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ABSTRACT 

Habi t a t  requirements  of anadromous and some r e s i d e n t  salmonid 
f i s h e s  have been desc r ibed  f o r  v a r i o u s  l i f e  s t a g e s ,  i nc lud ing  upstream 
mig ra t i on  of a d u l t s ,  spawning, i ncuba t ion ,  and j u v e n i l e  r e a r i n g .  

Fac to r s  impor tan t  i n  t h e  mig ra t i on  of a d u l t s  a r e  wate r  temper- 
a t u r e ,  minimum water depth,  maximum water  v e l o c i t y ,  t u r b i d i t y ,  d i s -  
so lved  oxygen, and b a r r i e r s .  

H a b i t a t  requirements  f o r  s u c c e s s f u l  spawning a r e  s u i t a b l e  wate r  
t empera ture ,  wate r  dep th ,  wate r  v e l o c i t y ,  and s u b s t r a t e  composit ion.  
Cover--r ipar ian v e g e t a t i o n ,  undercu t  banks, and s o  on--is needed t o  
p r o t e c t  salmonids wa i t i ng  t o  spawn and may i n f l u e n c e  t h e  s e l e c t i o n  of 
spawning l o c a t i o n s .  

Incuba t ion  requirements  i n c o r p o r a t e  bo th  e x t r a -  and i n t r a g r a v e l  
f a c t o r s .  Ext ragrave l  f a c t o r s  a r e :  d i s s o l v e d  oxygen, t empera ture ,  
v e l o c i t y ,  d i s cha rge ,  and biochemical  oxygen demand of t h e  stream. 
I n t r a g r a v e l  f a c t o r s  a r e  d i s so lved  oxygen, t empera ture ,  pe rmeab i l i t y ,  
appa ren t  v e l o c i t y ,  and sediment composit ion.  

Important h a b i t a t  components f o r  j u v e n i l e  r e a r i n g  a r e  f i s h  food 
produc t ion  a r e a s ,  water  q u a l i t y ,  cover ,  and space.  Good f i s h  food 
p roduc t ion  a r e a s  a r e  mostly r i f f l e s  wi th  wate r  dep ths  of 0.15-0.91 m ,  
wa te r  v e l o c i t i e s  of 0.30-0.46 m / s ,  and s u b s t r a t e s  of c o a r s e  g rave l  
and rubb le  (3.2-30.4 cm). Good water  q u a l i t y  f o r  r e a r i n g  salmonids 
i n c l u d e s  mean summer water  t empera tures  of 10.0'-14.0°C, d i s s o l v e d  
oxygen a t  more than 80-percent s a t u r a t i o n ,  suspended sediment less 
t h a n  25 m g / l i t e r ,  and f i n e  sediment c o n t e n t  of r i f f l e s  less t h a n  20 
percent. Adequate cover--in t h e  form of r i p a r i a n  v e g e t a t i o n ,  undercut  
banks,  a q u a t i c  vege t a t i on ,  and rubble-boulder  a reas - - i s  needed t o  
protect juvenile f i s h  from p r e d a t i o n  and adverse  phys i ca l  f a c t o r s .  

KEYWORDS: f i s h  h a b i t a t ,  anadromous f i s h ,  salmonids,  h a b i t a t  
needs. 



Gen. Tech. R e p .  PNW-96, " I n f l u e n c e  o f  forest and rangeland management on anadromous 
f i s h  habitat i n  Western North America--1. Habi ta t  r e q u i r e m e n t s  o f  anadromous salmonids .  

In  Western North America many human a c t i v i t i e s ,  both commercial and 
r e c r e a t i o n a l ,  t a k e  p l ace  on f o r e s t  and range lands .  These a c t i v i t i e s  i n -  
clude timber ha rves t ,  l i ves tock  grazing,  mining, hunting,  f i s h i n g ,  camping, 
backpacking, and those  a s soc ia t ed  with resource  uses ,  such a s  road con- 
s t r u c t i o n ,  urbaniza t ion ,  water development, and t rea tments  t o  improve 
f o r e s t  growth. The many streams,  r i v e r s ,  l akes ,  and e s t u a r i e s  encompassed 
by these  f o r e s t  and range lands a r e  h a b i t a t  f o r  t h e  va luable  s tocks  of  
anadromous (sea-going) and r e s i d e n t  salmon and t r o u t .  

The e f f e c t s  o f  human a c t i v i t i e s  on t h e  h a b i t a t  o f  t h e s e  salmonids has 
been of i nc reas ing  concern t o  resource  u s e r s  and managers. Much has been 
learned about t h e  responses o f  f i s h  t o  changes i n  t h e i r  h a b i t a t ,  but  some 
of  it is  not  widely known and t h e  information i s  contained i n  a wide v a r i e t y  
of  sources.  S c i e n t i f i c  journa ls  and o t h e r  pub l i ca t ions  t h a t  d i scuss  t h e  
r e s u l t s  o f  f i s h e r i e s  r e sea rch  a r e  numerous, and s i g n i f i c a n t  work i s  o f t en  
published i n  a form t h a t  i s  not  r e a d i l y  a v a i l a b l e  t o  resource  managers and 
t o  o t h e r  s c i e n t i s t s  s tudying s i m i l a r  s i t u a t i o n s .  

In  1976, t h e  Forest  Serv ice  o f  t h e  U.S. Department o f  Agr icul ture  

D 
i n i t i a t e d  a cooperat ive program t o  de f ine  t h e  p o t e n t i a l  problems assoc ia ted  
with land uses  i n  watersheds support ing anadromous f i s h  populat ions,  and t o  
apply t h i s  knowledge t o  managing f o r e s t  and range lands.  Three Forest  Serv ice  
experiment s t a t i o n s - - P a c i f i c  Northwest, P a c i f i c  Southwest, and Intermountain, 
and f i v e  reg ions  i n  t h e  National Forest  System--Region 1 (Northern),  Region 4 
(Intermountain) ,  Region 5 (Ca l i fo rn ia ) ,  Region 6 ( P a c i f i c  Northwest), and 
Region 10 (Alaska)--as well  a s  many Federal ,  S t a t e ,  u n i v e r s i t y ,  and p r i v a t e  
coopera tors ,  a r e  p a r t i c i p a t i n g  i n  t h e  program. 

The purpose of  t h i s  s e r i e s  o f  r e p o r t s  i s  t o  assemble cu r ren t  knowledge 
on how management p r a c t i c e s  on f o r e s t  and range lands  inf luence  anadromous 
f i s h  h a b i t a t  i n t o  one s e t  o f  documents f o r  resource  managers, s c i e n t i s t s ,  
admin i s t r a to r s ,  and i n t e r e s t e d  c i t i z e n s .  Three general  a r e a s  covered w i l l  
be t h e  h a b i t a t  requirements o f  salmon and t r o u t ,  t h e  e f f e c t s  of  var ious  land 
uses  on t h i s  h a b i t a t ,  and methods f o r  r e s t o r a t i o n  and enhancement o f  h a b i t a t .  

Fourteen papers  a r e  p r e s e n t l y  planned f o r  t h i s  s e r i e s .  They w i l l  be 
published i r r e g u l a r l y ,  but  most w i l l  be a v a i l a b l e  wi th in  t h e  next  2 years .  
Addit ional  t o p i c s  may be addressed l a t e r ,  a s  t h e  need f o r  information a r i s e s .  

I would l i k e  t o  express  my thanks not  only t o  t h e  au thors  of  t h e s e  r e p o r t s ,  
but. t o  t h e  many t echn ica l  reviewers,  e d i t o r s ,  i l l u s t r a t o r s ,  t y p i s t s ,  and o t h e r s  
whose e f f o r t s  have made and w i l l  cont inue t o  make t h i s  compendium s e r i e s  a 
success.  

WILLIAM R .  MEEHAN 
Technical Edi tor  
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PREFACE 

Thi s ,  t h e  first i n  a series o f  p u b l i c a t i o n s  summarizing knowledge 
about  t h e  i n f l u e n c e s  of f o r e s t  and range land  management on anadromous 
f i s h  h a b i t a t  i n  t h e  Western United S t a t e s ,  d e s c r i b e s  h a b i t a t  r e q u i r e -  
ments of anadromous salmonids--the v a l u a b l e  salmon and t r o u t  s p e c i e s  
t h a t  u se  bo th  f r e shwa te r  and marine environments.  ~ e q u i r o n e n t s  of 
t h e s e  unique f i s h  must be unders tood b e f o r e  w e  can exp lo re  t h e  e f f e c t s  
t h a t  n a t u r a l  even t s  and human a c t i v i t i e s  can have on the i r  h a b i t a t ,  
and on t h e i r  a b i l i t y  t o  main ta in  p roduc t i ve  popu la t i ons  w i th  o u r  
i n c r e a s i n g  u se  of o t h e r  f o r e s t  and rangeland r e sou rce s .  Reports on 
t h e  e f f e c t s  of n a t u r a l  watershed d i s t u r b a n c e s  and various l and  use 
a c t i v i t i e s  w i l l  fo l low.  

W e  i n t e n d  t o  p r e s e n t  i n fo rma t ion  i n  t h e s e  p u b l i c a t i o n s  t h a t  w i l l  
p rov ide  managers and u s e r s  of  t h e  f o r e s t s  and rangelands of t h e  
Western United S t a t e s  w i th  t h e  most complete i n f o m a t i o n  a v a i l a b l e  for 
e s t i m a t i n g  consequences of v a r i o u s  management a l t e r n a t i v e s .  

I n  t h i s  series of papers ,  w e  w i l l  summarize publ i shed  and 
unpubl ished r e p o r t s  and d a t a  as w e l l  a s  o b s e r v a t i o n s  made by r e sou rce  
s c i e n t i s t s  and managers made du r ing  y e a r s  of exper ience  i n  t h e  West. 
These compi la t ions  w i l l  be v a l u a b l e  i n  p lann ing  management of f o r e s t  
and rangeland r e sou rce s ,  and t o  s c i e n t i s t s  i n  p lann ing  f u t u r e  research. 
The e x t e n s i v e  l i s ts  of r e f e r e n c e s  w i l l  s e r v e  a s  a b ib l i og raphy  on 
f o r e s t  and range land  r e s o u r c e s  and t h e i r  u se  f o r  t h i s  pa r t  of t h e  
United S t a t e s .  

KBERT F. TARRANT, Director 
Pacific Northest Forest and Range 

Experiment Station 
809 NE Sixth Avenue 
Partland, OR 97232 
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Carmc>n n w  Scientific nime 

Pink salmon 
Qxrm salmn 
Cd20 s a l m  
Sbdceye sdlmn (hkanee) 
Chinadc dm 
Cutthroat trmt 
R a b b w  (steelhed) trout 
Atlantic salmon 
B m  trout 
Asctic char 
Brock trout 
m11y V a d n  
Ldce trmt 

Oncorhynchus gorbuscha (Walbaum) 
Oncorhynchus keta (Walbaum) 
Oncorhynchus kisutch (Walbaun) 
Oncorhynchus nerka (Walbam) 
Oncorhynchus tshmytscha (Walbaun) 
SaZmo cZarki Richardson 
SaZmo gairdneri Richardson 
Sa Zmo sa Zar Linnaeus 
SaZmo t ru t ta  Linnaeus 
Salve Zinus alpinus (Linnaeus ) 
SaZveZinus frmtinalis (Miail 1) 
SaZveZinus maZma (Walbam) 
SaZveZinus namaycush (Walbam) 

1/ Fron .A L i s t  of ComDn and Scientific Names  of Fishes £ran the  - 
United States and Gmda," American Fisheries Society Special 
Publication No. 6, Third Edition, 1970, 150 p. 



INTRODUCTION 

H a b i t a t  needs of anadromous 
salmonids ( sea-run salmon and 
t r o u t )  i n  streams vary wi th  t h e  
season  of t h e  y e a r  and t h e  s t a g e  o 
of  t h e i r  l i f e  cyc le .  Upstream 
mig ra t i on  of a d u l t s ,  spawning, 
i ncuba t ion ,  j uven i l e  r e a r i n g ,  
and seaward migra t ion  of smol t s  
a r e  t h e  major l i f e  s t a g e s  f o r  
most anadromous salmonids . 
I n s o f a r  a s  p o s s i b l e ,  w e  have 
de f ined  t h e  range of h a b i t a t  
c o n d i t i o n s  f o r  each l i f e  s t a g e  
t h a t  w i l l  a l low a popu la t i on  t o  
t h r i v e .  Throughout t h i s  paper ,  
we have inc luded  d a t a  f o r  s a l -  
monids t h a t  a r e  no t  anadromous 
because they  i l l u s t r a t e  t h e  
range of t empera tures ,  veloc-  
i t ies ,  and dep ths  of wate rs  
p r e f e r r e d  by salmonids,  and 
t h e s e  s p e c i e s  a r e  g e n e r a l l y  
s i m i l a r  t o  t h e  anadromous ones. 



UPSTREAM 
--- \ 

MIGRATION OF ADULTS 

Adult  salmonids r e t u r n i n g  
t o  t h e i r  n a t a l  s t reams  must 
a r r i v e  a t  t h e  p roper  t i m e  and i n  
good h e a l t h  i f  spawning i s  t o  be 
s u c c e s s f u l .  Unfavorable d i s -  
charges ,  t empera tures ,  t u r -  
b i d i t y ,  and wate r  q u a l i t y  cou ld  
d e l a y  o r  p r even t  f i s h  from 
complet ing t h e i r  migra t ion .  

TEMPERATURE 
S e l e c t e d  salmonid f i s h e s  

have s u c c e s s f u l l y  migrated 
upstream i n  water  t empera tures  
rang ing  from 3O t o  20°C ( t a b l e  
1 ) .  Temperatures above t h e  
upper  l i m i t s  have been know 
s t o p  t h e  mig ra t i on  of f i sh . -  

Unusual stream tempera tures  
can  l e ad  t o  d i s e a s e  ou tb reaks  i n  
mig ra t i ng  f i s h ,  a l t e r e d  t iming  
o f  mig ra t i on ,  and a c c e l e r a t e d  o r  
r e t a r d e d  matura t ion .  Most 

- Unpublished r e p o r t ,  " F i s h e r i e s  

handbook of eng inee r i ng  requi rements  
and b i o l o g i c a l  c r i t e r i a .  Usefu l  
f a c t o r s  i n  l i f e  h i s t o r y  of most common 
s p e c i e s , "  by M. C .  B e l l .  Submitted t o  
Fish.-Eng. R e s .  Prograin, Corps of 
Eng , , North Pac. Div.,  P o r t l a n d ,  
Oreg. ,  1973. 

s t o c k s  of anadromous salmonids 
have evolved wi th  t h e  temper- 
a t u r e  p a t t e r n s  of t h e i r  home 
s t reams ,  and s i g n i f i c a n t  a b r u p t  
d e v i a t i o n s  from t h e  normal 
p a t t e r n  cou ld  adve r se ly  a f f e c t  
t h e i r  s u r v i v a l .  

DISSOLVED OXYGEN 
Reduced d i s s o l v e d  oxygen 

c o n c e n t r a t i o n s  can adve r se ly  
a f f e c t  t h e  swimming performance 
o f  m ig ra t i ng  salmonids . Maximum 
s u s t a i n e d  swimming speeds  of 
j u v e n i l e  and a d u l t  coho salmon 
a t  t empera tures  of lo0-20°C were 
a d v e r s e l y  a f f e c t e d  when oxygen 
was reduced from a i r - s a t u r a t i o n  
l e v e l s  (Davis  e t  a l . 1963 ) .  A 
s h a r p  dec rea se  i n  performance 
was noted a t  6.5-7.0 mg/l f o r  
a l l  t empera tures  t e s t e d .  A 
s imilar r e l a t i o n  ha s  been ob- 
s e rved  by Graham (1949) f o r  
brook t r o u t .  Low d i s s o l v e d  
oxygen may a l s o  e l i c i t  avoidance 
r e a c t i o n s  a s  noted by Whitmore 
e t  a l .  (1960)  and may cause  
mig ra t i on  t o  cease. The oxygen 
l e v e l s  recommended f o r  spawning 
f i s h  ( a t  l e a s t  80 p e r c e n t  of 
s a t u r a t i o n ,  w i th  temporary 
l e v e l s  no lower t han  5.0 mg/ l )  
should  p rov ide  t h e  oxygen needs 
o f  m ig ra t i ng  f i s h .  

TURBIDITY 
Migrat ing salmon w i l l  avoid 

o r  c e a s e  mig ra t i on  i n  wa te r s  
w i t h  h igh  s i l t  l oads  (Cordone 
and Kel ley 1961, B e l l ,  see 
f o o t n o t e  1) .  B e l l  c i t e d  a  s t udy  
i n  which salmonid f i s h  would n o t  
move i n  s t reams  where t h e  s e d i -  
ment c o n t e n t  was more t h a n  4 000 
mg/l.  The t u r b i d  wate r  r e s u l t e d  
from a l a n d s l i d e ,  Turbid wate r  
w i l l  absorb  more r a d i a t i o n  t h a n  
c l e a r  water and t h u s  may i n -  
d i r e c t l y  r e s u l t  i n  a  thermal  
b a r r i e r  t o  migra t ion .  

BARRIERS 
W a t e r f a l l s ,  d e b r i s  jams, 

and exces s ive  v e l o c i t i e s  may 
a l s o  impede mig ra t i ng  f i s h .  
F a l l s  t h a t  are insurmountable  



Table 1 -Water temperature, depth, and velocity criteria for successful upstream 
migration of adult salmon and trout. 

