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INTRODUCTION

R e s e a r c h  on fa c to r s  lim itin g  production of sa lm on f ry  fro m  spawning 
beds has p r o g re s s e d  rapidly in re c e n t  y e a r s ,  and a num ber of environm en tal 
a ttr ib u te s  that accou nt for a la rg e  fra c t io n  of the total m o rta l i ty  in spawning 
beds have been identified . Given an environm ent f r e e  of m e ch a n ica l  d is t u r 
ban ces , the growth, developm ent, and su rv iv a l of a sa lm on  em bryo  or  la rv a  
is  la rg e ly  dependent upon p h y sica l and c h e m ica l  c h a r a c t e r i s t i c s  of the s u r 
rounding w a te r .  P r o p e r t ie s  of w ater that a f fe c t  eggs and la rv a e  include 
te m p e ra tu re ,  d isso lv ed  oxygen content, v elo city , m in e ra l  and w aste  m e ta 
bolite  content, and o sm o tic  p r e s s u r e .

The f i r s t  c r i t e r io n  of a productive spawning bed is  a high d egree  of 
s tab ility , fo r  without s tab ility  even the m o re  p e rm e a b le  g ra v e ls  capable  
of de liv erin g  high quality w ater  to an em bryo  or  la rv a  w ill often fa i l  to 
produce s ig n if ican t nu m bers of f r y .  Im provem ents  designed to provide 
in c r e a s e d  production of sa lm on fry  f ro m  a stable  spawning bed can  be c o n 
s id e re d  to fa l l  into two g e n e ra l  c a t e g o r ie s .  In the f i r s t  ca te g o ry  a r e  i m 
p rovem ents  designed to p ro te c t  eggs and la rv a e  fro m  m o rta l i ty  c a u se s  r e 
lated  to v ar ia t io n s  in m e te o ro lo g ic a l  conditions (viz, free z in g  and dehydration). 
Im p ro v em en ts  included in this c a te g o ry  m ay have only a m inor influence on 
the potential num ber of f r y  produced per unit a re a ,  s in ce  no attem pt is  made 
to im prove the quality of w ater within the spawning bed. In the second ca te g o ry  
a r e  im p rov em en ts  designed to in c r e a s e  the potential ca p a c ity  of a unit a r e a  of 
spawning bed to produce f ry  by a lter in g  the co m p o sition  of bottom  m a te r ia ls  
or by other p h y sica l  tre a tm e n ts  that would in c r e a s e  in terch an ge  between s t re a m
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and in tra g ra v e l  w a te r6* and to in c r e a s e  c ir c u la t io n  of w ater  within the spawning 
bed. Im p rov em ents  included in the second c a te g o ry  a r e  designed to c r e a te  
conditions fav o rab le  fo r  the production of la rg e  nu m bers of f r y  p er  unit a r e a  
by in c re a s in g  the oxygen d e liv ery  ra te  to eggs and la r v a e .  Ideally , both c a t e 
g o r ie s  of im p rov em en ts  should be included in endeavors to in c r e a s e  f r y  p r o 
duction f ro m  spawning beds.

R O L E  O F  IM PRO V ED  SPAWNING A R EA S IN ALASKA

B e fo r e  an expenditure of r e s e a r c h  e ffo rt  on p ro b lem s re la te d  to the 
im p rov em en t of spawning grounds can  be fully ju s t if ie d ,  it  m u st be d e t e r 
mined that m o rta l i ty  during egg and la r v a l  s tages com m only l im its  the abun
dance of a sa lm on s to ck . P a r t i c u la r ly  with king (Oncorhynchus tshaw ytscha) 
and coho sa lm on  (O. k isu tch) in A laska , m o rta l i ty  in the spawning bed m ay 
be secon d ary  in im p ortan ce  to m o rta l i ty  in the f r e s h -w a te r  n u r s e r y  a r e a s  
and thus m ay not be l im itin g , The sam e argum ent m ay p erta in  to m any s o c k -  
eye sa lm on (O. n e r k a ) s to ck s ;  but with pink (O. gorbu sch a) and chum salm on 
(Q# k e ta ) , th ere  is  good evidence that m o rta l i ty  o ccu rr in g  in the spawning 
beds in flu en ces o v e ra l l  production s ig n if ican tly .

