were seined from pools in Triton Brook (approximately 

2 km upstream from the outlet into Galnbo Pond South). The two 

forms are easily distinguished: anadromms fish sampled were 

considerably larger (45.8 - 64.0 om fork length, N-21) than 
nonanadromous fish (29.8 - 39.6 Om fork length, N-18). The 

latter are much darker in colour and have larger heads in 

proportion to body size. In no instance war the identity of 

individnsl fish in question. Broodstock were transported ia 

a tank truck equipped with an aeration/raoiroulation system to 

the Ocean Sciences Centre where they were held in 2400 L 

oircular tanks (2 m diameter) supplied with running freshwater 

at enbient temperature under simulated natural photoperiod. 
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I n  mid November t l le  anadromous salmon were s t r ipped .  

Three hundred eggs were co l l ec ted  from each of 10 fena les  and 

pooled. M i l t  from 10 males was used t o  f e r t i l i z e  t h e  eggs. 

Nonanadromoua salnon were s t e i p p d t h r e e  weeks l a t e r  following 

t h e  same procedure. Ova from t h e  two forms were incubated i n  

separa te  t r a y s  a t  7'C i n  a temperature con t ro l l ed  

r e c i r c u l a t i o n  system. I n i t i a l  feeding of anadromour f r y  was 

on 15 March 1987; nonanadroaous f r y  fed  f o r  t h e  f i r s t  t ime two 

weeks l a t e r .  At swim-up, salmon were t r a n s f e r r e d  t o  separa te  

1 m2 t anks  i n  a r e c i r c u l a t i n g  system ( S u t t e r l i n  e t  s l .  19a3) 

and fed  a c o m e r c i a l l y  prepared salmon starter d i e t  (Biodiet)  

a t  15 minute in te rva l s .  Water temperature was maintained a t  

11% u n t i l  10 June when t h e  loca l  water supply (pond near OSC) 

reaohed t h i s  l eve l .  Salmon were then transferred t o  new tanka 

with water supp l i ed  f m n  t h i s  smrce on a s i n g l e  pass bas i s .  

On 1 September t h e  p r q e n y  of nonanadromous p a r e n t s  were f i n  

c l ipped  (adipose);  from t h a t  d a t e  onward anadromoun and 

nonanadromous salmon were cu l tu red  as mixed groups i n  t h e  same 

tanks.  TO maintain growth r a t e s  s u f f i c i e n t  t o  produce a 

s i g n i f i c a n t  number of 1+ smolta, heated water (9'C) was 

supplied on 20 December. On 5 January 1988 t h e  salnon were 

graded. F i sh  10 En and longer ( fo rk  l eng th )  were considered 

lawe enough t o  smol t i fy  t h e  following s p r i n g  and were 

~ u l t u r ~ d  separa te ly  from the  smal le r  f i s h .  The smolting 

p rocess  was monitored over t h e  following win te r  and sp r ing  

among t h e  l a r g e  s i z e  c l a s s  salmon. On 28 Apr i l  t h e  heated 
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wa te r  supply was gradually reduced and t h e  salmon were again 

re tu rned  t o  t h e  ambient water supply i n  which they  ware 

maintained f o r  t h e  remainder of t h e  experinant.  During t h e  

r e a r i n g  period salmon were maintained under simulated na tu ra l  

photoperiod and fed t o  excess with o o m e r c i a l  salmon faad (New 

L i f e  Feed, W.A. Fleming) oe appropriate p a r t i c l e  s i z e .  Fig. 

2 shows temperature cond i t ions  under which salmon ware 

c u l t u r e d .  No evidence of d i sease  was observed dur ing  t h e  

r e a r i n g  pe r iod  and f i s h  appeared vigorous throughout t h e  

experiment. 