Species o f  

f i s h  

Temperature 
1 / range- 

Minimum Maxi mum 

depth- v e l o c i t y -  2/ 
1 I 1 

"C  - Meters Meters/second 

F a l l  ch inook salmon 
Sp r i ng  chinook salmon 
Summer c h i  nook salmon 
Chum salmon 
Coho salmon 
Pink salmon 
Sockeye salmon 
Stee l  head t r o u t  
Large t r o u t  
T r o u t  

1/ From B e l l  (see t e x t  f oo tno te  1 ) .  - 
2/ From Thompson (1  972). - 
3/ B a s e d o n f i s h s i z e .  - 

a t  one t i m e  of t h e  y e a r  may bye 
passed  by mig ra t i ng  f i s h  a t  
o t h e r  t imes  when f lows have 
changed. S t u a r t  (1962)  d e t e r -  
mined i n  l a b o r a t o r y  s t u d i e s  t h a t  
i d e a l  l e ap ing  c o n d i t i o n s  f o r  
f i s h  a r e  ob ta ined  w i th  a r a t i o  
o f  a h e i g h t  of f a l l s  t o  dep th  of 
pool  of 1:1.25. F igu re  1 from 
Eiserman e t  a l .  (1975)  d e p i c t s  
t h e  l e ap ing  behavior  of salmonids 
observed by S t u a r t .  Given 
s u i t a b l e  c o n d i t i o n s ,  salmon and 
s t e e l h e a d  can g e t  p a s t  many 
o b s t a c l e s  t h a t  appear  t o  be 
b a r r i e r s .  Both Jones  (1959) and 
S t u a r t  (1962)  observed salmon 
jumping 2-3 m.  

Debr i s  jams, whether na t -  
u r a l  o r  caused by human a c t i v -  
i t ies ,  can p r even t  o r  de l ay  
upstream mig ra t i on .  Chapman 
(1962)  c i t e d  a s t udy  i n  which a 
75-percent  dec rea se  i n  spawning 
salmon i n  one s t ream w a s  a t t r i b -  
u t e d  t o  d e b r i s  blockage.  Debr i s  
b a r r i e r s  o f t e n  form l a r g e  poo l s  
and sediment t r a p s  t h a t ,  i f  
r e l e a s e d ,  cou ld  adve r se ly  a f f e c t  
downstream spawning a r e a s .  

Some logs ,  l e aves ,  dams, 
and s o  on, i n  s t reams  a r e  
b e n e f i c i a l  as cover  f o r  a d u l t  
and j u v e n i l e  f i s h .  A l l  d e b r i s  
jams should be eva lua t ed  care- 
f u l l y  b e f o r e  t hey  are removed. 

Water v e l o c i t i e s  may exceed 
t h e  swimming a b i l i t y  of m ig ra t i ng  
f i s h  a t  channel c o n s t r i c t i o n s  
du r ing  snow m e l t  and storm 
runo f f .  Migrat ion resumes when 
s t reamflows and a s s o c i a t e d  
v e l o c i t i e s  have decreased .  The 
swimming a b i l i t i e s  of f i s h  are 
u s u a l l y  d e s c r i b e d  i n  terms of 
c r u i s i n g  speed--the speed a f i s h  
can  s w i m  f o r  an extended pe r iod  
o f  t i m e  ( h o u r s ) ,  u s u a l l y  ranging 
from 2 t o  4 body l e n g t h s  p e r  
second; s u s t a i n e d  speed--the 
speed a f i s h  can ma in t a in  f o r  a 
p e r i o d  of s e v e r a l  minutes ,  
r ang ing  from 4 t o  7 body l e n g t h s  
p e r  second; and d a r t i n g  o r  b u r s t  
speed--the speed a f i s h  can s w i m  
f o r  a few seconds,  rang ing  from 
8 t o  12 body l e n g t h s  p e r  second 
( B e l l ,  see f o o t n o t e  1; Watts  
1974; t a b l e  2 ) .  According t o  
B e l l ,  c r u i s i n g  speed i s  used 



Figure 1-Leaping ability of salmonids (from Eiserman et 
al. 1975, diagrams drawn after Stuart 1962): A. Falling 
water enters the pool at nearly a 90" angle. A standing 
wave lies close to the waterfall where trout use its 
upward thrust in leaping. Plunge-pool depth is 1.25 
times the distance (h) from the crest of the waterfall to 
the water level of the pool. B. The height of fall is the 
same, but pool depth is less. The standing wave is 
formed too far from the ledge to be useful to leaping 
trout. C. Flow down a gradual incline is slow enough to 
allow passage of ascending trout. D. Flow over a steeper 
incline is more than trout can swim against for much 
distance. Trout may even be repulsed in the standing 
wave at the foot of the incline. They sometimes leap 
futilely from the standing wave. E. A shorter barrier with 
outflow over steep incline may be ascended by trout 
with difficulty. 

FLOW (CUBIC FEET PER SECOND) 

Figure 2-Salmonid passage flow determination (from 
Thompson 1972). 

dur ing  migra t ion ,  s u s t a i n e d  
speed f o r  passage through d i f -  
f i c u l t  a r e a s ,  and d a r t i n g  speed 
f o r  escape and feed ing .  Velo- 
c i t i e s  of 3-4 m / s  approach t h e  
upper swimming a b i l i t y  of salmon 
and s t e e l h e a d  and may r e t a r d  up- 
s t ream migra t ion .  

STREAMFLOW 
Migrat ion can a l s o  be 

hampered by t o o  l i t t l e  streamflow 
and r e s u l t i n g  shal low water .  
Thompson (1972)  e s t a b l i s h e d  
passage c r i t e r i a  f o r  va r ious  
salmonids based on minimum depth 
and maximum v e l o c i t i e s  ( t a b l e  
1 ) .  Stream d i scha rges  t h a t  w i l l  
p rov ide  s u i t a b l e  dep ths  and 
v e l o c i t i e s  f o r  a d u l t  passage 
( f i g u r e  2 )  can be determined 
from t h e  c r i t e r i a  and techniques  
desc r ibed  by Thompson (1972) :  



1/ 
Table 2-Swimming abilities of average size adult salmonids- 

Species o f  
f i s h  

I 1 I _--_______________ Meters per second--------------- 

I 
C ru is ing  speed 

Chinook 
Coho 
Sockeye 
Steel  head 
T rou t  
Brown t r o u t  

1/ From B e l l  (see t e x t  footnote 1 ) .  - 

Sustained speed 

... s h a l l o w  b a r s  most c r i t -  
i c a l  t o  passage  of  a d u l t  
f i s h  a r e  l o c a t e d  and a  
l i n e a r  t r a n s e c t  marked 
which £01 lows t h e  s h a l -  
l o w e s t  c o u r s e  from bank t o  
bank. A t  each  of  s e v e r a l  
f lows ,  t h e  t o t a l  wid th  and 
l o n g e s t  c o n t i n u o u s  p o r t i o n  
o f  t h e  t r a n s e c t  meet ing 
minimum d e p t h  and maximum 
v e l o c i t y  c r i t e r i a  a r e  
measured. For each t r a n -  
s e c t ,  t h e  f low i s  s e l e c t e d  
t h a t  meets t h e  c r i t e r i a  on 
a t  l e a s t  25 p e r c e n t  of  t h e  
t o t a l  t r a n s e c t  wid th  and a 

Dar t i ng  speed 

c o n t i n u o u s  p o r t i o n  equa l -  
l i n g  a t  l e a s t  10 p e r c e n t  of  
i t s  t o t a l  width .  

The mean s e l e c t e d  f low from a l l  
t r a n s e c t s  i s  recommended a s  t h e  
minimum f low f o r  passage .  
Thompson (1972)  no ted  t h a t  
maximum a c c e p t a b l e  passage  f lows  
c o u l d  t h e o r e t i c a l l y  be d e f i n e d ,  
b u t  w e  have n o t  a t t e m p t e d  t o  do 
s o  i n  t h i s  paper .  B a x t e r  (1961)  
r e p o r t s  t h a t  salmon need 30-50 
p e r c e n t  of t h e  average  annual  
f low f o r  passage  through t h e  
lower  and middle r e a c h e s  i n  
S c o t t i s h  r i v e r s  and up t o  70 
p e r c e n t  f o r  headwater  streams. 



Cover, s u b s t r a t e  composi- 
t i o n ,  and wate r  q u a l i t y  and 
q u a n t i t y  a r e  impor tan t  h a b i t a t  
e lements  f o r  anadromous s a l -  
monids be fo re  and dur ing  spawning. 

COVER 
Cover f o r  f i s h  can be 

provided by overhanging vege- 
t a t i o n ,  undercut  banks, sub- 
merged v e g e t a t i o n ,  submerged 
objects--e .g .  l o g s  and rocks ,  
f l o a t i n g  d e b r i s ,  and water  depth 
and tu rbu lence  (Giger  1973) .  
Cover can p r o t e c t  t h e  f i s h  from 
d i s t u r b a n c e  and p r e d a t i o n  and 
a l s o  provide shade.  Some anad- 
romous fish--chinook salmon and 
s t e e l h e a d ,  f o r  example--enter 
f r e shwa te r  streams months b e f o r e  
t hey  spawn, and cover  i s  essen-  
t i a l  f o r  f i s h  wai t ing  t o  spawn. 
Many spawning a r e a s  a r e  r e l a -  
t i v e l y  open segments on s t reams  
where f i s h  a r e  vu lne rab l e  t o  
d i s t u r b a n c e  and p reda t ion  dur ing  
redd ( n e s t )  c o n s t r u c t i o n  and 
spawning. Nearness of cover  t o  
spawning a r e a s  may be a f a c t o r  
i n  t h e  a c t u a l  s e l e c t i o n  of 
spawning s i t e s  by some spec i e s .  
Johnson e t  a l .  (1966)  and 

R e i s e r  and Wesche (1977)  noted 
t h a t  many spawning brown t r o u t  
s e l e c t e d  a r e a s  a d j a c e n t  t o  
undercu t  banks and overhanging 
v e g e t a t i o n .  Re i se r  and Wesche 
(1977)  specu la t ed  t h a t  t h e  e a r l y  
spawners and l a r g e  dominant f i s h  
may s e l e c t  a r e a s  by cover.  A s  
t h e s e  a r e a s  become occupied,  t h e  
l a t e  spawners and smal l  f i s h  a r e  
fo rced  t o  u se  r e l a t i v e l y  un- 
p r o t e c t e d  s i t e s .  Given a cho ice  
between two spawning a r e a s ,  one 
w i th  cover  and one wi thout ,  t h e  
f i s h  would s e l e c t  t h e  a r e a  wi th  
cover .  

TEMPERATURE 
Success fu l  spawning of 

salmonids h a s  occur red  i n  water  
t empera tures  ranging from 2.2 
t o  20. O°C ( t a b l e  3 ) . A sudden 
drop  i n  t empera ture  may cause  
a l l  spawning a c t i v i t y  t o  cease ,  
r e s u l t i n g  i n  lowered n e s t  bu i ld -  
i n g  a c t i v i t y  and reduced pro- 
d u c t i o n  ( s e e  f o o t n o t e  1) .  

SUBSTRATE COMPOSITION 
The s u i t a b i l i t y  of a p a r t i -  

c u l a r  s i z e  g rave l  s u b s t r a t e  
depends most ly  on f i s h  s i z e .  
Large f i s h  can b u i l d  redds i n  
l a r g e  s u b s t r a t e .  To determine 
t h e  s u b s t r a t e  composit ion 
p r e f e r r e d  by v a r i o u s  salmonids,  
many i n v e s t i g a t o r s  (Burner  1951, 
Cope 1957, Warner 1963, O r c u t t  
e t  a l .  1968, Hunter 1973, Re i se r  
and Wesche 1977) c o l l e c t e d  
g rave l  samples from a c t i v e  redds  
and graded them through a series 
o f  s i e v e s .  The s u b s t r a t e  compo- 
s i t i o n  s e l e c t e d  i n  a r t i f i c i a l  
spawning channe ls  r e f l e c t s  t h e  
judgment of t h o s e  who determined 
t h e  p a r t i c l e  s i z e s  b e s t  s u i t e d  
f o r  s e l e c t e d  spec i e s .  I n  t h e  
Robertson Creek spawning channe ls ,  
g r a v e l  ranging from 2 t o  10 cm 
was used f o r  pink,  coho, and 
s p r i n g  chinook salmon (Lucas 
1959) .  I n  t h e  Jones  Creek 
spawning channel ,  g r ave l  ranged 
from 0.6 t o  3.8 cm (MacKinnon e t  
a l .  1961) .  The Tehama-Colusa 



1/ Table 3-Recommended temperatures for spawning and incubation of salmonid fishes- 

F a l l  chinook 
Spr ing chinook 
Summer chinook 
Chum 
Coho 
Pink 
Sockeye 
KO kanee 
Steel  head 
Rainbow 
Cut throat  
Brown 

Species 

11 From Be1 1 (see t e x t  f oo tno te  1 ) .  - 
J' 

21 The h igher  and lower values are  th resho ld  temperatures a t  which - 
m o r t a l i t y  w i l l  increase i f  exceeded. Eggs w i l l  su rv i ve  and 
devel op normal l y  a t  1 ower temperatures than ind ica ted,  provided 
i n i t i a l  development o f  t h e  embryo has progressed t o  a stage 
t h a t  i s  t o l e r a n t  o f  co lde r  water. 

31  From Hunter (1973). vfl - 

Table 4-Water depth, velocity, and substrate size criteria for anadromous and other 
salmonid spawning areas 

Spawni ng temperature Incubat ion  temperature- 2/ 

F a l l  chinook 
Spr ing chinook 
Summer chinook 
Chum 
Coho 
Pink salmon 
soc key&/ 
Kokanee 
Steel  head 
Rainbow t r o u t  
Cut throat  
Brown t r o u t  

Species o f  
f i s h  

Thompson ( 1  972) 
Thompson (1 972) 
~ e i  serg/ 
Smith (1973) 
Thompson 11 972) 
C o l l i n  s 4  

s m i  th-(1973) 
Smith (1973) 
Smith (1973) 
Hunter ( 1  973) 
Thompson (1  972) 

1/ From Be1 1 (see t e x t  f oo tno te  1 ) .  J - 
2/ Unpublished data o f  D. W. Reiser, Idaho Coop. F ish  Res. Un i t ,  J - 

Moscow. 1978. 
31 Estimated from o the r  c r i t e r i a .  
-47 - See t e x t  f oo tno te  3. 
51 No s p e c i f i c  c r i t e r i a  es tab l ished.  - 
61 From Hunter (1973). 1/ - 

Meters Cm/s Centimeters 

Source Depth V e l o c i t y  Substrate s i z e  



spawning channels  c o n t a i n  grave l  
t h a t  ranges  from 1.9 t o  15.2 cm 
(Po l lock  1969) .  Be l l  ( s e e  
f o o t n o t e  1) s t a t e s  t h a t ,  i n  
g e n e r a l ,  t h e  spawning bed i n  
a r t i f i c i a l  channels  should be 
composed of 80 p e r c e n t  1 .3- to  
3 -8-cm g rave l  wi th  t h e  ba lance  
up t o  10.2 c m .  Acceptable 
ranges  of s u b s t r a t e  s i z e  f o r  
v a r i o u s  salmonids a r e  summarized 
i n  t a b l e  4 .  

REDD AREA 
Area of g r ave l  s u b s t r a t e  

r equ i r ed  f o r  a spawning p a i r  
v a r i e s  wi th  t h e  s p e c i e s  ( t a b l e  
5 ) .  Burner (1951) proposed t h a t  
a conse rva t ive  e s t i m a t e  of t h e  
number of salmon a stream could 
accommodate could be ob ta ined  by 
d i v i d i n g  t h e  a r e a  s u i t a b l e  f o r  
spawning by f o u r  t imes  t h e  
average redd a r e a .  Redd a r e a  
can  be computed by measuring t h e  
t o t a l  l eng th  of t h e  redd (upper  
edge of p i t  t o  lower edge of 
t a i l s p i l l )  and t h e  average of 
s e v e r a l  e q u i d i s t a n t  widths.  

WATER DEPTH AND VELOCITY 
Pre fe r r ed  water  dep ths  and 

v e l o c i t i e s  f o r  va r ious  spawning 
salmonids have been determined 
by measuring wate r  depth and 
v e l o c i t y  ove5,active redds (Sams 
and Pearson,- Thompson 1972, 
Smith 1973, Hooper 1973, Hunter 
1973, Reiser and Wesche 1977) .  
These measurements were u s u a l l y  
t aken  a t  t h e  upstream edge of 
t h e  redd because t h a t  p o i n t  most 
c l o s e l y  approximates c o n d i t i o n s  
b e f o r e  redd c o n s t r u c t i o n  and 
r e f l e c t s  t h e  dep ths  and velo- 
c i t i e s  s e l e c t e d  by t h e  f i s h .  
P r e f e r r e d  dep th  and v e l o c i t y  
c r i t e r i a  have been v a r i o u s l y  

- 2 /  Unpublished r e p o r t ,  "A s tudy 
t o  develop methods f o r  determining 
spawning flows f o r  anadromous sa l -  
monids," by R. E. Sams and L. S. 
Pearson. Oreg . Fish  Comm., Po r t l and ,  
1963. 

de f ined :  Thompson (1972) used a 
90-to 95-percent conf idence  
l i m i t ;  Hunter (1973) used t h e  
middle 80-90 p e r c e n t  of t h e  
measurements; Smith (1973)  used 
a two-sided t o l e r a n c e  l i m i t  
w i t h i n  which t h e r e  was 95- 
pe rcen t  conf idence  t h a t  80 
p e r c e n t  of t h e  measurements 
would occur  wi th  a normal d i s -  
t r i b u t i o n ;  o t h e r s  have simply 
l i s t e d  ranges  of dep th  and 
v e l o c i t y .  Water dep th  and 
v e l o c i t y  c r i t e r i a  f o r  salmonids 
a s  de f ined  by d i f f e r e n t  i n v e s t i -  
g a t o r s  a r e  found i n  t a b l e s  4 and 

Riffle 

Riffle 

- Riffle 

Figure 3-Longitudinal sections of spawning areas (from 
Reiser and Wesche 1977): A. Convexity of the substrate 
at pool-riffle interchange induces downwelling of water 
into the gravel. Area likely to be used for spawning is 
marked with an X. B. Redd construction results in 
negligible currents in the pit (facilitating egg deposition) 
and increased currents over and through (downwelling) 
the tailspill. C. Egg-covering activity results in the 
formation of a second pit which may also be used for 
spawning, as well as covering the eggs in the first pit. 
Increased permeability and the convexity of the tailspill 
substrate induces downwelling of water into the gravel, 
creating a current past eggs, bringing oxygen to them 
and removing metabolic wastes. 