In the s h o r te r  s t re a m s  of c o a s ta l  B r i t i s h  Colum bia and A lask a , m o r 
ta l ity  of pink and chum salm on during spawning, egg incubation, and la rv a l  
developm ent com m only  ex ce ed s  70 p e rc e n t .  By way of exam p le, total 
f r e s h -w a te r  m o rta l i ty  of pink sa lm on  of the 1961 brood y ear  at Sash in  Creek*^ 
was among the low est re co rd ed  (79 p e rce n t) ;  but m o rta l i ty  between tim e of 
spawning and fry  e m e rg e n ce  was at le a s t  74 p ercen t, leaving a re la t iv e ly  
m in or f r a c t io n  of to tal deaths in f r e s h  w ater  to o ccu r  outside of the spawning 
bed. The r e s u lts  of studies in other s tre a m s  a lso  show that m o st deaths 
o ccu r  within the spawning bed. Hunter (1959) found m o rta l i ty  of pink and 
chum salm on during spawning and developm ent to v ary  between 69 and 94 
p e rce n t  in Hooknose C re e k ,  B r i t i s h  C o lu m bia jM cN eil (1962) seldom  o b 
se rv e d  a m o rta l i ty  of l e s s  than 70 p e rce n t  but freq u en tly  o b serv ed  m o r 
ta l i t ie s  in e x c e s s  of 90 p e rce n t  to the p re e m e rg e n t  f r y  s tage  in th ree  s t re a m s  
n e a r  K etch ikan .

The te r m  " in tr a g ra v e l  w a te r11 is  used to d e s c r ib e  w ater  o ccu p y 
ing in t e r s t i t ia l  sp a ce s  within the spawning bed.

3
Sash in  C re e k  is  lo cated  n e a r  L it t le  P o r t  W a lter  on B a ra n o f  

Island, So u th eastern  A la sk a .

2



T h e re  is  good evidence that f ry  production is  the p r im a ry  fa c to r  lim itin g  
the abundance of pink and chum salm on spawning in the s h o r te r  c o a s ta l  s t re a m s  
of B r i t i s h  Colum bia and A lask a . I have exam ined the re la tio n sh ip  between the 
num ber of pink salm on f ry  produced and adults retu rning  per sq u are  m e te r  of 
spawning ground in Hooknose and Sashin  C re e k s  and find that a highly s ig n if i 
cant positive c o r r e la t io n  e x is ts  between th ese  two v a r ia b le s .  By  pooling data 
fro m  th e se  two s t r e a m s ,  the value of the c o rre la t io n  c o e ff ic ie n t ,  r ,  is  0. 69 
(28 d e g re e s  of freed o m ). F r o m  th is it is  concluded that the num ber of adults 
produced is  dependent to a la rg e  d eg ree  upon the num ber of f ry  going to sea .

It i s  in stru c tiv e  a lso  to exam ine the re la tio n sh ip  betw een the potential 
num ber of eggs deposited per sq u are  m e te r  and the num ber of fry  produced 
per sq u are  m e te r .  The pooled data fo r  Hooknose and Sash in  C ree k  pink 
salm on s to ck s  give: £= 0 . 05 (28 d e g re e s  of freed o m ). T h is  low value of r 
su ggests  that m o rta l i ty  in f r e s h  w ater is  highly v a r ia b le  and unpredictable .
We m ust avoid drawing the i l lo g ic a l  conclu sion , how ever, that low e s c a p e 
m ents have the potential of producing la rg e  num bers of f ry ,  fo r  it is  apparent 
fro m  in sp ectio n  of the data that a m inim um  density  of spaw ners is  req u ired  
to m aintain  the rep rod u ctiv e  potential at a le v e l capable  of producing a s u r 
plus of adults fo r  h a rv e s t .  On the o ther hand, a la rg e  e scap em en t of adults 
does not guaran tee  good fry  production.

B e c a u s e  m o rta l i ty  is  highly v a r ia b le  in spawning beds, production of 
pink and chum salm on w ill re m a in  highly unstable as long as  f ry  production 
re m a in s  uncontrolled. Although th ere  is  an unquestioned need to regu late  
the f is h e r y  to obtain an ’’optimum d en sity n of adults on the spawning bed, we 
cannot be a ssu re d  that such regu lation  w ill m a te r ia l ly  s ta b il iz e  the catch .
P r o p e r  regu lation  would undoubtedly in c r e a s e  the freq u en cy  of o c c u r r e n c e  
of la rg e  runs, but we w ill somehow need to c r e a te  a g r e a te r  d eg ree  of s t a 
b ility  in the num ber of f ry  produced b efo re  the f is h e ry  can be expected to be 
m aintained at a re la t iv e ly  stab le  lev e l.  F o r  th is  re a so n  we need to co n sid er  
v ery  ca re fu lly  the p o ss ib il i t ie s  of im proving la rg e  a r e a s  of spawning ground 
to help in su re  a continued high le v e l of output of pink and chum salm on fry .