Growth/Condition Factor/Silveeing 

Per iod ica l ly  dur ing  t h e  rea r ing  experiment salmon were 

s ta rved  f o r  2 4  hours, anaes the t i aed  wi th  26 t e r t i a r y  amyl 

a lcoho l ,  weighed and measured. Thia handling d i d  n o t  appear 

t o  a f f e c t  t h e  f i s h  severe ly :  recovery was ev iden t  a f t e r  30 

minutes and normal f eed ing  behavior resumed t h e  sane day or on 

t h e  following day. Condit ion f a c t o r  was ca lcu la ted  us ing  t h e  

fo rnu la  CP = IOOWFL", where M is mars i n  grams and PL i s  forK 

leng th  i n  cen t ime te r s .  Instantaneous growth r a t e  was 

c a l c ~ l s t e d  us ing  the  formula: 

IGR = (lnx,, - lnx,,) (T2 - T l I ' ' ,  



Pig. a: Seasonal temperature conditions under which 
anadromous and nonanadronous salmon were cultured. So l id  
c i r c l e s  indicate freshwater conditions; opan c i r c l e s  
represent temperature conditions experienced by 
p04tsm01t8 Eultured in  seawater. 





where X i s  mean fork length a t  times T2 and TI, and T2 i s  

l a t e r  than TI. 

Development of m o l t  coloration was a lso  monitored on the  

occasions when the salmon were weighed and rnsasueed according 

t o  a modification of the method of Johnston and Ealea (1967). 

Each f i s h  was claesified as ei ther  unhilvered (parr  marks 

d i s t i n c t ,  l i t t l e  o r  no s i lver ing) ,  par t ia l ly  silvered (parr 

mar- par t ia l ly  obssuredby s i l v e r  pigment) or highly silvered 

(parr marks completely or almost completely obssured by s i l v e r  

pigment, f ins  darkened). 

Sampling 

Beginning on 7 February 1988, cultured salmon were 

periodically sampled t o  measure seasonal patterns or moisture 

COntBnt, branchial Na'-K' ATPase ac t iv i ty ,  chloride oal l  

development and plasma Na* and cr conoentrations. Fish were 

randomly netted from rearing tanks and quickly k i l led  with a 

blow t o  the head. They were weighed, measured, t h e  t a i l s  cut 

of f  and blood samples were collected from the  severed caudal 

blood vessels into heparinized tubes. A portion of the  f i r s t  

r i g h t  g i l l  arch and filaments was fixed i n  Bouin's f ixa t ive  

and t h e  remainder of the g i l l  system was removed and washed in 

i c e  cold 250W SDUcrOse, 5m EDTA. The g i l l s  were then 

immersed in  fresh sucrose-EmA and rapidly frozen in  a dry 

ice/ethanol bath. Frozen g i l l  samples were stored a t  -70° for 
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a maximum of 48 hours becore Na.4 ATPase a c t i v i t y  was 

determined. The oarcass was then opened along the midventral 

l i n e ,  sexed and dried t o  a constant mass a t  80% t o  determine 

moisture content.  

Na*-l(. ATPase Activity 

The frozen g i l l s  were thawed and b lo t ted  dry. pilaments 

were trimmed from t h e  arches, suspended in i c e  cold sucrose- 

EDTA (36 mg.mL") and homogenized using a motor powered te f lon  

pes t le .  Na+-f ATPahe a c t i v i t y  (ouabain-sensitive) of the  

homogenate was determined using the technique described by 

Johnston and Saundees (1981) and Bir t  and Green (1986). A 0.2 

nL a l iquot  of t i s s u e  homogenate was added t c  0.1 mL 10OOm 

NaCl, Zoom KC1 solution and 0.5 mL 200233 Tris-HC1 (pH 7.6). 

A seoond a l iquot  was added t o  another tube containing 0.1 mL 

looom NaCl, zoom Kcl,2mM ouabain and 0.5 nL 200m T~ris-HC1 

(pH 7.6).  The reaction was s t a r t e d  with t h e  addition of 0.2 

mL 30m ATP (disodium s a l t ) .  25 mM ngCll and stopped exactly 

10 minutes l a t e r  by adding 4 mL cold 1% ammonium molybdate, 40 

mgml" ferrous s u l f a t e  aolution prepared i n  1.15N HISO,. The 

reac t ions  were incubated a t  37'C, then centrifuged a t  750xq 

for 5 minutes a f t e r  addition of the stop solution. The 

opt ica l  absorbance of the supernatant was read a t  a wavelength 

of 100 1111. Phosphate standards were prepared using KH2P0,. 