Table 5-Average area of salmonid redds and area recommended per spawning 
pair in channels2 

Species Source 

------ Sauare meters----- 

Average area 
o f  redd 

Spr ing chinook 
F a l l  chinook 
Summer chinook 
Coho 
Chum 
Sockeye 
Pink 

Area recommended 
per spawning p a i r  

Pink 

Stee l  head 
Steel  head 
Rainbow 
Cut throat  
Brown 

Burner (1  951 ) 3.3 
Burner (1  951 ) 5.1 
Burner (1951 ) 5.1 
Burner (1951 ) 2.8 
Burner (1951) 2.3 
Burner (1 951 ) 1.8 
Hourston and .6 

MacKinnon (1957) 
Wells and .6-.9 

McNei 1 (1  970) 
Orcu t t  e t  a l .  (1968) 5.4 
Hunter (1 973) 4.4 
Hunter (1 973) .2 
Hunter (1973) .09-. 9 
Rei ser  and .5 

Wesche (1  977) 

1/ Modi f ied  from Clay (1961). - 
/ 

Many sa lmonids  p r e f e r  t o  
spawn a t  t h e  p o o l - r i f f l e  i n t e r -  
change (Hazzard  1932, Hobbs 
1937, Smith 1941, S t u a r t  1953, 
B r i g g s  1953) .  Tautz and Groot  
(1975)  r e p o r t e d  t h a t  chum salmon 
c h o s e  t o  spawn i n  a n  a c c e l e r -  
a t i n g  f low,  such a s  t h a t  found 
a t  a p o o l - r i f f l e  i n t e r c h a n g e .  
By p l a c i n g  c r y s t a l s  of  potass ium 
permanganate on t h e  g r a v e l  
s u r f a c e ,  S t u a r t  (1953)  demon- 
s t r a t e d  t h e  p r e s e n c e  of  a down- 
w e l l i n g  c u r r e n t  a t  t h e s e  i n t e r -  
change a r e a s  and sugges ted  t h a t  
t h e  c u r r e n t  may a s s i s t  t h e  f i s h  
i n  m a i n t a j n i n g  i t s  p o s i t i o n  w i t h  
a minimum of e f f o r t .  The g r a v e l  
i n  t h e s e  a r e a s  was e a s y  t o  
e x c a v a t e  and r e l a t i v e l y  f r e e  of  
s i l t  and d e b r i s .  The n a t u r e  
o f  c u r r e n t s  b e f o r e ,  d u r i n g ,  and 
a f t e r  spawning i s  shown i n  
f i g u r e  3. 

STREAMFLOW 
Streamflow r e g u l a t e s  t h e  

amount o f  spawning a r e a  a v a i l -  
a b l e .  D. H. Fry i n  Hooper 
(1973)  summarizes t h e  e f f e c t  of 
d i s c h a r g e  on t h e  amount o f  
spawning a r e a  i n  a stream. 

A s  f lows  i n c r e a s e ,  more and 
more g r a v e l  i s  covered and 
becomes s u i t a b l e  f o r  
spawning. A s  f lows  con- 
t i n u e  t o  i n c r e a s e ,  v e l o c i t i e s  
i n  some p l a c e s  become t o o  
h i g h  f o r  spawning, t h u s  
c a n c e l i n g  o u t  t h e  b e n e f i t  
o f  i n c r e a s e s  i n  u s a b l e  
spawning a r e a  n e a r  t h e  
e d g e s  of  t h e  s t r eam.  
E v e n t u a l l y ,  a s  f lows  i n -  
c r e a s e ,  t h e  l o s s e s  b e g i n  t o  
outweigh t h e  g a i n s ,  and t h e  
a c t u a l  spawning c a p a c i t y  of  
t h e  s t r eam s t a r t s  t o  d e c r e a s e .  



wide va r i a t i on  o f  

hydraul ic  character is t ics  

Table 6-Water depth, velocity, and size of substrate measured in spawning areas of 
salmonids 

Smith (1973) 2.24 30-76 

Spring chinook Chambers e t  a1.I' .46-. 53 53-69 

Sams and pearso&' L. 18 .08- .85 

Thompson ( 1 9 7 2 ) ~  2.24 30-91 

Remarks Species 

Smith (1973) 

~ e i s e d '  >.I5 14-69 

Sumner chinook Reiser 1' 8' .30- .85 25-109 

Chum salmon Thompson (1 972) 2.18 46-97 

Meters Cm/s Centimeters -- 
Chinook salmon Hamilton and >O. 24 31 - - Oregon-Coquille River 

Remington (1962) 

Fa l l  chinook warned/ .12-1.22 15-107 California-American, and Consumnes 

westgat&/ Rivers 

K ier  (1964) 2.24 31-92 Cali fornia-Feather, Eel, and Mad 

Rantz (1964) River Systems 

Horton and ~ o g e r s ~  2.21 37-107 Cali fornia-Van Ouzen River 

Chambers e t  a1 .q 
- 

.30-.46 30-69 Washington-Columbia River and V a t  0.4 ft above bed 

t r i b u t a r i e s  

Sams and ~ears.06' 2 -18  .27-94 Oregon - 4 streams i n  Wil lamette 107 redds sampled; V a t  

River Basin 0.63 depth o r  0.2 f t  and 

0.8 depth from surface 

Thompson (1 97216' 2.24 30-91 90-958 confidence i n te rva l  ; Oregon, 440 redds sampled; 

wide range o f  streams streams represented a 

Coho salmon 

Source 

Smith (1973)~ '  2.18 46-101 

~ o l  1 ings 91 .15-.53 21-101 

Chambers e t  a1 .g .30-. 38 37-55 

Depth 

Sams and Pearson (1963)5/,. 15 14-93 

Tolerance i n te rva l ;  Oregon, 7 streams 50 redds sampled; V a t  

w i t h  varying hydraul ic  condit ions 0.4 f t  above bed 
- 

Washington-Columbia River and V a t  0.4 f t  above bed 

Veloc i ty  

t r i b u t a r i e s  

Range; Oregon, 3 streams i n  270 redds sampled; V a t  

Wil lamette River Basin 0.6 ft depth o r  0.2 f t  and 

0.8 ft depth from surface. 

90-95% confidence i n te rva l  ; Oregon, 158 redds sampled ; 

wide range o f  streams streams representative 

o f  a wide va r i a t i on  o f  

hydraul ic  character is t ics  

Tolerance i n te rva l ;  Oregon, 7 streams 142 redds sampled; V a t  

Substrate 

w i t h  varying hydraul ic  condit ions 0.4 ft above bed 

Range; Idaho, 5 small streams 58 redds sampled; V a t  

0.6 f t  depth from surface 

Range; Idaho, Salmon River 50 redds sampled; V a t  

0.6 ft depth from surface 

90-952 confidence i n te rva l  ; Oregon, 177 redds sampled; 

on a wide range o f  streams streams represented a 

wide va r i a t i on  o f  

How and where developed 

hydraul ic  character is t ics  

Tolerance i n te rva l  ; Oregon, 5 214 redds sampled; V a t  

streams w i th  varying hydraul ic  0.4 f t  above bed. 

condit ions 

-- Vmeasured 0.4 f t  above bed 

Washington, Columbia River  and Redds measured 0.4 f t  above 

t r i bu ta r i es  

Range; Oregon, 4 streams 

bed 

123 redds sampled; V a t  

0.6 ft depth o r  0.2 f t  and 

0.8 f t  depth from surface 



Table 6-Water depth, velocity, and size of substrate measured in spawning areas of 
salmonids -(Continued) 

Meters Cm/s Centimeters 

Coho salmon Thompson ( 1 9 ~ 2 ) ~ '  20.18 30-91 -- 

Species 

90-958 confidence i n te rva l ;  

Oregon, 10-12 streams w i th  varying 

hydraulic condit ions 

251 redds sampled; 

streams represent 

wide va r i a t i on  o f  

hydraul ic  character is t ics  

128 redds sampled; V 

measured 0.4 f t  above bed 

Source 

Smith (1973) Tolerance i n te rva l ;  Oregon, 7 

streams w i th  varying hydraul ic  

condit ions 

Depth 

Pink salmon ~ o l  1 ings 61 91 

Sockeye salmon Chambers e t  a1.4' 

Clay (1961 ) 

Kokanee Thompson (1972) 

- 
V measured 0.4 f t  above bed 
- 
V a t  0.4 f t  above bed 
- 
V a t  0.4 f t  above bed 

106 redds sampled; 

streams represent wide 

va r i a t i on  o f  hydraul ic  

character is t ics  

106 redds sampled; V a t  

0.4 ft above bed 

Washington 

Remarks Veloc i ty  

90-95% confidence i n te rva l ;  Oregon, 

wide range o f  streams 

Smith (1973161 

Substrate 

Tolerance i n te rva l ;  Oregon, 3 

streams w i th  varying hydraul ic  

How and where developed 

condit ions 

Middle 80% o f  range; Washington, 

f low 2-30 f t 3 / s  

95% confidence i n te rva l  ; Oregon 

177 redds sampled; V a t  

0.4 ft o r  0.25-0.30 above bed 

51 redds sampled 

115 redds sampled; V a t  

0.4 ft above bed 

Steelhead t r o u t  

Winter s tee l  head Smith (1973)c' Tolerance i n te rva l ;  Oregon, 11 

streams w i th  varying hydraul ic  

condit ions 

Range; Washington 

Middle 90% o f  range; Washington, 19 

streams w i th  varying hydraul ic  

~ngma@/ 

Hunter (1973) 

62 redds sampled 

114 redds sampled; V a t  

0.4 f t  o r  0.25-0.30 f t  above 

bed 

19 redds sampled; V a t  

0.4 ft o r  0.25-0.30 ft above 

bed 

30 redds sampled; V a t  

0.4 f t  o r  0.25-0.30 f t  above 

bed 

4 redrls sampled; V a t  

0.4 f t or  0.25-0.30 ft above 

condit ions _ 
Range; Washington Hunter (1973) 

Range; Washington, on streams 

o f  180 f t 3 / s  

Range; Washington, Satsop River 

bed 

90 redds sampled; V 
83 redds sampled D; V 

a t  0.4 f t  above bed 

54 redds sampled; V 

measured a t  the surface 

Sumner s tee l  head Smith (1973) 2.24 43-97 - - Tolerance i n te rva l  ; Oregon, 

Deschutes River 

Orcut t  e t  a l .  (1968) .21-21.52 24-55 1.27-10.16 Range; Idaho, 6 streams i n  Clearwater 

and Salmon River watersheds 



Table 6-Water depth, velocity, and size of substrate measured in spawning areas of 
salmonids -(Continued) 

Meters Cm/s Centimeters - - -  
Sumner steelhead ~ e i s e &  0.12-.41 38-100 -- Range; Idaho, 3 streams 46 redds sampled; V 

measured a t  0.6 ft depth 

from surface 

Rainbow t r o u t  Smith (1973 )g  > .18 48-91 0.64-5.18 Tolerance i n te rva l  ; Oregon, 51 redds sampled; V a t  

Deschutes River 0.4 ft above bed 

Hooper (1973) .21-.33 43-82 .64-7.62 Range; Cal i forn ia ,  Feather River 10 redds sampled; V a t  

0.21 above bed 

Remarks 

. . -  

(res ident )  

(sea-run) 

Brown t r o u t  

Bovee (1974) 

Waters (1976) 

Hartman (1969) 

Cutthroat t r o u t  Hooper (1973) 

Cedarholm 

( i n  Hunter 1973) 

Hunter (1973) 

Species 

Brown t r o u t  

Depth Source 

Hunter (1973) 

Smith (1973) 

(Hunter 1973) 

Veloc i ty  

- - Estimated from 1 i t e ra tu re  

- - Cal i forn ia ,  P i t  River 

- - B r i t i s h  Columbia, Kootenay Lake 

.16-.64 Range; Ca l i f o rn ia  

- - Range; Washington 3 redds sampled 

.64-5.08 Range; Washington, streams 23 redds sampled; V a t  

0.5-2.0 f t 3 / s  0.4 f t  o r  0.25-0.30 ft from bed 

.64-10.16 Range; Washington, streams 16 redds sampled; V a t  

5.0-15.0 f t3 /s  0.4 f t  o r  0.25-0.30 f t  from bed 

.64-7.62 Tolerance i n te rva l ;  Oregon, 5 11 5 redds sampled; V a t  

streams wi th  varying hydraul ic  0.4 f t  from bed 

Substrate 

condit ions 

Thompson (1972)g 2.24 21-64 - - 90-95% confidence i n te rva l  ; Oregon, 11 5 redds sampled 

How and where developed 

on a wide range o f  streams 

Hooper (1973) -- 30-91 .64-7.62 Range; Ca l i f o rn ia  

Bovee (1974) 2.15 40-52 - - Estimated from l i t e r a t u r e  

Reiser and Wesche (1977) 2.09 14-46 .64-7.62 Middle 80% o f  range; Wyoming, 121 redds sampled; V a t  

5 small streams 0.6 f t  depth from surface 

L1unpublished report, "The re la t ionship between f low and avai lab le  salmon spawning gravel on the American River below Nimbus Dam," by 

K. Warner. Ca l i f .  Dep. Fish and Game Admin., Sacramento, 1953. 

l / ~ n p u b l  ished report. "The re la t ionship between f low and usable salmon spawning gravel, Consumnes River, 1956," by J. Westgate. Cal i f .  Dep. 

Fish and Game, In land Fish. Admin. Rep. 58-2, Sacramento, 1958. 

/unpublished report, "The optimum stream f low requirements f o r  k ing salmon spawning i n  the Van Duzen River, Humboldt County, Cali fornia," by 

J. L. Horton and D. W. Rogers. Ca l i f .  Dep. Fish and Game, Water Proj. Branch Admin. Rep. 69-2, Sacramento, 1969. 

'unpubl ished report, "Research r e l a t i n g  t o  study o f  spawning grounds i n  natura l  areas," by J. S. Chambers, G. H. Al len, and R. T. Pressey. 

Wash. Dep. Fish., Olympia, 1955. 

5 / ~ e e  t e x t  footnote 2. 

g~ecormnended spawning c r i t e r i a .  

L1unpublished data o f  D. W. Reiser, Idaho Coop. Fish. Res. Unit,  Moscow, 1977 

/see footnote 2, t ab le  4. 

y ~ e e  t e x t  footnote 3. 

X1unpublished progress report, steelhead redd study, by R. G. Engman. Wash. State Dep. Game, Olympia, 1970. 

u ~ e r s o n a l  comnunication, J. W. Hunter, Wash. Dep. Game, Olympia, 1976. 



I f  spawning a r e a  i s  p l o t t e d  
a g a i n s t  s t r eamf low,  t h e  
c u r v e  w i l l  u s u a l l y  show a 
r i se  t o  a r e l a t i v e l y  wide 
p l a t e a u  fo l lowed  by a 
g r a d u a l  d e c l i n e .  

Using t h e  c r i t e r i a  d e s c r i b e d ,  
methods have been developed f o r  
recommending stream d i s c h a r g e s  
f o r  spawning. F i g u r e s  4 and 5 ,  
t a k e n  from C o l l i n g s  (1972),  
exempl i fy  t h e  p r o c e s s  of  d e p t h  
and v e l o c i t y  c o n t o u r i n g  t o  
d e t e r m i n e  t h e  a r e a  s u i t a b l e  f o r  
spawning a t  a g i v e n  d i s c h a r g e .  
Another method (Thompson 1972)  
u s e s  c r o s s  channel  t r a n s e c t s  on 
spawning b a r s  and c o n s i s t s  of  
q u a n t i f y i n g  t h e  wid th  af t h e  
s t r e a m  a t  d i f f e r e n t  f lows  t h a t  
meet d e p t h  and v e l o c i t y  c r i t e r i a  
( f i g .  6 ) . When measurements 
have been t a k e n  o v e r  a wide 
r a n g e  of  f lows ,  a g raph  i s  
p l o t t e d  of f low v e r s u s  s u i t a b l e  
spawning a r e a s  ( C o l l i n g s  1972, 
and f i g .  7 )  o r  u s a b l e  wid th  
(Thompson 1972, and f i g .  8 ) . The 
optimum spawning f low i s  d e f i n e d  
a s  t h e  d i s c h a r g e  a t  which t h e  
l a r g e s t  spawning a r e a  o r  u s a b l e  
w i d t h  occurs .  D e t a i l e d  d e s c r i p -  
t i o n s  o f  spawning flow method- 
o l o g i e s  a r e  d e s c r i b e d  by Sams 
and Pearson (see f o o t n o t e  2 ) ,  

on ( 1 9 7 2 ) ,  C o l l i n g s  (1972,  TRf'), Waters (19761 ,  and 
S t a l n a k e r  and A r n e t t e  ( 1 9 7 6 ) .  

- 3' Unpublished r e p o r t .  " ~ e n e r -  

a l i z a t i o n  of spawning and r e a r i n g  
d i s c h a r g e s  f o r  s e v e r a l  P a c i f i c  salmon 
s p e c i e s  i n  wes te rn  Washington," by M. 
R .  Co l l i ngs .  U.S. Geol. Surv. ,  open 
f i l e  r e p o r t .  1974. 
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Figure 4-Example of water depth and velocity contouring 
for one river discharge in a study reach of the North 
Nemah River (from Collings 1972). 
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DISCHARGE: 94.6 f t 2  
AREA OF PREFERRED DEPTH: 1045 ft2, BETWEEN 1.0 and 1.5 ft 
AREA OF PREFERRED VELOCITY: 1706 ft2, BETWEEN 1.0 and 2.25ftls 
AREA PREFERRED FOR SPAWNING: 726 ft2 

Figure 5-Determining area of study reach that is 
preferred for spawning by fall chinook salmon at one 
river discharge, North Nemah River (from Collings 1972). 



1 25 FEET ~4 

SPAWNING BAR CROSS SECTION 

Spawninq flow criteria 
Minimum depth = 0.6ft 
Velocity = less than 3.0 but greater 

.7 1.9 than 1.0 ftls 
Flow = width x mean depth x mean velocitv 

Flow = 25ft x 0.75ft x 1.93ft/s 
= 36 h3/s 

Stream width usable for spawning 
Usable width = 't'eam width usable 

10 stations 
- -- 25ftx 6 

10 
= 15.0ft 

 all Chinook 

loo0 4 
Greatest 

spawnable------1- 

10 0 
0 10 20 50 100 200 

DISCHARGE (CUBIC FEET PER SECOND) 

Figure 6-Transect method of determining 
stream width usable for spawning (from 
Thompson 1972). 

FLOW (CUBIC FEET PER SECOND) 

Figure 8-Method (usable width technique) for determining 
spawning flow (from Thompson 1972). 