In 1961 , the F i s h e r i e s  R e s e a r c h  Institu te , U n iv ers ity  of W ashington, 
in itiated  studies on the im provem ent of n atu ra l spawning a r e a s  in s t re a m s  
located  on P r in c e  of W ales Island about 40 m ile s  w est of K etch ikan . The 
m o st s ign ificant contributions of th ese  studies to date have been the develop
m ent and evaluation of an im proved spawning channel and the in it ia tion  of 
r e s e a r c h  to d eterm in e  the fe a s ib i l i ty  of rem oving fine sands and s i l ts  fro m  
o th erw ise  unaltered  spawning grounds.
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C U R R EN T RE SEA R C H  ON IM PRO V ED  SPAWNING A R EA S

R e s e a r c h  by the F i s h e r i e s  R e s e a r c h  Institute  on im proved spawning 
a r e a s  in A la sk a  fo r  pink and chum  salm on is  c u rre n t ly  being done in Indian 
C r e e k  and H a r r is  R iv e r .  T h e se  s t re a m s  have an in ter t id a l confluence and 
sh a re  a com m on e s tu a ry .  The work has been supported by the U .S .  F o r e s t  
S e r v ic e ,  the U .S .  B u reau  of C o m m e r c ia l  F i s h e r ie s ,  the K etchikan Pulp 
Company, the A la sk a  D epartm ent of F i s h  and Gam e, and the Institute of 
F o r e s t  P ro d u c ts .

Indian C r e e k  Im proved Spawning Channel

The Indian C r e e k  channel was co n stru cted  to te s t  the fe a s ib i l i ty  of 
providing a low -flow  channel fo r  spawning and fry  production in conjunction 
with a broad flood plain fo r  m inim izing  v e lo c it ie s  during high d is c h a r g e s .  
P u rp o se  of the flood plain is  to m aintain  stable  conditions within the spaw n
ing bed during flooding without co n stru ctin g  c o s t ly  f lo w -co n tro l  s t ru c tu r e s ;  
hence, no m eans of regulating the natu ra lly  o ccu rr in g  d isc h a rg e s  have been 
in co rp o ra ted  into the design. It was recognized , however, that the channel 
would re q u ire  p eriodic  m aintenance ; and the channel has proved to be un
stab le  in y e a rs  of excep tion ally  high ru n -o ff .

D e scr ip tio n  of the N atural S t r e a m

The Indian C re e k  w atersh ed  e n co m p a sse s  8 . 6  sq u are  m ile s  ( Ja m e s ,
1956).  A v erage  s t r e a m  gradient in se c t io n s  utilized fo r  spawning by pink 
sa lm on  is  about 0 .5  p e rce n t,  and the s t re a m  is  c h a r a c te r iz e d  by e x tre m e  
fluctuations in flowgf During the Sep tem b er spawning period, d isch a rg e  
com m only  v a r ie s  between 5 and 300 c . f .  s .  A v erage  daily d isch a rg e  during 
autumn s to rm s  ap p ro ach es  900 c . f . s .  some y e a r s ,  and a peak instantaneous 
d isch a rg e  of 6, 400  c . f . s .  was re co rd e d  in autumn 1961, soon a f te r  co m p le 
tion of the spawning channel. N e v e r th e le ss ,  peak d isc h a rg e s  v ary  between 
1, 500 and 2, 000 c . f . s .  m o st y e a r s .  The low est re co rd e d  d isch a rg e  is  4 c . f . s . ,  
but between spawning and fry  e m e rg e n ce  m inim um  d isc h a rg e s  a r e  n o rm ally  
5 c . f . s .  or g r e a t e r .

B e c a u se  of scouring  during the freq u en t floods that o ccu r  in Indian 
C re e k ,  bottom m a te r ia ls  a r e  re la t iv e ly  c o a r s e  and contain  much g ra v e l  and 
rubble between 2 and 6 inches in d ia m e te r .  The bottom  m a te r ia ls  a re  fa i r ly  
p e rm e a b le  and o ffer  g e n e ra lly  fav o rab le  conditions fo r  eggs and la rv a e  with 
re g a rd  to the oxygen d e liv ery  r a te .  L o s s e s  due to flooding and free z in g  
appear to be m a jo r  fa c to r s  d ep ress in g  f ry  production in Indian C r e e k .
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M ostly  pink sa lm on  spawn in Indian C re e k ,  p r im a r i ly  in an in tert id a l 
se c tio n  o n e-fo u rth  of a m ile  long beginning at the confluence with H a r r is  
R iv e r .  T h is  was the se c tio n  se le c te d  fo r  co n stru ctin g  the channel. In the 
4 y e a rs  preceding co n stru ctio n  of the im proved channel, spawning d en sit ies  
in the natu ral s t r e a m  v aried  fro m  about 0. 05 to 0 .4 6  fe m a le  pink sa lm on 
p er  square m e te r  of spawning bed (potential egg deposition v a r ied  between 
85 and 780 per square  m e te r ) ,  and fry  production v aried  between 20 and 80 
f r y  per sq u are  m e te r .

D e scr ip tio n  of the Im proved Channel

Outstanding fe a tu re s  of the im proved channel a r e  the flood plain and 
the low -flow  spawning channel, which is  lo cated  in the c e n te r  of the flood 
plain . F ig u re  1 shows a view of the channel sh o rtly  a f te r  its  com pletion  in 
I 96I .  A settling  pool fo r  in tercep ting  bed -load  m a te r ia ls  was a lso  co n 
s tru cted  at the head of the chan nel.

