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Reproductive guilds and the ultimate structure of fish taxocenes: amended contribution to the 
discussion presented at the mini-symposium*

Eugene K. Balon

Department o f  Zoology, College o f  Biological Science, University o f  Guelph,
} Guelph, Ontario N IG  2W1, Canada

When Gene Helfman invited me to make a contribu­
tion during the final discussion in Ithaca I felt I had 
several serious points to make, but the unexpected 
provocation created no more than a whirlpool of 
thoughts. Consequently, the participants had to suf­
fer through my struggle with the blackboard and en­
dure a feeble attempt to make clear a concept most 
of them as yet knew nothing about. May I now ad­
dress the same problem in a more relaxed way?

A recurring ijlea in different papers of these pro­
ceedings is that the ultimate densities of given species 
are dependent less on trophic webbs (see also Peters 

I 1977) and competition (Keast, these proceedings) 
than on reproductive strategies. Even elsewhere it was 
suggested ‘that populations may rather frequently be 

L well below the equilibrial sizes determined by resource 
supplies [and that] populations may be maintained at 
steady states below resource levels by consistent im­
pact of predators (...) or by frequent and recurrent 
disturbances’ (Wiens 1977). Reproductive strategies 
may play a major role in providing fish with the abili­
ty to fill available space or to maintain densities at 
equilibrial sizes (whatever that means). In spite of 
this, the importance of reproductive strategies, 
though sometimes considered, has seldom been 
stressed. Since it is the theme developed in my papers 
on reproductive guilds (Balon 1975a,b), let me cor­
rect this omission. The whole concept of reproductive

* This discussion forms part o f the proceedings o f a mini­
symposium convened at Cornell University, Ithaca, N.Y., 
18—19 May 1976, entitled ‘Patterns o f Community Structure 
in Fishes’ (G. S. Helfman, ed.).

The best strategy for a gambler may sometimes be a wait-and- 
hope strategy, rather than a bull-at-a-gate strategy.

Richard Dawkins (1976) in 
‘The Selfish Gene’

guilds is new in North America, and it sometimes 
opposes and at other times supplements Root’s 
(1967) trophic guilds. It is expanded and probably 
better explained in more recent papers (Chadwick 
1976, Mahon & Balon 1977, Balon et al. 1977).

The reproductive guild theory is based on Kry- 
zhanovsky’s (1949) premise that ‘adaptations of fishes 
for spawning and [early] development reflect not only 
the essential ecological factors of the embryonic pe­
riod, but also the essential factors of all the other 
intervals of life. The adaptations mark the biology of 
adults, and define the type of migrations, invasion 
abilities and limits of distribution.’ In other words, if 
we understand the principles of early ontogeny, we 
may understand the reasons behind life styles of 
adults. There is, however, neither a need nor would it 
be wise to treat fish in different intervals of ontogeny 
as separate taxa, as some have suggested. The various 
intervals of ontogeny of a given species should be 
treated as an inseparable continuum, but more ac­
curate language (Balon 1975c), comprehensible to all 
(Jones 1972) should be employed.

The problem is which interval of ontogeny deter­
mines the structure of adult communities. I have been 
saying that embryonic and larval periods (if present, 
Balon 1977) are decisive intervals. Most authors still 
concentrate on adults.

Peter Sale’s paper, for example, is replete with evi­
dence in support of the reproductive guild theory. If 
the survival of a species and its ultimate density is 
dependent on a surplus of embryos and larvae, the 
species tends to develop pelagophilous adaptations 
which are energetically best suited for this purpose.
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Members of the pelagophilous guild have eggs of the 
lowest density of all the guilds, containing 70-92% 
water and only 0.1—4.0% lipids. In view of the low 
energy content and small size+ of eggs a large 
quantity can be produced which then can be con­
stantly available to fill the space freed at unpredict­
able intervals. Furthermore, the large quantity is nec­
essary for dispersal into areas large enough, so that a 
few have a chance of survival. In spite of the tremen­
dous mortality inherent in such an arrangement, the 
energy expenditure remains minimal. Possibly a lesser 
demand on buoyancy requirements in sea water may 
have favored the evolution of this strategy predomi­
nantly in oceanic environments and offers an alter­
nate explanation to Helfman’s (these proceedings). In 
addition to the production of low energy zygotes, 
adults expend little or no energy on parental care. 
The production of clutches numbering hundreds of 
thousands is commonplace.

In contrast, freshwater reefs of Lake Malawi are 
known to support a similar species diversity as coral 
reefs*, but the recruitment is guaranteed in a com­
pletely different strategy. Very few but very large, 
dense eggs are produced. For example, Labeotropheus 
spp. eggs contain 52% water and 45% lipids, and are 
deposited in lots of 20 to 50. Some cichlids in Lake 
Tanganyika (Brichard 1975) are known to produce 
and incubate two eggs per female only (D. J. Stewart, 
pers. comm.). Every single embryo is potentially ear­
marked as a replacement for an adult. ConsequentlyJj 
it is not only intensively guarded against predation, 
but mouthbrooded in isolation from the external en­
vironment. To eliminate exposure of the egg, using 
again the Labeotropheus example, every egg is released 
singly during rapid ‘orgasmic loops’, and immediately 
taken into the female’s mouth; only there is it fertilized 
by the female consecutively sucking on the egg dum­
mies on the anal fin of the male**. Furthermore, the 
large, dense yolk enables direct development of a fully 
formed juvenile, without the larval life interval, inside

+ See Russell (1976) except for parochial nomenclature.
* The apparent differences in fish diversity o f coral reefs 
and tropical lakes (Emery, these proceedings) are due to an 
ecologically erroneous assumption which disregards compari­
sons per unit area. In some instances a comparison per hec­
tare would reveal a reversed relationship (e.g. personal obser­
vations at Rincon de Guanabo, Cuba -  Balon & Senes 1967, 
and Lake Tanganyika -  Bailey & Stewart 1977; see also 
Brothers’ comment to Emery, these proceedings).
** Breeding without substrate contacts may be the explana­
tion for the successful existence of some Haplochromis species 
in Lake Victoria (Greenwood 1974).

the female’s buccal pouch, so that the released young 
is about 14% the size of its parent (Balon 1977).

The theory of reproductive guilds and its basic 
premise that predators and availability of oxygen play 
a leading role in the development of reproductive 
strategies (Balon 1975a: 823) is elegantly supported 
by Johannes (these proceedings) who explains the 
pelagophilous adaptations of coral reef fishes as a 
‘strategy of minimizing predation on young by ex­
porting them offshore.’ The whole reproductive strat­
egy of pelagophils is aimed at maximizing this ad- f 
vantage of the marine environment. This is, however, 
not the only route that evolved to high diversity fish 
communities. We must be aware that an entirely 
opposite strategy exists in the Great Lakes of Africa, |  
for example; some of the hazards of the pelagic phase 
are eliminated by adaptations enabling the entire 
ontogeny to occur entirely on one side of Smith’s 
(these proceedings) ‘filter screens’. Johannes’ concept 
of quantity versus quality of offspring fits well within 
the reproductive guild theory (Fig. 1), the aim at 
quality being an energetically equal replacement for 
systems without a vast pelagial, and possibly, with 
oxygen limitations (Balon 1975a, 1977). To continue 
the Wall Street analogy of Sale (these proceedings) 
and Dale (these proceedings), the guild of bearing 
mouthbrooders with its heavy investment of energy 
into a single offspring is, consequently, not adapted 
to gamble in a lottery. All the investment went in­
stead into real estate, considered by many the safest.

One is rather tempted to avoid the question of 
which strategy favors more speciation and less extinc- 
tion. In my first definition of guilds I was convinced 
that their order, from pelagophils through guarders to 
livebearers, expresses a phylogenetic sequence from 
the more primitive to the better adapted for survival; s 
from the energetically more wasteful to the less so. 
Although I am no longer convinced that it is so sim­
ple (Persov 1972),B am  sure that adult trophic rela­
tionships are less important for the ultimate commu­
nity structure than reproductive strategies.

Expanding this line of thought somewhat specula­
tively, one may distinguish sequences of maturation 
in any fish taxocene. Taxocenes with a high rate of 
colonization and extinction never attain high taxa 
diversity but consist of numerous reproductive guilds.
In contrast, in highly diverse communities with low 
rates of colonization and extinction (in relative terms 
and evolutionary sense), reproduction and develop­
ment fall mainly within the scope of a single guild, as 
for example the coral reef pelagophils and Malawian 
mouthbrooding cichlids. This can be related to greater
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Fig. 1. The concept o f quantity (pelagophilous guild) versus 
quality (guild of mouth brooders) illustrated on similar stages 
of ontogeny. Pelagic free embryos of Caranx (a,b) and in 
buccal pouch incubated free embryos of Labeotropheus 
(c,d): a,c, eleutheroembryos just after hatching (lB = oil 
globule, ch = chorda dorsalis, pf = pectoral fin, vi = vena 
caudalis inferior); b,d, eleutheroembryos at the beginning of  
rapid yolk absorption (2 = dorsal sinus).

environmental stability which allows and enhances 
speciation by positive feedbacks of nutrient recycling 
(Connell & Orias 1964). This in turn enables multiple 
reproductive strategies as compensators of environ­
mental changes to relax. Consequently, the signifi­
cance of reproductive strategies for the ultimate taxo- 
cene structures can be revealed: in mature (stable) sys­
tems, one strategy maintains the equilibrium, whereas 
in less mature (unstable) systems various strategies are 
on trial, a phenomenon involved also in the system 
(Armstrong & Gilpin 1977) of the ‘r-K continuum’ 
(MacArthur & Wilson 1967, Pianka 1970) or in ‘b 
selection’ and ‘d selection’, the latter replacing K-value 
for ‘crowded populations which are regulated by re­
source limitations’ (Hairston et al. 1970). Going even 
further, both pelagophilous and mouthbrooding stra­
tegies may be equal in energy cost and competitive 
pressures and may, therefore, be ‘d-selected’ (Grahame 
1977), in contrast to the trial guilds which may be 
labelled as ‘b-selected’. Pianka’s (1972) theory o f ‘re­
productive effort and expenditure per progeny against 
niche overlap’ fits quite well in the hypothesis of trial 
guilds in unstable systems versus single guild of ‘K-se- 
lected’ nature in mature, stable systems. In my opi­
nion this hypothesis forms a possible alternate or sup­
plement to Helfman’s (these proceedings) ‘small target 
space’; only more evidence can resolve the apparent 
conflict.

I have long suspected that the general principles 
which guide the ultimate structure of fish taxocenes 
are similar for topographically comparable marine 
and freshwater habitats. Again, the case of the Lake 
Tanganyika sardines can serve as an example for a 
community structure similar to many marine pelagials 
in upwelling areas (Coulter 1970, Woodward 1974, 
Balon 1971, 1974). Furthermore, the increase in 
number of species and density after repeated rote- 
none samples at Nurse Cay, Bahamas (Smith 1973 
and these proceedings) is very similar to the density 
and juvenile fish increase I obtained in a repeatedly 
rotenoned stream-cove of a tropical Zambezi reservoir 
(Balon 1974: 475). Given more data and also more 
communication between scientists active in marine 
and freshwater systems, I believe, most of the seem­
ingly chaotic patterns will arrange themselves accord­
ing to Mayr’s (1976) idea that ‘... the solution of 
Darwin’s paradox is that natural selection itself turns 
accident into design.’
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D ear D r Bejmke

I  e n c lo s e  a  copy  o f  t h e  t e x t  o f  a  p a p e r  w hich I  p r e s e n t e d  a t  t h e  Salmon and  T ro u t 
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i m p l i c i t  i n  c u r r e n t  v iew s o f  th e  s m o lt in g  p r o c e s s .  What do you th in k ?

I  b e l i e v e  t h a t  you  have  r e c e n t l y  c o m p le te d  a  m onograph on th e  A m erican S a lm o n ifo rm e s ; 
c o u ld  you g iv e  me t h e  c o m p le te  r e f e r e n c e  to  t h i s ,  so t h a t  I  c a n  e n su re  o u r  l i b r a r y  
o b ta in s  a  copy  r a p id ly ?  ( i f  t h i s  i s  an  o f f i c i a l  governm ent s p o n s o re d  p u b l i c a t i o n ,  
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t h a t  you may n o t  have  th e s e  a v a i l a b l e  f o r  d i s t r i b u t i o n . )

I  lo o k  S rw ard  w ith  i n t e r e s t  t o  y o u r  com m ents.

T ours s i n c e r e l y

JOHN THORPE
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A b stract;

Balchen argued th a t m igratory behaviour was a means o f  m axim ising com fort fo r  the  

m igrant. This paper co n sid ers  l i f e - h i s t o r y  s t r a t e g ie s  o f  salmon, e s p e c ia l ly  th e ir  

m igratory components w ith in  freshw ater, from t h is  p o in t o f  v iew . Behavioural 

s p e c ia l is a t io n s  a t  su c c e s s iv e  growth stages rep resen t compromises by the sp e c ie s ,  

consequent on long-term  g e n e tic  op tim isa tio n . In te r p r e ta t io n s  o f  th e nature o f  

th ese  compromises depend on assumptions about th e  ev o lu tio n a ry  h is to r y  o f salm onids. 

Ihe h is t o r ic  arguments in  favour o f e ith e r  a fresh w ater  or a marine o r ig in  fo r  th e  

group are review ed, and emphasis i s  given to  B alonfs in te r p r e ta t io n  o f salmonids 

as n eo ten ic  marine f i s h e s .  The major im p lica tio n  o f  t h i s  argument i s  th a t  

s p e c ia l is a t io n s  during ea r ly  l i f e - h i s t o r y  are ad ap tation s o f  a marine animal to  a 

fresh w ater h a b ita t .  M igrations during th is  p er io d  are in te r p r e te d  as th e consequences 

o f a s e t  o f  d iscom forts experienced by a marine anim al, as each su c c e ss iv e  

behavioural compromise i s  rep laced  by another.



Tinbergen ( 1963) p o in te d  out th a t in  order to  understand behavior p a ttern s  

i t  i s  n ecessary  to  stu d y  how th e  behavior adapts th e  organism to  i t s  environment, 

how th e behavior ev o lv ed , how th e  behavior develops w ith in  th e  organism s own 

l i f e t im e ,  and what mechanisms u n d e r lie  th at b ehavior. Crews (19 0) has 

r e c e n tly  attem pted such an in teg r a te d , study o f rep rod u ctive  b eh avior in  a n o lin e  

l iz a r d s .  The p resen t sh o r t and s e le c t iv e  review  i s  an attem pt to  approach th e  

su b jec t o f salm onid m ig ra tio n s a t  th e  ju v en ile  fresh w ater  s ta g e s  from th ese  fou r

d ir e c t io n s .



M igration: B alchen’ s h yp o th esis

Balchen ( 197^) argued th a t f i s h  m igration  was th e  outcome o f  "a s im p le -  

minded lo c a l  p ro cess  o f  m axim ising ’com fort'” for. th e  m igrant in d iv id u a l.  By 

’com fort’ he im p lied  some k in d  o f  nervous sen sa tio n  which th e  f i s h  a c te d  to
0

maximize or to  m inim ize. S in ce  th e  in d iv id u a l was sim u ltan eou sly  " s tim u la te d  

throu^fr o, range o f  sen sory m o d a lit ie s , i t s  observed b eh a v io r : might be in t e r ­

p r e te d  as a compromise s o lu t io n  to  a range o f  d if f e r e n t  ty p es  o f  ’com fort’ 

problem s. For example, N e i l l  and Magnuson (1974) in te r p r e te d  th e  b eh avior o f  

y e llo w  perch , Perea f la v e s c e n s , which aggregated in  w ater o u ts id e  a thermal 

plume in  Lake Monona, as beh av iora l, therm oregu lation  which took  precedence  

over th e  anim als' fe e d in g  behavior which might o th erw ise  have induced them to  

aggregate  in  an in sh ore  area o f  more p le n t i fu l  fo o d  organisms but a l e t h a l l y  

h ig h  tem perature. However, in  experim ental tan k s, such f i s h  would make fo ra y s  

from areas o f  p re ferred  tem perature to  areas both above and below t h i s  

tem perature l e v e l  to  ob ta in  fo o d . In such a ca se  th e  primary 'com fort' was 

optim al tem perature, but ’d iscom fort' due to  la c k  o f  food  cou ld  u lt im a te ly  

compromise t h i s ,  a t  l e a s t  tem p orarily .