Figure 7-Method (usable area technique) for selecting 
preferred spawning discharge, North Nemah River (from 
Collings 1972). 



INCUBATION 

Although incuba t i on  i s  
i n e x t r i c a b l y  t i e d  t o  spawning, 
t h e  h a b i t a t  r equ i rements  of 
embryos dur ing  i ncuba t i on  a r e  
d i f f e r e n t  from t h o s e  of a d u l t s  
whi le  spawning and war ran t  a  
s e p a r a t e  d i s c u s s i o n .  When an 
a d u l t  f i s h  selects a spawning 
s i t e ,  t h e  i ncuba t i on  environment 
i s  a l s o  being s e l e c t e d .  Suc- 
c e s s f u l  i ncuba t i on  and emergence 
of  f r y ,  however, i s  dependent on 
bo th  e x t r a g r a v e l  and i n t r a g r a v e l  
chemical ,  p h y s i c a l ,  and h y d r a u l i c  
parameters--dissolved oxygen 
( D O ) ,  wa te r  t empera ture ,  b io-  
chemical  oxygen demand (BOD) of  
m a t e r i a l  c a r r i e d  i n  wate r  and i n  
s u b s t r a t e ,  s u b s t r a t e  s i z e  
(pe rcen t age  f i n e s )  , channel 
g r a d i e n t ,  channel c o n f i g u r a t i o n ,  
wa t e r  dep th  ( h e a d ) ,  s u r f a c e  
wa te r  d i s cha rge  and v e l o c i t y ,  
pe rmeab i l i t y ,  p o r o s i t y ,  and 
appa ren t  v e l o c i t y  i n  g r a v e l .  

SURFACE STREAM. 
INTRAGRAVEL RELATION 

In te rchange  of wate r  i n  a  
stream wi th  t h a t  i n  streambed 

g r a v e l s  h a s  been demonstra ted by 
S t u a r t  (1953) ,  Sher idan  (1962) ,  
Vaux (1962) .  Vaux (1962)  s t a t e d  
t h a t  t h e  i n i t i a l  sou rce  of 
oxygen i n  i n t r a g r a v e l  wate r  i s  
t h e  atmosphere and l i s t e d  t h e  
fo l l owing  t h r e e  s t e p s  f o r  t r a n s -  
p o r t  of  oxygen t o  t h e  i n t r a -  
g r a v e l  environment:  

D i s s o l u t i o n  of oxygen 
through a i r -wa te r  i n t e r f a c e  
i n t o  stream water .  

T ranspo r t  of  oxygenated 
wa te r  t o  t h e  s t ream bottom. 

In te rchange  of oxygenated 
wa te r  from t h e  s t ream i n t o  
t h e  porous g r a v e l  i n t e r i o r .  

F a c t o r s  t h a t  c o n t r o l  t h e  
wa te r  i n t e r change  between 
stream and g r a v e l  bed a r e :  
stream s u r f a c e  p r o f i l e ,  g r a v e l  
p e r m e a b i l i t y ,  g r a v e l  bed dep th ,  
and i r r e g u l a r i t y  of t h e  stream- 
bed s u r f a c e  (Vaux 1962, 1968) .  
Sher idan  (1962) noted i n  salmon 
spawning a r e a s  i n  s o u t h e a s t  
Alaska,  t h a t  ground wate r  con- 
t a i n e d  very  l i t t l e  oxygen and 
t h a t  t h e  oxygen c o n t e n t  of  
i n t r a g r a v e l  wate r  decreased  wi th  
g r a v e l  depth;  t h u s  t h e  major 
sou rce  of oxygen i n  i n t r a g r a v e l  
water i s  t h e  stream i t s e l f ,  
W e l l s  and M c N e i l  (1970)  a t t r i b -  
u t e d  high i n t r a g r a v e l  oxygen i n  
p ink  salmon spawning beds t o  
h igh  pe rmeab i l i t y  of t h e  sub- 
s t ra te  and s t ream g r a d i e n t ,  

I n t r a g r a v e l  wa t e r  temper- 
a t u r e s  a r e  s i m i l a r l y  i n f l uenced  
by tempera tures  of t h e  s t ream.  
R ing l e r  (1970) and R i n g l e r  and 
Hal 1 ( 1975 ) observed t h a t  temper- 
a t u r e s  of i n t r a g r a v e l  wate r  
lagged 2-6 h  behind t h o s e  of 
s u r f a c e  wate rs  i n  a t t a i n i n g  
d i u r n a l  maximum--a f u n c t i o n  of  
t h e  i n t e r change  r a t e  of s u r f a c e  
and i n t r a g r a v e l  wate r .  

Apparent v e l o c i t y  ( v e l o c i t y  
o f  water  moving through g r a v e l  ) 



i s  a  f u n c t i o n  of  t h e  h y d r a u l i c  
head and t h e  p e r m e a b i l i t y  o f  t h e  

Surface flow 3.5 ft3/s 
g r a v e l  (Coble 1961) .  Thus, a s  
d e p t h  of s u r f a c e  w a t e r  i n c r e a s e s ,  
a  co r respond ing  i n c r e a s e  i n  
a p p a r e n t  v e l o c i t y  can  be ex- 
p e c t e d .  Wicke t t  (1954)  found a  
d i r e c t  r e l a t i o n  between gage 
h e i g h t  r e a d i n g s  i n  a  s t r eam and 
s u b s u r f a c e  f low ( f i g .  9 )  . 
Reduct ion i n  p e r m e a b i l i t y  from 
f i n e  sediment  d e p o s i t i o n  w i l l  
r e d u c e  b o t h  t h e  i n t e r c h a n g e  of  
s u r f a c e  and i n t r a g r a v e l  w a t e r  
and t h e  a p p a r e n t  v e l o c i t y  of  t h e  
i n t r a g r a v e l  w a t e r  (Gangmark and 
Bakkala 1960, Wicke t t  1962, 
Cooper 1965 ) . 

I I I I I I 

.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 

GAGE READING M A I N  STREAM (FEET) 

DISSOLVED OXYGEN 
Figure 9-Relation between subsurface water flow 30 cm 

(12 in) in a controlled-flow side channel and main stream C r i t i c a l  c o n c e n t r a t i o n s  o f  
gage readings. The subsurface flow varied with changes d i s s o l v e d  oxyqen have been 
in discharge of the main stream adjacent to the 
controlled-flow side channel (from Wickett 1954, courtesy 
of the Journal of the Fisheries Research Board of 

exper imenta l i ;  de termined f o r  
salmonid embryos a t  d i f f e r e n t  

Canada). 

Table 7-Critical levels of dissolved oxygen for salmonid embryos at various stages of 
development 

Wicket t  (1954) Chum salmon Pre-eyed 
Pre-eyed 
Pre-eyed 
F a i n t l y  eyed 

A1 de rd i  ce Chum salmon - - 
e t  a1 . (1958) - - 

c r i t i c a l  value o f  
d isso lved oxygen 

L i  ndro th  (1  942) At1 a n t i c  Doomed 
salmon 

Near ly  hatching 
Hatching 

Temperature 
un i ts -  1 1 

Hayes e t  a l .  A t l a n t i c  Eyed 25 - - 
( 1  951 ) salmon Hatching 50 - - 

Source 

1 1  A temperature u n i t  equals 1 OF above f r eez ing  (32°F) f o r  a per iod  of 24 h. - 
21 From Wicket t  (1954). - 

Stage o f  
devel opment Species Days 



developmenta l  s t a g e s  ( L i n d r o t h  
1942, Hayes e t  a l .  1951, Wicke t t  
1954, A l d e r d i c e  e t  a l .  1958) .  
C r i t i c a l  oxygen l e v e l s  d e f i n e d  
by A l d e r d i c e  e t  a l .  (1958)  a r e  
t h o s e  t h a t  b a r e l y  s a t i s f y  res- 
p i r a t o r y  demands ( t a b l e  7 ) .  
Doudoroff and Warren (1965)  
b e l i e v e  t h e  c r i t i c a l  levels i n  
t a b l e  7  a r e  u n r e l i a b l e ,  because  
t h e y  found t h a t  embryos exposed 
t o  d i s s o l v e d  oxygen l e v e l s  below 
s a t u r a t i o n  th roughout  develop- 
ment were s m a l l e r  and t h a t  
h a t c h i n g  was de layed  o r  o c c u r r e d  
p remature ly .  From l a b o r a t o r y  
t e s t s  w i t h  coho, chum, and 
chinook,  and s t e e l h e a d  eggs  by 
A l d e r d i c e  e t  a 1  . ( 1958 ) , S i l v e r  
e t  a l .  ( 1 9 6 3 ) ,  and Shumway e t  
a l .  ( 1 9 6 4 ) ,  t h e  f o l l o w i n g  sum- 
mary of oxygen c o n c e n t r a t i o n  and 
egg development h a s  been p re -  
pared:  

Sac  f r y  from embryos i n -  
cuba ted  i n  low and i n t e r -  
media te  oxygen concen t ra -  
t i o n s  were s m a l l e r  and 
weaker t h a n  s a c  f r y  r e a r e d  
a t  h i g h e r  c o n c e n t r a t i o n s ,  
and t h u s  t h e y  may n o t  
s u r v i v e  a s  w e l l  a s  l a r g e r  
f r y  ( S i l v e r  e t  a 1  . 1963, and 
f i g s .  10 and 11). 

Reduced oxygen concen t ra -  
t i o n s  l e a d  t o  s m a l l e r  newly 
h a t c h e d  f r y  and a  l eng thened  
i n c u b a t i o n  p e r i o d  (Shumway 
e t  a l .  1964, and f i g s .  12 
and 1 3 ) .  

a Low oxygen c o n c e n t r a t i o n s  
i n  t h e  e a r l y  s t a g e s  o f  
development may d e l a y  
h a t c h i n g ,  i n c r e a s e  t h e  
i n c i d e n c e  of  anomalies,  o r  
b o t h .  Low oxygen concen- 
t r a t i o n  d u r i n g  t h e  l a t t e r  
s t a g e s  o f  development may 
s t i m u l a t e  p remature  hatch-  
i n g  ( A l d e r d i c e  e t  a l .  
1958) .  
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Figure 10-Relation between mean lengths of steelhead 
trout sac fry when hatched and dissolved oxygen 
concentrations at which the embryos were incubated at 
different water velocities and at 95°C (from Silver et al. 
1963). 
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Figure 11-Relation between mean lengths of chinook 
salmon sac fry at hatching and dissolved oxygen 
concentrations at which the embryos were incubated at 
different water velocities and at 11 "C (from Silver et al. 
1963). 



"IPl DISSOLVED OXYGEN CONCENTRATION 
(MILLIGRAMS PER LITER) 

Figure 12-Three-dimensional diagram of effect of oxygen 
concentration and water velocity on the mean dry weights 
of newly hatched coho salmon fry. The two broken lines 
(curves) delimit the reduced oxygen concentrations at 
different water velocities, and also the reduced velocities 
at different oxygen concentrations that resulted in 
reductions of the dry weights of fry to less than 80 
percent (upper broken line) and less than 67 percent 
(lower broken line) of the mean weight of fry that hatched 
at the highest oxygen concentration and water velocity 
tested (from Shumway et al. 1964). 

' *o&&, DISSOLVED OXYGEN CONCENTRATION 
(MILLIGRAMS PER LITER) 

Figure 13-Three-dimensional diagram of "hatching delay" 
(median hatching time, in days, minus 44) of coho salmon 
fry in relation to both oxygen concentration and water 
velocity (from Shumway et al. 1964). 

I n  f i e l d  s t u d i e s ,  Coble 
(1961)  found a  p o s i t i v e  c o r r e l -  
a t i o n  between s t ee lhead  embryo 
s u r v i v a l  and i n t r a g r a v e l  d i s -  
so lved  oxygen con ten t  ( f i g  . 1 4  ) . 
A s i m i l a r  r e l a t i o n  was r epo r t ed  

by P h i l l i p s  and Campbell (1961) 
f o r  coho salmon and s t ee lhead  
( f i g .  1 5 ) .  Based on t h e i r  f i e l d  
exper iments ,  Ph i l  l i p s  and 
Campbell concluded t h a t  i n t r a -  
g r a v e l  oxygen concen t r a t i on  must 
average 8  mg/l f o r  high s u r v i v a l  
o f  coho salmon and s t ee lhead  
embryos. Brannon (1965) com- 
pared newly hatched sockeye 
salmon f r y  developed a t  t h r e e  
d i f f e r e n t  oxygen l e v e l s ,  and 
found l e n g t h  and o t h e r  ana- 
tomical  d i f f e r e n c e s  i n  t h e  t h r e e  
groups ( t a b l e  8 ) ;  however, t hose  
r a i s e d  i n  low oxygen concen- 
t r a t i o n s  e v e n t u a l l y  a t t a i n e d  
n e a r l y  t h e  same weight by t h e  
f r y  s t a g e  a s  d i d  t h o s e  incuba ted  
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DISSOLVED OXYGEN CONCENTRATION 
(MILLIGRAMS PER LITER) 

Figure 14-Relation between dissolved oxygen 
concentration and embryo survival (from Coble 1961). 

MEAN DISSOLVED OXYGEN CONCENTRATION 
(MILLIGRAMS PER LITER) 

Figure 15-Relation of mean dissolved oxygen to survival 
of coho embryos, Needle Branch, December 20,1960, to 
February 28, 1961 (from Phillips and Campbell 1961). 



Table 8-Characteristics of alevins at hatching after being incubated in three 
oxygen concentrations (from Brannon 1965) 

Temperature u n i t s  t o  50% 
hatch ing 1200 1200 1200 

Desc r ip t i on  

Length i n  mi 11 imeters 16.3 18.6 19.7 

Yolk sac shape Spher ical  Long i tud ina l  Long i tud ina l  

Pigmentation L i g h t l y  on On head and On head and 
head s t a r t i n g  on back 

back 

O2 concen t r a  t i on (mg/ 1  ) 

V i s i b i l i t y  o f  t h e  Not v i s i b l e  D is t i ngu ish -  Readi ly  v i s i b l e  
dorsa l  and anal f i n  rays  ab le  

3.0 

Caudal f i n  devel opment Forming Forming We1 1  advanced 

i n  wa te r  f u l l y  s a t u r a t e d  w i t h  
oxygen. Although d i s s o l v e d  
oxygen c o n c e n t r a t i o n s  r e q u i r e d  
f o r  s u c c e s s f u l  i n c u b a t i o n  depend 
on  b o t h  s p e c i e s  and develop- 
menta l  s t a g e ,  c o n c e n t r a t i o n s  a t  
o r  n e a r  s a t u r a t i o n  w i t h  t e m -  
p o r a r y  r e d u c t i o n s  no  lower t h a n  
5 .0  mg/l are recommended f o r  
anadromous salmonids.  

6,O 

TEMPERATURE 

11.9 

There  a r e  upper  and lower 
t e m p e r a t u r e  l i m i t s  ( t h r e s h o l d s )  
f o r  s u c c e s s f u l  i n c u b a t i o n  of  
sa lmonid  eggs  ( t a b l e  3 ) .  Combs 
and Burrows (1957)  and Combs 
(1965)  no ted  t h a t  p ink  and 
chinook salmon eggs  c o u l d  t o l e r -  
a t e  long p e r i o d s  o f  low temper- 
a t u r e ,  p rov ided  t h e  i n i t i a l  
t e m p e r a t u r e  was above 6.0°C and 
embryogenesis  had proceeded t o  a 
p a r t i c u l a r  developmental  s t a g e .  
Combs and Burrows (1957)  be- 
l i e v e d  salmon eggs  d e p o s i t e d  i n  
water c o l d e r  t h a n  4.5OC would 
n o t  produce a s  v i a b l e  a f i s h  a s  
e g g s  spawned i n t o  warmer w a t e r .  

I n  many streams c o n t a i n i n g  
i n c u b a t i n g  salmonid eggs ,  w a t e r  
t e m p e r a t u r e s  a r e  c o l d e r  t h a n  
4.5OC d u r i n g  t h e  w i n t e r ;  eggs  
deve lop  normal ly  and success -  
f u l l y ,  however, because  spawning 
and i n i t i a l  embryo development 
o c c u r  when t e m p e r a t u r e s  a r e  
warmer. 

Zxtremely cold w a t e r  and 
a i r  t e m p e r a t u r e  can c a u s e  
m o r t a l i t y  among i n c u b a t i n g  eggs  
and f r y  by t h e  f o r m a t i o n  of  
f r a z i l  o r  anchor  ice t h a t  r e d u c e s  
w a t e r  i n t e r c h a n g e .  Anchor i c e  
normal ly  forms i n  s h a l l o w  w a t e r  
t y p i c a l  of  spawning a r e a s  and 
may comple te ly  b l a n k e t  t h e  
s u r f a c e  o f  t h e  s u b s t r a t e  and 
t h e r e b y  p r e v e n t  w a t e r  i n t e r -  
change between stream and g r a v e l .  
I n  a d d i t i o n ,  i c e  dams may form 
t h a t  can  impede f low o r  even 
dewate r  spawning a r e a s ,  Sub- 
s e q u e n t  m e l t i n g  of  t h e  dam may 
c a u s e  f l o o d l i k e  c o n d i t i o n s  
r e s u l t i n g  i n  t h e  d i sp lacement  
and s c o u r i n g  of r e d d s ,  I n  a n  
egg p l a n t i n g  exper iment ,  Reiser 
and Wesche (1977)  found eggs  i n  



V i b e r t  boxes complete ly  f rozen  
even though bu r i ed  15 cm i n  t h e  
s u b s t r a t e  and covered wi th  more 
t h a n  13 cm of wate r .  Anchor i c e  
had formed a t  l e a s t  tw ice  dur ing  
t h e  i ncuba t ion  pe r iod .  Neave 
(1953)  and McNeil (1966) a l s o  
noted t h e  problems of f r e e z i n g  
on egg s u r v i v a l .  