The low -flow  channel is  designed to provide n e a r ly  6 inches of w ater 
flowing n e a r ly  1 -foot per second at a d isch arg e  of 5 c . f . s ,  B ottom  width 
of the low -flow  channel is  15 feet ,  and the spawning bed is  d e p re sse d  about 
18 in ch es  below the flo od -p la in  s u r fa c e .  T o ta l  av a ilab le  spawning a r e a  is  
about 1, 800  sq u are  m e t e r s .  T h is  re p r e s e n ts  a 5 0 -p e r c e n t  reduction  in  the 
a r e a  av a ilab le  fo r  spawning before  the channel was co n stru c te d .  T h is  d e 
c r e a s e  in a r e a  was re q u ired  to obtain m o re  fav o rab le  flows over the spawn
ing bed during periods of low d isc h a rg e .  G radient of the channel is  0 . 4  
p e rce n t,  and w ater sp ills  onto the flood plain a t  d is c h a rg e s  in e x c e s s  of 
150 c . f .  s .

The boundaries of the flood plain l ie  40  fe e t  on e ith e r  side of the 
c e n te r  line  in the u p stream  4 0 0 -fo o t  se c tio n  and 50 fe e t  on e ith e r  side of 
the c e n te r  line in the low er 8 0 0 -fo o t  se c t io n .  An evaluation of the hydraulic 
c h a r a c t e r i s t i c s  of the channel indicated  that the channel would withstand d i s 
ch a rg e  of a t le a s t  1, 000 c . f . s .  without suffering  damage fro m  bed-load  
m ovem ent. ^

N ece, Ronald E .  1961 . H ydraulic design and co n stru ct io n  d e 
ta i ls  of sa lm on spawning channel im p rov em en t a r e a s  on Indian C r e e k  and 
H a r r is  R iv e r .  U n iv e rs ity  of W ashington, F i s h e r ie s  R e s e a r c h  Institute , 
C ir c u la r  No. 145, 4 p . ,  5 f ig s .  (P r o c e s s e d ) .
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F ig u r e  1 . — Indian C r e e k  channel, looking d ow nstream  toward 
the confluence with H a r r is  R iv e r .  D isch a rg e  was about 
20 c . f . s .  when th is  photo was taken .
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P e r fo r m a n c e  of the Channel

The Indian C ree k  channel is  now in its  second y ear  of operation . Its 
p e rfo rm a n ce  in conjunction with 1961 and 1962 brood year  pink salm on will be 
review ed b r ie f ly .  Much of the data given below w ere  obtained fro m  unpub
lished  F i s h e r i e s  R e s e a r c h  Institu te  p ro je c t  re p o r ts  o r  fro m  p erso n a l c o m 
m unication with Institute s c ie n t is ts  p artic ipating  in the study.

P in k  salm on spawned in the channel throughout Sep tem b er 1961. The 
av erag e  density of pink salm on fe m a le s  spawning was e s tim ate d  to be 1 .4 6  
per sq u are  m e te r ,  giving a potential egg deposition of n e a r ly  2 ,5 0 0  per 
sq u are  m e te r .  T h is  was n e a r ly  th ree  t im e s  g r e a te r  than d e n s it ie s  o b serv ed  
in y e a rs  b e fo re  the channel was co n stru cted . The im proved  spawning a r e a  
was an unqualified s u c c e s s  with re g a rd  to utilization  by adults. It was 
occupied by adults over a range of d isc h a rg e s  between 5 and T| 000 c . f .  s. 
Redd digging in the low -flow  channel was o bserv ed  to o ccu r  at d is c h a rg e s  
between 5 and 150 c . f .  s. A s m a l l  f ra c t io n  ( le s s  than 10 percent)  of the 
fe m a le s  spawned on the flood plain at t im es  when d isc h a rg e s  exceeded 150 
c . f .  s. A lso , som e dam age was caused to the low er 2 0 0 -fo o t  sectio n  of 
channel by fish  undermining unprotected banks of the low -flow  channel, 
n e a r ly  doubling its  o r ig in a l  width. Channel banks fu r th e r  u p stream  w ere 
protected  with a la y er  of rubble and su ffered  only slight dam age during 
spawning.

A fter  spawning had te rm in a te d ,  s tab ility  of the channel was given 
s e v e re  te s t s  during two O cto b er  floods. T he  f i r s t  o c c u rre d  O cto b er  3, 196.1, 
and d eliv ered  2 ,7 0 0  c . f .  s . into the channel. T h is  flood fi l led  the settling  
pool at the head of the channel with bed -lo ad  m a te r ia ls  and caused dam age 
to the low -flow  spawning channel. B e fo r e  the dam age was thoroughly 
a s s e s s e d ,  a flood on O cto b er  13 d e liv ered  6 ,4 0 0  c . f .  s .  into the channel.
T h is  was the h ighest d isc h a rg e  re co rd e d  for Indian C re e k  in the 11 y e a r s  
fo r  which r e c o r d s  w ere  a v a ila b le .  Much bed load was tran sp o rte d  during 
th is excep tion al flood and deposited o v er  the spawning bed. The flood 
caused 1 2 to 18 inches of g ra v e l  to be deposited over the 1 ,2 0 0 - f o o t  length 
of the low -flow  spawning channel.