Balchen n o ted  fu r th e r  th a t as hormonal a c t i v i t y  changed se a so n a lly , and as  

p h y s io lo g ic a l to le r a n c es  changed w ith  such a c t iv i t y  and w ith  s ta g e  o f  developm ent, 

so  th e  f i s h  experienced  changes in  comfort which induced i t  to  move and u lt im a te ly  

to  s e t t l e  in  th e  s itu a t io n  o f  l e a s t  d iscom fort. Such b eh av iora l o p tim iza tio n  

h e v iew ed  as a c t in g  a t  3 l e v e l s  (Table 1 ), which he d is t in g u ish e d  as momentary, 

dynamic, and g e n e t ic .  H is 3 l e v e l s  le a d  to  3 l e v e l s  o f  b io lo g ic a l  su c c e ss :  

momentary o p tim iza tio n  rep resen ts an in sta n ta n eo u sly  appropriate resp on se  to  an 

ex tern a l stim u lu s, r e s u lt in g  in  su rv iv a l o f  th e  in d iv id u a l. Such resp o n ses, 

rep ea ted  and r e f in e d  over tim e d e fin e  th e  dynamic l e v e l  o f  o p tim iza tio n  which 

r e s u l t s  in  th e  opportunity  fo r  th e  in d iv id u a l to  grow and d evelop . Hie 

accum ulation o f  a s e t  o f such dynamic op tim iza tio n s d e fin es  th e  g e n e tic  l e v e l ,



Behavioural
Optimisation

Biological
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Momentary
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s in c e  th o se  in d iv id u a ls  Whose behaviour has "been s u f f i c i e n t l y  c lo s e  to  optim al 

throughout development w il l  succeed in  reproducing, le a d in g  to  th e  lon g-term  

f ix a t io n  o f  evo lu tio n a r ily -p ro v en  su c ce ss fu l "behavioral s t r a t e g ie s .

Salmonid l i f e - h i s t o r y ,  s tr a te g y , and o r ig in s

Viewed from t h i s  stance, g e n e tic  o p tim iza tio n  o f  "behavior appears to

have r e s u lt e d  in  ex ten siv e  m igration s in  th e  Salm onidae. Bat i t  i s  a ls o  c le a r

-that w ith in  th e  group as a whole th e  ex ten t o f  th e s e  movements d i f f e r s  g r e a t ly

"between and w ith in  s p e c ie s . A range o f  com plexity  o f  l i f e - h i s t o r y  i s  found

w ith in  each o f  th e  fou r  main salm onine genera (T able 2 ) ,  Oncorhynchus, Salmo,
C cf. R ounsefell 1958, 1962)

S a lv e lin u s  and HachOy The s im p lest p a ttern  in  O .gorbuscha, th e  pink salmon,

w ith  alm ost t o t a l  dependence on th e  marine environm ent, and a p r a c t ic a l ly  ex a ct

2—yea r  l i f e —h is to r y ;  and perhaps th e  most complex in  0 . nerka, th e  sockeye

salmon, w ith  m u ltip le  year c la s s e s  p resen t s im u lta n eo u sly  in  freshw ater and th e

se a , a b i l i t y  to  mature before le a v in g  fresh w ater, and a b i l i t y  to  form w h olly

la n d lo ck ed  p o p u la tio n s . This in t e r s p e c if ic  and in te r g e n e r ic  com plexity  o f  l i f e -

h is t o r y  s tr a te g y  has le d  to  d isc u ss io n  and. argument about th e  evo lu tion ary

o r ig in s  o f  th e  group. 3b con sid erin g  th e  natu re o f  m igration  in  salmQnids, and

i t s  m o tiv a tio n , i t  i s  appropriate to  review  th e s e  h yp oth eses b r ie f ly ,  a s our

concep ts o f  th e  nature o f  th ese  f i s h e s  assume one o r  o th er  o f  th e  hypotheses im p l ic i t ly .

The c e n tr a l qu estion  has been: d id  th e  salm onids o r ig in a te  in  th e  sea , 

o r  in  fresh w ater?  Bay ( 1887) and Began (1 9 H ) co n sid ered  th a t th e  fa m ily  had  

a marine o r ig in , probably derived  from an a n cesto r  s im ila r  to  the modern w h olly  

m arine Argentina, and th ey  argued th a t  th e  p r e se n t day d is tr ib u tio n  o f  salm onids  

co u ld  b e s t  b e  accounted fo r  t h is  way. They n o ted  th a t  no tr u ly  fresh w ater f i s h e s  

( e .g .  C yprinidae) e x is te d  on oceanic is la n d s , w hereas salm onids d id .

2.



Genus
Anadromous

only Both

Non-
anadromous

only

Oncorhynchus gorburcha nerka rhodurus (?)

Salmo — salar aguabonita

Salvelinus — alpinus namaycush

Hucho — p&nrui hucho



Howeverf Tchem avin ( 1939) argued fo r c ib ly  and a u th o r ita t iv e ly  in  favour  

o f a fresh w ater  o r ig in  fo r  th e  group. He su gg ested  th a t  th e  sim ultaneous  

p resen ce o f  fresh w ater r e s id e n t and m igratory forms w ith in  sp e c ie s  in d ic a te d  

recen t d ivergen ce, in  which ca se  th e  an cestra l form sh ou ld  predom inate. As 

th ere  were no w holly  marine forms among modern sa lm o n id s,' then th ey  co u ld  n o t  

have had a marine o r ig in . U iis  im p lied  th a t Sal mo , b e in g  l e a s t  m arine, was 

more p r im itiv e  than Oncorhynchus. He explained  th e  cu rren t d is tr ib u t io n  p a ttern  

o f  th e  fa m ily  by analogy w ith  th a t  o f  many fresh w ater  anim als and o th er  

t e r r e s t r ia l  organism s, proposing th a t d is tr ib u tio n  ro u tes  had been by fresh w ater , 

and th a t  marine m igration  had on ly  developed s in c e  th e  g la c ia l  p e r io d . Further, 

he argued th a t  a l l  Salmonidae breed in  fresh w ater, req u ire  a cu rren t to  ensure  

a era tio n  o f  eggs in  gravel redds, th a t  th e ir  eggs are  n o t f e r t i l i s a b l e  in  sea­

w ater, and th a t  homing to  fresh w ater  in d ic a te d  th e  o r ig in  o f  th e  m igratory  

h a b it .  He sp ecu la ted  th a t th e  a n cestra l salm onids were sm all b r ig h t ly  co lou red  

f i s h  l i v i n g  in  coo l stream s and la k e s  o f  th e  northern  hem isphere, fo r  whom 

h a b ita t  d e te r io ra tio n  during g la c ia l  tim es fo rced  em igration  to  sea , le a d in g  to  

s i z e  in c r e a se , and th e  development o f-sm o lt changes.

Heave (1958) assumed a fresh w ater  o r ig in  fo r  th e  genus Salmo, and argued * ■ 

th a t i t  had entered th e  P a c if ic  c o a s ta l drainage by a fresh w ater  ro u te  through  

North America. He con sid ered  th a t  Oncorhynchus was d er ived  from t h i s  invad ing  

Salmot by i s o la t io n  in  an en c lo sed  brackish  sea  in  th e  Sea o f  Japan reg io n  during  

a lo w erin g  o f  sea  l e v e l  in  th e  P le is to c e n e  w ith in  th e  l a s t  m il l io n  y e a r s .

Subsequently th e  sea  l e v e l  r o se , th e  newly evo lved  genus adapted t o  f u l l  sea ­

w ater l i f e ,  and invaded th e  r e s t  o f  th e  North P a c if ic  seaboard. In t h i s  argument 

he concurred w ith  Tchernavin in  th e  im p lica tio n  th a t  Salmo was more p r im it iv e  

than Oncorhynchus, and th a t  lan d lock ed  forms were r e l i c t s .  Hoar (l95® t197^) _accepted  

h is  argument, and on i t s  b a s is  concluded th a t th o se  Oncorhynchus s p e c ie s  which 

r e l i e d  l e a s t  on th e  fresh w ater environment, 0. gorbuscha and O.k e ta , th e  p in k  

and chum salmon, were th e  most s p e c ia l is e d .



However, M ottley (1934) examined the in te r r e la t io n s h ip s  o f  rainbow  

tr o u t populations ( Sal mo gairdnen) in  w estern North America, and concluded  

th a t  th e  sp ec ie s  was d i f f e r e n t ia t in g  in to  d i s t in c t  forms as a r e s u lt  o f  

p h y sica l i s o la t io n .  I t  was im p l ic i t  in  h i s  argument th a t th e  anadromous 

s te e lh e a d  was th e typ e form, and th e  vanous lan d lock ed  rainbow p o p u la tio n s  were 

d er iv ed  from i t .  S im ila r ly , th e  m igratory c o a sta l cu tth roat tr o u t p o p u la tio n s  

( g .r ia r k i)  were th e  typ e form from which t h e ir  landlocked p op u lation s o f  th e  

in t e r io r  had been d er ived .

The p an city  o f th e  f o s s i l  reco rd  has p erm itted  th e  p e r s is te n c e  o f  th e se  

sp e c u la tiv e  and in c o n c lu s iv e  arguments. T e leo s ts  are b e lie v e d  to  have ev o lv ed  

in  th e  sea  (D arlington 1957). D ecen tly  Cavender (1970) concluded th a t  th e  

Salmonidae were r e la t iv e ly  p r im it iv e , by comparing them m orp h olog ica lly  w ith  th e  

e a r l i e s t  known t e le o s t  fa m ily , th e  J u ra ss ic  L ep to lep id ae. The salm onines  

departed s l ig h t ly  from th e  le p t o le p id  p a ttern  in  th e  neurocranium, jaw s, and 

jaw suspension, su g g estin g  s p e c ia l is a t io n s  among salm onines to  fe e d in g  

predaceou sly . Qhese e a r l i e s t  t e l e o s t s  were probably h ig h ly  su c c e ss fu l e x p lo it e r s  

o f  th e  p e la g ic  h a b ita t . Cavender and M ille r  (1972) then d escrib ed  a g ia n t  

salm onid, Sm iloddnichthys r a s tr o su s  from P lio ce n e  d ep o sits  in  C a lifo r n ia  and 

Oregon, which was e v id e n tly  a  p e la g ic  p la r ik tiv o re . This 190 cm lo n g  f i s h  

p o ssessed  more than 100 lo n g  to o t h le s s  rakers on each g i l l  arch, t o o t h le s s  

m a x illa e , and the- f o s s i l s  had a p a ir  o f  huge prem axillary breeding t e e t h .  The 

form o f  th e  p rem axilla , b reed in g  te e th , and dermal bone stru ctu re  su g g e ste d  c lo s e s t  

s im i la r i t ie s  to  Oncorhynchus among modern salm onid genera. Furthermore, a lo n g sid e  

some o f  the f o s s i l  m ateria l were fu rth er  f o s s i l s  alm ost id e n t ic a l w ith  p resen t  

day O.k isu tch , th e  coho salmon. This f in d , b e in g  about 5 m illio n  y ea rs  o ld , 

c a llB  in  question  Neave’s  whole argument about th e  r e la t iv e ly  recen t o r ig in  o f  

Oncorhynchus, and th e  s im i la r i t i e s  between t h i s  genus and th e  " e x tin c t p e la g ic

4 .



Smil odonichthys su ggest t h a t  i t  ra th er  than Sal mo may he th e  more p r im it iv e .

argument from a q u ite  d i f f e r e n t  d ir e c t io n  le n d s  support to  t h i s .  Balon  

( 1968) reviewed th e  l i t e r a t u r e  on th e  in te r r e la t io n s h ip s  between th e  d i f f e r e n t  

forms o f  Salmo tr u t ta , th e  sea,brown»end la k e  tr o u t o f  E urasia , and con clu d ed  

th a t  th e  landlocked forms had a r ise n  by neoteny from th e  type-form , th e  s e a  

t r o u t . These forms reproduced a t  a g e n e ra lly  sm aller  s iz e  than th e  anadromous 

form, but more im p ortan tly ’ r e ta in e d  many ju v e n ile  c h a r a c t e r is t ic s  when m ature.

(E xactly  the same o b serv a tio n  was made fo r  rainbow tro u t by J io tt le y  (1934)»  

although he d id  n ot su g g e st n e o te n ic  developm ent.) R ecen tly  Balon ( 1980) 

extended h is  argument t o  th e  salm onine f i s h e s  as a whole, and u s in g  th e  

R ussian system o f  c l a s s i f i c a t i o n  o f  developmental in te r v a ls  (K ryzhanovskii,

1949; Balon 1975) he p o in te d  out th a t  metamorphic changes a t  th e  a d u lt  s ta g e  

were evident in  Oncorhynchus in  exaggerated form (d orsa l humps, en larged  s k u l l s  

and prem axillae), w h ile  o n ly  ev id en t in  reduced form in  o th er  salmornnes ( e .g .  kype 

in  la r g e  Salma salar« th ick en ed  sk in  in  S .t r u t t a ) . In th ese  o th er  genera rep rod uction  

occu rring before such m etam orphosis, w ithout ir r e v e r s ib le  changes in  form and 

fu n c tio n , allowed m u lt ip le  spawning (Table 3 ) .  Such te le sc o p in g  o f  d ev e lo p ­

mental in te r v a ls , and th e  developm ent o f  i t e r o p a r ity , p o in t to  th e advanced  

ra th er  than p r im itiv e  e v o lu tio n a r y  s ta tu s  o f  Salmo as compared t o  Oncorhynchus.

Since i t  i s  th e  la n d lo c k e d  p op u lation s which show evidence o f  e v o lu tio n a r y  advance 

through ju v en ilza tio n , th e  ev o lu tio n a ry  tren d  in  th e  fam ily  appears to  b e  toward \ 

t o t a l  dependence on fre sh w a ter , and away from dependence on th e  s e a . I t  i s  th en  ’ 

appropriate to  view  th e  Salm onidae as r e la t iv e ly  p r im itiv e  te l 'e o s t s ,  o f  probab le  

marine p e la g ic  o r ig in , whose s p e c ia l is a t io n s  are a s so c ia te d  w ith  rep ro d u ctio n  and 

e a r ly  development in  fr e sh w a ter . A major im p lica tio n  o f  t h i s  assum ption i s  th a t  th e  

freshw ater phases o f  th e  l i f e —h is to r y  o f  salmon!ds are enabled b y  s p e c i f i c
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a d a p ta tio n s, which are superimposed, on a b a a c a lly  marine organism. I f  th a t  

organism i s  to  return to  i t s  a n cestra l environment ( i . e .  downstream m igration  

to  sea ) and. su rv ive  th er e , i t  must abandon such adap tation s p r o g r e ss iv e ly .

What then are th ese  adaptations,» in  what way do th ey  change during
' '■*’ - . • t.

fresh w a ter  resid en ce  o f  ju v e n ile  salm onids, what may m otivate  such changes, and 

what are th e  consequences in  terms o f  m igration?

Adaptations to  fresh w ater l i f e .

Etobryonic p er iod

At h atch in g  th e  a le v in s  are b u ried  in  g r a v e l. I t  has been shown ex p er im en ta lly  
Mason 1976; D i l l  1977? Godin 1980a, b; Carey and Hoakes 1981) 

(Woodhead 1951» Roth and G eiger 1963; Bams 1969; D il l  1969; Brannon 1 9 7 2 / th a t

thqy are n e g a tiv e ly  p h o to k in etic  a t  t h i s  tim e, p o s i t iv e ly  r h e ta c t ic , and a ls o

p o s i t iv e ly  g e o ta c t ic .  A ll th e se  fe a tu r e s  ensure th a t th ey  remain p r o te c ted  in

th e  stream  or la k e  bed u n t i l  s h o r t ly  b efore  t h e ir  y o lk  supply i s  u sed  up, when,

i f  th ey  are to  m aintain formed t i s s u e  and grow thqr must sw itch  to  an ex tern a l

source o f  food . At t h i s  tim e th e  s ig n  o f  g e o ta x is  i s  reversed , p h o to n e g a tiv ity

becomes l e s s  in te n se , and rh eo ta x is  v a r ie s  between and w ith in  s p e c ie s .  As a

consequence th ey  emerge from th e gravel bed and en ter  an environment su b jec t to

h igh  ranges o f  l i g h t  in t e n s i t y  and water v e lo c i t y .  P o s it iv e  th igm otaxis

ensures co n ta ct w ith  th e  su b stra te  and a ided  by p o s it iv e  rh e o ta x is

en ab les them to  avoid  immediate displacem ent downstream on th e  cu rren t.

J u v e n ile  p eriod

lh igm otax is g iv e s  way to  o r ie n ta tio n  w ith  r e sp e c t  to  c o n s p e c if ic s  a t  

d if f e r e n t  r a te s  in  d if fe r e n t  s p e c ie s .  Hoar (1956) observed w ith pink Balmon
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fr y  "that stream—bed o r ie n te d  s h e lte r  responses were r ep la ce d  by sch o o lin g  

resp on ses w ith in  a day or two o f  emergence. Such b eh a v io r  m aintained th e  f i s h  in  

m id-w ater, and although th ey  were extrem ely a c t iv e  and p o s i t i v e ly  r h e o ta c t ic  by  

day, t h e ir  downstream m igration  a t  n i^ it  would be a id ed  by l o s s  o f v is u a l  o r ie n ta ­

t io n  and p a ss iv e  d isp lacem en t. O ther authors (MacKinnon and B rett 1955?