BIOCHEMICAL OXYGEN DEMAND 
The oxygen demand of o rgan ic  

m a t t e r  i n  t h e  s t ream may reduce 
t h e  oxygen concen t r a t i on ,  p a r t i c -  
u l a r l y  i n  t h e  i n t r a g r a v e l  envi-  
ronment. The impact of o rgan ic  
m a t t e r  i n  a  stream depends on 
t h e  chemical ,  p h y s i c a l ,  and 
h y d r a u l i c  c h a r a c t e r i s t i c s  ( f o r  
example, d i s s o l v e d  oxygen con- 
t e n t ,  t empera ture ,  and r eae r -  
a t i o n  c a p a b i l i t y )  of t h e  stream. 
Excessive r ec ru i tmen t  of o rgan ic  
m a t e r i a l  t o  a  s t ream may r e s u l t  
i n  reduced oxygen concen t r a t i ons  
and de t r imen ta l  impacts  on eggs. 

APPARENT VELOCITY 
The s i n g l e  most impor tan t  

h y d r a u l i c  component i n  t h e  
i n t r a g r a v e l  environment used f o r  
egg incuba t ion  i s  apparen t  
v e l o c i t y ,  de f ined  a s  t h e  r a t e  of 
seepage and expressed a s  t h e  
volume of l i q u i d  flowing pe r  
u n i t  t ime through a  u n i t  a r e a  
normal t o  t h e  d i r e c t i o n  of flow 
(Terhune 1958, Coble 1961, Vaux 
1968) .  Apparent v e l o c i t y  i s  
impor tan t  i n  b r ing ing  d i s s o l v e d  
oxygen t o  t h e  eggs and removing 
metabol ic  waste p roduc ts .  

High oxygen l e v e l s  do no t ,  
i n  themselves ,  gua ran t ee  h igh  
egg s u r v i v a l .  I n  two redds  wi th  
s i m i l a r  d i s s o l v e d  oxygen con- 
c e n t r a t i o n s  b u t  d i f f e r e n t  apparen t  
v e l o c i t i e s ,  embryonic develop- 
ment may be b e t t e r  i n  t h e  redd 
wi th  t h e  h ighe r  r a t e  of wate r  
exchange (Coble 1961) .  Coble 
s t a t e s  t h a t ,  i n  g e n e r a l ,  when 
appa ren t  v e l o c i t i e s  a r e  low, 
oxygen concen t r a t i ons  will he 

low and, when they  a r e  h igh ,  
oxygen l e v e l s  a r e  u s u a l l y  high.  
Others  have found egg s u r v i v a l  
r e l a t e d  t o  apparen t  ve loc i ty - -  
f o r  example, Pyper ( i n  Cooper 
1965) i n  sockeye eggs ( f i g .  1 6 ) ,  
Coble (1961) i n  s t e e l h e a d  ( f i g .  
1 7 ) ,  Gangmark and Bakkala (1960) 
i n  chinook, Wicket t  (1962)  i n  
p ink  salmon, and P h i l l i p s  and 
Campbell (1961) i n  coho and 
s t e e l h e a d .  I n  t h e  l a s t  s tudy ,  
h igh  egg s u r v i v a l s  were asso- 
c i a t e d  w i th  apparen t  v e l o c i t i e s  
o f  more t h a n  20 cm/h. Wicket t  
(1962)  found low s u r v i v a l  i n  
a r e a s  where apparen t  v e l o c i t i e s  
were 0.5-1.5 cm/h and h igh  
s u r v i v a l s  where v e l o c i t i e s  were 
more t han  7  cm/h. S i l v e r  e t  a l .  
(1963)  and Shumway e t  a l .  (1964)  
r e l a t e d  apparen t  v e l o c i t y  t o  
s i z e  of f r y  a t  a  ha tchery .  
S i l v e r  e t  a l .  found t h a t  s i z e  of 
s t e e l h e a d  and chinook f r y  de- 
pended on apparen t  v e l o c i t i e s ,  
even a t  v e l o c i t i e s  a s  h igh  a s  
740-1350 cm/h. Shumway e t  a l .  
found t h a t  reduced v e l o c i t i e s  
(3-10 cm/h) r e s u l t e d  i n  de- 
c r ea sed  s i z e  of f r y  a t  a l l  
oxygen l e v e l s  t e s t e d  (2.5-11.5 
mg/l)  

A P P A R E N T  V E L O C I T Y  
(CENTIMETERS PER S E C O N D )  

Figure 16-Relation between rate of flow of water through a 
gravel bed and the survival of eyed sockeye eggs in the 
gravel (from Cooper 1965). 
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M E A N  APPARENT VELOCITY 
(CENIIMETERS PER HOUR) 

Figure 17-Relation between apparent velocity and embryo 
survival (from Coble 1961). 

SUBSTRATE MATERIALS 
Spawning bed m a t e r i a l s  a1 s o  

i n f l u e n c e  t h e  development and 
emergence of f r y .  ~ e r m e a b i l i t y  
o f  t h e  s u b s t r a t e  ( t h e  a b i l i t y  o f  
a m a t e r i a l  t o  t r a n s m i t  f l u i d s )  
sets t h e  range of  subsu r f ace  
wa te r  v e l o c i t i e s  (Wicke t t  1962) .  
Low p e r m e a b i l i t i e s  r e s u l t  i n  
lower apparen t  v e l o c i t i e s  and 
reduced oxygen d e l i v e r y  t o  and 
m e t a b o l i t e  removal from t h e  
eggs .  Wicket t  (1958)  found t h a t  
s u r v i v a l  of p ink  and chum 
salmoc eggs was r e l a t e d  t o  
p e r m e a b i l i t y  ( f i g .  1 8 ) .  M c N e i l  
and Ahnell ( 1964 )  concluded t h a t  
h i g h l y  p roduc t i ve  spawning 
streams had g r a v e l s  w i th  h igh  
pe rmeab i l i t y .  Pe rmeab i l i t y  was 
h igh  (24,000 cm/h) when bottom 
m a t e r i a l s  had less t h a n  5 p e r c e n t  
( b y  volume) sands  and si l ts  t h a t  
passed  through a 0.833 mm s i e v e  
and was r e l a t i v e l y  low (less 
t h a n  1 300 cm/h) when f i n e  
sediments  made up more t han  15 
p e r c e n t  of t h e  bottom m a t e r i a l .  

Succes s fu l  f r y  emergence i s  
h indered  by e x c e s s i v e  amounts of  
sand and s i l t  i n  t h e  g r a v e l .  
Even though embryos may ha t ch  
and develop,  s u r v i v a l  w i l l  be 
poor  if they  cannot  emerge. 
Koski (1966)  examined redds  

PERMEABIL ITY OF STREAMBED GRAVELS 
(CENTIMETERS PER M I N U T E )  

Figure 18-Observed relation reported by Wickett (1958) 
between permeability of spawning beds and survival of 
pink and chum salmon to the migrant fry stage (from 
McNeil and Ahnell 1964). 
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Figure 19-Percentage emergence of fry from newly 
fertilized eggs in gravel-sand mixtures. Fine sediment was 
granitic sand with particles less than 6.4 mm. 

where eggs  had developed nor- 
mal ly  b u t  t h e  hatched f r y  were 
unable  t o  emerge because  of  
sediment.  P h i l  l i p s  e t  a1  . 
(1975)  found an i n v e r s e  r e l a t i o n  
between q u a n t i t y  of f i n e  s ed i -  
ments and f r y  emergence. Bjornn 
(1969)  and McCuddin (1977)  
demonstra ted t h a t  s u r v i v a l  and 
emergence of chinook salmon and 
s t e e l h e a d  embryos were reduced 
when sediments  less t h a n  6.4 mm 
i n  d iamete r  made up 20-25 per-  
c e n t  o r  more of t h e  s u b s t r a t e  
( f i g s .  19 and 20 ) .  
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Figure 20-Percentage emergence of swim-up fry placed in 
gravel-sand mixtures. Sediments were 1- to 3-mm 
particles in the study by Phillips et al. (1975), less than 2 
mm in the study by Hausle and Coble (1976), and less 
than 6.4 mm in studies by Bjornn (1969) and McCuddin 
(1 977). 

STREAMFLOW 
Streamflow r e q u i r e m e n t s  of  

i n c u b a t i n g  salmonid eggs  a r e  
l a r g e l y  unknown p a r t l y  because  
o f  t h e  l a c k  of  i n f o r m a t i o n  on 
i n t e r a c t i o n s  o f  s u r f a c e  f lows  
and  t h e  i n t r a g r a v e l  environment.  
According t o  S t a l n a k e r  and 
A r n e t t e  ( 1 9 7 6 ) ,  most a g e n c i e s  
t h a t  a r e  concerned w i t h  f i s h  
h a b i t a t  do n o t  a t t e m p t  t o  d e a l  
s p e c i f i c a l l y  w i t h  s t r eamf lows  
f o r  i n c u b a t i o n  b u t  o n l y  f o r  
spawning, on t h e  assumpt ion t h a t  
f lows  s u i t a b l e  f o r  spawning w i l l  
b e  s u i t a b l e  f o r  i n c u b a t i o n .  
U.S. F i s h  and W i l d l i f e  S e r v i c e  
p e r s o n n e l  a t  times have re- 
commended a n  i n c r e a s e  i n  f low 
f o r  i n c u b a t i o n  o v e r  t h a t  p r e s e n t  
a t  spawning (Ha le  i n  Hooper 
1 9 7 3 ) .  Oregon Department o f  

Table 9. General habitat guidelines for incubation of salmonid embryos 

Di ssol ved oxygen A t  or near saturat ion;  
lower threshold - 5.0 mg/l 

Water temperature 1 1 4"-14°C- 

Parameter 

Permeabi 1 i ty  More than 1 300 cmlh 

Recommended l imi t  

Sediment composition Less than 25% by volume of f ines  26.4 mm 

Surface flow Suff icient  t o  a1 low f ry  to  emerge 

Surface velocity Velocities should be 1 ess  than those 
tha t  scour the redds and displace 
spawning bed materi a1 s 

Apparent velocity More than 20 cmlh 

Biochemical oxygen 
demand 

Should not diminish or  deplete the 
dissolved oxygen content below stated 
1 eve1 s 

11 Upper and lower values are threshold temperatures. Eggs will - 
develop normal ly  a t  lower temperatures provided i n i t i a l  development 
has progressed to  where they become tolerant  of cold. 



F i s h  and W i l d l i f e  personne l  u se  
f i e l d  obse rva t i ons  t o  judge 
recommended i ncuba t i on  flows 
t h a t  a r e  o f t e n  e q u i v a l e n t  t o  
about  two- th i rds  of t h e  spawning 
flow. Thompson (1972 ) ,  however, 
po in t ed  o u t  t h a t  t h e  two- th i rds  
r u l e  does  n o t  always ho ld ,  and 
adequa te  f low depends l a r g e l y  on 
t h e  p a r t i c u l a r  stream. Research 
i s  c u r r e n t l y  underway i n  Idaho  
and Alaska t o  q u a n t i f y  t h e  
i n s t r eam flow needs f o r  suc- 
c e s s f u l  i ncuba t i on  and ha t ch ing  
o f  salmonid eggs.  

F o r e s t  p r a c t i c e s ,  such as 
roadbu i ld ing  and c l e a r c u t  
logg ing ,  may i n c r e a s e  t h e  wate r  
y i e l d  from a  watershed and 
sometimes c o n t r i b u t e  t o  t h e  
f l ood ing  i n  a  stream (Rothacher  
1971) .  Rapid f l u c t u a t i o n s  i n  
s t reamflow can dec rea se  egg 
s u r v i v a l  by d i s t u r b i n g  redds  and 
t h e r e b y  c ru sh ing  and d i s l o d g i n g  
eggs .  Gangmark and Broad (1956)  
a t t r i b u t e d  complete m o r t a l i t y  o f  

p l a n t e d  chinook eggs  t o  stream 
flows t h a t  i n c r e a s e d  100 times 
du r ing  egg p l a n t i n g .  Other  
i n v e s t i g a t o r s  have a l s o  noted 
t h e  d e l e t e r i o u s  e f f e c t s  of 
f l ood ing  on egg s u r v i v a l  (Hobbs 
1937, Neave 1953, Gangmark and 
Bakkala 1960, Sher idan  and 
M c N e i l  1968) .  A s  noted by 
Chapman (1962) ,  abnormally high 
flow a t  t h e  wrong t i m e  c ause s  
i n c r e a s e d  m o r t a l i t y .  Moderately 
h igh  flows a r e  b e n e f i c i a l  i n  
a s s u r i n g  adequa te  i n t e r change  of 
i n t r a g r a v e l  and s u r f a c e  wa te r s  
and improving t h e  oxygen supply  
t o  embryos. 

Because s p e c i e s - s p e c i f i c  
i n c u b a t i o n  c r i t e r i a  have n o t  
been developed,  g e n e r a l i z a t i o n  
i s  needed t o  d e f i n e  s u i t a b l e  
i n c u b a t i o n  f o r  anadromous s a l -  
monids. General g u i d e l i n e s  f o r  
salmonid i ncuba t i on  based on t h e ,  
p reced ing  i n fo rma t ion  a r e  
p r e sen t ed  i n  t a b l e  9. 



JUVENILE REARING 

H a b i t a t  requ i rements  of  
j u v e n i l e  anadromous f i s h  i n  
s t reams  vary  w i th  s p e c i e s ,  s i z e ,  
and t i m e  of y e a r .  The r e a r i n g  
p e r i o d  ex tends  from f r y  emer- 
gence t o  seaward mig ra t i on  and 
can  range from a  few days  f o r  
chum and pink salmon t o  3 o r  4 
y e a r s  f o r  s t e e l h e a d  t r o u t .  For 
f i s h  t h a t  spend an extended t i m e  
i n  f r e s h  wate r ,  t h e  q u a n t i t y  and 
q u a l i t y  of t h e  h a b i t a t  sets t h e  
l i m i t s  on t h e  number of f i s h  
t h a t  can be produced. Important  
h a b i t a t  components f o r  j u v e n i l e  
salmon and t r o u t  a r e  f i s h  food 
p roduc t ion  a r e a s ,  wa te r  q u a l i t y  
and q u a n t i t y ,  c o v e r ,  and space.  
The i n t e r a c t i o n  of some of t h e s e  
h a b i t a t  components wi th  bio-  
l o g i c a l  f e a t u r e s  of t h e  envi-  
ronment have been s t u d i e d  
(G ige r  1973, Hooper 1973) ,  b u t  
s p e c i f i c  c r i t e r i a  f o r  r e a r i n g  
h a b i t a t  have n o t  been complete ly  
d e f i n e d  f o r  anadromous salmonids 
i n  s t reams ,  W e  w i l l  d i s c u s s  
f e a t u r e s  of s t ream h a b i t a t  and 
r e l a t e  them t o  salmonid pro- 
d u c t i o n  where warranted by t h e  
d a t a  a v a i l a b l e .  

FISH FOOD PRODUCTION AREAS 
Densi ty  o f  j u v e n i l e  anad- 

romous salmonids may be regu- 
l a t e d  by t h e  abundance of food 
(pe rhaps  expressed  a s  competi- 
t i o n  f o r  space )  i n  some s t reams  
(Chapman 1966) .  Food f o r  t h e s e  
sa lmonids  comes p r i m a r i l y  from 
t h e  sur rounding  l and  and from 
t h e  s u b s t r a t e  w i t h i n  t h e  stream; 
t h e  r e l a t i v e  importance of 
ter res t r ia l  and a q u a t i c  i n s e c t s  
v a r i e s  w i th  stream s i z e ,  loca-  
t i o n ,  r i p a r i a n  v e g e t a t i o n ,  and 
t i m e  of y e a r ,  

VELOCITY 
According t o  S c o t t  (1958)  

and Al len  ( 1 9 5 9 ) ,  v e l o c i t y  i s  
t h e  most impor t an t  parameter  i n  
de te rmin ing  t h e  d i s t r i b u t i o n  of 
a q u a t i c  i n v e r t e b r a t e s  i n  s t reams.  
Most a q u a t i c  i n v e r t e b r a t e s  l i v e  
i n  a  v e r t i c a l  boundary l a y e r  on 
t h e  s t ream s u b s t r a t e  where 
v e l o c i t i e s  a r e  nea r  ze ro .  Water 
v e l o c i t i e s  j u s t  above t h e  bound- 
a r y  l a y e r ,  however, a r e  t y p i c a l  
o f  r $ F f l e  a r e a s  (Pea r son  e t  
a ,  Needham and Usinger 1956, 
Delisle and E l i a s o n  1961, Ar thur  
1963, Ruggles 1966, Kimble and 
Wesche 1975, and t a b l e  1 0 ) .  

DEPTH 
The i n f l u e n c e  of wate r  

dep th  on a q u a t i c  i n s e c t  pro- 
d u c t i o n  i s  poor ly  unders tood ,  
b u t  Needham and Usinger (1956)  
and Kennedy (1967)  found t h e  
l a r g e s t  numbers of organisms i n  
sha l low a r e a s  t y p i c a l  of  r i f f l e s .  
I n  a  s t udy  by Kimble and Wesche 
( 1 9 7 5 ) ,  m a y f l i e s  (Ephemerop- 
t e r a ) ,  s t o n e f l i e s  ( P l e c o p t e r a ) ,  
and c a d d i s f l i e s  ( T r i c h o p t e r a )  
were found i n  dep ths  less t h a n  

- 41 Unpublished r e p o r t ,  "Factors 
a f f e c t i n g  t h e  n a t u r a l  r ea r ing  of 
juven i l e  coho salmon during t h e  summer 
low flow season," by L.  S. Yearson, K .  
R .  Conover, and R. E. Sams. Fish.  
Comm. Oreg., Por t land,  1970. 