B e c a u s e  of th is  overburden , it  was not p o ssib le  to obtain s a t is fa c to r y  
quantitative e s t im a te s  of the abundance of surviving eggs or la rv a e .  At 
the beginning of hatching, in m id -N o v em b er ,  it was e s t im a te d ,  how ever, 
that 94 p ercen t of the eggs p re sen t in the channel at the tim e of sam pling 
w ere  s t i l l  a l iv e .  In May 1962, ju s t  p r io r  to e m e rg e n c e ,  s iz a b le  nu m bers 
of live f ry  w ere  found at depths of 1 8 to 24 inches in the g rav e l;  but it 
was e stim ated  that only about 12 p ercen t of them em erged  (S e v a n , in p r e s s ) .
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M a te r ia ls  c a r r ie d  into the settling  pool and low -flow  channel daring 
O ctob er  1961, w ere rem oved daring re co n s tru c tio n  of the channel in Ja n e  
1962, and the channel was retu rned  to its  b a s ic  1961 configuration. How
e v e r ,  bottom m a te r ia ls  w ere  not r e s o r te d ,  and baffle  boards dislodged in 
re co n stru c tin g  the low -flow  channel w ere  not rep laced  in 1962.

T o ta l  e scap em en t of pink salm on into Indian C ree k  in 1962 was about 
th ree  t im e s  g r e a te r  than in 1961. An estim ated  4 . 4 0  fe m a le  pink salm on 
spawned per square  m e te r  in the im proved channel, giving a potential egg 
deposition of n e ar ly  7, 500 per square  m e te r .  T h is  was fa r  in e x c e s s  of the 
spawning density  observ ed  in any previous y ear  and at le a s t  1 1/2 tim es  
g r e a te r  than was observ ed  in unmodified spawning a r e a s  in Indian C ree k  or 
H a r r is  R iv e r .  The d en sit ies  of spaw ners o b serv ed  in both 1961 and 1962 
suggest the p o ssib il i ty  that adult fe m a le s  m ay have been a ttra c te d  to the 
channel.

In c o n tra s t  to 1961, the channel was undamaged by flooding in 1962. 
T o ta l  m o rta l i ty  to hatching was estim ated  to be 90 p e rce n t,  and in e a r ly  
D ece m b e r  1962, the population of surviving egg^-and larv ae  was estim ated  
to be 700 per square  m e te r .  O b serv atio n s  a r e  being continued by F i s h e r i e s  
R e s e a r c h  Institute s c ie n t is ts  to evaluate w inter m o rta l i ty  and to e s t im a te  
the num ber of f ry  produced in spring 1963.

H a r r is  R iv e r  Im proved Spawning A re a

In 1961 , an exp erim en t was conducted in an in te r t id a l  spawning a r e a  
of H a r r is  R iv e r  to evaluate the e ffe c t  of re m o v a l of fine sands and s i l ts  on 
pink salm on fry  production. The quality of the spawning bed was im proved 
over a 1 , 4 0 0 - s q u a r e - m e t e r  a r e a  by hydraulic  flushing. P o te n tia l  egg depo
sit ion  in the a r e a  was estim ated  to be about 900 per square  m e te r  a f te r  the 
fine m a te r ia ls  had been removed* It was e stim ated  that 50 p ercen t of th ese  
eggs survived to hatch  (452 per sq u are  m e te r ) ,  but high m o rta l i ty  of la rv a e  
reduced the estim ated  fry  yield to le s s  than 1 per square m e te r .

Sam p les of bottom m a te r ia ls  w ere co lle c te d  fro m  the im proved a r e a  
in spring and su m m er 1962, rev ea lin g  that fine sands and s i l ts  had re e n te re d  
the a r e a  flushed in 1961. T h e re  is  a p o ss ib il i ty  that the highly s u c c e s s fu l  
hatch in the im proved a r e a  o c c u rre d  p r im a r i ly  as a r e s u lt  of rem oving fine 
m a te r ia ls  fro m  the spawning bed, but that the subsequent high m o rta l i ty  of 
la rv a e  was partly  a re s u lt  of re s i l t in g  that m ay have o c c u rre d  during autumn 
1961 flooding. Although the r e s u lts  of this exp erim en t w ere  in co n c lu s iv e ,  
they pointed out the need to continue this line of exp erim en tatio n .
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F U T U R E  R E SE A R C H

R e s e a r c h  on spawning channels and im proved spawning a r e a s  is  s t i l l  
in its  infancy. P r o b le m s  req u irin g  solution will involve m uch additional b a s ic  
study of spawning b eh av ior , gen etic  makeup of s to c k s ,  physiology of em bryo s  
and la r v a e ,  population dynam ics of s to ck s ,  and physica l c h a r a c t e r i s t i c s  of 
spawning beds. T h e re  is  a lso  a wide v a r ie ty  of applied r e s e a r c h  problem s 
growing out of studies to im prove spawning a r e a s .