Neave 1955) recorded  a c t iv e  downstream m igration  and v ig o ro u s  swimming by pink  

f r y .  B n igration  o f  t h i s  sp e c ie s  and o f chum (Hoar 195®) appeared to  be  

ach ieved  by both a c t iv e  and p a ss iv e  p ro cesses . In sock eye Brannon (1972) determ ined  

th a t th e  fr y  aggregated  in  shallow  water e ith e r  upstream  or downstream o f  t h e ir  

emergence p o in t  accord in g  to 't h e  r e la t iv e  in t e n s i t y  o f  t h e ir  r h e o ta c t ic  b eh av ior  

and th e  v e lo c i t y  o f  th e  w ater, and th a t sch o o lin g  b eh av ior  was ev id en t a lm ost 

im m ediately upon a r r iv a l in  a l o t i c  environment. P o s i t i v e  r h e o ta x is  was 

m aintained, so th a t  th e se  sch o o ls  were not d isp la ce d  downstream out o f  a la k e , a s  

Hartman e t  a l .  ( 1962)  had a ls o  found. .Among coho salmon Hoar (195®) n o ted  

h a b itu a tio n  to  environm ental s t im u li, such th a t  an i n i t i a l  p o s i t iv e  r h e o ta x is  

became s ta t io n —h o i d in g  ra th er  than an attempt to  swim in to  a cu rren t, and th e  f i s h  

did  n o t respond g r e a t ly  to  changes in  current v e lo c i t y  a t  th a t  s t a t io n .  . In A tla n tic  

salmon, th ig m o ta c tic  b ehavior p e r s is t s  fo r  months or y ea rs  a f t e r  em ergence.

P o s i t iv e  r h e o ta x is  ensures p o s it io n  h o ld in g  in  th e  stream , and t h i s  i s  r e in fo r c e d  

by t e r r i t o r ia l  b eh av ior , im plying attachment o f  an in d iv id u a l to  a s p e c i f i c  s i t e ,  

and d efen ce  o f  t h i s  B ite  a g a in st c o n sp e c if ic s  through e la b o ra te  a g o n is t ic  

behavior (K alleb erg  195®? K eenleyside 1962; K een ley sid e  and Yamamoto 1962).

S im ilar  s o c ia l  b eh av ior  has been reported  in  o th er  salm onids w ith  an extended  

ju v e n ile  p er io d  o f  r e s id e n c e  in  streams (Hoar 1951? S tr in g e r  and Hoar 1955?

Lindroth 1956; Newman 1956; K alleberg 1958? Chapman 196?; Hartman 1963, 1965?

Jenkins 1969; E v erest and Chapman 1972; S tan ley  and N orth cote  1974?
M i l  1977? Cole and,Noakes 19§0).

C hiszar e t  a l .  1975? /  T e r r ito r ia l i ty  i s  a s so c ia te d  p r im a r ily  w ith occu p ation  

o f  a. s u ita b le  s t a t io n  from which food  can be acq u ired  (Syn>ons~1968, -1971? 

Wankowski and Ihorpe 1979a). As optimal food  p a r t ic le  s i z e  fo r  growth in c r e a se s
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bb f i s h  s i z e s  in c r e a se s , th e  nature o f  te r r ito r y  must ohange to  perm it an 

adequate ob servation  range -over which the f i s h  can in te r c e p t  p ro g esB iv e ly  sca rcer  

p a r t ic le s  o f  appropriate s i z e  (Wankowski . and Thorpe 1979% b ) .  In- A tla n tic  salmon 

such changes may le a d  to  an a lte r a t io n  o f  s o c ia l ‘s tr u c tu r e  away from in d iv id u a l  

t e r r i t o r i a l i t y  towards a h ie r a r c h ia l grouping and a lt e r a t io n  o f  h a b ita t  in to  

deeper or  more open w ater ( c f .  MacCrimmon 1954» Saunders and Gee 1964) .  T his i s  

th e  f i r s t  s ig n  o f  a  red u ctio n  in  th igm otaxis and in crea sed  o r ie n ta t io n  towards 

c o n s p e c if ic s  in  young A tla n tic  salmon, but p o s i t iv e  r h e o ta x is  ensures th a t  p o s it io n  

i s  m aintained u s u a lly  c lo s e  to  th e  maximum lo c a l ly  a v a ila b le  current v e lo c i t y .  

S im ilar  movement in to  areas o f  f a s t e r  water v e lo c i t y  and open su b stra te  occurs  

in  coho and chinook salmon ( 0 . tschaw ytscha) (L is te r  and Genoe 1970)» end brook 

tr o u t  ( S a lv e lin u s  f o n t in a l i s )  (Saunders and Smith 1955)  w ith  growth.

O ntogenetic  changes in  adaptations» and m igra tion .

Fry s ta g e

I t  i s  c le a r  th a t  th e  ju v e n ile  salmonid i s  preoccup ied  w ith  current v e lo c i t y .  

A daptations to  contend  w ith  t h i s  dominating environm ental fe a tu r e  may be m od ified  

s e a so n a lly  — fo r  example, a t  low  w in ter tem peratures stream-^dwelling s p e c ie s  are  

in a c t iv e ,  and h id in g  behavior in  th e  gravel bed or deep p o o ls  ensures th a t  th e  

f i s h  a re  n o t c a rr ie d  o u t 'o f  th e  system . . "

In sockeye Brannon (1972) showed th a t th e  th re sh o ld  v e lo c i t y  a t  which a 

p a r t ic u la r  p op u la tion  o f  f r y  would h o ld  s ta t io n , or would a c t iv e ly  swim upstream  

was g e n e t ic a l ly  determ ined, and from h is  examples and d e sc r ip t io n s  i t  i s  l i k e l y  

th a t  s e le c t io n  fo r  h ig h  th resh o ld s  had occurred on ly  where spawning took  p la c e  

downstream o f  n u rsery  la k e s  su ita b le  fo r  th e  growth o f  f r y .  In o th er  's itu a t io n s  

th ere  would be l i t t l e  b io lo g ic a l  sen se  in  w h olesa le  upstream m igration  o f  f r y ,
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nin ce "by im p lica tio n  t h i s  would be towards a l e e s  p rod u ctive  and l e s s  spacious  

environm ent, and any g e n e tic  tendency towards h igh  l e v e l s  o f  r h e o ta x is  and 

h igh  v e lo c i t y  th resh o ld s  would he s e le c te d  aga in st*  N orthcote (19^9) review ed  

work on th e  upstream and downstream lakeward movements o f  tro u t (rainbow, c u t- th r o a t  

and brown), and n o ted  th a t  th e  young,»of a  Salmo species"m ay dem onstrate alm ost as 

much v a r ia b i l i t y  in  m igratoxy b eh av ior  as i s  found among young o f  th e  whole 

Oncorhynchus -complex**« He found evidence o f  changes in  d ir e c t io n  o f  n e t  movement 

o f  rainbow tr o u t  f r y  in  th e  Lardeau H iver as tem peratures rose  from <14° to  ?-15°C, 

such th a t  f r y  then moved 200 m upstream in to  Trout Lake in s te a d  o f  56 km downstream 

in to  Kootenay Lake as th e  bulk o f  th e  pop u lation  had done e a r l ie r .  He v e r i f ie d  

exp erim en ta lly  th a t warmer w ater enhanced th e  l ik e l ih o o d  o f  upstream m igration  o f  

th e se  f r y .  Whether th e  d ir e c t io n  or th e  in t e n s i t y  o f  th e  f i s h e s  respon se i s  m o d ified  

i s  n o t  c l  ear. from N o rth co te 's  paper, but K een leysid e and Hoar (1954) showed th a t  

a sharp r i s e  o f  4 -  5°C would induce a sw itch  from p o s i t iv e  (h o ld in g) t o  n e g a tiv e  

r h e o ta x is  in  chum and coho f r y .  The pronounced g e n e tic  con tro l o f  respon se to  

cu rren t v e lo c i t y  th a t  Brannon dem onstrated fo r  sockeye fr y  was n ot shown in  th e  

tr o u t s tu d ie s  review ed by N orth cote . However he d id  su ggest i t  3.n comparing th e  

cu rren t resp on ses o f  rainbows from above and below  f a l l s  on Kokanee Creek. Among 

f r y  above th e  f a l l s  no downstream movement was recorded  over a 15-month p er io d :  

downstream movement was found from th e  fr y  below th e  f a l l s ’ during th e  summer and 

autumn. W ithout a h ig h  respon se th resh o ld  to  cu rren t th e  p op ulation  cou ld  n o t  

have been m aintained  above th e  f a l l s .  Brannon showed fu rth er  th a t Upstream  

m igration  a t  cu rren t v e l o c i t i e s  below th e  th re sh o ld  le v e l  was m o d ified • o l f a c t o r i ly :  

sockeye f r y  would swim upstream on ly  in to  a current o r ig in a t in g  from a la k e .

Bespon&es t o  l i g h t  a ls o  d if fe r e d  between p op u la tion s o f  sock eye. 'Ityrne (1971) 

recorded  th a t  f r y  were n ig h t -a c t iv e  a t  emergence from th e g ra v el, but became day- 

a c t iv e  about 10 days l a t e r .  However Brannon found th a t  among th o se  p o p u la tio n s  

th a t  m igrated  upstream from th e  redds to  la k e s , th a t  m igration took p la ce  "during  

or very  c lo s e  to  d a y li^ a t" . He su ggested  th a t  " fry  need v isu a l o r ie n ta t io n  to
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complement a p o s it iv e  rh eo ta x is  in  su s ta in in g  upstream movement” . Upstream

m igration  o f  rainbow tr o u t was a lso  c h a r a c t e r is t ic a l ly  try day (N orthcote 1969)»

and downstream movement "by n igfct. I t  would seem th a t  th ere  were ad ap ta tion s

red u cin g  th e  l ik e l ih o o d  o f  l o s s  o f  p o s it io n  through p a s s iv e  downstream d isp e r sa l

in  micL w ater a t  n ig h t when v is u a l o r ie n ta tio n  .was l o s t .  Such a mechanism o f
- '  j . * • H ■ . • • • * ! % 1 ■■■

dovmstream m igration  was p o s tu la te d  by Hoar (1954)» "bat Brannon d id  n o t accep t

t h i s .  He n o ted  th a t downstream migrant ' sockeye observed  by Hartman e t  a l .  ( 1962)

a t  Brooks Lake, Alaska had. shown n eg a tiv e  r h e o ta x is , and swimming movements. The

authors s ta te d  th a t  th e se  f i s h  were " u su a lly  swimming f a s t e r  than th e  cu rren t

flow ed ”, but gave no data  on swimming speeds or th e  in t e r v a ls  over which th e  f i s h

were a c t iv e  ( c f . MacKinnon and B rett 1955» Heave 1955) •

Parr and sm olt s ta g es

As downstream m igration  a t  th e  fr y  or any subsequent s ta g e  co u ld  be accom plished  

tjy p a s s iv e  displacem ent th er e  seems l i t t l e  b io lo g ic a l  advantage in  th e  m igrant 

expending scarce  energy resou rces in  a c t iv e ly  swimming. However Neave (1955) 

su g g e ste d  th a t  such behavior reduced th e  le n g th  o f  exposure t o  p r e d a to r  en r o u te .

The p a tte rn  seems to  be a s so c ia te d  w ith  th e  sc h o o lin g  group — p in k , chum and 

sock eye, and l e s s  ev id en t, i f  p resen t a t  a l l ,  in  th e  t e r r i t o r y  h o ld ers  — coho, 

chinook and A tla n tic  salm on. Ttytler e t  a l .  (1978) tracked. A tla n tic  salmon sm olts  ' 

th rou ^ i th e  low er reaches o f  two S c o tt ish  r iv e r s ,  u s in g  u ltr a s o n ic  ta g s .  They 

proposed th a t  em igration o f  t h i s  sp e c ie s  was c h a r a c ter iz ed  by l o s s  o f  a f f i n i t y  f o r  

a p r e fe r r e d  s i t e ,  r e s u lt in g  in  downstream disp lacem ent in  w ater v e l o c i t i e s  g r ea ter  

than 2 body le n g th s  p er sec  ( b . l . s - ') between dusk and dawn in  sp r in g , w ith  

probable a d d itio n a l daytime displacem ent in  summer. The d ata  o f  F r ie d  e t  a l (1 9 7 8 ), 

LaBar e t  a l (1979) and McCleave e t  a l (1978) fo r  movement o f  sm olts throgh th e  

Penobscot estu ary , Maine, were c o n s is te n t  w ith  t h i s  m odel. They n o te d  p a s s iv e  

d r i f t  o f  sm olts in  su rfa ce  flo w s in  th e  estu ary , and th a t  h ere  flo w  became th e
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•the dominant fa c to r  c o n tr o l l in g  movement. Solomon (l9 7 ^ ) concluded  th a t "because 

th e  sm olts in  a ch alk  stream  were n ot m igrating c o n t in u a lly  throughout 24 h , and 

th a t  "because th ey  showed h igh  a c t iv i t y  l e v e l s ,  then m igration  must he a c t iv e  and 

n ot p a s s iv e . Bat h ig h  a c t iv i t y  a lso  occurs in  non-m igratory fr y  a t  t h i s  tim e, 

and i s  independent o f  d isp lacem ent: resppnse to  w ater v e lo c i t y  appears to  he th e
' v ' '■ t * : y • } ,« .C/  ̂ . ■

c r i t i c a l  fe a tu re  (s e e  h e lo w ). However, a w h olly  p a s s iv e  em igration  p rocess  

m ight n ot account f o r  movement through la k e s . Ihorpe e t  a l . ( 1981) recorded th e  

r a te  o f  p assage o f  "tagged sm olts through Loch Turamel, S cotlan d , over two y e a r s . 

Hydrographic drogues s e t  a t  1 m depth t r a v e lle d  through th e  lo c h  3«7 tim es as 

f a s t  as th e  sm o lts . I f  th e  f i s h  had "been d isp la ce d  p a s s iv e ly ,  th ey  would have had  

to  have "been exposed to  su rfa ce  currents fo r  on ly  6.5 h in  any 24 h p eriod: from 

d a ta  p resen ted  in  Thorpe and Morgan "(1978) th e  w eigh ted  mean d ie l  p er io d  o f  

a c t iv i t y  o f  Loch .Tummel sm olts daring March — May was 7*9 h , occu rrin g  a t n ig h t .  

Movement o f  s o n ic a l ly  tagged  f i s h  in  Loch V oil confirm ed th a t  t h e ir  movement 

occurred a t  n ig h t , was randomly orien ted , and n e t  d isp lacem ent daring th e ir  

a c t iv e  p er io d  was etjui v a le n t  to  th a t o f  a drogue d r i f t in g  a t  1 metre depth. In  

th e se  two la k e s  sm olt m igration  cou ld  he accounted f o r  "by p a s s iv e  d isplacem ent, 

and no d ir e c t io n a l n a v ig a t io n  heeded to  he p o s tu la te d .

In t h i s  regard  A tlan tic 'sa lm on  d i f f e r  from th e  sch o o lin g  sockeye sm olts

where Groot ( 1965)  showed a  w e ll-d ir e c te d  a c t iv e  m igration  towards th e  la k e
—1o u t le t ,  a t  speeds o f  2.3  — 3«9 h . l . s  . ,  e<juivalent to  th e  f i s h e s  maximum 

su s ta in e d  speed . Thorpe and Morgan ("1978) found th a t  A tla n tic  salmon sm olts  

were u n w illin g  to  swim a t  more than 2 h . l .B  . ,  whereas as parr Wankowski and 

Thorpe (1979a) had record ed  then h old in g  p o s it io n , a t  up to  8 .3  h . l . s .  in  th e  

w ild . S im ila r  reduced swimming performance has "been record ed  in  coho salmon 

sm olts (Glova and M clherney,' 1977» H a g g  and Smith 1979)» 1 °  A tla n tic  salmon,

th e  authors in te r p r e te d  t h i s  behavior as red u ction  in  in t e n s i t j p o f  r h e o ta x is ,
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which r e s u lte d  in  p a ss iv e  downstream displacem ent a t  flo w s above 2 h . l . s  . 

i t  would appear th a t th e  same mechanism may occur in  coho, and enable a s im ila r  

p a s s iv e  displacem ent response in  t h i s  t e r r i t o r ia l  r iv e r in e  oncorhynchid.