Table 10-Water velocity criteria for aquatic invertebrates 

Kennedy (1  967), 
Pearson e t  a1 .- 
Surber (1  951 ) 
D e l i s l e  and E l i ason  (1961) 
Hooper (1973) 
Giger  ( 1  973) 
Needham and Usinger (1  956) 
Kimble and Wesche (1975) 
Thompson (1  972) 

Source 

1/ See t e x t  f oo tno te  4. - 

Vel o c i  ty range 

0.3 m.  Hooper (1973)  r e p o r t e d  (1947)  r e p o r t e d  t h a t ,  i n  g e n e r a l ,  
t h a t  a r e a s  of h i g h e s t  i n v e r t e -  t h e  d i v e r s i t y  o f  a v a i l a b l e  cover  
b r a t e  p r o d u c t i v i t y  usua l  l y  occur  f o r  bottom fauna d e c r e a s e s  a s  
i n  s t reams  a t  dep th s  between t h e  s i z e  of i n e r t  s u b s t r a t e  
0.15 and 0.9 m if s u b s t r a t e s  and p a r t i c l e s  dec rea se s .  Rubble 
v e l o c i t i e s  a r e  s u i t a b l e .  seems t o  be t h e  most p roduc t i ve  

s u b s t r a t e .  Large rubb l e  sub- 

Meters pe r  second 

SUBSTRATE 
Stream s u b s t r a t e  compo- 

s i t i o n  i s  ano the r  f a c t o r  t h a t  
r e g u l a t e s  t h e  p roduc t ion  of 
i n v e r t e b r a t e s ;  h i g h e s t  pro- 
d u c t i o n  i s  from g rave l  and 
rubb l e - s i ze  m a t e r i a l s  (Needham 
1934, Linduska 1942, Smith and 
Moyle 1944, Sp ru l e s  1947, 
Ru t tne r  1953, Cummins 1966, 
Thorup 1966, Kennedy 1967, 
Corning 1969, Hynes 1970) .  
S u b s t r a t e  s i z e  i s  a  f u n c t i o n  of 
wate r  v e l o c i t y ,  wi th  l a r g e r  
m a t e r i a l s  ( r u b b l e  and bou lde r )  
a s s o c i a t e d  wi th  f a s t  c u r r e n t s  
and s m a l l e r  m a t e r i a l s  ( s i l t  and 
sand)  w i th  slow-moving water .  

Pennak and Van Gerpen 
(1947)  noted a  dec rea se  i n  
number -of b e n t h i c  i n v e r t e b r a t e s  
i n  t h e  p rog re s s ion  rubble -  
bedrock-gravel-sand.  A similar 
d e c r e a s e  was noted by Kimble and 
Wesche (1975)  i n  t h e  s e r i e s  
rubble -coarse  gravel-sand and 
f i n e  g r a v e l - s i l t .  S p r u l e s  

s t r a t e  p rov ides  i n s e c t s  w i th  a  
f i rm  s u r f a c e  t o  c l i n g  t o  and 
a l s o  p rov ides  p r o t e c t i o n  from 
t h e  c u r r e n t .  

The importance of i n s e c t s  
produced i n  r i f f l e s  a s  food f o r  
f i s h  i s  documented by Waters 
( 1 9 6 9 ) ,  and Pearson e t  a l .  (see 
f o o t n o t e  4 )  r e p o r t e d  h i g h e r  coho 
p roduc t ion  p e r  u n i t  a r e a  i n  
p o o l s  wi th  l a r g e  r i f f l e s  up- 
stream t h a n  i n  pools  wi th  smal l  
r i f f l e s  upstream. 

Ve loc i t y ,  dep th ,  and sub- 
s t r a t e  c r i t e r i a  f o r  optimum f i s h  
food p roduc t ion  a r e :  

Ve loc i t y  0.46-1.07 m / s  
Depth 0.46-0.91 m 
S u b s t r a t e  Composed l a r g e l y  o f  

c o a r s e  g r a v e l  
(3.2-7.6 cm) and 
rubb l e  (7.6-30.4 c m )  

RIPARIAN VEGETATION 
T e r r e s t r i a l  i n s e c t s  a r e  

a l s o  impor tan t  food i t e m s  f o r  



salmonids.  They may e n t e r  
streams by f a l l i n g  o r  being 
blown o f f  r i p a r i a n  v e g e t a t i o n  
and by being washed i n  from 
s h o r e l i n e  a r e a s  by wave a c t i o n  
o r  r a p i d  flow f l u c t u a t i o n s  
(Mundie 1969, F i s h e r  and LaVoy 
1972) .  Once i n  t h e  s t ream,  
t h e s e  organisms a r e  e n t r a i n e d  by 
t h e  c u r r e n t ,  become a  p a r t  of 
t h e  d r i f t ,  and a r e  fed  upon by 
f i s h  Surber  1936, Kel ley e t  
a1.  ,?' D e l i s l e  and E l i a son  1961, 

- 5/ Unpublished r e p o r t ,  "A method 

Kennedy 1967, Al len  1969) .  
P l a n t  m a t e r i a l  t h a t  f a l l s  i n t o  
t h e  s t ream from r i p a r i a n  vege- 
t a t i o n  may be an  impor tan t  
sou rce  of food t o  a q u a t i c  i n -  
v e r t e b r a t e s .  Sekul ich  and 
Bjornn (1977)  found t h a t  t e r -  
r e s t r i a l  i n s e c t s  were second 
on ly  t o  chironomids (midges) i n  
importance a s  food f o r  j uven i l e  
anadromous salmonids i n  t h e  
streams they  s t u d i e d .  Groups of 
i n s e c t s  and o t h e r  a r th ropods  
t h a t  may become a  p a r t  of t e r -  
r e s t r i a l  d r i f t  i nc lude :  D ip t e r a  
( f l i e s ) ,  Or thopte ra  ( g r a s s -  
hoppers and c r i c k e t s ) ,  Coleop- 
t e r a  ( b e e t l e s ) ,  Hymenoptera 
(bees ,  wasps, and a n t s ) ,  Lepi- 
dop te r a  ( b u t t e r f l i e s  and moths) ,  
Homoptera ( l e a f  hoppe r s ) ,  and 
Araneida ( s p i d e r s ) .  

t o  de te rmine  t h e  volume of f low r e q u i r e d  
by  t r o u t  below dams: a  p roposa l  f o r  
i n v e s t i g a t i o n , "  by D.  W. Ke l l ey ,  A. J.  
Cordone, and G.  Delisle. C a l i f .  Dep. 
F i s h  and Game, Sacramento, 1960. 



WATER QUALITY 

Temperature 
Salmonids a r e  c o l d  wa te r  

f i s h  wi th  d e f i n i t e  t empera ture  
requ i rements  du r ing  r e a r i n g .  
Water t empera ture  i n f l u e n c e s  
growth rate,  swimming a b i l i t y ,  
a v a i l a b i l i t y  of d i s s o l v e d  
oxygen, a b i l i t y  t o  c a p t u r e  and 
u se  food,  and a b i l i t y  t o  with- 
s t a n d  d i s e a s e  ou tbreaks .  B r e t t  
(1952)  l is ts  t h e  upper l e t h a l  
t empera ture  f o r  chinook, p ink ,  
sockeye,  chum, and coho salmon 
a s  25.1°C. The upper l e t h a l  
t empera ture  f o r  rainbow t r o u t  
l i e s  between 24' and 29.5OC 
depending on oxygen concen- 
t r a t i o n ,  f i s h  s i z e ,  and a c c l i -  
mat ion tempera ture  (McAfee 
1966) .  S l i g h t l y  lower temper- 
a t u r e s  can be t o l e r a t e d  b u t  a r e  
s t r e s s f u l .  

B e l l  (see f o o t n o t e  1) 
s t a t e d  t h a t ,  i n  g e n e r a l ,  a l l  
c o l d  wate r  f i s h  c e a s e  growth a t  
t empera tures  above 20.3OC be- 
cause  of i nc r ea sed  metabol ic  
a c t i v i t y .  Fa1 1 chinook f i n g e r -  
l i n g s  had i n c r e a s i n g  percen tage  
weight g a i n s  as tempera ture  was 

i n c r e a s e d  from 10.OO t o  15.7OC, 
and t h e n  weight decreased  w i t h  
a f u r t h e r  i n c r e a s e  i n  temper- 
a t u r e  t o  18.4OC (Burrows i n  
B e l l ,  see f o o t n o t e  1).  Baldwin 
(1956)  noted a s i m i l a r  r e l a t i o n  
f o r  brook t r o u t ,  w i th  i n c r e a s e s  
i n  percen tage  weight g a i n  wi th  
i n c r e a s e d  tempera ture  from 9.1 
t o  13.1°C and a subsequent  
dec rea se  i n  percen tage  weight  
g a i n  wi th  t empera tures  exceeding 
17.1°C. A t  17.1°C,brook t r o u t  
f eed ing  decreased  and, when 
t empera tu r e  reached 2 1.2 OC, t h e  
f i s h  on ly  a t e  0.85 p e r c e n t  of 
t h e i r  body weight p e r  day. By 
comparison,  a 100-mm-long s a l -  
monid t h a t  weighs 10 g would 
need t o  e a t  about  1.8 p e r c e n t  of 
i t s  body weight each day t o  
ma in t a in  i t s e l f  and 2.5 p e r c e n t  
t o  grow r a p i d l y  i n  15OC water .  

Salmonids p r e f e r  a r a t h e r  
narrow range  of t empera ture  i n  
which t o  l i v e  ( t a b l e  11) , and 
tempera ture  may h e l p  r e g u l a t e  
d e n s i t y .  I n  l a b o r a t o r y  stream 
channe ls ,  Hahn ( 1977 ) found 
tw ice  a s  many s t e e l h e a d  f r y  
remained i n  channe ls  wi th  d a i l y  
f l u c t u a t i n g  (8O-19OC) o r  con- 
s t a n t  13.5 OC wate r  t empera tures  
t h a n  i n  a channel wi th  c o n s t a n t  
18.5OC wate r .  Fry d e n s i t y  i n  a 
channel  w i th  c o n s t a n t  8.5 OC 
wa te r  w a s  double  t h a t  i n  chan- 
n e l s  wi th  c o n s t a n t  13.5OC o r  
f l u c t u a t i n g  tempera tures .  Water 
t empe ra tu r e s  i n  a p a r t i c u l a r  
stream vary  seasona l  l y ,  t e m -  
p o r a l  l y ,  and s p a t i a l l y  ( f o r  
example, between f o r e s t e d  and 
non fo re s t ed  a r e a s ) .  Seasonal  
and temporal  changes are l a r g e l y  
o u t  of human c o n t r o l ;  c e r t a i n  
land-use p r a c t i c e s  ( f o r  example, 
c h a n n e l i z a t i o n  o r  removal of 
shade  t rees ) ,  however, c an  
change t h e  t empera ture  i n  sec- 
t i o n s  of s t reams .  I f  r i p a r i a n  
v e g e t a t i o n  i s  removed, exposing 
t h e  stream t o  d i r e c t  s u n l i g h t ,  
wa t e r  t empe ra tu r e s  u s u a l l y  
i n c r e a s e  i n  summer (Greene 195 0, 
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Chinook 7.3-14.6 q 1 2 . 2  25.2 
Coho 11.8-14.6 3'20.0 25.8 
Chum 11.2-14.6 y 1 3 . 5  25.8 
Pink 5.6-14.6 10.1 25.8 
Sockeye 11.2-14.6 y 1 5 . 0  24.6 
Steel  head '7.3-14.6 10.1 24.1 
Cutthroat  9.5-12.9 -- 23.0 
Brown 3.9-21.3 -- 24.1 

Table I1 -Preferred, optimum, and upper lethal temperatures of various 
salmonids (from Bell 1973 unless otherwise noted) 

1/ From Bell ( see  t e x t  footnote  1 ) .  
/ - From an unpubl ished repor t ,  "Fish heal th  and Management: concept 

and methods of aquaculture,"  by G.  W .  Klontz, Univ. Idaho, 
Moscow, 1976. 

31 From Bre t t  e t  a l .  (1958). 
/ - From Garside and Tai t (1958). 

Chapman 1962, Gray and Edington 
1969, Meehan 1970, Narver 1972, 
Moring and Lantz 1974, Moring 
1975 ) . Colder  w i n t e r  temper- 
a t u r e s  may r e s u l t  from l o s s  of 
canopy and adve r se ly  a f f e c t  egg 
i ncuba t i on  (Greene 1950, Chapman 
1962) .  

r 

Species 

DISSOLVED OXYGEN 

Preferred 
temperature 

range 

I 

The c o n c e n t r a t i o n  of d i s -  
so lved  oxygen i n  s t reams  i s  
impor tan t  t o  salmonids du r ing  
r e a r i n g .  A t  t empera tures  above 
15OC, c o n c e n t r a t i o n s  of d i s -  
so lved  oxygen r e g u l a t e  t h e  rate 
o f  a c t i v e  metabolism of j u v e n i l e  
sockeye salmon (see f o o t n o t e  1) .  
Fry (1957)  proposed t h a t  where 
t h e  oxygen c o n t e n t  became un- 
s u i t a b l e ,  t h e  a c t i v e  metabol ic  
r a t e  decreased .  Rainbow t r o u t  
swimming speeds  were reduced 30 
and 4 3  p e r c e n t  when oxygen was 
reduced t o  50 p e r c e n t  of s a tu -  
r a t i o n  a t  t empe ra tu r e s  of 
21'-23OC and 8'-10°C, respec-  
t i v e l y  ( Jones  1971) .  Growth 

Optimum 
temperature 

r a t e ,  food consumption rate,  and 
t h e  e f f i c i e n c y  o f  food u t i l i -  
z a t i o n  o f  j u v e n i l e  coho salmon 
a l l  d e c l i n e d  when oxygen was 4  
o r  5  mg/l (Herrmann e t  a l .  1962, 
and f i g s .  21, 22, and 2 3 ) .  

Upper l e t h a l  
temperature 

J u v e n i l e  chinook salmon 
avoided wate r  w i th  oxygen 
c o n c e n t r a t i o n s  n e a r  1.5-4.5 
mg/l i n  t h e  summer, b u t  r e a c t e d  
less t o  low l e v e l s  i n  t h e  f a l l  
when tempera tures  were lower 
(Whitmore e t  a l . 1 9 6 0 ) .  

I n  a  review paper ,  Davis 
(1975)  examined i n fo rma t ion  on 
i n c i p i e n t  oxygen response  t h r e sh -  
o l d s  f o r  salmonids ( t a b l e  1 2 ) ,  
and developed oxygen c r i t e r ia  
w i t h  t h r e e  c o n c e n t r a t i o n s  
( t a b l e  1 3 ) .  A t  t h e  h i g h e s t  
c o n c e n t r a t i o n ,  f i s h  had ample 
oxygen and cou ld  f u n c t i o n  with- 
o u t  impairment. A t  t h e  middle 
c o n c e n t r a t i o n ,  t h e  average  
member o f  a  s p e c i e s  beg ins  t o  
e x h i b i t  symptoms of oxygen 
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Figure 21 -Weight gains (or losses) in 19 to 28 days among 
frequently fed age-class 0 coho salmon, expressed as 
percentages of the initial weight of the fish, in relation to 
dissolved oxygen concentration. The curve has been 
fitted to only the results of tests performed in 1956. All 
of the 1956 positive weight-gain values are results of 
21-day tests (from Herrmann et al. 1962). 
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Figure 22-Grams of food (beach hoppers) consumed by 
frequently fed ageclass 0 salmon per day per gram of 
initial weight of the fish, in relation to dissolved oxygen 
concentration. The curve has been fitted to only the 
1956 data (from Herrmann et al. 1962). 

d i s t r e s s ;  a t  t h e  lowes t  concen- 
t r a t i o n ,  a  l a r g e  p o r t i o n  of  t h e  
f i s h  popu la t i on  may be a f f e c t e d .  

Dissolved oxygen concen- 
t r a t i o n s  a r e  normally nea r  

0 O r  1956 Tests 

06 1955 Tests 
Surviving f i sh  

AA Only or mostly 
dying fish 

OXYGEN CONCENTRATION 
(MILLIGRAMS PER LITER) 

Figure 23-Food conversion ratios for frequently fed age- 
class 0 coho salmon, or their weight gains in grams per 
gram of food (beach hoppers) consumed, in relation to 
dissolved oxygen concentration. A food conversion ratio 
of zero (not a ratio having a negative value) has been 
assigned to each group of fish that lost weight. The curve 
has been fitted only to the 1956 data (from Herrmann 
et al. 1962). 

s a t u r a t i o n ,  excep t  i n  small 
s t r eams  w i th  l a r g e  amounts o f  
d e b r i s  from logging o r  o t h e r  
s o u r c e s  ( H a l l  and Lantz 1969) o r  
i n  l a r g e r ,  slow-moving s t reams  
r e c e i v i n g  l a r g e  amounts of 
municipal  o r  i n d u s t r i a l  waste.  