Protein concentration was measured using a modification 

of t h e  mvry method (Hartree 1972) using bovine serum albumin 
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a8 a standard. N a . 4  ATPase activity was calculated as the 

difference between aotivities in the reaction mixture 

containing ouabain and that without ouabain, and is expressed 

as miaromolea inorganic phosphate libereted/nq protein/haur 

(pmol r,mg protein.'.hr.'). ~ 1 1  protein and enlMB activities 

were determined in ~ziplisate. 

salinity challenge 

salinity challenge tests were carried out on two 

occasions during the rearing period: 9 April and 4 June, 1988. 

Ten salmon f n n  each stock were placed directly in aerated 

seawater (32 ppt) in a tank measuring 120 x 60  x 45 cnr at a 

temperature of lo°C. Mortalities were recorded over 96 hours. 

chloride Cells 

Fixed gill filaments were dehydrated in an ethanol 

aeries, claaeed and enbedded in paraffin. Seotions were cut 

longitudinally (5 #m thick) end etained with hematoxylin and 

eosin. Chloride cells were identified an large eosinophilic 

=ells located most often at the bares of the secondary 

lamsllae. For each sample, counts were made of chloride cells 

associated with 25 lamellae and abundance is expressed as the 

number of cells per lamella. The mean chloride cell length in 

each fish was esti.matd by measuring 20 cells (sectioned 

through the nucleus) from the basal to apical surfaces using 

a calibrated Ocular micrometer. 
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Post-Sm01t Maturation 

on 15  June 1988 t lm remaining anadromous and 

nonanadromous salmon from t h e  l a m  s i z e  c l a s s  were divided 

among two 2400 L c i r o u l a r  tanka (2 m diameter)  supplied wi th  

f reshwate r  a t  ambient temperature.  Salmon i n  one t ank  were 

then  acclimated to ambient t emla ra tu re  seawater over a 7-day 

pe r iod  by gradua l ly  inc reas ing  t h e  flow r a t e  of seawater while 

reducing t h e  f low r a t e  of freshwater. One tank t h e r e f o r e  

con ta ined  seawater-acclimated anadromous and nonanadromous 

aalnon,  while t h e  o the r  contained salmon of both types  i n  

freshwater.  The f i s h  were cu l tu red  throughout t h e  summer 

under simulated na tu ra l  photoperiod. They were fed  twice  

d a i l y  t o  s a t i a t i o n  with e i t h e r  a d ry  commercial r a t i o n  (New 

L i f e  Feed, W.A. Flaming) o r  with a moist  p e l l e t  prepared on 

r i t e  from cape l in  meal (18%).  cape l in  (35%),  middlings ( l o % ) ,  

cape l in  o i l  (511) and vitamin mix (1.2 % ) .  On 15  November a l l  

salmon i n  each group were k i l l e d ,  sexed,  and c l a s s i f i e d  as 

e i t h e r  mature 0'- immature by v i s u a l  inspection of t h e  gonads. 
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H i t ~ ~ h o n d ~ i ~ l  DNA 

Mitochondria1 DNA was prepared from adult salmon 

collected within the Ganbo River system. salmon previously 

transported to the Ocean Sciences Centre and used as 

broodstock were used as a source of mtDNa. In addition to 

these fish, mtDNa was prepared front 10 adult nonenadrcnnoue 

salmon angled from Ganbo Pond South in May 1987 and from 8 

anadromous snolts captured in a fyke net near the outlet of 

Gambo Pond North in June 1986. Preparation of mtDNA was 

carried out according to two methods: the alkaline extraction 

method described by Palva and Palva (1985) end density 

gradient centrifugation. 

The alkaline extrastionnethod does not rely on isopyonis 

centrifugation for mtDNA purification. Crude mitochondria1 

preparations were made by suspending =hopped liver, heart and 

kidney tissue in ioe cold buffer containing 25om ruorose, 

1OrJI Tris-HC1 (pH 7.0). Sm E m A  (1-2 g tisruemr;' buffer). 