Som e R equ ired  B a s i c  R e s e a r c h

To be e ffec tiv e  an im proved spawning a r e a  m ust be a t t ra c t iv e  to adult 
sp aw n ers , fo r  underutilization of an im proved a r e a  could ren d er  it re la t iv e ly  
in e ffec tiv e .  T h e re  is  a p re ss in g  need to understand the fa c to r s  causing f e 
m ale  salm on to s e le c t  th e ir  redd s i t e s ,  e s p e c ia l ly  w here the density  of spawn
e r s  v a r ie s  over a wide range, T h e re  is  a lso  a need to study m o rta l i ty  a s s o c i 
ated with spawning and its  re la tio n sh ip  to density  of sp aw n ers , hydrau lic  c h a r a c 
t e r i s t i c s  of the s t re a m , and com position  of bottom m a t e r ia ls .

In som e s t re a m s  spawning o ccu rs  over a period of m o re  than 2 m onths. 
As a consequence,^ eggs and la rv a e  of early- and la te-spaw n ing  adults a r e  su b
je c te d  to environm en tal s t r e s s e s  that d iffer g re a t ly  at p a r t icu la r  s tages  of 
th e ir  developm ent. T h is  su ggests  som e in te re s t in g  questions on how the v ia 
b il i ty  of em bryonic  and la rv a l  sa lm on might re la te  to gen etic  f a c t o r s .  It is  
l ike ly  that many pertinent p roblem s a re  as yet undefined in this a r e a .

G en etic  com position  of salm on sto ck s  is  of utm ost im p o rtan ce  w here 
tran sp lan ta tio n s  a re  attem pted. B e c a u s e  of the nu m erou s, u nresolved p ro b 
le m s involving tran sp lantatio ns (p a rt icu la r ly  of pink and chum salm on), work 
on im proving spawning grounds should be undertaken in it ia lly  in s t re a m s  having 
adequate spawning s to ck s .

P h y s io lo g ica l  s t r e s s e s  a ffec ting  em bryo n ic  and la rv a l  sa lm on have 
re ce iv e d  m o re  attention in re c e n t  y e a rs  than m o st other b a s ic  p ro b lem s. Gne 
outstanding need in th is  a r e a  is  to gain a b e tte r  understanding of the s t r e s s e s  
im posed by a num ber of in terac tin g  environm en tal f a c t o r s .  F o r  exam p le , it 
is  im portant to study the e ffe c t  of oxygen content on m e ta b o lic  ac t iv ity ,  but 
of fa r  g r e a te r  im p o rtan ce  is  an understanding of the e ffe c t  of oxygen le v e l  in 
conjunction with other fa c to r s  such, as w a ste  m e ta b o li te s ,  te m p e ra tu re ,  flow 
v elo city , and sa lin ity . T h e re  is  a lso  a need to exp lo re  re la tio n sh ip s  between 
em bryonic  growth and v iab ility  of la rv a e  and fry .
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The dynam ics of salm on populations a r e  as  yet poorly understood. A 
num ber of th e o re t ic a l  m odels have been proposed, but th ere  is a need to p u r
sue r e s e a r c h  on questions re la ted  to (1) m o rta l i ty  during spawning and egg 
re c ru itm e n t  to spawning bed s, (2) the evaluation of density-dependent and 
nondensity-dependent m o rta l i ty  f a c t o r s ,  and (3) the shape of cu rv e s  re la tin g  
potential egg deposition to f r y  production. Such questions perta in  d ire c t ly  to 
the e f f ica cy  of im proved spawning a r e a s .

A broad  range of b a s ic  p ro b lem s re la te d  to a b e tte r  understanding of 
s i lta tio n  and s tab ility  of sa lm on spawning beds re q u ire s  fu rth e r  investigation . 
F o r  exam p le , the m ovem ent and deposition of suspended and bed -lo ad  m a te r ia ls  
in salm on spawning grounds re q u ire  much fu rth er  study. A lso ,  at p re sen t we 
can only cru dely  approxim ate  the e n e rg ie s  developed by turbulent w ater and 
the v e lo c it ie s  req u ired  to cau se  g ra v e ls  to shift.