SUSPENDED AND 
DEPOSITED SEDIMENT 

Suspended and depos i t ed  
f i n e  sediment can  a d v e r s e l y  
a f f e c t  salmonid r e a r i n g  h a b i t a t  
i f  p r e s e n t  i n  e x c e s s i v e  amounts. 
High l e v e l s  of suspended s o l i d s  
may abrade  and c l o g  f i s h  g i l l s ,  
r educe  f eed ing ,  and cause  f i s h  
t o  avoid some a r e a s  (Trautman 
1933, Pautzke 1938, Smith 1939, 
Kemp 1949, Wallen 1951, Cooper 
1956, Bachman 1958, Cordone and 
Kel ley  1961) .  According t o  B e l l  
( see f o o t n o t e  I ) ,  s t reams  wi th  
s i l t  l oads  averag ing  less t h a n  
25 mg/l can  be expec ted  t o  
suppo r t  good f r e shwa te r  f i s h -  
eries.  S t a t e  t u r b i d i t y  s t a n d a r d s  
f o r  Colorado,  Wyoming, Montana, 
and Oregon are set a t  no more 



Table 12-Incipient oxygen response thresholds for various salmonids (modified from 
Davis 1 975)" 

A r c t i c  char  

Brown t r o u t  

Brook t r o u t  

Species 

Rainbow t r o u t  

Rainbow t r o u t  

Ho le ton  (1973) 

I r v i n g  e t  a l .  (1941) 

I r v i n g  e t  a l .  (1941) 

Graham (1949) 

,I 0, 

I 

Beamish (1964) 

I r v i n g  e t  a l .  (1941) 

Response 

Randal l  and 120-250 g 8.5-15 5.18-7.34 

Smith (1967) 

Downing (1954) 13.3 + 1.4 17 + .5 9.74 

Source 

cm 

Jones (1971) 20 mo. o l d  8-10 5.94-5.67 

,I I 20 mo. o l d  21-23 4.50-4.34 

I tazawa (1970) 235-510 g 2.3-13 8.73-6.74 

S ize  Temperature 

K u t t y  (1968) -- 15 5.08 

Randal l  and - - 15 5.18-6.47 

Smith (1967) 

Hughes and Saunders 400-600 g 13.5 5.35 

( 1  970) 

Cameron ( 1  971 ) 300 g 10, 15, 20 4.71-5.75 

L loyd (1961) 1-11 g 17.5 5.78 

Oissolved oxygen 

Sockeye salmon B r e t t  (1964) 5 0 g  20-24 9.17-8.53 

Concentrat ion 

Coho salmon 

S a t u r a t i o n  

Davis (1973) 1 5 7 9 g  13 6.74 

Randal l  and 1.5-1.7 kg 15 5.07 

Smith (1967) 

Whitmore e t  a l .  (1960) 6.3-11 cm -- 4.5 

Hicks and 5.1-14.8 m 12 + 1 9.0 

DeWitt  (1971) 

D a v i s e t a l . ( 1 9 6 3 )  Juven i le  10-20 11.33-9.17 

Oahlberg e t  a l .  (1968) " 20 9.17 

Herrmann (1958) I 8.0-4.0 

Chinook salmon Whitmore e t  a l .  (1960) 6.3-11 cm summer temp. 4.5 

" 6-3-11 cm f a l l  temp. 4.5 

Davis e t  a l .  (1963) J u v e n i l e  10-20 11.33-9.17 

A t l a n t i c  salmon K u t t y  and 87-135 g 15 4.5 

Saunders (1 973) 

Percent 

15.8 Signs o f  asph ix ia  and l o s s  o f  e q u i l i b r i u m  

50 Blood n o t  f u l l y  sa tura ted  w i t h  O2 below t h i s  l e v e l  

50 ,I 

63.2 Onset of 02-dependent metabolism 

50.7 Reduced c r u i s i n g  speed 

98.8 Onset o f  02-dependent metabol ism 

7 5 Reduced a c t i v i t y  a l l  temperatures 

Standard oxygen uptake reduced below t h i s  l e v e l  

Below t h i s  l e v e l ,  b lood i s  n o t  f u l l y  sa tura ted  

w i t h  oxygen 

C i r c u l a t o r y  changes occur,  i n c l u d i n g  a s lowing 

o f  t h e  h e a r t  

Any r e d u c t i o n  i n  oxygen l e d  t o  more r a p i d  death 

i n  cyanide 

43 percent  r e d u c t i o n  i n  maximum swimming speed 

30 percent  r e d u c t i o n  i n  maximum swimming speed 

Blood n o t  f u l l y  s a t u r a t e d  w i t h  O2 below 

t h i s  l e v e l  

A l t e r e d  r e s p i r a t o r y  q u o t i e n t ,  l i t t l e  capac i ty  

f o r  anaerobic metabol ism below t h i s  l e v e l  

Changes i n  oxygen t r a n s f e r  f a c t o r  and 

e f f e c t i v e n e s s  o f  O2 exchange occur 

Breath ing  ampli tude and buccal pressure e levated 

Blood n o t  f u l l y  sa tura ted  w i t h  O2 below t h i s  l e v e l  

T o x i c i t y  o f  z inc ,  lead, copper, phenols increased 

markedly below t h i s  l e v e l  

A v a i l a b l e  oxygen l e v e l  appears t o  l i m i t  a c t i v e  

metabol ism and maximum swimming speed 

63.6 Blood n o t  f u l l y  sa tura ted  w i t h  O2 below t h i s  l e v e l  

50 E levated b lood and buccal pressure, b r e a t h i n g  

r a t e  increased 

-- E r r a t i c  avoidance behav ior  

83.1 Acute m o r t a l i t y  i n  k r a f t  p u l p m i l l  e f f l u e n t  increased 

below t h i s  l e v e l  

100 Reduct ion o f  O2 below s a t u r a t i o n  produced some 

lower ing  o f  maximum sus ta ined swimning speed 

100 
I ,I 

87.2-43.6 Growth r a t e  p r o p o r t i o n a l  t o  oxygen l e v e l  w i t h  

b e s t  growth a t  8.0 mg/l ,  lowest  a t  4.0 mg/l 

Marked avoidance o f  t h i s  l e v e l  i n  sumner 

L i t t l e  avoidance o f  t h i s  l e v e l  i n  f a l l  

100 Reduct ion o f  O2 below s a t u r a t i o n  lowered maximal 

sus ta ined swimning speed 

44-33 Salmon s t o p  swimning a t  a speed o f  55 cm/s a t  O2 l e v e l s  

below t h i s ;  f a s t e r  swimming requ i res  more oxygen 

1'courtesy o f  t h e  Journal o f  t h e  F i s h e r i e s  Research Board o f  Canada. 



Table 13-Response of freshwater salmonid populations to three concentrations of 
dissolved oxygen (modified from Davis 1975, courtesy of the Journal of the Fisheries 
Research Board of Canada) 

Funct ion w i thou t  impairment 7.75 76 76 76 76 85 93 

Response 

I n i t i a l  d i s t r e s s  symptoms 6.00 57 57 57 59 65 72 

Most f i s h  a f f e c t e d  by l a c k  4.25 38 38 38 42 46 51 
o f  oxygen 

Mg/l ---------- Percent---------- 

Oxygen 

t h a n  10 JTU, 10 NTU, 5  JTU and 5  
NTU o v e r  background l e v e l s ,  
r e s p e c t i v e l y .  g/ 

Satura t ion  a t  
g i  ven temperatures ( "C) 

0 5 10 15 20 25 

Cordone and K e l l e y  (1961)  
s u g g e s t  t h a t  i n d i r e c t  r a t h e r  
t h a n  d i r e c t  e f f e c t s  o f  t o o  much 
f i n e  sediment  damage f i s h  
p o p u l a t i o n s .  I n d i r e c t  damage t o  
t h e  f i s h  p o p u l a t i o n  by d e s t r u c -  
t i o n  of  t h e  food s u p p l y ,  lowered 
egg o r  a l e v i n  s u r v i v a l ,  o r  
changes  i n  r e a r i n g  h a b i t a t  
p r o b a b l y  o c c u r s  long b e f o r e  t h e  
a d u l t  f i s h  would be d i r e c t l y  

7/ harmed ( E l l i s  1936,  C o r f i t z e n , -  , 

-- 

- JTU = Jackson  t u r b i d i t y  u n i t s .  
NTU = Nephelome t r i c  t u r b i d i t y  

u n i t s .  

- 7/ Unpublished mimeographed 

r e p o r t ,  "A s t u d y  of t h e  e f f e c t  of s i l t  
on  absorb ing  l i g h t  which promotes t h e  
growth of a l g a e  and moss i n  c ana l s , "  by 
W .  D. C o r f i t z e n .  U.S. Dep. I n t . ,  Bur. 
Reclam., 1939. 

Sumner and ~ r n i t h , g /  Tebo 1955,  
1957,  1974,  Tarzwe1194957, 
Z i e b e l l  1957,  Casey,- B a r t s c h  
1960,  Cordone and P e n n o y e r , s /  
Chapman 1962,  B jo rnn  e t  a l .  
1 9 7 7 ) .  

- 8/ Unpublished mimeographed 

r e p o r t ,  "A b i o l o g i c a l  s t u d y  of t h e  
e f f e c t s  of mining d e b r i s  dams and 
h y d r a u l i c  mining on  f i s h  l i f e  i n  t h e .  
Yuba and American R ive r s  i n  C a l i f o r n i a , "  
by F. H. Sumner and 0.  R. Smith. 
Submit ted t o  t h e  U. S. D i s t r i c t ,  Eng. 
O f f i c e ,  Sacramento, C a l i f o r n i a ,  from 
S t an fo rd  Univ., 1939. 

- Unpublished mimeographed 
r e p o r t ,  "The e f f e c t s  of p l a c e r  mining 
(dredging)  on  a t r o u t  s t ream,"  by 0. E. 
Casey. Annu. Prog . Rep. , P r o j  . 
F-34-R-1. Water Q u a l i t y  I n v e s t i g a t i o n s ,  
Fede ra l  Aid i n  F i s h  R e s t o r a t i o n ,  Idaho 
Dep. F i s h  and Game, Boise ,  1 9 5 9 .  

- lo/ Unpublished mimeographed 

r e p o r t ,  " Notes on s i l t  p o l l u t i o n  i n  
t h e  Truckee R ive r  d ra inage ,"  by A. J .  
Cordone and S. Pennoyer. C a l i f .  Dep. 
F i s h  and Game; I n l and  F i s h  Admin. 
Rep. , Sacramento, 1960. 



Deposi ted  sediment  may 
r e d u c e  a v a i l a b l e  summer r e a r i n g  
( f i g .  2 4 )  and w i n t e r  h o l d i n g  
( f i g .  2 5 )  h a b i t a t  f o r  f i s h  
( S t u e h r e n b e r g  1975, Klamt 1976, 
Bjornn e t  a l ,  1 9 7 7 ) -  Bjornn e t  
a l .  (1977)  added f i n e  sediment  
( l ess  t h a n  6 - 4  mm i n  d i a m e t e r )  
t o  n a t u r a l  s t r eam c h a n n e l s  and 
found j u v e n i l e  salmon abundance 
d e c r e a s e d  i n  a lmos t  d i r e c t  
p r o p o r t i o n  t o  t h e  amount of  pool  
volume l o s t  t o  f i n e  sediment  
( f i g  . 2 6  ) . Because sediment  
b u d g e t s  a r e  d i f f i c u l t  t o  d e t e r -  
mine f o r  each s t r e a m ,  Bjornn e t  
a l e  recommended u s i n g  t h e  pe r -  
c e n t a g e  of  f i n e  sediment  i n  
s e l e c t e d  r i f f l e  a r e a s  a s  a n  
i n d e x  of t h e  "sediment  h e a l t h "  
o f  s t r eams .  They reasoned  t h a t  
i f  t h e  r i f f l e s  c o n t a i n e d  neg- 
l i g i b l e  amounts of  f i n e  s e d i -  
ment, t h e n  t h e  p o o l s  and i n t e r -  
s t i t i a l  s p a c e s  between t h e  
b o u l d e r s  o f  t h e  stream s u b s t r a t e  
would a l s o  have n e g l i g i b l e  
amounts of  sediment .  

Control I without sediment \ 

n Test with sediment) M 

T E S T  N O  10 12 11 16 13 13 13 14 15 

S P E C I E S - A C E  CKO CKO SHo SHo CKO SHo CKOSHO CTO CT1,? 

ORIGIN W W H H W H W H H W 

Figure 24-Densities of fish remaining in artificial stream 
channels after 5 days during winter tests, 1975: W = wild; 
H = hatchery; 1/2 = boulders in pools 1/2 imbedded with 
sediment; F = fully imbedded; CK, = age 0 chinook 
salmon, SH, = age 0 steelhead trout; CT, = age 0 
cutthroat trout, CT,.2 = age 1 cutthroat trout (from Bjornn 
et al. 1977). 

Control (without sediment) 

Test (with sediment) 

T E S T Y 0 1  1 3 4 6 5 7 8 

SPECIES - A G E  SH1 SH1 sH1 SHo SHo SHo CKO CKO 

O ~ U ~ I N ~ - W I L D ~ H A T C H E R Y - ~  WILD 

IUDEDDEDNESS 113 2/3 F F 112 F 1/2 F 

Figure 25-Densities of fish remaining in the Hayden Creek 
artificial stream channels after 5 days during the summer 
tests, 1974 and 1975: SH, = age 1 steelhead; CKo age 0 
chinook; 1/3 = key boulders in pools 1/3 imbedded with 
sediment; F = key boulders in pools fully imbedded (from 
Bjornn et al. 1977). 

0 I I I 1 
0 2 5 5 0  75 100 

PERCENTAGE POOL AREA 

Figure 26-Fish numbers in upper test pool versus 
percentage pool area deeper than 0.30 m, during the 
sediment additions into Knapp Creek, 1973 and 1974. 
Arrows denote observations not used in fitting the 
regression line. P = prior to addition of sediment; 1 = 
after first addition; 2 = after second addition; 3 = after 
third addition (from Bjornn et al. 1977). 



COVER 
Cover i s  perhaps  more 

i m p o r t a n t  t o  anadromous s a l -  
monids d u r i n g  r e a r i n g  t h a n  a t  
any o t h e r  t i m e ,  f o r  t h i s  i s  when 
t h e y  a r e  most s u s c e p t i b l e  t o  
p r e d a t i o n  from o t h e r  f i s h  and 
t e r r e s t r i a l  animal s . Cover 
needs  of  mixed popula-kions o f  
sa lmonids  a r e  n o t  e a s i l y  d e t e r -  
mined ( G i g e r  1973) .  S h e l t e r  
needs  may v a r y  d i u r n a l l y  ( K a l l e -  
b e r g  195 8 ,  Edmundson e t  a 1  . 
1968, A l l e n  1969, Chapman and 
Bjornn 19691, s e a s o n a l l y  (Hartman 
1963, 1965,  Chapman 1966, Chap- 
man and Bjornn,  1 9 6 9 ) ,  by 
s p e c i e s  (Hartman 1965, Ruggles 
1966, A l l e n  1969, Chapman and 
Bjornn 1969, L e w i s  1969, Pearson 
e t  a l .  (see f o o t n o t e  4 ) , Wesche 
1973, Hanson 1 9 7 7 ) ,  and by f i s h  
s i z e  ( B u t l e r  and Hawthorne 1968, 
A l l e n  1969, Chapman and Bjornn 
1969, E v e r e s t  1969,  Wesche 1973, 
Hansori 1977) .  

Overhead c o v e r - - r i p a r i a n  
v e g e t a t i o n ,  t u r b u l e n t  w a t e r ,  
l o g s ,  o r  undercu t  banks--is  used 
by most sa lmonids  (Newman 1956, 
Wickham 1367, B u t l e r  and Haw- 
t h o r n e  1968, Ba ldes  and Vincen t  
1969,  Bjornn 1969, Chapman and 
Bjornn 1969, L e w i s  1969, L i s t e r  
and Genoe 1970, Wesche 1973) .  
B e s i d e  p r o v i d i n g  s h e l t e r  from 
p r e d a t o r s ,  overhead c o v e r  pro-  
duces  a r e a s  of  shade n e a r  s t r eam 
margins .  These a r e a s  a r e  t h e  
p r e f e r r e d  h a b i t a t  o f  many juve- 
n i l e  sa lmonids  (Hartman 1965, 
Chapman 1966, A l l e n  1969, 
E v e r e s t  1969, Mundie 1969, 
E v e r e s t  and Chapman 1972) .  

Submerged cover - - l a rge  
r o c k s  i n  t h e  s u b s t r a t e ,  a q u a t i c  
v e g e t a t i o n ,  l o g s ,  and s o  on--is  
a l s o  used by r e a r i n g  sa lmonids .  
Hoar e t  a l .  (1957)  and Hartman 
(1965)  obse rved  t h a t  newly 
emerged sa lmonids  t e n d  t o  h i d e  
under  s t o n e s .  S i m i l a r  behav io r  
i s  t y p i c a l  o f  o v e r w i n t e r i n g  
j u v e n i l e  s t e e l h e a d  and chinook 

t h a t  seek  r e f u g e  w i t h i n  rock  and 
r u b b l e  s u b s t r a t e  i n  Idaho  s t r e a m s  
(Chapman 1966, Chapman and 
Bjornn  1969, E v e r e s t  1969, 
M o r r i l l  and Bjornn 1972) .  

The r e l a t i v e  impor tance  of  
c o v e r  i s  i l l u s t r a t e d  by e x p e r i -  
ments i n  which salmonid abun- 
dance  d e c l i n e d  when c o v e r  was 
reduced (Boussu 1954, P e t e r s  and 
Alvord 1964, E l s e r  1968) and i n  
exper iments  where salmonid 
abundance i n c r e a s e d  when c o v e r  
was added t o  a  s t r e a m  ( T a r z w e l l  
1937, 1938, S h e t t e r  e t  a l .  1946, 
Warner and P o r t e r  1960, Saunders  
and Smith 1962, Chapman and 
Bjornn 1969, Hunt 1969,1976,  
Hahn 1977, Hanson 1977) .  

STREAMFLOW 
Recommended s t r e a m f  lows f o r  

r e a r i n g  h a b i t  a t  have u s u a l l y  
been based on t h e  i n d i v i d u a l  
components ( s u c h  a s  food ,  c o v e r )  
o f  h a b i t a t  r a t h e r  t h a n  numbers 
o r  biomass o f  f i s h .  Thompson 
(1972)  l i s t e d  g u i d e l i n e s  f o r  
deve lop ing  s t reamflow recom- 
mendat ions  i n  r e a r i n g  h a b i t a t :  

e a d e q u a t e  d e p t h  o v e r  r i f f l e s  
r i f f l e / p o o l  r a t i o  n e a r  
50:50 
approx imate ly  60 p e r c e n t  o f  
r i f f l e  a r e a  covered by f low 
r i f f l e  v e l o c i t i e s  of  0.31- 
0.46 m / s  

e pool  v e l o c i t i e s  o f  0.09- 
0 .24  m / s  
s t r e a m  c o v e r  a v a i l a b l e  a s  
s h e l t e r  f o r  f i s h .  

Such g u i d e l i n e s  a r e  o b v i o u s l y  
based on t h e  food p r o d u c t i o n ,  
c o v e r ,  and m i c r o h a b i t a t  needs  of 
f i s h ,  r a t h e r  t h a n  t h e  r e l a t i o n  
between s t reamf  low and f i s h  
p r o d u c t i o n .  



Streamf low has  been r e l a t e d  
t o  cover  ( K r a f t  1968, 1972, 
Wesche 1973, 1974, and f i g s .  27, 
28, and 2 9 ) ;  streamflow and 
pool a r e a  t o  s tanding  c rop  of 
f i s h  ( K r a f t  1968, 1972, Nlckel- 
son and Re i senb ich l e r  1977, and 
f i g  . 30)  ; s tanding  c rop  t o  cover  
(Wesche 1974, Nickelson and 
Re i senb ich l e r  1977, and f i g s .  31 
and 32)  ; and s tanding  c rop  t o  a  
h a b i t a t  q u a l i t y  index (Nickelson 
1976, and f i g .  33 ) .  Such s t u d i e s  
sugges t  a  d e f i n i t e  r e l a t i o n  
between stream ca r ry ing  capac i ty  
f o r  f i s h  and d i scharge .  