Tissue was then homogenized with a teflon Pottee-Eljhem 

homogenizer with a clearance of 0.3 mm. The homogenate was 

then spun in a refrigerated oentrifuge I4'Cl at 700x9 for 6 

minutes. The pellet, containing nuolei and =ell debris was 

carefully separated and disoarded, and the mitochondria- 

containing supernatant recantrifuged. The resulting 

supernatant was then centrifuged at 10,000xg for 20 minutes. 

The mitochondria1 pellet war resuspended in fresh buffer, 

pelleted again and resuiuspended in 200 pL buffer containing 
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5 0 m  glucose, 251111 Tris-HCl (pH 8.0). 101111 EDTA. TO this 

suspension was added 400 pL 20OmM NaOH, 1I SDS to lyse the 

mitoohondria. Thie mixture was mixed gently and held on ice 

for five minutes and then 300 UL 311 potassium asetato ( p ~  1.8) 

was added. After gentle mixing the mixture was plaoed for 2 

minutes at -70°c, then centrifuged for 10 minutes at 10,000~g. 

To 150 pL Of the supernatant was added 450 pL isopropanol and 

tubes were placed at -70% for 5 minutes to precipitate DNA. 

The tubas ware then miorofuged (10,OOOxg) for 20 minutes, 

decanted, washed with 70% ethanol and desiocated under vacuum. 

The pellet was resuspended in 100 y L  TE (101111 Tris-HC1 pH 8.0, 

1.0 m~ EDTA) , treated with RNase (boiled), phenol extracted 
twice and extracted with chloroforn, iroanyl alcohol (24:l) to 

remove residual phenol. The DNA was then precipitated with 

ethanol, desiccated under vacuum and finally suspended in 100 

pL TB (Palva and Palva 1985). 

To prepare highly purified mtDNA, crude mitochondria1 

pellets were prepared as desoribed above and resuspended in 3 

mL loom Nacl, 501111 Trir-HCL pH 8.0, l m  EDTA. Mitochondria 

were lysed by adding 200 pL 20% SDS. The volume was adjusted 

to 8 mL with TE and 8.0 g solid CsCl was added and mixed. 

men folly dissolved 800 p~ ethidium bromide (10 wmL") was 
added and the solution centrifuged in a Bechan 5OTi rotor for 

36-48 hours at 45,000 nmr. The lower band, visualized under 

ultraviolet illumination, contained supercoiled mtDNA and was 

removed by side puncture. Ethidium bromide was removed by 
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repeated ex t ras t ion  with water-saturated isoanyl alcohol and 

t h e  CsC1 removed by extensive d i a l y s i s  aga ins t  TE (see Lansman 

e t  e l .  1981). 

R beoond method employed fo r  preparation of highly 

pur i f i ed  material  followed the method of Carr  and Or i f f i t t i  

(1987). The crude mitoshondrial p e l l e t  prepared trom 1-2 g of 

t i s s u e  was resuspended i n  a t o t a l  volume o t  2.4 mL TE. 

Mitochondria1 l y o i s  was achieved with add i t ion  or 600 pL 10% 

sDs ( f resh ly  prepaiad).  Contaminating nuc lea r  DNA was 

p rec ip i t a t ed  with t h e  addit ion of 500 uL 7M CsC1; t h e  solution 

was mixed gently and he ld  on i c e  f o r  a t  l e a s t  60 minutes. 

~ r t e r  remixing the  so lu t ion  was centrifuged a t  17,500xg f o r  10 

minutes a t  5% To 2.9 mL of recovered supernatant  was added 

so0 pL 2.0 mg.mX' propidium iodide (made up i n  TE) and the  

density adjusted t o  1.58 g..~" by adding 2.52 g so l id  CsC1. 