I t  was n o ted  above th a t p r o g r e ss iy e  h a b ita t change occurred in  sev era l stream ­

d w ellin g  salroonids as th ey  grew. These changes, b e in g  in  th e  d ir e c t io n  o f  f a s t e r  

flo w s and more spacious environm ents, le a d  down ra th er  than upstream . C onsequently  

a t  th e  f in a l  abandonment o f  fresh w ater  a t  th e  sm olt em igration  a p rop ortion  o f  th e  

downstream journey has a lread y  been tra v ersed  whereas fo r  la cu d r in e  s p e c ie s ,  

a f t e r  th e  i n i t i a l  movement from redd to  la k e  such s tep w ise  em igration  may n o t  

occu r. This d if fe r e n c e ’.cou ld  account fo r  r e te n tio n  o f  an a c t iv e  d ir e c te d  em igration  

o f  sock eye, compared to  i t s  red u ctio n  or l o s s  in  th e  more advanced t e r r i t o r i a l  

r iv e r in e  s p e c ie s .

.Among sev era l p op u la tion s o f  A tla n tic  salmon downstream movements o f  ju v e n ile s  

have been n oted  in  autumn ( e .g .  Calderwood 1906; M eister  19^2; M ills  1964» R id d e ll 

and L eg g ett 1981; Youngson and Buck, i n  p r e s s ) .  These movements may be a s s o c ia te d  

w ith  h a b ita t  d e te r io ra t io n  during w in ter , and become f ix e d  g e n e tic  t r a i t s  

(R id d e ll and L eg g ett 1931), b u t a  rec e n t study (Youngson and Bick, in  p r e s s )  has  

r e v e a le d  a d if fe r e n t  elem ent. The Girnock Burn i s  a  sm all headwater stream  in  

A berdeenshire, Scotlan d . M igrants i n  t h i s  system  have been censused a t  a  tr a p  

c lo s e  to  i t s  d isch arge in to  th e  R iver  D ee, s in c e  1967 : th e  autumn em igration  o f  

ju v e n ile s  has occurred over th e  p er io d  o f  upstream spawning movement o f  a d u lt s .

She authors recorded a s ig n i f ic a n t  in v erse  r e la t io n s h ip  between th e  p ro p o rtio n s  

o f  mature male parr among downstream m igrants . • and th e  numbers o f

a d u lt spawners f  ascend ing throu^x th e  tr a p . In 197 no a d u lts  were

p erm itted  to  p a ss  upstream: in  th a t  year, mature p arr  made up over 50$  ^ e

downstream run o f  ju v e n ile  f i s h .  King e t  (1939) recorded  upstream m ig ra tio n s  

o f  mature A tla n tic  salmon parr a t  spawning.
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Ih ese  ob servation s suggest an in crea sed  in t e n s i t y  o f  rh eo ta x is  a t  spawning 

smong mature ju v e n ile s , a t  a tim e o f  reduced r h e o ta c t ic  behavior among immature 

f i s h .  Further, th ey  su ggest th a t th e  in c r ea se  i s  t r a n s ito r y  and th a t i f  spawning 

i s  n o t r e le a se d , r h e o ta c t ic  in t e n s i t y  d e c lin e s  and. th e  fiB h  are d isp la ced  dfown- 

streara. I b is  would in d ic a te  th e  invoiyefoent o f  th e  p itu ita ry -g o n a d a l a x is  

in f lu e n c in g  behavioral response to  w ater v e lo c i t y ,  and a probable com p etitive  

r e la t io n s h ip  between m aturation and downstream «m igration . Thorpe and Morgan 

(1980) p o s tu la te d  such in ter fe r en ce  between sm o ltin g  and m aturation in  t h i s  s p e c ie s  

from th e  c o n s is te n t  observation  th a t  f i s h  which matured as parr one year and 

em igrated a s  sm olts 6 months la t e r , ’ then retu rn ed  as mature f i s h  not 6 but 18 

months a f t e r  th a t ( f i g . 4) .  L ikew ise, -the fa s te r -g ro w in g  s ib l in g s  in  th e ir  h a tch ery  

p o p u la tio n s sm olted b efo re  reaching a s iz e  a t  which th e y  would mature, but d id  n o t  

retu rn  to  fresh w ater 6 months la t e r  when th e  slow er growing s ib lin g s  in  th ese  

p o p u la tion s became r ip e .  Such a c o n f l i c t  o f  b eh av ior  cou ld  form a b a s is  on which  

segregation  in to  r e s id e n t (re s id u a l) and m igrant morphae occurs in  sockeye  

( c f .  f i g . 5 , based on R ick er’s  (1938) study o f  th e  sockeye o f  Cultus Lake), masu 

(Oncorhvnchus roasou).  and many Salmo and.S a lv e lin u s  s p e c ie s .  From such 

p h y sio lo g ica l' c o m p e t i t i o n i t i s  ea sy  t o  v i s u a l i s e  th e  ev o lu tio n  o f  w holly  la n d ­

lo c k e d  form s, independent o f  p h y is ic a l  b a r r ier s  to  downstream passage, and from  

th e s e , through subseijuent is o la t io n ,  t o  new s p e c ie s .

M otivation  ' fo r  movement.'

Die behavioral changes d iscu ssed  in  th e  p rev io u s  s e c t io n s  imply complex 

p a tte rn s  o f  p h y s io lo g ic a l change about which l i t t l e  i s  known fo r  salmonids f o r  th e  

g r ea ter  p art o f  t h e ir  freshw ater ju v e n ile  p e r io d . Most p h y s io lo g ica l s tu d ie s  have 

con cen trated  on th e  parj>-smolt tran sform ation . Obese have been review ed sev e r a l 

tim es r e c e n t ly  (Bern 1973; Wedemeyer e t  a l .  198O; Folmar and Tfcokhoff 1981) ,  and 

so  w i l l  n o t be rep eated  h ere . The common im p lic i t  assum ption o f  th ese  s tu d ie s
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has "been th a t salm onids are fresh w ater f i s h ,  and th e  p ro cesses  o f  s m o lt i f ic a t io n  

are p ro sp ectiv e  a d a p ta tio n s, preparing th e  animal fo r  l i f e  a t  s e a . The 

t e le o lo g ic a l ,  a sp ec ts  o f  t h i s  argument do n ot a r is e  i f  th e  a lte r n a t iv e  assum ption  

i s  made, th a t salm onids are marine f i s h .  Ohen th e  p ro cesses  o f  change a t  

sm oltin g  would "be seen  as r e v e r s io n s  to  .b a sic  p a ttern s  o f  co n tro l and r e g u la tio n  

>&ieh have been su p p ressed  during e a r l ie r  developmental s ta g e s , as p a r t o f  th e  

complex o f  ad ap tation s to  fresh w ater  l i f e .  This i s  th e  p h y s io lo g ic a l eq u iv a len t  

o f  th e  model which en v isa g es  behaviora l change by p ro g ress iv e  abandonment o f  

fresh w ater  a d a p ta tio n s. S in ce  p h y s io lo g is t s  g e n e ra lly  have n o t adopted t h i s  assumption 

o f  th e  marine nature o f  salmon th e  model has not been te s te d , but some r ec e n t  

ev idence e x is t s  in  support o f  i t .

Huch p h y s io lo g ic a l research  on ju v e n ile  salm onids has been concerned w ith

s a l i n i t y  r e la t io n s h ip s  and hydrom ineral b a lan ce. In th e  sea  salm onids must

c o n tin u a lly  ex cre te  sodium to  m aintain io n ic  b a lan ce. P r o la c tin  has been shown

to  have osm oregulatory fu n c tio n , serv in g  to  reduce sodium e f f lu x  (B en tley  1971;

lig  e t  b3j  1980) ,  n e c essa ry  fo r  io n ic  balance in  fresh w ater . The a c t iv i t y  o f  th e

p r o la c t in  producing mammotropes o f  th e  coho p itu ita r y  shows a p r o g r e ss iv e  d ecrease

from th e  fresh w ater p arr  s ta g e  to  th e  sm olt a rr iv in g  in  th e  sea  (Bern 1978)«

These c e l l s  are r a p id ly  r e a c t iv a te d  i f  such sm olts are tr a n sfe rr e d  back in to

fresh w ater  (Nagahama a t  al_. 1977)« Zambrano e t  al_. (1972) n o ted  a change in

n eu ro secreto iy  in n erv a tio n  o f  th e  p r o la c t in  s e c r e tin g  c e l l s  o f  masu salmon a t

sm oltin g , and su g g ested  th a t  t h i s  was c o rr e la te d  w ith  in h ib it io n  o f  p r o la c t in
and Folmar and B ickhoff ( 1981)

s e c r e t io n . Kubo ( 1955) /show ed  th a t b lood  e le c tr o ly te  l e v e l s  were low ered  in  
and coho r e s p e c t iv e ly '

roasu/at sm olt m ig ra tio n . Uius p r o la c t in  i s  a  prime candidate as an in h ib it o r  o f  

a marine reg u la to ry  p r o c e ss , which perm its th e  salmon to  l i v e  in  fresh w a ter , and 

when i t s  a c t iv i t y  i s  reduced p r o g r e ss iv e ly  th e  f i s h  le a v e s  fresh w a ter . This 

cau sa l r e la t io n sh ip  h as y e t  to  be shown, but th e  removal o f  su ch -a n " in h ib ito r  

would provide in te r n a l m otivation  fo r  movement o f  th e  f i s h .

13.



Weber and Smith (l9^ 0) have su ggested  a means by which t h i s  p r o la c tin  in h ib it io n  

system  i s  i t s e l f  c o n tr o lle d . M elatonin in crea se s  plasm a p r o la c t in  in  r a t s ,  and 

removal o f  th e  p in ea l gland from g o ld f ish  C araesius au ratu s dampens th e  p r o la c t in  

diurnal rhythm. Thus th e  p in ea l may reg u la te  p r o la c t in  s e c r e t io n  through 

m elaton in  p rod u ction . Their experim ents on s te e lh e a d  tr o u t  su ggested  th a t , as in  

r a t s ,  m ela ton in  was oyntheE ised in  th e  dark, and th a t  th e r fo r e  in crea s in g  photo 

p e r io d  in  th e  sp r in g  would reduce m elatonin p rod u ction , thereby a lso  reducing  

p r o la c t in  s e c r e t io n , lh e  importance o f  t h i s  l ig h t - p in e a l - p i t u i t a r y  a x is  fo r  

m igration  was emphasised, in  th a t in  mammals m elaton in  in h ib i t s  th y ro id  a c t iv i t y  

a ls o ,  and p in ea lectom y o f  g o ld f ish  has su ggested  th e  same e f f e c t  in  f i s h  

(Fenwick 1970). Numerous authors have p o in ted  to  a r o le  fo r  th y ro id  hormones in  

salm onid  m igration  ( s e e  Hoar 1976), through th e ir  e f f e c t s  on cen tra l nervous 

fu n c t io n , in c r e a s in g  resp on siven ess to  ex tern a l s t im u la tio n  and t h e ir

locom otor a c t i v i t y .  The spring red uction  o f  m elaton in  production  would then  

r e le a s e  in h ib it io n  o f  th y ro id  hormone production, and th e  p erm issive  r o le  o f
■ t

th e s e  hormones would promote a p p e t it iv e  behavior exp osin g  th e  f i s h  to  g rea ter  

p r o b a b il ity  o f  d isp lacem ent. Hoar and B ell ( l9 5 ° )  n o ted  th a t chum fr y  in  

fresh w a ter  were"under m etabolic s t r e s s ” which mig^it in c r e a s e  a c t iv i t y .

Baggerman ( 1963) showed th a t th y ro id  a c t iv i t y  and s a l i n i t y  p referen ce were . 

p o s i t iv e ly  c o r r e la te d  in  ju v e n ile  P a c if ic  salmon. Thus th e  removal o f  m elaton in  

in h ib it io n  adds another inducement to  th e  f i s h  to  move. Baggerman ( i 960) observed  

th a t  so ck ey e  f r y  t e s t e d  in  shallow  tanks, p r e ferred  h ig h  s a l i n i t i e s  ( $ ) through­

out th e  yea r  in  fresh w ater . But most sockeye f r y  s ta y  in  fresh w ater during th a t  

tim e, p r e fe r r in g  a deepwater h a b ita t in  la k e s  by day, from very  soon a f te r  

emergence from th e gravel (B rett 1971) • hoes th e  reduced  l i g h t  in t e n s it y  a t  depth  

s u s ta in  m elaton in  production and thus in h ib it io n  o f  h ig h  th y ro id  a c t iv i t y  and o f  

seaw ater p referen ce?  In th o se  populations o f  sock eye and o f  rainbow tro u t th a t  

moved upstream  to  la k e s  i t  was observed th a t th ey  d id  so  by day, w h ils t  th e  

downstream m igra tin g  sto ck s moved by n i^ i t .  Does l i g h t  f a c i l i t a t e  t h is  movement,

14.



"by d ep ressin g  th e  m elaton in  in h ib it io n  o f  th yrox in e  production th us m ain ta in in g  

a h igh  l e v e l  o f respon se to  w ater flow  and h igh  a c t iv i t y ,  uriti such tim e as deep 

la k e  w ater i s  encountered?

lh e  brown tr o u t o f  Loch Leven, Spotland, em igrate downstream from n u rsery  

areas in to  th e  lo c h  during th eir , f i r s t  and second y e a rs , and a t  l e a s t  th e  l a t t e r  

group have acquired th e  stream lined  s i lv e r  appearance o f  sm olts a t t h i s  tim e.

On en try  to  th e  lo c h  th ey  are  found on th e  sh a llow  l i t t o r a l  f o r  a sh ort tim e, 

and then  move to  an o ffsh o r e  b en th ic  h a b ita t  (Thorpe 1974; Arawomo 1977).

Does t h i s  adoption o f  a  lo w - lig h t  h a b ita t  r e in s t a te  th e  m elatonin in h ib it io n  

system ? ’ ' ./ C

P e r io d ic ity  o f  movement in  A tla n tic  salmon sm olts was review ed by Thorpe 

and Morgan (1973). Whereas downstream movement occurred  in  th e  sp r in g  during th e
• # T #

exp ected  nocturnal a o t iv i t y  p eriod , such movements were augmented by daytime 

a c t i v i t y  in  ea r ly  summer. Furthermore, on en try  to  s a l in e  e s tu a r ia l w aters so n ic  

tu g g ed  sm olts were found to  be d isp la ced , throughout 24 h p er iod s in  both a sm all 

S c o tt is h  estuary ( l y t l e r  e t  a l 1972), and a la r g e  American one (La Bar e t - a l .  1979)  

Such movement p a ttern s  may rep resen t th è  waning e f f e c t s  o f  m elaton in  r eg u la tio n  

as th e  photoperiod le n g th en s , and f i n a l l y  as th e  p re ferred -a n cestra l s a l in e  

environment i s  reached. ;

Another in h ib it io n  system  may a c t through th e  gonads. I t  was n o ted  above 

th a t  mature A tla n tic  salmon parr are in h ib ite d  from autumn downstream m igra tion . 

P e te r  (1978) recorded in crea sed  p r o la c tin  s e c r e t io n  in flu en ced  by o e s tr a d io l  

in  G ill ic h th y s  m ir a b i l i s . ‘ T his su g g ests  th a t  th e  in f lu e n c e  o f  gonadal s te r o id s  

on th e  osm oregulatory system  would repay stu d y  i n  salm onids a ls o .



C onclusions

ih e  sp ecu la tio n s  o f  t h i s  paper are del i t e r a t e ,  to  provoke reco n sid era tio n  

o f  th e  nature, m otiva tion  and con tro l o f  th e  movements observed among ju v e n ile  

salm onids in  fresh w a ter . Bal o n 's  h yp b th esis  o f  th e  ev o lu tio n  o f  salm onid l i f e -  

h is to r y  s t r a te g ie s  through p en etra tio n  o f  fresh w ater "by a p e la g ic  marine f i s h ,  

and p ro g ress iv e  r e s t r ic t io n  o f  l i f e - h i s t o r y  to  th e  fresh w ater h a b ita t  demands 

th e  a c q u is it io n  o f  adap tation s p erm ittin g  su r v iv a l, growth, and reproduction  th ere  

The salmonine genera show sev era l ranges o f  evo lu tion ary  p rog ressio n  in  t h is  

d ir e c t io n , w ith g e n e ra lly  g rea ter  f l e x i b i l i t y  among Salmo and S a lv e lin u s  than  

among Oncorhynchus s p e c ie s .  B eh av iora lly , th e  dom inating p h ysica l fe a tu re  o f th e  

fresh w ater environment w ith  which th e  evolving f i s h  had t o  contend was w ater  

v e lo c i t y ,  and th e  common so lu tio n  has been th e  e v o lu tio n  away from a sch o o lin g  

h a b it to  in d iv id u a l is t ic ,  te r r ito r ia l^  p o s i t iv e ly  r h e o ta c t ic  stream -bed r e la te d  

behavior, ensuring r e te n tio n  in  the system . The l e a s t  advanced sp e c ie s  in  t h i s  

r e sp e c t , pink salmon^ sch o o ls  alm ost im m ediately on emerging from th e. g ra v el, and 

abandons fresh w ater prom ptly. The in term ed iate  sp e c ie s  show p r o g r ess iv e  delay  

b efo re  o r ie n ta tio n  to  n o n s p e c i f ic  o v err id es  o r ie n ta tio n  towards th e  r iv e r  bed. 