0 0 :  

PERCENTAGE BASE FLOW 

Figure 27-Comparison of percentage reductions of fish 
numbers and cover in three runs in Blacktail Creek, 
Montana (data from Kraft 1968, from White 1976). 
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PERCENTAGE AVERAGE DAILY FLOW 

Figure 29-Comparison of percentage of habitat reduction 
with percentage decrease in average daily flow and 
hypothetical percentage decrease in fish population (data 
from Wesche 1974, from White 1976). 
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POOL VOLUME (CUBIC METERS) 

Figure 30-Relation between pool volume and juvenile coho 
standing crop (from Nickelson and Hafele 1978). 

Figure 28-Changes observed in the mean trout-cover 
rating as flow was reduced at the Douglas Creek No. 1,7, 
and Hog Park Creek study areas (from Wesche 1974). 



COVER X AREA 

Figure 31-Relation between mean trout cover ratings and 
standing crop estimates of trout at eleven study areas 
(from Wesche 1974). 
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MEAN COVER RATING 

Figure 32-Relation between cover times area and cutthroat 
trout standing crop in two Oregon coastal streams (from 
Nickelson and Reisenbichler 1977). 

HABITAT QUALITY INDEX 

Figure 33-Relation between a habitat quality index and 
coho salmon biomass in six Elk Creek study sections at 
flows of 3.00, 2.25, and 1.50 ft3/s (from Nickelson 1976). 

SPACE 
Space requ i rements  of 

j u v e n i l e  salmonids i n  s t reams  
va ry  wi th  s p e c i e s ,  age,  and t i m e  
o f  t h e  y e a r  and a r e  probably 
r e l a t e d  t o  abundance of food 
(Chapman 1966) .  The i n t e r -  
a c t i o n s  and r e l a t i o n  between 
cover ,  food abundance, and 
m i c r o h a b i t a t  p r e f e r e n c e s  of  t h e  
v a r i o u s  s p e c i e s  of  salmonids a r e  
n o t  w e l l  understood; u n t i l  t hey  
a r e ,  s p a t i a l  needs of t h e  f i s h  
w i l l  be less t h a n  adequa te ly  
de f ined .  

From measurements of f i s h  
d e n s i t i e s  i n  s t reams ,  w e  have 
some i d e a  of s p a t i a l  r equ i r e -  
ments of j u v e n i l e  salmonids.  
Pearson e t  a l .  (see f o o t n o t e  4 )  
Nickelson and Re i senb i ch l e r  
( 1977 ) ,  and Nickelson and Hafe le  
(1978, and f i g .  3 0 )  found t h a t  
coho s t and ing  c rop  was d i r e c t l y  
r e l a t e d  t o  pool volume. Bjornn 
e t  a l .  (1977)  found a s i m i l a r  
r e l a t i o n  f o r  chinook salmon i n  
sma l l  s t reams  ( f i g .  26) .  Pear- 
son  e t  a l .  found a c l o s e  
r e l a t i o n  between t o t a l  stream 
a r e a  and coho numbers--perhaps 



a n  example of  t h e  i d e a  t h a t  more 
s p a c e  e q u a l s  more food e q u a l s  
more f i s h .  Food and s p a c e  a r e  
t h o u g h t  t o  be t h e  most i m p o r t a n t  
f a c t o r s  i n f l u e n c i n g  f i s h  d e n s i t y  
i n  s t r e a m s  ( L a r k i n  1956, Chapman 
1 9 6 6 ) .  S t u d i e s  i n  C a l i f o r n i a  by 
Burns ( 1971) r e v e a l e d  s i g n i -  
C i c a n t  c o r r e l a t i o n s  between 
l i v i n g  s p a c e  and salmonid.biomass;  
d e c r e a s e d  l i v i n g  s p a c e  r e s u l t e d  
i n  i n c r e a s e d  f i s h  m o r t a l i t y .  
Not s u r p r i s i n g l y ,  t h e  h i g h e s t  
m o r t a l i t y  was a s s o c i a t e d  w i t h  
t h e  summer low f low p e r i o d .  The 
s t u d i e s  of K r a f t  (1968,  1972 
and f i g .  27)  and Wesche (1974, 
and f i g .  29) l e n d  s u p p o r t  t o  t h e  
c o n c e p t  t h a t  r e d u c t i o n s  i n  
d i s c h a r g e  d e c r e a s e  l i v i n g  s p a c e  
and t h u s  d e c r e a s e  numbers and 
biomass of  sa lmonids .  

Changes i n  s t r eamf  low 
i n f l u e n c e  v e l o c i t i e s  and a r e a  o f  
r i f f l e s  more t h a n  a r e a  of  p o o l s .  
Giger  (1993)  s u g g e s t e d  t h a t  i f  
se t  s p a t i a l  demands a r e  t h e  
p r imary  r e g u l a t o r s  o f  f i s h  
d e n s i t y  i n  p o o l s ,  t h e n  i n c r e a s -  
i n g  t h e  f low i n  s t r e a m s  may n o t  
l e a d  t o  i n c r e a s e d  abundance. H e  
a c c e p t s  t h e  l o g i c  of  Chapman's 
(1965)  i d e a  t h a t  s p a t i a l  r e q u i r e -  
ments o f  f i s h  c o n t r o l  t h e i r  
d e n s i t y  below c e i l i n g s  s e t  by 
t h e  s c p p l y  of  food.  Chapman 
(1966)  sugges ted  t h a t  sa lmonids  
have a  minimum s p a t i a l  r e q u i r e -  
ment t h a t  h a s  been f i x e d  o v e r  
t i m e  by t h e  minimum food supply .  

Space needed by f i s h  i n -  
c r e a s e s  w i t h  age  and s i z e .  
A l l e n  (1969)  assembled d a t a  on 
d e n s i t i e s  of  sa lmonids  i n  
s t r e a m s  and found p o s i t i v e  
c o r r e l a t i o n s  between a r e a  p e r  
f i s h  and age o r  l e n g t h  ( f i g s ,  34 
and 3 5 ) .  A d d i t i o n a l  d a t a  on 
d e n s i t i e s  o f  salmon and t r o u t  
w i t h  age ,  s i z e ,  and l o c a l i t y  a r e  
p r e s e n t e d  i n  t a b l e  1 4  and f i g u r e  
36. A l l e n  concluded from t h e  
d a t a  h e  examined t h a t  d e n s i t i e s  
o f  10-cm salmonid9 averaged2 
abou t  0.17 f i s h / m  ( 1 . 7  g/m ) .  

Residents Migrants 

A Chum and pink salmon A 
v Coho salmon v 
0 Atlantic salmon 
8 Brown trout 
o Rainbow trout 

Brook trout 

0 Observed territory 

Figure 34-Average area per fish (on a logarithmic scale) 
against age (from Allen 1969). 

Brook trout 

0 Observed territory 

LENGTH (CENTIMETERS) 

Figure 35-Average area per fish against length on 
logarithmic scales (from Allen 1969). 



Table 14-Densities of salmon and trout in streams 

Yr/cm M~ M~ 

egg-a lev in  0.001 1000 

Species 

Pink salmon B.C. 

Washington 

A1 as ka 

Age/ 

s i z e  

Hunter (1959) 

B l i s s  and Heiser (1967) 

Hoffman (1965) 

B.C. 

Alaska 

B.C. 

B.C. 

Washington 

B.C. 

B.C. 

Oregon 

Oregon 

Area l  

f i s h  

Hunter (1959) 

M e r r e l l  (1962) 

M c k e t t  (1958) 

Hunter (1959) 

B l i s s  and Heiser (1967) 

Hunter (1959) 

Wicket t  (1958) 

Chapman (1965) 

Chapman (1965) 

0+/ 2 .33 3.0 

egg-a lev in  .001 1000 

F ish /  

area 

Chum salmon 

Coho salmon 

a l e v i n  

Weight/area 

Hunter (1959) B.C. 

B.C. Wicket t  (1951) 

Oregon H a l l  and Lantz (1969) 

Reference 

Stream s i z e  o r  

f l o w  r a t e  

2.9 .37 - - Avg. f lows:  range, 41.6-183 ft3 
(1.92-4.28) (.26-.52) 

.74 1.35 12.9 Median 4-5 m 

1.69 .59 5.4 6-10 m 

Comnents 

Chinook salmon Idaho, e s t .  o f  

summer r e a r i n g  

capac i ty  

4 streams i n  

Idaho 

Idaho 

4 streams i n  Idaho 

Idaho, es t .  o f  

summer r e a r i n g  

capac i ty  

B jo rnn (1978) 

(.59-3.301) (1.70-.30) (6.4-.86) Flows range 0.107-1.3 m3/s Seku l ich  and B jornn (1977) 

B jornn e t  a l .  (1977) 

B jornn e t  a l .  (1974) 

B jornn (1978) 

Chinook salmon 

Steelhead t r o u t  .93 1.08 6.1 Medium, w i d t h  about 4-5 m 

1.43 .70 3.2 " 

1.92 .52 3.0 Medium, w id th  about 6-10 m 

16.67 .06 4.3 Medium, 4-5 m 

5.88 .17 13.0 Medium, 6-10 m 

4 streams i n  Idaho B jornn e t  a l .  (1974) 

)I ,, 

" Hanson (1977) 

,I 4, 

I, I, 

6.67 .15 " - - 

3.88 .258 " " Small 

4.35 .23 -- Medi urn 

14.49 .069 - - 
II I! 

Idaho average Graham (1977) 26.14 .038 -- Large 
(m/ f i sh)  ( f i sh /m)  

(Lochsa R iver )  d e n s i t i e s  f o r  

th ree  sect ions; low 

d e n s i t i e s  r e s u l t  

f rom low spawning 

escapements 



Table 14-Densities of salmon and trout in streams -(Continued) 

Yr/cm 

Steelhead salmon I+ 

Species 

A t l an t i c  salmon 

Brown t roo t 

M~ - 
109.89 

(m/f ish)  

60.06 
(m/f ish) 

23.47 
(m/f ish) 

17.84 

Reference 

Age/ 
s ize 

Large (Lochsa River) (cont. from previous page) Graham 1977 

Large (Selway River) " I, ,I 

Area/ 

f i s h  

Small t r i bu ta r i es  Idaho, t r i b .  o f  Lochsa R. " 

" Idaho, t r i b .  o f  Selway R. " 

Fish/ 

area 

a 

Small 

I, ,I I, I, I 4  

, 
Idaho, dens i t ies  are those " )I 

present i n  the f a l l  a f t e r  

stocking i n  ear ly  spring 

Large (Lochsa River) Idaho, avg. density for  " 

Comnents Weight/area 

" 3 sections 

Stream s ize or  

f low ra te  

Small ( t r i b .  streams) 

8, L, $8 

Flow - 0.27--.56 cms Densit ies are those present " 
during July-August i n  the f a l l  a f t e r  stocking 

i n  ear ly  spring 

Flow - 0.59-0.95 cms I, ,I 8 ,  ,I 

Small streams Scotland, dens i t ies  are M i l l s  (1969) 

those present i n  the f a l l  " 
$ I  " a f t e r  stocking i n  ear ly  " I, 

" spring 
I, I I  1, I, II 

Small streams 
I, 

,I 

0, 

$1 

I, 

a, 

Scotland, dens i t ies  are 

those present i n  the f a l l  

a f t e r  stocking i n  ear ly  

spr ing 
I, 

M i l l s  (1969) 
I I t  

I ,I 

Il 4 0  

I I, 

I, ,I 

Mean width 0.9 m England, small, headwater LeCren (1969) 

2.2 m streams I, ,I 

3.0 m I I, II I 

3.7 m , I ,  ,, ,I 

I 2.5 m I ,  I ,  

,I 6.6 m I, I, 0, 

I1 .9 m ,I I, 

,I 2.2 m I, 1, 

I, 3.0 m I 8 ,  (I $1 

# 3.7 m ,I I, 

I, 2.5 m I, I, I, I, 

I, 6.6 m I, I, I* 0 0  

Small, widths range 0.6- Densit ies are averages o f  M i l  1s (1969) 

1.5 m, avg. 1.0 m 4 stream sections I, 

I, 0 0, ,I 9, I, 

,I Scot1 and I# 

)I lo England LeCren (1965) 
I a, England Horton 1961 

I( I t  Ca l i f o rn ia  Needham, e t  a l .  (1945) 
,I ,I New Zealand Al len (1951) 

O n  , England Horton (1 961 ) 
)I I New Zealand Al len (1951) 

a, In New Zealand Al len (1951) 



D e n s i t i e s  of age-0 t r o u t  
and salmon a t  t h e  end of t h e i r  
f i r s t  summer (70-120 mm i q  
l e n g t h )  average about  5  m of  
s t ream pe r  f i s h  (mode about  2  
m ) .  A f t e r  2  y e a r s  of r e 3 r i n g ,  
d e n s i t i e s  averaged 2-16 m / q i s h ,  
and f o r  l a r g e r  f i s h ,  15-27 m / 
f i s h  ( f i g .  3 6 ) .  The spread  i n  
d e n s i t i e s  po r t r ayed  i n  f i g u r e  36 
r e s u l t s  p a r t l y  from d i f f e r e n c e s  
i n  n a t u r a l  o r  a r t i f i c i a l  s tock-  
i n g  r a t e s ,  s i z e  of stream, and 
h a b i t a t  q u a l i t y .  

J u v e n i l e  salmonids u s u a l l y  
occupy sites i n  s t reams  r e f e r r e d  
t o  a s  " f o c a l  p o i n t s "  from which 
t hey  ven tu re  o u t  t o  perform 
o t h e r  f u n c t i o n s  (Wickham 1967 ) . 
C h a r a c t e r i s t i c s  of t h e s e  f o c a l  
p o i n t s  i n  water  v e l o c i t i e s ,  
wa t e r  dep ths ,  s u b s t r a t e ,  and 
cover  r e p r e s e n t  t h e  mic rohab i t a t  
p r e f e r e n c e s  of t h e  f i s h  ( t a b l e  
1 5 )  t o  remain o r i e n t e d  i n t o  t h e  

a Steelhead - rainbow 
r Brown trout 
o Coho 

Chinook 
x Atlantic salmon 

AAA .. 

Figure 36-Densities of age 0, I, II, and older salmon and 
trout in streams usuaily after 1, 2, 3, or more summers of 
growth, respectively (see table 14 for sources of data). 

Table 15-Depth, velocity, and substrate microhabitat preferences of salmonids in streams 

Species Reference Age Depth V e l o c i t y  Substrate 

Steel  head Everest and Chapman (1972) 

,I 11 

Hanson (1977) 

1, I ,  

Stuehrenberg (1975) 

I, I, 

Chinook 

Thompson (1 972) 

Everest and Chapman (1972) 

Stuehrenberg (1 975) 

I, 11 

Coho 

Thompson (1972) ' 

Pearson e t  a1 .y 
Thompson (1972) 

Nickelson and 

Reisenbichler  (1977) 

Cu t th roa t  Thompson (1 972) 

Hanson (1977) 

#I I4 

M - 

<0.15 

.60-. 75 

.51 mean 

.58 " 

.60 " 

<.30 

>. I5 

.18-.67 

.15-.30 

<.61 

<.61 

.30-1.22 

-- 

.30-1.22 

7.30 

.40-1.22 

.51 mean 

.56 " 

.57 " 

.54 " 

M/ s - 
10.15 

.15-.30 

.10 mean 

.15 " 

.15 " 

.14 (range .03-.26) 

.16 (range .05-.37) 

.6-. 49 

<. I5 

.09 (range .O-.21) 

.17 (range .05-.38) 

.06-.24 

.09-.21 

.05- .24 

<. 30 

Cm - 
Rubble 

Rubble 

10-30 

10-30 

10-30 

S i l t  

.6- .49 -- 

.10 mean 5-20 

.14 " 5-30 

.20 " 5-30 

.14 " 30 

See t e x t  foo tno te  4. 
39  



c u r r e n t  (Ba ldes  1968) .  H a b i t a t  
s e l e c t e d  by f i s h  i s  in f luenced  
by t h e i r  a b i l i t y  and t h e  a v a i l -  
a b i l i t y  of food (Kal leberg  1958, 
Mason and Chapman 1965, Chapman 
1966, Chapman and Bjornn 1969, 
Eve re s t  and Chapman 1972) .  

I n  summary, good r e a r i n g  
h a b i t a t  f o r  anadromous salmonids 
consists of  a  mix ture  of poo l s  
and r i f f l e s ,  adequa te  cover ,  
wa t e r  t empera tures  t h a t  average 

between l o 0  and 15OC du r ing  t h e  
summer, d i s s o l v e d  oxygen u s u a l l y  
a t  s a t u r a t i o n ,  suspended s ed i -  
ment l e s s  t h a n  25 mg/l,  and 
r i f f l e s  w i th  less than  20 per-  
c e n t  f i n e  sediment (less t h a n  
6.4 mm i n  d i ame te r ) .  The o p t i -  
m u m  combination of  stream a r e a s  
used by a q u a t i c  i n v e r t e b r a t e s  
and a l l  ages  of f i s h  cannot  be 
d e s c r i b e d  u n t i l  t h e  i n t e r r e -  
l a t i o n s  between t h e  components 
a r e  b e t t e r  unders tood.  
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The mission o f  the PACIFIC NORTHWEST FOREST A N D  
RANGE EXPERIMENT STATION is t o  provide the knowl-  
edge, technology, and alternatives f o r  present and future 
protection, management, and use o f  forest, range, and related 
environments. 

Wi th in  this overall mission, the Station conducts and 
stimulates research t o  facil itate and t o  accelerate progress 
toward the fo l lowing goals: 

1. Providing safe and eff ic ient technology fo r  inventory, 
protection, and use o f  resources. 

2. Developing and evaluating alternative methods and levels 
of resource management. 

3. Achieving op t imum sustained resource product ivi ty 
consistent w i t h  maintaining a high qual i ty forest 
environment. 

The area o f  research encompasses Oregon, Washington. 
Alaska, and, i n  some cases, California, Hawaii, the Western 
States, and the Nation. Results o f  the research are made 
available prompt ly .  Project headquarters are at: 

Anchorage, Alaska L a  Grande, Oregon 
Fairbanks, Alaska Portland, Oregon 
Juneau, Alaska Olympia, Washington 
Bend, Oregon Seattle, Washington 
Corvallis, Oregon Wenatchee, Washington 

Mailing address: Pacific Northwest Forest and Range 
Experiment Station 

809 N. E. 6th Ave. 
Portland, Oregon 97232 
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