The resu l t ing  s o l l l t i m  was divided among dup l i ca te  2 mL w i c k -  

s e a l  tubes and centrifuged i n  a Beckman TL100 benchtop 

u l t r acen t r i fuge  a t  100,ooO RPM (436.000rg1 for a t  l e a s t  5 

hours (usua l ly  12 hours) .  Two bands were visua l i zed  under 

u l t r a v i o l e t  i l lumination;  the  lower war co l l ao ted  by b t t o m  

puncture. ThemtDNA-containing f rac t ions  from duplicate tubes 

were pooled and reoentrifuged. The lover band containing 

highly pur i f i ed  ntDNA was co l l ec ted ,  t h e  CsCl removed by 

extensive d i a l y s i s  aga ins t  TE and in te rca la ted  propidium 

iodide removed by d i a l y s i s  aga ins t  an a c t i v a t e d  ca t ion  

exchanga resin (Biorad AG SOW-X8, 1-200 mesh) suspended i n  TE. 
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m r i f i e d  mtDNA samples were digested with each of 18 

r e s t r i c t i o n  e n d o n u ~ l e a ~ e s  aFCOrding t o  inanufactursr's 

d i r m a i o n s .  Res t r i c t ion  fragments from samples containing 

r e l a t i v e l y  l a r g e  amounts of mtDNli and generated by enzymes 

yie ld ing  only l a r g e  fragments were separa ted  in 0.8% agarose 

and v i sua l i zed  d i r e c t l y  by s t a in ing  g e l s  with othidium bromide 

( 1  pg.nL") followed by u l t r a v i o l e t  i l lumination.  

End Labell ing 

I n  most ins tances  r e s t r i c t i o n  fragments were end l abe l l ed  

aocording t o  t h e  following adaptation of the pro toco l  of Brown 

(1980). Ten ng (or l e s s )  mtDNA were d iges ted  t o  completion in 

a volume of 15  pL. To t h e  reaction mixture was added 2 eL of 

a cock ta i l  con ta in ing  65 pH dGTP, dATP and dTTP. 100 nUI Tr i s -  

HCl pH 7.5, 80 mI4 MgCl,, 0.65 d i t h i o t h r a i t o l .  0.5 un i t s  DNA 

polymerase (Klenow fragment) and 1 pci [ C ~ - ' ~ P ] ~ C T P  (3000 

c i . n ~ o l " ,  ~narsham)  .  his mixture was incubated a t  room 

temperature f o r  1 0  minutes. Labelled DNA fragments were 

p r e s i p i t s t e d  by t h e  add i t ion  of 3 pL tRNA ( 1 9  mg.mX1), 40 pL 

sodium a c e t a t e  (3  H. pH 5.81, 350 pL water and 900 pL =old 95% 

ethanol.  Tubes were incubated a t  -70DC for  20 minutes, 

cen t r i fuqed  (10,000xg) f o r  5 minutes, decanted, t h e  p e l l e t s  

were washed 3 t imes with cold 701 ethanol,  desiccated under 

vacuum and resuspended i n  20 &L of b u f f e r  containing 50% 

g lycero l  and bromophenol blue. Resuspended fragmente were 

loaded on  v e r t i c l e  1-1.5% agarose g e l s  made up i n  TEA buf fe r  
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(40 mti T r i s ,  20 mt4 S o d i m  acetatB, 1 tnM EDTA, pH 7.4). Af te r  

e l ec t rophores i s  t h e  g e l s  ware d r i e d  and autoradiographed 

overnight a t  -70°C wi th  or without i n t e n s i f y i n g  Screens. 

Southern B l o t t i n g  

Some mtDNA samples prepared by t h e  a l k a l i n e  e x t r a o t i o n  

method were contaminated with nuo lea r  DNA r s r u l t i n g  i n  

unacceptable l e v e l s  of background when r e s t r i c t i o n  fragments 

were v i sua l i zed  by e n d  l abe l l ing .  R e s t r i c t i o n  fraqments 

generated rron t h e s e  samples were v i s u a l i z e d  by hybr id iza t ion  

t o  12~- lnbe l l ed  o a p a l i n  ( W o t u s  v i l l o s u p )  o r  salmon mtDNA 

followed by autoradiography. P raments  were e lec t rophore red  

i n  hor izon ta l  aga rore  s l a b  ge l s ,  denatured dur ing  two 30- 

minute washes i n  1.5 M NeCl, 0.5 M Naoli (250 .L par  wash) and 

t r a n s f e r r e d  t o  nylon melnbranes (Nybond N, Amershan; see 

EMniatis e t  a l .  1982). Membranes wern baked f o r  2-1 hours 

80°C and prehybridized overn igh t  i n  a volume of 1 0  nL a t  42OC. 