F in a lly , th e  most advanced sp e c ie s  are th o se  which com plete t h e ir  l i f e —c y c le  

w ith out le a v in g  fresh w ater  a t  a l l  — Oncorhynchus rhodurus, and th e  "landlocked"  

morphae o f  O.masou, O.nerka. most Salmo and S a lv e lin u s  s p e c ie s .  0 . nerka shows 

an a lte r n a t iv e  so lu t io n  to  th e  problem, through adoption o f  la c u s tr in e  p e la g ic  

l i f e ,  achieved w ithout t e r r i t o r ia l  development a t  th e  stream s ta g e .

P y s io lo g ic a l ly  th e  dominating problem was probably maintenance o f  hydro- ’ 

m ineral b a lan ce. Few experim ental d ata  are av a ia b le  to  examine th e  ev o lu tion ary  

so lu t io n s  to  t h i s  problem, but in h ib it io n  o f  sodium I o b b  was probably ach ieved  

c h ie f ly  through p r o la c t in  c o n tr o l, a mechanism, probably reg u la ted  through a 

l i g h t —p in ea l—p i i i t a r y  a x is .  The l e a s t  advanced sp e c ie s  show l e a s t  evidence o f

16



suppression  o f  seawater p r e feren ce , and ea r ly  em igration from fresh w ater  o c cu rs .

How th e shallow  water r iv e r in e  s p e c ie s  m aintain in h ib it io n  o f  sodium e f f lu x

during lo n g  photoperiods rem ains to  he shown, hut a c lu e  may e x is t  in  th e
*

apparent com p etitive  r e la t io n s h ip  between sm olt em igration and sexual m aturation , 

su g g estin g  an involvem ent o f  sex  s te r o id s  in  th e  maintenance o f  p r o la c t in  a c t i v i t y .

Salmonid m igration view ed t h i s  way c o n s is t s  o f  p ro g ress iv e  abandonment o f  

s p e c ia l is e d  behavior and p h y s io lo g ic a l mechanisms, d if fe r in g  in  degree between  

sp e c ie s  according to  t h e ir  l e v e l  o f  development o f  such s p e c ia l i s a t io n s .  I t  le a v e s  

a w ealth  o f q u estion s unanswered, but th e p resen t review  i s  o ffe r e d  as an 

a lte r n a t iv e  framework w ith in  which to  con sid er  th e  nature o f th o se  m igra tion s and 

t h e ir  m o tiva tion .
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Dear Dr. Thorpe:

I enjoyed read ing your s p e c u la t io n s  on the o r ig in s  o f  s^lmonid m igra to ry  
behavior. You wrote th a t your paper i s  intended to provoke d is c u s s io n .
T h is  being the case, I w i l l  p r in t  out what I  con sider to  be some se r io u s  
lo g ic a l  flaw s in  the arguments you use to  support your p o in t o f  view.

I  f in d  two major problems: The f i r s t  i s  that support fo r  your conten­
t io n s  i s  based a t  phylogenetic  le v e ls — fa m ily ,  genus and spec ie s and the^ 
second problem, which re la te s  to the f i r s t ,  concerns making phy logenetic  in te r  
p re ta tion s based on a character (anadromy) th a t must be considered as a 
plesim orphous (a shared p r im it iv e  s ta te )  character that a lso  e x h ib it s  con sid er  
able convergence. That i s ,  i f  I  app ly  your ideas on anadromy to attempt to  
constru ct a phylogeny o f salmonidae and compare i t  w ith  a phylogeny based on 
other taxanomic evidence o f p r im it iv e  and derived character s ta te s  some 
obvious nonconcordance re su lt s .

For contem plation on m atters o f  the o r ig in  o f Salm onidae--m arine or  
freshw ater--som e thought must be g iven  to d e fin in g  Salmonidae and the 
o r ig in a l se p ara tio n  o f the p roge n ito r o f  the fam ily  from the o ther, most 
c lo s e ly  re la te d , fa m ilie s  in  the order Salm oniform es— Osmeridae, P le c o g lo ss id a e ,  
Sa lang idae  (Northern Hemisphere) and G a la x iid a e , A p lo ch ito n tid a e , Retro  
pinnidae (Southern Hemisphere). The bu lk o f  spec ies in  a l l  o f  these fam ily  
i s  anadromous. Thus, i t  appears th a t a common Mesozoic ancestor to  a l l  
o f them was anadromous. The anadromous ancestor to a l l  o f  these fa m ilie s  must 
have heen d e rived , in  tu rn , from a m arine sa l moni form that adapted to an 
anadromous way o f  l i f e .  The s t r i c t l y  marine ancestry  in  the phylogeny 
le ad in g  to Salm onidae must be very a n c ie n t; a t  a p o in t p r io r  to the s e p a r ­
a tio n  o f  fa m il ie s  o f  salmonoid f i s h e s .

P o lyp lo id y  e v id e n tly  played a ro le  in  the o r ig in  o f  Salm onidae. The 
su b fam ilie s  Thym allinae, Coreogoninae, and Salm oninae, a l l  have about tw ice  
the DNA content in  comparison to  other salm oniform  fa m il ie s .  T h is  p o ly p lo id  
proqen itor o f  Salmonidae alm ost c e r t a in ly  spawned in  fre sh w ate r, but was 
probably anadromous or e stu arin e , w ith  the a b i l i t y  to osm oregulate in  the

ocean.

The o r ig in  o f Salmonidae i s  probab ly  very anc ien t. F o s s i l s  are known 
on ly  s ince  the Eocene but I suspect the o r ig in  i s  perhaps in  the Cretaceous. 
Unless the f o s s i l  record becomes much be tte r  known and can co n tr ib u te  to  
our knowledge on the l i f e  h is to ry  types o f  anc ien t an ce sto rs, i t  i s  
fa lla c e o u s  to argue fo r  marine or fre shw ater o r ig in  o f the fa m ily  based 
on the degree o f  anadromy o f l i v in g  sp e c ie s. Th is i s  because, as can be 
observed among spec ie s o f  a genus, and even w ith in  a s in g le  sp e c ie s,
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anadromy i s  h ig h ly  v a r ia b le  and su b je c t to convergent e v o lu t io n - s u b je c t  
to change in  e vo lu t io n a ry  periods measured in  thousands o f y e a rs .  To 
attempt to e x trap o la te  these data from l i v in g  sp ec ie s to m onophyletic 
in te rp re ta t io n s  spanning perhaps 100,000,000 ye ars s in ce  the o r ig in  o f  
the fa m ily , i s  s im p ly  erroneous.

Your main contention  i s  th at a h igh  degree o f anadromy (more time spent 
in  the sea) i s  p r im it iv e  and a le s s e r  degree o f  anadromy or a com pletely  
freshw ater l i f e  h is to r y  i s  the derived o r advanced co n d it ion . The actual 
evidence i s  overwhelm ingly a g a in st  such a contention  i f  the phylogeny based 
on the best a v a ila b le  data i s  examined a t  the su b fam ily , genus, and species  

l e v e l .

The g r a y lin g s  are s t r i c t l y  freshw ater. The most p r im it iv e  genus o f  
w h ite fish e s ,  Prosopuim, i s  s t r i c t l y  fre shw ater, w h ile  a few o f  the more 
advanced spec ie s o f  Coregonus are e stu a r in e  or sem im igratory. Stenodus 
le u c ic h th y s, the sh e e fish ,  i s  anadromous (some popu lations) but i s  . .
from a Coregonus-l ik e  ancestor. Thus, in  the e a r l ie s t  branching o f  Salmon!dae 
a d e f in ite  in d ic a t io n  o f  a more com pletely freshw ater l i f e  cyc le  i s  ev ident  
in  two o f the su b fa m ilie s .  In  Salm oninae, a s t r i c t l y  freshw ater sp e c ie s,  
.Salmothvmus o h rid a n u s, re ta in s  the most p r im it iv e  o s te o lo g ic a l ch aracte rs,  
Brachvmvstax i s  e n t ir e ly  freshw ater. In  Salvelin.us_, the evidence i s  v a r ia  
but the most advanced forms (a r c t ic  ch a rr, northern D o lly  Varden), based 
on chromosome numbers and m e r is t ic  ch arac te rs  Clow numbers ge n e ra lly  
p r im it iv e ,  h igh  numbers ge n e ra lly  advanced), e x h ib it  the h ig h e st  degree o f  
anadromv. In  Salm o, the evidence i s  a ls o  v a r ia b le  but in  the subgenus 
Parasalmo th e 'c u t th ro a t  tro u t spec ie s re ta in s  the more p r im it iv e  s tru c tu ra l 
fea tu re s in  comparison to  the rainbow tro u t  and i s  a ls o  much le s s  anadromous 
than the rainbow tro u t .  The P a c if ic  Salmon (Oncorhynchus) i s  the most h ig h ly  
anadromous salm onid genus, but Oncorhynchus, i s  not p r im it iv e .  The evidence 
( s k e le ta l fe a tu re s,  la ck  o f  b a s ib ran ch ia l d e n t it io n ,  high m e r is t ic  counts, 
chromosomes) in d ic a te s  a common o r ig in  fo r  Oncorhynchus and Parasalmo a fte r  
a separation  from the subgenus Salmo (brown tro u t ,  A t la n t ic  salm on), in  
Oncorhynchus, the most marine sp e c ie s, 0. go rbuscha, i s  a lso  the most advanced 
I t s  chromosome number (52) i s  the low est in  the fa m ily  and fo llo w s  a re gu la r  
trend o f  Robertsonian fu s io n  w ith in  the genus from 74 to 52.

Salmo i s  c e r ta in ly  ancestra l to  Oncorhynchus, but as the f o s s i l  record  
now in d ic a te s  and as can be observed from karyotypes, Oncorhynchus was not 
derived  from a rainbow tro u t ancestor in  the P le istoce n e  as proposed by 
Neave. In  any event, your statement on page 5 th at the e vo lu t io n a ry  trend  
in  Salmonidae appears to be towards a to ta l dependence on freshw ater i s  
sim ply  not supported and, in  fa c t ,  co n trad ic te d  by the taxonomic evidence  
c o rre la t in g  phylogeny w ith  anadromy. At the su b fam ily , ge n e ric , and species  
le ve l (comparing p a ir s  o f  c lo se ly  re la te d  sp e c ie s  or subspecies w ith in  a 
sp e c ie s ),  the evidence i s  not com pletely uniform  but there are c e r ta in ly  
c le a r -c u t  trends th a t freshw ater l i f e  cy c le s  are p r im it iv e  and anadromous 
l i f e  cyc le s are the derived  co n d ition .

Ev id e n tly  you were in fluenced by B a lo n 's  p u b lic a t io n s .  Balon o r ig in a l ly  
subm itted h is  1968 paper to an American jou rn a l and I  reviewed i t .  I  found 
i t  f u l l  o f w ild ,  unsubstan tia ted  sp e cu la t io n  and w ith some o u tr ig h t  e rro rs.  
Balon i s  a charming gentleman but has the p ropen sity  to take b i t s  and p ieces
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o f  in form ation  and co n to rt them to f i t  a preconceived idea. I  saw Balon  
a t a meeting in  Canada in  May and commented on h is  la t e s t  ideas concern ing  
the c o rre la t io n  o f  salm onid phylogeny w ith  h is  notions on em bryology. H e 'l l  
probably p u b lish  the work anyway and m islead  o thers.

I wrote a "Monograph o f  the n a tive  t ro u t s  o f  the genus Salmo o f  western  
North America" fo r  the U.S. F ish  and W i ld l i f e  Se rv ice  in  1979. T h is  work 
was not published but some xerox cop ies were produced fo r  d is t r ib u t io n .
You can w rite  to  Mr. Lee M i l l s ,  U.S. F ish  and W i ld l i f e  Se rv ic e ,  P .0. Box 
25486, Denver Federal Center, Denver, CO 80225, and request a copy. I  am 
now re o rgan iz in g  and re w r it in g  the o r ig in a l  work. H opefu lly  i t  w i l l  be 
published  th is  time before funds exp ire.

S in ce re ly ,:

Robert J. Behnke

RJB:pt





Movement of brook trout 
{Salvelinus fontinalis) in four small 
subalpine streams in northern Colorado

Riley SC, Fausch KD, Gowan C. Movement of brook trout ( 
fontinalis) in four small subalpine streams in northern Colorado.
Ecology of Freshwater Fish 1992: 1: 112-122. J§ 1992 Munksgaard

Abstract B  We studied the movement of brook trout ( fontinalis)
in four small streams in northern Colorado using mark-recapture methods 
and weirs. The recapture rates of marked adult trout were low for all 
streams, and large numbers of unmarked adult trout, apparently immi­
grants, were found each year. Significantly more trout immigrated into 
sections that were experimentally modified by installing low log dams, 
which increased depth, pool volume and the amount of overhead cover. 
The number of immigrant and resident trout was significantly related 
to the amount of cover in the sections. Resident trout were larger than 
immigrants in all streams in the last year of sampling. Most mobile brook 
trout moved upstream during summer on the two streams where weirs 
were operated, and upstream migrants were significantly larger than 
downstream migrants on both streams. We suggest that a high degree of 
movement may be an adaptive response by brook trout to the heteroge- 

I neous nature of small mountain streams.
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Introduction

D espite the existence o f  several classic p ap ers  on  
the subject (Skellam  1951; H o w ard  1960), the role 
o f  d ispersal in the ecology o f  an im al p o p u la tio n s  
has n o t been firm ly established. D ispersal behav io r 
is heritab le  in  a  w ide varie ty  o f  tax a  (H ilb o m  1975; 
R asm uson , R asm u so n  & N ygren  1977; R itte  & 
Lavie 1977; G reenw ood , H arvey  & P errins 1979; 
B ertho ld  & Q uerner 1981), an d  several recent 
studies (G ill 1978; den  B oer 1981) have elegantly  
d em o n stra ted  its im portance  to  m etap o p u la tio n  
dynam ics. A lth o u g h  several m odels have been de­
veloped in an  a ttem p t to  u n d erstan d  the adap tive  
significance o f  d ispersal in he terogeneous env iron ­
m ents (G adgil 1971; H am ilto n  & M ay  1977; C om - 
ins, H am ilto n  & M ay  1980; H astings 1983), o u r 
u n d erstan d in g  is h am pered  by a  lack  o f  em pirical 
studies.

A lthough  the ecological an d  adap tive  signifi­
cance o f  an ad ro m o u s salm onid  m igra tions have 
a ttrac ted  m uch  a tten tio n  (Leggett 1977; Q uinn  & 
D ittm an  1990), the ro le o f  d ispersal in  the ecology 
o f  stream -residen t salm onids is relatively p oo rly  
studied . In  an  influential paper, G erk ing  (1959) 
surveyed a nu m b er o f  studies on  m ovem ent an d

hom ing, an d  concluded th a t restric ted  m ovem ent 
o f  ind ividuals w as characteristic  o f  m any  stream  
fish popu la tions. M an y  studies on  stream -residen t 
salm onid  p o p u la tio n s (M ille r jl  957; S hetter 1968; 
Leclerc & Pow er 1980; B achm an  1984; H arcu p , 
W illiam s & Ellis 1984; N ak an o , K achi & N agosh i 
1990; H eggenes, N o rth co te  & P eter 1991) have 
also rep o rted  lim ited m ovem ent, and  the general 
consensus am ong  researchers is th a t the m ajo rity  
o f  ad u lt stream -residen t salm onids in a given p o p u ­
la tion  m ove very little.

Since stream -dw elling salm onids m ay  o ften  com ­
pete  fo r space in stream s (C h ap m an  1966), the 
n a tu re  o f  the available h ab ita ts  m ay  p lay  an  im ­
p o r ta n t ro le  in determ in ing  m ovem ents (N o rth co te  
1992). In  th is study, we a ttem p ted  to  determ ine the  
effects o f  an  experim ental h a b ita t m an ip u la tio n  on 
the  m ovem ent o f  ad u lt (age 2 an d  older) b ro o k  
tro u t in  fo u r sm all stream s.

Material and methods 

Study sites

This research  w as conducted  in 500-m  study  
reaches o f  fo u r sm all, m o d era te -g rad ien t (range 
1.0-2.4% ) stream s in n o rth eas te rn  C o lo rad o  (Table
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1). S tudy  reaches o n  all s tream s co n ta in ed  little 
w ood  debris an d  h a d  few pools. L ate-sum m er base- 
flow  d ischarge w as less th a n  0.1 m 3 • s B 9  W ater 
chem istry  is typ ical o f  subalp ine stream s in  the 
area , w ith  low  a lkalin ity  (range: < 5 -5 1  m g - l " 1), 
low  conductiv ity  (range: 35-117 pS), an d  barely  
detectab le  levels o f  n itra te  n itro g en  (range: 
< 0 .0 2 -0 .1 8  m g - H ) .