Applied Studies

The type of spawning channel being te s ted  in Indian C reek  would appear 
to be fe a s ib le  fo r  s t re a m s  having a le s s  v a r ia b le  runoff than Indian C ree k . In 
fa c t ,  fo r  its  l e s s  than 9 sq u are  m ile s  of w atersh ed , Indian C ree k  po ssib ly  has 
a m o re  v a r ia b le  d isch a rg e  pattern  than m o st  s t re a m s  in S o u th eastern  A lask a .
It is  partly  for  this re a so n  that the Indian C ree k  study should be continued fo r  
a num ber of y e a r s  to thoroughly evaluate the s tab ility  of this p a r t icu la r  channel 
design and to obtain fu r th e r  in form ation  on spawning behav ior and su rv iv a l of 
eggs, la rv a e ,  and fry .  Additionally, th ere  is  a need to co n s tru c t  spawning 
channels like the one on Indian C ree k  on a few s t re a m s  having le s s  v a r ia b le  
runoff. The im m ed iate  need for new channels is  to obtain a m o re  c o m p r e 
hensive  evaluation of the f ry  production potential of channels of this type and 
to d eterm in e  m o re  fully th e ir  p o ssib le  application.

The developm ent of su itab le  m ethods of sorting  bottom m a te r ia ls  to 
rem o v e  fine sands and s i l t s  is  one of the m a jo r  applied p roblem s in the a r e a  
of spawning ground im p rov em ent. High p r io r ity  should be given to the develop
m ent of m obile  equipment for  acco m p lish in g  th is task .

Another a r e a  of applied r e s e a r c h  that should be pursued is  the testing  
of variou s kinds of im proved g ra v e ls  on in tra g ra v e l  w ater quality and fry  
production. T h e re  is  a lso  a need co continue r e s e a r c h  on p o ss ib le  ap p li
cation s of baffle  boards and o th er  d ev ices  fo r  im proving in terchange  betw een 
s tre a m  and in tra g ra v e l  w ater.
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PLAN N ED  PROGRAM S

O rganization s in A lask a  p re sen tly  p artic ipating  in r e s e a r c h  on b a s ic  
or applied pro b lem s pertinent to the question of spawning bed im p rov em ent 
include the F i s h e r ie s  R e s e a r c h  Institu te , U n ivers ity  of Washington; U. S.

* B u reau  of C o m m e rc ia l  F i s h e r i e s ;  U. S. F o r e s t  S e r v ic e ;  K etch ikan  Pulp
Company; the A lask a  D ep artm ent of F is h  and G am e; and the Institute  of F o r e s t  
P ro d u c ts .  An im portant fe a tu re  of the F o r e s t  S e r v i c e d  w atershed  m an age
m ent program  is  the developm ent of im proved spawning a r e a s .  The K etch ikan  
Pulp Company has coop erated  v ery  c lo se ly  with the F o r e s t  S e r v ic e  and the 
F i s h e r i e s  R e s e a r c h  Institute in this endeavor to in su re  ag a in st delay of r e 
s e a r c h  p ro g ram s b e ca u se  of co n stru ctio n  d if f ic u lt ie s .  The B u rea u  of C o m m e r 
c ia l  F i s h e r i e s  and the Institute of F o r e s t  P ro d u cts  a r e  providing f in a n c ia l  
support fo r  c e r ta in  studies undertaken by the F i s h e r i e s  R e s e a r c h  Institu te , 
and s c ie n t i f ic  p erson nel of the Auke B ay  B io lo g ic a l  L a b o ra to ry  a r e  p re sen tly  
investigating  a num ber of p roblem s which should provide a n sw e rs  to p ro b lem s 
im portant to spawning bed im p ro v em en ts .

The F o r e s t  S e r v ic e  plans to expand its  program  of pilot studies on 
spawning bed im p rov em en t in 1963. F o u r  s t re a m s  located  n ear  K etch ikan  
have been s e le c te d  as p o ssib le  s i te s  fo r  channels like  the Indian C ree k  
channel. P r e s e n t  plans c a l l  for  the co n stru ctio n  of one channel in 1963 or 
1964. C onsid eration  is  a lso  being given to the co n stru ctio n  of an im proved 

| spawning a r e a  in O lsen  B ay  C reek , P r in c e  .Yilliam Sound. Evaluation  of this 
a r e a  would be made by B u reau  of C o m m e rc ia l  F i s h e r i e s  s c ie n t is ts  p re sen tly  
studying O lsen  B a y  C reek .

C u rrent fe a s ib i l i ty  studies include one by the F o r e s t  S e rv ic e  to design 
m obile  equipment fo r  the re m o v a l of fine sands and s i l ts  fro m  spawning beds 
and one by the B u reau  of C o m m e rc ia l  F i s h e r i e s  to e s ta b lish  a te s t  s t re a m  fo r  
evaluating the e ffe c t  of bottom com position  on f r y  production. The A lask a  
D epartm ent of F i s h  and Gam e has com pleted p re l im in a ry  studies on the u ti
lization  by pink sa lm on of spawning ponds with upwelling w ater . S tate  b io lo g is ts  
plan to continue th ese  studies on a la r g e r  s c a le .