Prehybridization s o l u t i o n  contained 50% fonamidc ,  0.2% SDS, 

5 X SSC ( 1  X SSC con ta in=  150 IW NeC1, 15 mM t r i scd ium  itr rate 

pH 7.01 and 5 x Denhardt 's  s o l u t i o n  ( 1  x Denhardt 's  s o l u t i o n  

con ta ins  0.021 F i c o l l ,  0.021 po lyv iny lpyrml idone  and 0.02% 

BSA) . Hybridization was c a r r i e d  ou t  under t h e  same cond i t ions  

i n  a volume of 5 mL p e r  membrane. Highly p u r i f i e d  mtDNA 

prepared from r i p e  c a p e l i n  w a  by banding t w i c e  i n  CsCl 

d e n s i t y  g rad ien t s  was used as probe. Probe was 'zP-leballed 

by n i c k  t r a n s l a t i o n  t o  s p e c i f i c  a c t i v i t i e s  t y p i c a l l y  g r e a t e r  
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than 1.5 X lo' dpmpg.', denatured by  b o i l i n g  f o r  10 minutes 

and rap id ly  added t o  t h e  p rehybr id iaa t ion  mixture.  I n  mast 

ins tances  s u f f i c i e n t  probe was added t o  p rov ide  3 x lob dpn 

per f i l t e r .  

After  hybr id iza t ion  overnight,  f i l t e r s  were given two 15- 

minute washes a t  reom t e n p e r a t u r e  (with g e n t l e  shaking) in 250 

mL 2 X FSC. 0.1% SDS followed by two JO-minute washes a t  60% 

i n  0 .1  X SSC, 0.1). SDS. Autoradiography was t h e n  ca r r i ed  o u t  

a t  -70% us ing  i n t e n s i f y i n g  screens. 

s t a t i s t i c a l  Procedures 

s t a t i s t i c a l  comparisons of means were made using 

S tuden t ' s  t - t e s t  or. ana lys i s  o f  variance.  Chi-square t e s t s  of  

independence were used t o  compare feequensiee of severa l  

v a r i a b l e s  wi th in  and among salmon types.  I n  cases where 

expected c e l l  va lues  were l e s s  t h a t  5, Yates' c o r r e c t i o n  was 

employed (Bailey 1959). For s t a t i s t i c a l  comparison o f  ntDNA 

genotype frequencies be tbean  anadeomoue and nonanadromous 

salmon, t h e  randomized chi-rgare t e s t  was performed on 

""pooled d a t a  as desc r ibed  by RoPf and Bentzen (1989). 
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RESULTS 

G ~ o w t > / C ~ n d i t i o n  Fac to r  

A t  swim-up, progeny of nonanadrmoua p a r e n t s  were 

s i g n i f i c a n t l y  l o n g o r  t h a n  progeny o f  anadromour p a r e n t s  

(t,,=14.73, p<0.001, Table 1 ) .  The l a t t e r  r eached  t h e  swim-up 

s t a g e  approximately two weeks b e f o r e  t h e  nonanadromous f r y  

presumably d u e  t o  t h e  d i f f e r e n t  spawning d a t e s .  By 2 August 

t h e  a n a d r m o u s  f r y  had  o v e r t a k e n  the nonandromous f r y  i n  mean 

f o r k  l eng th ;  i n s t a n t a n e o u s  growth r a t e s  i n d i c a t e  more r a p i d  

growth among t h e  anadromous f r y  du r ing  t h i s  pe r iod .  Mean forL 

l e n g t h  of anadromoun f r y  was g r e a t e r  t han  t h a t  of 

nonanadromous f r y  o n  l a  ~ u g u s t  (tN-2.81, ~ 0 . 0 1 )  and on 1 

November (t6,,=2.16, p<O.os). 

Cond i t i on  f a c t o r  g e n e r a l l y  decreased f rom 2 August u n t i l  

7 November. During t h i s  p e r i o d  cond i t i on  f a c t o r s  were very 

s i m i l a r  al though s l i g h t l y  l o v e r  among progeny of anadronous 

salmon on 3 October  ( + ' ~ 3 . 8 ,  p<0.001) and 7 November 

(tuz-2.45, ~ ' 0 . 0 5 ) .  