T he 500-m  stream  reaches w ere div ided in half, 
an d  one section  w as ran d o m ly  designated  as the 
trea tm en t section. In  th is way, the dow nstream  
sections o f  th e  N o r th  F o rk  o f  the C ache la P o u d re  
R iver (hereafter the  N o r th  F o rk ) an d  W alton  C reek 
an d  the u p stream  sections o f  C o lo rad o  an d  Jack  
creeks w ere designated  as trea tm en t sections. Ten 
log -d rop  struc tu res were installed  in  these 250-m  
trea tm en t sections du ring  the sum m er o f  1988 by 
U .S . F o rest Service personnel using  only  h a n d  
tools.

A ll o f  the stream s su p p o rt n a tu ra lly  rep roduc ing  
p o p u la tio n s  o f  b ro o k  tro u t (Salvelinus fontinalis). 
O th er fish species are  ra re  in  all stream s except 
Jack  C reek, w hich also  su p p o rts  a  sm all (12-28%  
o f  fish caugh t) p o p u la tio n  o f  C o lo rad o  R iver 
c u tth ro a t tro u t  (Oncorhynchus clarki pleuriticus). 
A ll stream s w ere po sted  w ith  signs declaring  catch- 
and-release, fly -and-lure-only  regu la tions w ith in  
the  research  sections. These stream s are  rem ote, 
how ever, an d  creel survey d a ta  an d  tim e-lapse p h o ­
to g rap h y  ind ica te  th a t  anglers v isit them  very 
rare ly  o r n o t a t all (R iley 1992).

Habitat

We used  a  tran sec t m eth o d  to  describe th e  physical 
h a b ita t  o f  each  study  section. P e rm an en t transects  
w ere estab lished  p e rpend icu la r to  the s tream  flow  
a t 5-m  in tervals. D ep th , m ean  w ater velocity  
(m easured  a t  0.6 to ta l dep th ) an d  su b stra te  (m odi­
fied W entw orth  classification; O rth  1983) were 
m easu red  at»7 eq u id is tan t p o in ts  on  each  tran sect 
a t late  sum m er baseflow  in 1988, 1989 an d  1990.

T he po o l vo lum e o f  each  section  w as estim ated  
by m easu ring  dep ths a t 1-m in tervals a long  t ra n ­
sects estab lished  w ith in  areas identified  as pools. 
T ransects w ere spaced 1 to  5 m  a p a rt, depending  
on  po o l length . T he volum e o f  cells defined a ro u n d  
each  d ep th  m easu rem en t w as calcu lated , an d  sum ­
m ed to  estim ate  to ta l volum e. P o o l volum es w ere 
m easu red  a t  baseflow , usually  the  sam e day  as 
tran sect d a ta  w ere collected.

We carefully  m easu red  the  lengths o f  5 types o f  
cover (u ndercu t b an k , log, overhang ing  vegetation , 
w etted  b ru sh  an d  rock) in  each  section  on  the  sam e 
day  th a t p oo l volum es w ere estim ated . To qualify  
as cover, objects w ere requ ired  to  be a t  least 15 cm  
w ide (except u n d ercu t b an k , fo r w hich 10 cm  w as 
considered  adequate), have a t least 15 cm  o f  w ater 
b en eath  them , an d  be no  m ore  th a n  15 cm  above 
the w ate r surface. O verhang ing  vegegation  an d  
b ru sh  w ere included  as cover only if  they  concealed  
a t least 50% j o f  the a rea  b en ea th  fro m  overhead  
view.

Electrofishing

We sam pled  each section d u ring  late  sum m er base- 
flow  a t least once each  year in  1987 th ro u g h  1990. 
Jack  an d  W alton  C reeks w ere n o t sam pled in  1987. 
We electrofished in  an  u p stream  d irec tion  using 
ba ttery -pow ered  electrofishing un its  o p era tin g  a t 
250-400 volts d irect cu rren t. T he ends o f  each  sec­
tio n  w ere b locked  w ith  5-m m -m esh seines before 
sam pling to  ensure p o p u la tio n  c losure .rt|I n  m ost 
cases, 3 e lectrofishing passes w ere m ade, a lth o u g h  
4-pass estim ates were conduc ted  in  Jack  C reek 
(dow nstream  section), W alton  C reek  (upstream  
section) an d  the  N o r th  F o rk  (dow nstream  section) 
in  1989. C are  w as tak en  to  ensure th a t  all h a b ita t 
w as electrofished an d  th a t e ffo rt rem ained  co n stan t 
on  each pass (see R iley  & F ausch  in  press fo r 
details). B o th  sections o f  each stream  w ere usually  
sam pled on  consecutive days in  any  given year, and  
b o th  w ere sam pled w ith in  one w eek in all cases.

Table 1. Physical characteristics of study streams in northern Colorado. Trt=treatment, Ctl=control. Figures for pool volume and cover are means of all post­
treatment estimates (1988-1990), while mean widths are expressed as the ranges for these years.

Longitude 
and latitude

Mean width (m) Pool volume (m3) S Cover (m)

Stream Elevation (m) Trt Ctl Trt Ctl Trt Ctl

North Fork of the 
Cache la Poudre River

40°,49' N 
105°,42' W

2730 4.0-4.5 2.9-3.8 132 19 89 57

Colorado Creek 40°,28' N 
106°,37' W

2775 3.4-4.3 3.1—3.2 188 28 125 49

Walton Creek 40°,23' N 
106°,42* W

2775 3.8 S.5-3.6 136 13 101 37

Jack Creek # 40°,25' N 
105°,59' W

2925 3.9-4.6 3.3-4.8 100 19 55 26
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A ll fish cap tu red  du rin g  electrofishing w ere anes­
thetized  (M S-222), m easured  (to ta l length  [TL] to  
the nearest m m ), w eighed (nearest g un til fall 1988, 
n earest 0.01 g thereafter), fin-clipped (fish > 6 9  
m m  only), re ta in ed  in live baskets  in  the stream  
an d  released n ea r th e ir p o in t o f  cap tu re  after p ro ­
cessing. T he left pelvic fin w as excised on  tro u t 
>  69 m m  cap tu red  in  the  d o w nstream  section o f  
each  stream  on  each  sam pling occasion, w hile the  
ad ipose  fin w as rem oved fro m  those  cap tu red  in 
up stream  sections. A ny  prev iously  excised fins th a t 
w ere beginning  to  regenerate  w ere trim m ed. In  
1991, all b ro o k  tro u t >  120 m m  T L  w ere m ark ed  
w ith  ind iv idually  nu m b ered  F lo y  F ine  F ab ric  a n ­
ch o r tags on  Jack  C reek  an d  the  N o r th  F ork .

In  all stream s, age-1 +  tro u t  w ere easily separ­
a ted  from  o lder fish by  exam ining  length-frequency  
h istogram s. We calcu la ted  m ax im um  likelihood  re ­
m oval estim ates o f  tro u t  p o p u la tio n  size fo r tro u t 
g rea ter th an  1 year o ld  in  each  section using  the 
generalized rem oval e s tim a to r o f  O tis e t al. (1978) 
as co m p u ted  by the  co m p u te r p ro g ram  C A P T U R E  
(W hite e t al. 1982). We do  n o t rep o rt the  po p u lar 
tio n  estim ates in  th is article, b u t we use the esti­
m ated  cap tu re  p robab ilities  to  assess how  well we 
sam pled  the  sections.

O n  10 occasions du rin g  1988-1991, tro u t  were 
held  overn igh t in  baskets to  assess m o rta lity  associ­
a ted  w ith  electrofishing an d  hand ling . B arrier nets 
were-usually left in  place to  m inim ize the  possib ility  
o f  o th er tro u t im m igra ting  du rin g  th is period . 
T ro u t w ere released from  the  baskets  the  next day  
(14-18 h  later) an d  m o rta lity  w as recorded .

In  A ugust 1991, we electrofished the study  sec­
tions on  Jack  C reek  an d  the  N o r th  F o rk  to  look  
fo r fish tagged  in  the w eirs (see below ). O n  Jack  
C reek , we also electrofished 100 m  u p stream  an d  
250 m  d o w nstream  o f  the  section enclosed by the 
weirs.

Weirs

In  1991, we co n stru c ted  tw o-w ay weirs on  Jack  
C reek  an d  the  N o r th  F o rk . T hree weirs w ere co n ­
struc ted  on  each  stream  (dow nstream  end, betw een 
tre a tm e n t an d  co n tro l, an d  u p stream  end) w hich 
allow ed the cap tu re  o f  all fish m oving  in to , o u t of, 
an d  betw een the study  sections. W eirs were in ­
stalled  in reaches hav ing  m ean  co lum n w ater velo­
cities less th a n  a b o f |  60 c m - s | |  an d  dep ths less 
th a n  a b o u t 70 cm. I t  w as n o t alw ays possib le to  
co n stru c t weirs a t section b o u n d aries  because o f  
unsu itab le  dep ths an d  velocities. O n b o th  stream s, 
w eirs w ere loca ted  w ith in  50 m  o f  the section 
b oundaries, except the  d ow nstream  w eir on  Jack  
C reek, w hich w as loca ted  a b o u t 100 m  below  the 
do w n stream  end  o f  the co n tro l section.

W eirs consisted  o f  u p s tream  (i.e., open ing  facing 
dow nstream ) an d  d ow nstream  trap s  separa ted  by 
a  series o f  panels o rien ted  d iagonal to  the flow  
such th a t fish w ere d irected  to  the a p p ro p ria te  trap . 
T he w eir design w as sim ilar to  th a t described by 
H all (1972). A fter insta lla tion , trap s  w ere checked 
via snorkeling  an d  all gaps w ere repaired . Based 
on  the  m esh size an d  observations m ade while sn o r­
keling, the  weirs w ere effective a t  trap p in g  fish >  
65 m m  T L . L arge cobbles an d  sm all bou lders w ere 
p laced  in  the  trap s  to  p rov ide  refuges fo r fish, an d  
trap s  w ere covered to  p reven t p red a tio n .

T he weirs w ere op era ted  from  July  15-A ugust 
18 an d  Septem ber 3-15  on  Jack  C reek an d  from  
Ju ly  13-A ugust 15 an d  Septem ber 5—15 on  the 
N o r th  F ork . T raps w ere checked daily  w hen poss­
ible; checks w ere n o t m ade  on  a to ta l o f  10 days 
on  Jack  C reek  an d  8 days on  the N o r th  F ork . F ish  
rem oved from  trap s  w ere m easu red  (TL, m m ) an d  
inspected  fo r o ld  fin-clips. F o r  all fish <  120 m m , 
a  p o rtio n  o f  a  fin w as excised w hich w as u n ique  to  
each weir: fish th a t  passed  the dow nstream , m iddle, 
an d  u p stream  weirs h a d  p o rtio n s  o f  the r ig h t pelvic, 
r ig h t p ec to ra l an d  ana l fin  excised, respectively. 
F ish  > 1 2 0  m m  w ere tagged  w ith  un iquely  n u m ­
bered  F lo y  F ine  F ab ric  an ch o r tags except d u ring  
Ju ly  19-29, w hen  fins w ere excised as fo r sm aller 
fish because o f  a  sho rtage  o f  tags.

S tudy  sections w ere divided in to  subsections a p ­
p rox im ate ly  50 m  long  o r shorter. T he m id -p o in t o f  
each  subsection  w as used to  estim ate  the d istances 
tra v e le d  by  ind iv idual tro u t. F o r exam ple, a  fish 
m ark ed  a t the dow nstream  w eir (0 m ) an d  recap ­
tu red  in  the 50-m  subsection  im m ediately  above it 
w ou ld  be estim ated  to  have m oved  a  d istance o f  
25 m . T hus, travel d istances cou ld  be estim ated  to  
w ith in  approx im ate ly  50 m.

Results

Habitat

We presen t only  a  b rie f  sum m ary  o f  the changes 
in  h a b ita t th a t  resu lted  after log d ro p  structu res 
w ere installed  (see R iley 1992). L og  d ro p  s tructu res 
caused  significant increases in  po o l volum e an d  
cover in  trea tm en t sections (P < 0 .0 5  fo r b o th , by 
tw o-w ay analysis o f  variance (A N O V A )). M ean  
po o l volum e in  trea tm en t sections w as 15.8 m 3 
( S D g l5 .9 )  before trea tm en t an d  128 m 3 (SD  =  9.8) 
in  1990, w hile in co n tro l sections the  m eans were 
19.5 m 3 (SD  =  9.2) before  trea tm en t an d  17.8 m 3 
(SD  — 4.8) in  1990. T he m ean  to ta l cover in  tre a t­
m en t sections increased  fro m  41.6 m  (SD  §¡32.6) 
before  trea tm en t to  76.2 m  (SD  =  11.2) in  1990, 
an d  to ta l cover in  co n tro l sections rem ained  sim ilar 
(35.6 m  [SD =  14.8] before  trea tm en t, 28.6 m  [SD =  

jg6.0] in  1990). T he m ean  d ep th  w as significantly
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g rea ter an d  the  m ean  velocity  significantly  low er 
in trea tm en t th a n  in  co n tro l sections a fte r the  in ­
sta lla tio n  o f  s truc tu res  (P < 0 .0 1  fo r b o th , by 
A N O V A ).

Brook trout populations

Electrofishing. E stim ated  cap tu re  p robab ilities  in ­
dicate  th a t  we cap tu red  a t least 95% o f  the  fish in 
each  section  on  all b u t 6 o f  30 sam pling  occasions, 
an d  a t least 86% on  5 o f  these 6. T he low est percen ­
tage cap tu red  (76%) w as in the  N o r th  F o rk  in  Ju ly
1988, w hich w as m o st likely due to  relatively high 
flows. In  only  4 o f  15 cases (N o rth  F o rk  Ju ly  1988,
1989, 1990; Jack  C reek  1989) d id  the  percentages 
estim ated  to  have been cap tu red  in  the  tw o sections 
o f  one stream  in a  given year differ by  m ore  th an  
4%.

O f 2122 b ro o k  tro u t  th a t w ere held  overn igh t in 
baskets  a fte r e lectrofishing an d  hand ling , only  11 
(0.5%) died. E igh t o f  these fish w ere age 1 -H  an d  
3 w ere age 2 +  o r older. These results suggest th a t 
e lectrofishing m o rta lity  w as very low  on  these 4 
stream s, especially fo r age-2 an d  o lder fish.

A  large p ro p o rtio n  (17.5-84.3% f;m edian 52.0°/i| 
Table 2) o f  the age-2 an d  o lder b ro o k  tro u t  sam pled 
each  year in  all stream s b o re  no  fin  clip th a t  w ould

Table 2. Percentage of age-2 + and older brook trout sampled that bore 
finclips from previous sampling in 4 streams in northeastern Colorado. Stream 
codes: NFP=North Fork, CC=Colorado Creek, WAL=Walton Creek, JAC= 
Jack Creek. Treatment section is downstream in the North Fork and Jack 
Creek, upstream in Colorado and Walton Creeks.

Stream Section Date
Number
captured

Percentage bearing clips from 

Section
where Other Both 

marked section sections None

NFP Control 07/88 44 52.3 0.0 0.0 47.7
NFP treatment 07/88 47 42.6 4.2 0.0 53.2
NFP Control 08/88 58 50.0 8.6 ■ ¡ 7 39.7
NFP Treatment 08/88 ,• 107 25.2 2.8 0.0 72.0
NFP Control 08/89 93 31.2 ■  6.1 ■ 1 51.6
NFP Treatment 08/89 175 32.0 3.4 0.0 64.6
NFP Control 07/90 102 33.3 10.8 3.9 52.0
NFP Treatment 07/90 174 37.9 8.0 2.9 51.1
CC Control 07/88 158 39.2 4.4 0.7 55.7
CC Treatment 07/88 147 44.2 6.8 0.7 48.3
CC Control 08/89 196 37.2 1.5 0.0 61.3
CC Treatment 08/89 365 31.2 12.9 2.2 53.7
CC Control 08/90 286 31.8 4.9 5.2 58.1
CC Treatment 08/90 352 44.6 9.4 4.5 41.5
WAL Control 08/89 177 78.5 4.0 0.0 17.5
WAL Treatment 08/89 117 53.0 8.5 0.0 38.5
WAL Control 08/90 173 64.7 6.4 3.5 25.4
WAL Treatment 08/90 194 39.7 1.5 4.1 54.7
JAC Control 08/89 69 18.8 0.0 0.0 81.2
JAC Treatment 08/89 89 10.1 4.5 1.1 84.3
JAC Control 08/90 87 43.7 4.6 0.0 51.7
JAC Treatment 08/90 115 33.9 ■ 7 .4 0.9 47.8

ind ica te  th a t  they  h a d  been cap tu red  previously. In  
77% o f  the  cases, few er th a n  50% o f  the  tro u t th a t 
we cap tu red  b o re  m ark s ind ica ting  th a t  they  w ere 
p resen t in  the  section in  question  the year before. 
T he possib ility  th a t fin regenera tion  m ay  have 
rendered  o u r m ark s  unrecogn izab le  is d iscoun ted  
because we have n o t observed  th is p h en o m en o n  on  
tw o sim ilar nearly  stream s w here tro u t  > 1 2 5  m m  
w ere m ark ed  by b o th  tagging  an d  fin  rem oval (S. 
C. R iley & K . D. Fausch , u npub lished  d a ta ). M o re ­
over, recent d a ta  suggest th a t  regenera tion  o f  the 
pelvic an d  ad ipose  fins o f  age-0 +  b ro w n  tro u t  is 
n o t com m on  (Johnsen  & U gedal 1988). Because 
very few age-1 M tro u t are  to o  sm all to  be m arked , 
an d  o u r estim ates o f  cap tu re  p robab ilities  fo r th is 
age class ind icate  th a t  we generally  cap tu re  >  85%, 
recru itm en t o f  a  su b stan tia l n u m b er o f  u n m ark ed  
yearlings from  w ith in  the sections is also unlikely.

CONTROL TREATMENT
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Fig. 1. The number o f immigrant (solid bars) and resident (open 
bars) brook trout in treatment and control sections o f four 
streams in northern Colorado. Stream codes are as in Table 2 
and appear in the right panel. Arrows indicate the date when 
log-drop structures were installed; structures were installed the 
year before the first samples shown for Walton and Jack creeks. 
Immigrant trout were those with no finclip, while residents were 
those which bore only a finclip indicating prior residence in the 
section (see text).
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Because we cap tu red  m o st o f  the  p o p u la tio n  
w hen we electrofished, m o st u n m ark ed  b ro o k  tro u t 
m u st have been im m igran ts to  o u r sections. We d id  
n o t consider as im m igran ts any  tro u t th a t  o rig ­
in a ted  in the  ad jacen t section  in  o rd er to  avoid  any  
bias th a t  m igh t be due to  fish d isp laced  by o u r 
sam pling, so o u r estim ates o f  the  n u m b er o f  im m i­
g ran t tro u t  are  conservative.

T here  were m ore  im m igran t b ro o k  tro u t in  tre a t­
m en t sections th an  in  co n tro l sections in all p o s t­
trea tm en t sam ples, except the  1990 sam ple from  
C o lo rad o  C reek  (Fig. 1). T he tw o p re-trea tm en t 
sam ples (C o lo rad o  C reek 1988, N o r th  F o rk  Ju ly  
1988), how ever, suggest th a t  the num bers  o f  im m i­
g ran ts  in  the trea tm en t an d  co n tro l sections w ere 
sim ilar before  trea tm en t. T he n u m b er o f  im m igran t 
b ro o k  tro u t  in  p o st- trea tm en t sam ples w as signifi­
can tly  g rea ter in  trea tm en t th a n  co n tro l sections 
( P ^ 0 .0 3  by  pa ired  /-test).

We estim ated  the  n u m b er an d  percen tage o f  
tro u t  th a t rem ained  in  the study  sections betw een 
a n n u a l sam pling  occasions by com paring  the  n u m ­
ber cap tu red  th a t bo re  the  a p p ro p ria te  finclip  w ith  
the n u m b er o f  m ark ed  tro u t  kno w n  to  have been 
p resen t on  the  p rev ious sam pling occasion, includ ­
ing age-1 +  fish (Table 3). We used only  tro u t  w ith  
the  co rrec t section finclip fo r th is analysis, because 
tro u t  w ith  bo thg  finclips m igh t have im m igra ted  
fro m  the  o th er section betw een sam ples. T he n u m ­
ber o f  ap p ro p ria te ly  m ark ed  b ro o k  tro u t th a t were 
cap tu red  im fhe ir section o f  orig in  (resident tro u t)  
w as consisten tly  less th a n  50% (22.1-41.6 , m ed ian  
30.2%) o f  the  n u m b er o f  know n  to  have been p res­
en t on  the p rev ious sam pling  date . O verall, there  
w as no  significant difference betw een trea tm en t 
an d  co n tro l sections w ith  respect to  the p ro p o rtio n  
o f  residen t t r o u j  (P==0.89 by p a ired  /-test on  
arcsine-transfo rm ed  p ro p o rtio n s). T he m ean  per-

Table 3. Number of marked brook trout that remained between annual 
samples in treatment and control sections of four experimental streams in 
northeastern Colorado. Stream codes are as in Table 2. Trout that remained 
were those with only the correct section clip. Those with both finclips were 
not considered because they could have immigrated from the other section 
between sampling occasions. Numbers are also expressed as percentages 
of the number of trout with the correct finclips (including age-1 +) known to 
have been present on the previous sampling date.

Stream

1987--1988 1988-1989 1989-1990

Section n : % n % n I %

NFP Control 36 36.4 29 31.2 34 26.0
NFP Treatment 34 42.5 56 40.6 66 24.0
CC Control 62 28.8 73 30.2 91 31.8
CC Treatment 65 24.2 114 36.2 157 30.5
WAL Control 139 36.6 112 41.6
WAL Treatment 62 22,1 77 35.0
JAC Control 13 23.2 38 30.2
JAC Treatment 9 29.0 39 30.2

centage o f  fish th a t  rem ained  in  the  study  sections 
w as a lm ost iden tical fo r trea tm en t (31.9%) an d  
co n tro l (31.5%) sections.

A lth o u g h  the percen tage  cap tu red  rem ained  
sim ilar, th e  n u m b er o f  resident tro u t  increased  in 
the trea tm en t sections o f  C o lo rad o  C reek an d  the 
N o r th  F o rk  a fte r log d ro p  struc tu res were installed , 
while rem ain ing  sim ilar in  co n tro l sections (Table 
3, Fig. 1). T he n u m b er o f  residents also increased  
in  the trea tm en t section o f  W alton  C reek  in  p o s t­
trea tm en t sam ples, while declining in  the co n tro l 
section, a lth o u g h  in itially  there  w ere m ore  th a n  
twice as m any  residents in  the co n tro l th a n  the 
trea tm en t. T here  appears  to  be no  difference be­
tw een the  sections o n  Jack  C reek.

We rela ted  the n u m b er o f  resident an d  im m i­
g ran t t ro u t  in the  sections to  3 h a b ita t fea tu res th a t  
changed  as a  resu lt o f  o u r trea tm en t (pool volum e, 
to ta l length  o f  cover, an d  the  percen tage  o f  tran sect 
dep ths g rea ter th a n  30 cm  fo r b o th  the year in 
q uestion  an d  the  preceding  year) using  linear re ­
gression on  p o st- trea tm en t sam ples (1989 an d  
1990, /z= 14). A ll pa irs  o f  independen t variab les 
w ere significantly  co rre la ted  b o th  w ith in  an d  
am o n g  years (P < 0 .0 5  in all cases), so m ultip le  
regression w as deem ed in ap p ro p ria te . T he n u m b er 
o f  im m igran ts w as positively rela ted  to  cover in 
the year o f  sam pling  (r2 =  0.34, P = 0.03), an d  the 
n u m b er o f  residen t tro u t  w as positively rela ted  
to  the cover estim ates fo r the  preceding  year 
(r2 =  0.33, P  =  0.03).

T he m ean  lengths o f  im m igran t b ro o k  tro u t w ere 
n o t significantly  d ifferen t from  residents on  the 
first recap tu re  occasion  (1988 in  C o lo rad o  C reek 
an d  the N o r th  F o rk M 9 8 9  in  W alton  an d  Jack  
creeks) in  all sections except the u p stream  (tre a t­
m en t) section o f  Jack  C reek, w here residents were 
significantly  larger (Table 4). R esiden t tro u t  w ere 
significantly  larger in  b o th  sections o f  C o lo rad o  
C reek  im ;1989 an d  in  b o th  sections o f  all stream s 
in  1990.

Weirs. A  to ta l o f  322 b ro o k  tro u t  w ere cap tu red  
d u ring  the 49 days th a t the trap s  o p era ted  on  Jack  
C reek. T rap  m o rta lity  w as 2.3°4;T or fish cap tu red  in 
dow nstream  trap s  (i.e. those  w ith  openings facing 
upstream ) an d  0.3%  fo r u p s tream  traps. T rap  m o r­
ta lity  w as h igher in  the  N o r th  Fork ; 22 o f  267 
tro u t cap tu red  w ere fo u n d  dead  (8.2%), all in  the 
dow nstream  trap s. Imis unlikely  th a t  th is w as 
caused  by the trap s  them selves, because the  trap s  
w ere o f  iden tical co n stru c tio n  in  b o th  stream s an d  
w ere deployed  in  reaches w ith  sim ilar h a b ita t 
characteristics. ^Fish fo u n d  dead  o r  dying in  the 
N o r th  F o rk  trap s  w ere diseased, an d  m an y  a p ­
peared  to  have died  before reaching  the  traps. T he
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Table 4. Mean lengths of resident and immigrant brook trout in 4 streams in northeastern Colorado. Stream codes as in Table 2. Significance of differences in 
mean length between residents and immigrants by f-test is indicated in the far right column: * P<0.05, ** P< 0.01, *** P<  0.001, NS=not significantly 
different.

Stream Date Section

Residents Immigrants

Mean length 
(mm)

Standard
deviation n

Mean length 
(mm)

Standard
deviation n

NFP 07/88 Control 150.9 26.5 23 153.9 30.1 21 NS
NFP 07/88 Treatment 154.1 24.1 20 i l l 47-2 28.7 25 NS
NFP 08/88 Control 157.7 26.6 29 163.3 30.7 23 NS
NFP 08/88 Treatment 163.5 25.9 27 162.5 24.6 77 NS
NFP 08/89 Control 148.0 29.6 29 142.7 23.2 48 NS
NFP 08/89 Treatment ¡¡156.4 30.8 56 148.1 26.6 109 NS
NFP 07/90 Control 158.5 36.0 34 B h ° . 3 26.2 53 ***

NFP 07/90 Treatment 157.6 33.3 66 132.0 28.0 89 ***

CC 07/88 Control 138.9 23.7 62 136.0 22.8 88 NS
CC 07/88 Treatment 134.8 26.0 65 138.0 28.7 71 NS
CC 08/89 Control 156.1 26.1 72 130.3 22.6 ■ 2 0 ***

CC 08/89 Treatment 137.0 27.2 114 129.0 19.4 M B **

CC 08/90 Control ' ’1547.6 25.2 91 BH29.4 20.3 166 *** •

CC 08/90 Treatment 131.5 21.7 157 ■ m 20.2 146 **

WAL 08/89 Control ■ 5 7 .9 18.1 139 157.0 15.5 31 NS
WAL 08/89 Treatment 164.5 16.7 62 161.6 ■ % 1 45 NS
WAL 08/90 Control .164.5 20.1 112 1  145.1 H i  5.1 44 ***

WAL 08/90 Treatment 163.4 22.13 77 150.9 :„^16.8 ■ 0 6 ***

JAC 08/89 Control 165.2 25.8 13 152.6 26.4 56 NS
JAC 08/89 Treatment 183.0 24.4 9 155.1 26.6 75 ■ .** .

JAC 08/90 Control ■ 5 2 .0 23.7 38 137.0 20.2. 45 **

JAC 08/90 Treatment 152.6 26.8 39 138.1 24.2 55

reason  fo r the h igh  incidence o f  disease is u n ­
know n.

B ro o k  tro u t m ovem ent in  b o th  stream s w as p re ­
do m in an tly  upstream ; 79 an d  71% o f  all tro u t  c ap ­
tu red  w ere in  u p stream  trap s  on  Jack  G reek an d  
the N o r th  F o rk , respectively. U p stream  cap tu res 
w ere significantly  g rea ter th a n  dow nstream  cap ­
tu res on  b o th  stream s ( P <  0.0005 by  chi-square), 
as w as a  tendency  fo r m ore  to ta l cap tu res a t do w n ­
stream  w eirs ( P <  0.01 fo r  Jack  C reek, P < 0 .0 5  fo r 
the  N o r th  F o rk , by  chi-square).

In  Jack  C reek, the  n u m b er o f  b ro o k  tro u t  cap ­
tu red  decreased steadily  from  approx im ate ly  10 
fish p e r  day  du rin g  the first th ree  weeks to  few er 
th a n  2 fish per day  by m id-Septem ber. L inear re ­
gression o f  tro u t  c ap tu red  p er day  by sam pling 
d a te  revealed  th a t  th is tren d  w as significant fo r 
fish m oving  b o th  u p stream  (r =  0.37, P<  0.01) an d  
d ow nstream  (r =  0.46, P < 0 .0 1 ) . By co n tras t, the  
to ta l n u m b er o f  tro u t  c ap tu red  p er day  in  the 
N o r th  F o rk  rem ained  relatively  co n stan t a t a p ­
p rox im ate ly  5 fish per day. T his c o n stan t ra te  o f  
cap tu re  represen ts a  ba lance  betw een an  ap p aren t, 
b u t n o t s ig n if ic a n t  increase in  u p stream  cap tu res 
an d  a  significant decrease (r =  0 .3 fi P < 0 .0 5 , by 
linear regression) in  d o w nstream  cap tu res  over the 
sam pling period .

B ro o k  tro u t  cap tu red  in  dow nstream  trap s  in 
Jack  C reek  were sm aller (m ean T L  [SE] =  123.5 
m m  [3.8]) th a n  those  cap tu red  in  u p stream  trap s

■ 3 5 .6  m m  [2.0], P<  0.05 by ¿-test). T he sam e was 
tru e  in  the  N o r th  F o rk , w here u p stream  m ig ran ts 
averaged  164.2 m m  T L  (SE =  2.4) an d  those  m ov­
ing dow nstream  averaged  139.5 m m  (SE =  5.0, 
P < 0 .0 5 ) .

We conducted  3 electrofishing passes in  the tre a t­
m en t an d  co n tro l sections o f  Jack  C reek w hile the 
w eirs w ere in  p laceglallow ing us to  evaluate  the 
effects o f  o u r sam pling on  tro u t  m ovem ent. M o v e ­
m en t ra tes in  the  7-day periods before  an d  after 
electrofishing in  the co n tro l section (July 31M 991) 
w ere n o t significantly  different. M ovem ent rates 
w ere also n o t d ifferen t before  versus afte r sam pling 
the trea tm en t section on  A ugust 14, except fo r a 
reduc tion  to  2.5 tro u t  p e r day  on  the day  after 
sam pling. This w as likely caused  by  b a rrie r  nets 
above an d  below  the  section, w hich w ere left in 
overn igh t while fish w ere re ta in ed  in  live baskets 
to  assess m ortality . T he m ovem ent ra te  increased 
to  app rox im ate ly  5 fish on  the  second day  after 
electrofishing an d  rem ained  there. These results 
lead  us to  conclude th a t  o u r electrofishing h ad  little 
effect on  tro u t  m ovem ent (cf. M o o reK L arso n  & 
R id ley  1985) an d  certain ly  d id  n o t cause em i­
g ration .

T here w as no  significant difference in  the  n u m ­
ber o f  b ro o k  tro u t  th a t  em igrated  fro m  the  tre a t­
m en t (98) an d  co n tro l (108) sections o f  Jack  C reek  
du ring  the trap p in g  period . O n  the N o r th  F ork , 
how ever, significantly  few er fish em igrated  from
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the  co n tro l section (58) th a n  from  the trea tm en t 
(91) (P < 0 .0 1 ) . T here w ere no  significant d iffer­
ences betw een the n u m b er o f  tro u t im m igra ting  
in to  trea tm en t an d  co n tro l sections on  either 
stream .

O n Jack  C reek, m o st tagged  b ro o k  tro u t  tended  
to  rem ain  w ith in  100 m  o f  the lo ca tio n  w here they  
were orig inally  m ark ed  (Fig. 2). O f the  91 recap ­
tu res by  weirs an d  electrofishing, 41 (45%) were 
m ade w ith in  the sam e reach  (app rox im ate ly  50 m ) 
as the  in itia l cap tu re . M o st o f  these tro u t  were 
cap tu red  passing  u p stream  th ro u g h  a  tra p  an d  then  
recap tu red  the next day  passing  d ow nstream  a t the 
sam e weir. O f  the fish th a t  d id  m ove to  o th er 
locations, 90% m oved upstream . T he m ean  dis­
tance m oved  by Jack  C reek  b ro o k  tro u t w as 68.3 
m  upstream .