A t  the t i l e  o f  g rad ing  (5 January 1988) 132 o f  296 (45 

p e r c e n t )  anad rowus  salmon were 10 cm i n  l e n g t h  er l a r g e r  

w h i l e  128 of 339 (38 p e r o s n t )  nonanadromous salmon had 

a t t a i n e d  t h i s  l eng th .  T h e r e  was no s i g n i f i c a n t  d i f f e r e n c e  



Tab le  l r  Mean fo rk  l e n g t h  (EL), mass, cond i t i on  f a c t o r  (CF) 
i n s t an t aneous  growth r a t e s  (IGR) and sample s i r e s  (N) 0; 
c u l t u r e d  anadmmous (above l i n e )  and nonanadromous (below 
l i n e )  aalnon from swim-up s t a g e  t o  t h e  e n d  of t h e  
=ma l t i ng  pe r iod .  For d a t e a  a f t e r  5 January, s n t r i e s  
apply o n l y  t o  l a r g e  g rade  salnon (> 10 cm f o r k  l eng th  on 
t h i s  d a t e ) .  S t anda rd  dev ia t i ons  are shown i n  
pa ren theses .  

oa t e  FL (m) mess (g)  CP IGR N 

1987 
2 APr 2.5 (1.12) 23 
2 AU9 5.8 (0.58) 2.4 (0.82) 1.20 (0.07)  0.688 50  

2 8  AUg 7.6 (0.89) 5.3 (2.21) 1.17 (0.08) 1.026 50  
3 0Ct 8.7 (1.01) 7.5 (2.92) 1.09 (0.06) 0.384 306 
7 Nov 9.8 (1.14) 11.1 (4.47) 1.13 (0.07)  0.344 300 

1988 
5 Jan 

20  Feb 
9 APpr 
7 nay 
5 J"" 

2 2  J"" 

1988 
5 Jan 

2 0  Peb 
9 Apr 
7 Ray 
5 Jun 

2 2  Jun 



i n  mean f o r k  l eng th  o f  anadromous and nonanadromous salmon 

included among t h e  l a r g e  s i z e  geoupa. Over t h e  subsequent 

win te r  and e a r l y  sp r ing  mean fork l eng th  d id  n o t  d i f f e r  

s i g n i f i c a n t l y  among groups. By 5 June however, anadronous 

salmon were longer  than  nonanadramous salmon (t,U=3.54, 

p<O.OOl) and t h i s  d i f fe rence  i n  l eng th  was a l s o  observed on 22 

June (tl, ,=3.72, pcO.001). Instantaneous growth r a t e s  a r e  

c o n s i s t e n t  with s i g n i f i c a n t  s i z e  d i f f e r e n c ~ ~  i n  June. On t h e  

t h r e e  sampling osoasions dur ing  May and June ins tan taneous  

growth r a t e s  were higher  among anadrmous than  nonanadromous 

salmon. Elevated growth r a t e  d i d  not t r a n s l a t e  i n t o  lower 

cond i t ion  fac to r .  At no t i m e  between 5 January and 2 2  June 

d i d  cond i t ion  f a c t o r s  d i f f e r  s i g n i f i c a n t l y  between groups. 

~ e i t h s r  group o f  salmon exh ib i t ed  a spr ing t ime  redustion i n  

cond i t ion  fac to r  a s soc ia ted  with smelting. Analysis  o f  

va r i anoe  revealed h igh ly  s i g n i f i c a n t  i n c r e a s e s  in cond i t ion  

factors between 20 February and 22  June i n  anadrornous 
I 

(F,.5W=239.66r pCO.001) a n d  nonanadromous ( P I , I I ~ 3 2 1 . 3 6 ,  

p<o. 001) groups. 

Pigs. 3 and I show leng th  frequency d i s t e i b u t i o n e  for 

anadeemous and nonanadronous salmon on t h r e e  occas ions  p r i o r  

t o  grading.  Length frequency d i s t r i b u t i o n s  appeared uniaodal  

throughout t h i s  period.  
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