O n the N o r th  F o rk , un like Jack  C reek, m ost 
recap tu red  b ro o k  tro u t  d id  n o t rem ain  in  the  sam e 
reach, b u t , m oved  u p stream  |f i g .  2). O f  the  69 
recap tu res, 52 (75%) h a d  m oved u p stream  an d  only 
¡ i |( 1 6 % )  rem ained  in  the  sam e location . T he m ean  
distance m oved  by b ro o k  tro u t  in the N o r th  F o rk  
w as 125.8 m  upstream , a lm ost twice the m ean  dis­
tance  in  Jack  Creek.

Discussion

D ispersa l is know n  to  occur a t several stages o f  
the life h isto ry  o f  s tream -residen t salm onids. F ry  
o ften  d isperse a fte r em ergence (E llio tt 1966, 1987; 
R an d a ll 1982; M o o re  & Scott 1988), an d  adu lts  
m ay  m ove u p stream  to  spaw n (Schuck 1945; Solo­
m o n  & T em pleton 1976; N o rth co te  1978), a lth o u g h
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Fig. 2. Frequency distributions o f the distance between captures 
o f marked brook trout in Jack Creek and the North Fork o f  
the Cache la Poudre R ivet Trout were captured in weirs and 
by electrofishing.

the  la tte r  m ay  n o t be necessary  in  stream s w here 
su itab le  spaw ning  areas are  u b iq u ito u s  
(N eedham  & C ram er 1943; M iller 1957; H esthagen  
1988; N a k a n o  et al. 1990). C onsiderab ly  less is 
k now n  a b o u t m ovem ent o f  stream  sa lm onids b e ­
tw een the end  o f  the first year o f  life an d  m atu rity . 
A n  u n d ers tan d in g  o f  m ovem ent is essential if  we 
are  to  effectively m anage  stream  sa lm onid  p o p u la ­
tions.

Several a u th o rs  have p o stu la ted  the existence o f  
tw o com ponen ts o f  stream  fish popu lations: a  large 
sta tic  an d  a  sm all m obile  co m p o n en t (F u n k  1955; 
G erk ing  1959; F lick  & W ebster 1975; S o lom on  & 
T em pleton  1976; H a rcu p  et al. 1984; H esthagen  
1988; H eggenes et al. 1991). S tatic  tro u t  estab lish  
territo ries o r dom inance  h ierarch ies an d  rem ain  
w ith in  a  restric ted  area , while m obile  B ro u t are  
p resum ab ly  those  th a t  are  unab le  to  estab lish  
them selves.

O u r results suggest th a t#  am ong  years, a  large 
p ro p o rtio n  o f  the b ro o k  tro u t  in the  fo u r stream s 
th a t  we sam pled  are  m obile (Tables 3, 4). R ecap ­
tu re  ra tes o f  less th a n  50% have also been rep o rted  
in  o th e r  studies o f  tro u t an d  salm on (S hetter & 
H azzard  1938; L ogan  1963; S tefanich  1951; H o lto n  
1953; Sm ith  & S aunders 1958; S aunders & Sm ith  

||9 6 2 a , b; H illm an , G riffith  & P la tts  1987; C un- 
ja k  & R an d a ll in  press); xJt is im p o rta n t to  n o te  
th a t  low  recap tu re  ra tes a lone do  n o t necessarily  
ind ica te  a  h igh  degree o f  m ovem ent, since m o rta lity  
m ay  be high. T he fac t th a t  we observed large n u m ­
bers o f  im m igran t tro u t  in  o u r study  sections, h o w ­
ever, does ind ica te  th a t m any  b ro o k  tro u t in  these 
stream s are m obile.

This suggests th a t  m ovem ent o f  stream -dw elling  
tro u t m ay  be com m on, y e t the  general consensus 
am ong  salm onid  ecologists is th a t resident tro u t 
u n d ertak e  only  lim ited  m ovem ents (M iller 1957; 
B achm an  1984# T his ap p a re n t co n trad ic tio n  m ay  
be because m o st stud ies  focus o n  recap tu red  fish, 
an d  sam pling  rare ly  extends fa r  enough  to  include 
long-range m ovem ents. W h a t these d a ta  suggest 
is th a t m ovem ents o f  the sta tic  frac tion  o f  the 
p o p u la tio n  are  lim ited.

T he scale a t w hich m ovem ents are  stud ied  varies 
widely, b u t the ab ility  to  detect an d  classify m ove­
m ents depends greatly  u p o n  the  scale a t w hich 
the research  B  conducted . F o r exam ple, research  
conducted  a t  sm aller scales m ay  be able to  d istin ­
guish  significant sho rt-range  m ovem ents, b u t gives 
no  in fo rm atio n  a b o u t longer m ovem ents. S tudies 
o f  sa lm onid  m ovem ent are  n o t a t all s tandard ized  
in  th is respect, an d  com parison  o f  d a ta  is therefo re  
difficult. M s  d o u b tfu l th a t  we will fully u n d e rs tan d  
the  significance o f  d ispersal in salm onids un til com ­
parab le  experim ents are  co nduc ted  in  a  varie ty  o f  
stream s in  d ifferen t biom es.
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T he results from  o u r trap p in g  an d  electrofishing 
ind ica te  th a t  b ro o k  tro u t  in  Jack  C reek  an d  the 
N o r th  F o rk  tended  to  m ove u p stream  d uring  the 
sum m er. A  tendency  to w ard  u p stream  m ovem ent 
by  s tream -residen t b ro o k  tro u t  has also been n o ted  
by S aunders & Sm ith  (1962b) in  N ew  B runsw ick 
an d  F lick  & W ebster (1975) in  N ew  Y ork. C hisolm , 
H u b e rt & W esche (1987), how ever, fo u n d  th a t 
rad io -tagged  b ro o k  tro u t  tended  to  m ove d ow n­
stream  d u rin g  w in ter in  W yom ing.

M o st research  dealing  w ith  the release o f  h a tc h ­
ery-reared  salm onids has ind ica ted  a  p ropensity  
fo r do w n stream  m ovem ent (C obb  1933; H o o v er & 
Jo h n so n  1937; S hetter & H azzard  1940; Sm ith 
1940; T rem bley 1944; C o o p er 1952; Cressw ell 1981; 
H elfrich  & K endall 1982), b u t  no  such generaliza­
tio n  is w a rran ted  fo r w ild tro u t. Since h a tchery  
tro u t  m ay  o ften  be excluded from  access to  te rr ito r­
ies by  residents (B achm an  1984), it is possible th a t 
su b o rd in a te  tro u t  m ay  generally  ten d  to  m ove 
dow nstream . O u r o b serva tion  th a t  b ro o k  tro u t 
m oving  d ow nstream  w ere sm aller th a n  u p stream  
m ig ran ts  su p p o rts  th is idea. N eed h am  & C ram er 
(1943) also fo u n d  th a t b row n  tro u t  m oving  u p ­
stream  in C onv ict C reek  (C alifo rn ia) w ere larger 
th a n  d ow nstream  m igran ts, b u b  the difference w as 
n o t tested . A lth o u g h  o u r results suggest th a t  d o w n ­
stream  an d  u p stream  m ig ran ts  are  d ifferent, little 
can  be in ferred  w ith o u t fu rth e r  study.

O u r results ind ica te  th a t  residen t b ro o k  tro u t 
w ere larger th a n  im m igran ts on  all stream s by  1990 
(Table 4). A  sim ilar tendency  fo r sm aller salm onids 
to  be m ore  m obile  has been n o ted  in  som e studies 
(M ille t 1957; Saunders & Sm ith  1962b; N a k a n o  et 
al. 1990), b u t n o t in  o thers (H arcu p  et al. 1984; 
C u n jak  & R an d a ll in  press). H esthagen  0 9 8 8 )  
fo u n d  th a t  m obile  b ro w n  tro u t  w ere larger in 
reaches w ith  h igh  p o p u la tio n  density. H eggenes et 
al. (1991) n o ted  th a t  larger c u tth ro a t tro u t tended  
to  m ove fa rth e r  in  a  sm all B ritish  C o lum bia  stream , 
a lth o u g h  the  rela tionsh ip  w as w eak.

A  tendency  fo r residen t tro u t  to  be larger th a n  
im m igran ts w ould  be expected if  m obile tro u t  w ere 
being excluded by larger, d o m in an t individuals. 
T his possib ility  is; also su p p o rted  by the obser­
v a tio n  th a t  sa lm onid  m ovem ent ra tes m ay  be re ­
la ted  to  local p o p u la tio n  density  (Jenkins 1969; 
F lick  & W ebster 1975; H a rcu p  et al. 1984; H esth ag ­
en 1988), a lth o u g h  th is has n o t alw ays been o b - ': 
served (B jo rnn  1971; M ense 1975; H eggenes 1988). 
D om inance  an d  aggression am o n g  salm onids is 
th o u g h t to  p lay  a  m ajo r ro le in  con tro lling  p o p u jfe  
tio n  density, an d  therefo re  em igration , in  stream s 
(C h ap m an  1962; Sym ons 1971; G ra n t & K ram er 
1990). T he fac t th a t residen t tro u t  have n o t alw ays 
been observed  to  be larger (such as the 1988 an d  
1989 results from  th is study), how ever, suggests

th a t  o th er fac to rs m ay  be involved in  in itia ting  
m ovem ents.

We observed  significantly  m ore  im m igran t tro u t 
in  trea tm en t sections th a n  in  co n tro l sections. In  
tu rn , the  n u m b er o f  im m igran t an d  residen t tro u t 
w as significantly  re la ted  to  th e  a m o u n t o f  cover, 
w hich a long  w ith  p o o l vo lum e an d  d ep th  w as sig­
nifican tly  g rea ter in  trea tm en t th a n  co n tro l sections 
a fte r logs w ere installed . H u n t (personal com m uni­
ca tio n  cited  in C h ap m an  & B jornn  1969) fo u n d  
th a t  h a b ita t  a lte ra tio n s w hich increased  p rim arily  
cover, a long  w ith  p o o l a rea  an d  dep th , resu lted  in 
a  decreased ra te  o f  em ig ration  fro m  the  trea ted  
section o f  a  W isconsin  stream . T he im p o rtan ce  o f  
cover in  de term in ing  the  d istrib u tio n  an d  d ispersal 
o f  tro u t  in stream s has also been rep o rted  by o th er 
investigato rs (C h ap m an  & B jornn  1969; H u n t 
1971; D evore & W hite  1978; N ielsen  1986; C u n ­
ja k  & P ow er 1987; M esick  1988). O u r trap p in g  
d a ta  d id  n o t ind ica te  th a t  em ig ration  w as low er o u t 
of, o r  im m igra tion  g rea ter in to , trea tm en t sections 
d u ring  sum m er, w hich suggests th a t  h ab ita t-re la ted  
m ovem ents in  these stream s m ay  be im p o rta n t d u r­
ing som e o th er period . Several investigato rs have 
suggested th a t w in ter h a b ita t plays an  im p o rta n t 
ro le in  sa lm onid  m ovem ents (B jo rnn  1971; T scha- 
p linski & H a rtm a n  1983; C h isho lm  et al. 1987; 
H illm an  et al. 1987; C u n jak  & R an d a ll in  press); 
th is possib ility  deserves fu rth e r  study.

M ovem ent o f  stream  salm onids m ay  be affected 
by a  n u m b er o f  facto rs, includ ing  w ater tem p era ­
tu re  (C h ap m an  & B jornn  1969; B jo rnn  1971; 
H illm an  et al.), flow  regim e (M an io n  1977; 
M o n tgom ery  e t al. 1983), fish size (M iller 1957; 
S olom on & T em pleton  1976), local p o p u la tio n  den ­
sity (H arcu p  et al. 1984; H esthagen  1988), w in ter 
cond itions (C u n jak  & R an d a ll in  press), the  p res­
ence o f  non -sa lm on ids (F lick  & W ebster 1975), an d  
h a b ita t characteristics (B jornn  1971; H u tch ings 
1986; H eggenes e t al. 1991). T he quality , q u an tity  
an d  lo ca tio n  o f  h ab ita ts  w ith in  a  s tream  are  likely 
to  be am o n g  the m ore  im p o rta n t fac to rs co n ­
tro lling  sa lm onid  m ovem ents. Salm onids m ay 
change h ab ita ts  betw een day  an d  n igh t (E dm und- 
son, E verest & C h ap m an  1968; B achm an  1984), 
seasonally  (R im m er, P a im  & S aunders 1984; C u n ­
ja k  & P ow er 1986; H illm an  et al. 1987; B altz et al. 
0 9 9 1 ; N ickelson  et al. 1992) an d  as they  grow  larger 
(K alleberg  1958; C h ap m an  & B jo rnn  1969; B altz & 
M oyle 1984), an d  all o f  these h a b ita t shifts m ay 
requ ire  m ovem ent.

In  g e n e ra l jo n e  w ould  expect d ispersal to  in ­
crease as h ab ita ts  becom e p a tch ier (W iens 1976; 
H o rn  1984). Because sm all m o u n ta in  stream s are 
pa tch y  m osaics o f  shallow , relatively inhosp itab le  
riffles an d  deeper, qu iet poo ls, salm onid  m ove­
m ents w ith in  these stream s m ay  p rim arily  be adap -
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tive responses to  shifting  h a b ita t  availab ility  an d  
requ irem ents. In  th is sense, h a b ita t  m ay  be the 
u ltim ate  fac to r con tro lling  m ovem ents, an d  ag ­
gression by conspecifics sim ply a  p ro x im ate  stim u­
lus (cf. F retw ell & L ucas 1970; G adg il 1971; L om - 
nicki 1978). M ovem en t m ay  therefo re  largely be 
a  function  o f  p o p u la tio n  size an d  structu re . F o r 
exam ple, if  rec ru itm en t is to o  g rea t to  be su p p o rted  
by  the  h a b ita t, o r if  h a b ita t  quality  is less th a n  
usual (such as in a  year w ith  low  flow ), one m igh t 
expect a g rea ter influence o f  te rrito ria l aggression 
on  m ovem ent. T his is su p p o rted  by o u r obser­
v a tio n  th a t  m ore  b ro o k  tro u t  m oved, an d  m oved 
farther, in  the N o r th  F o rk  th a n  in  Jack  C reek, 
since p o p u la tio n  density  is g rea ter in  the N o r th  
F o rk  (R iley 1992).

I t  is im p o rta n t th a t  we develop a  m ore  com plete 
u n d ers tan d in g  o f  the fac to rs th a t  affect m ovem ent 
in  sa lm onid  p o p u la tio n s, because th is will affect 
o u r ab ility  to  m ake inferences a b o u t o th er aspects 
o | | t h e i r  biology. T his is pe rh ap s best illu strated  
by the  exam ple o f  co rrelative h a b ita t  m odels (for 
exam ple, B inns & .E iserm an 1979), w hich are  be­
com ing  com m on  m anagem en t too ls  in  the U n ited  
S tates. I f  a  su b stan tia l p ro p o rtio n  o f  the  ind iv id ­
uals in  a  stream  are  transien ts , th en  ab u n d an ce  o r 
b iom ass d a ta  collected fo r th a t  p o p u la tio n  m ay  n o t 
accura te ly  reflect the qua lity  o f  the h a b ita t (cf. Van 
H o rn e  1983). Sim ilarly, the degree o f  m ovem ent 
will affect the scale a t w hich sa lm onid  p o p u la tio n s  
shou ld  be studied , since we observed  th a t  h a b ita t 
m an ip u la tio n  affected  im m igra tion  from  outside 
the trea ted  sections. T hus, a b e tte r  u n d erstan d in g  
o f  d ispersal in  stream  salm onid  p o p u la tio n s  is 
necessary  fo r good  m anagem ent.

Resumen

1. Hemos estudiado los movimientos de Salvelinus fontinalis en 
4 ríos del norte de Colorado (USA), utilizando métodos de 
marcaje-recaptura y azudes.

2. En todos los ríos, la tasa de recaptura de adultos marcados 
fué baja y cada año se encontraron mayores números de truchas 
adultas no-marcadas, aparentemente inmigrantes.

3. Significativamente mas truchas inmigraron dentro de aque­
llas localidades que fueron experimentalmente modificadas ins­
talando pequeños azudes que resultaron en un incremento de 
la profundidad, el volumen y la cantidad de cubierta. El número 
de truchas inmigrantes y residentes está significativamente rela­
cionada con la cantidad de cubierta en las localidades.

4. En todos los ríos, durante el último año de muestreo, las 
truchas residentes fueron mayores que las inmigrantes, Las más 
móviles, migraron aguas arriba durante el verano en los 2>ríos 
donde funcionaban los azudes. En ambos ríos, las migrantes 
río arriba fueron significativamente mayores que las migrantes 
río abajo.

5. Sugerimos que un alto grado de movimiento puede ser 
una respuesta adaptativa de las truchas u  la naturaleza hetero­
génea de los pequeños río# de montaña.
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