In conclu sion , I wish to em p hasize  that im p rov em en ts  of habitat for 
spawning and fry  production m ust be thoroughly evaluated to d eterm in e  th eir  
econ om ic  fe a s ib i l i ty .  F u r t h e r m o r e ,  a m axim um  benefit w ill be re a liz e d  fro m  
the pilot studies being undertaken by the F o r e s t  S e rv ic e  and the F o r e s t  P r o 
ducts Industry in A lask a  only if b a s ic  and applied r e s e a r c h  on the many p ro b 
le m s  pertinent to spawning bed im p rov em ent a r e  pursued with v igor.
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The M an u scr ip t R e p o rt  s e r ie s  contains p r e l im in a r y  
r e s u l t s  of r e s e a r c h  p r o je c t s  and data a n a ly se s  that 
m ight be  s u b je c t  to co n s id e ra b le  re v is io n  b e fo re  
fo r m a l  p u b lica t io n . T h is  re p o r t  is  supplied fo r  in 
fo rm a tio n a l  p u rp o ses  and is  not to be co n s id e re d  
a  fo r m a l  p u b lica t io n . P e r m is s io n  f r o m  the author (s) 
m u st be  obtained b e fo re  any p a r t  is  c ited  in anoth er 
m a n u sc r ip t .
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IN T E R T ID A L  SPAWNING O F  PIN K AND CHUM SALMON 
A T O LSEN  B A Y , P R IN C E  W ILLIA M  SOUND, A LASKA

by

J a c k  E .  Bailey- 
F i s h e r y  R e s e a r c h  B io lo g is t

A B S T R A C T

Large numbers o f  spawning salmon were observed  on the Olsen 
Creek i n t e r t i d a l  spawning grounds from i960 to  1962. Pink salmon 
spawned as f a r  downstream as the 1 - f o o t  t id e  l e v e l ,  but eggs de
p o s ite d  below the 4- fo o t  l e v e l  d id  n ot su rv iv e  o v e r  w in te r . Chum 
salmon spawned s l i g h t l y  below the 6 - fo o t  t id e  l e v e l  and a t  h ig h e r  
lo c a t io n s ,  but none o f  the eggs d ep o site d  below the 6 - fo o t  t id e  
l e v e l  su rv iv e d . S u r v iv a l o f  embryos was g e n e r a lly  b e t t e r  a t  
h ig h e r  e le v a t io n s  o f  the i n t e r t i d a l  zone ex cep t a t  the 8- to  10 - 
fo o t  stratum  where m o r ta lity  was h igh  because o f  oxygen d e p riv a 
t io n . P o te n tia l  d e n s it ie s  c a lc u la te d  f o r  one i n t e r t i d a l  r i f f l e  
were 8 ,413  p in k  salmon eggs p e r  square m eter p lu s  5»000 chum s a l 
mon eggs p e r  square m eter. A ctu a l egg d e n s it ie s  o f  app roxim ately  
4,000 p in k  salmon p lu s  1,50 0  chum salmon p e r  square m eter were 
d ep o sited  by 3 .0  p in k  salmon fem ales p e r  square m eter and 1.3  
chum salmon fem ales p e r  square m eter. A d d itio n a l spawning by 
1 .6  p in k  salmon fem ales and 0 .7  chum salmon fem ale p e r  square 
m eter d id  not add to  the egg p o p u la tio n . Presum ably, the egg 
c a p a c ity  o f  the r i f f l e  had been reach ed, and superim po'sition  o f  
redds m erely r e s u lte d  in  lo s s  o f  e a r l i e r  e g g s . T his in t e r p r e ta 
t io n  was supported by the f a c t  th a t  observed  f r y  d e n s it ie s  in  
O ctober samples were l e s s  than o n e-ten th  o f  the p re d ic te d  d e n s it ie s  
which were based on the known ra te  o f  developm ent o f  embryos in  
the r i f f l e .  R eten tio n  o f  eggs by fem ales th a t  d ied  b efo re  com
p le t in g , spawning was an im portan t m o r ta lity  f a c t o r  f o r  a sh o rt 
p e r io d  a f t e r  a d e n s ity  o f  i .8 5  a d u lt  salmon p e r  square m eter was 
ob serv ed .



INTRODUCTION

The im p o rtan ce  of in ter t id a l  spawning of pink salm on ( O ncorhyn-  
chus gorbuscha) in P r in c e  W illiam  Sound, A la sk a , has been  docum ented 
by N oeren berg1/ fo r  m o re  than 200 s t r e a m s  in that a r e a .  N oeren berg  
re p o rted  that each  y e a r  during the period 1 9 5 2 -6 1  about 50 p e rce n t  of 
the o d d -y ear  spaw ners and about 75 p e rce n t  of the e v e n -y e a r  spaw ners 
u tilized  a r e a s  below m ean  high tide.

In v estigatio n s of in ter t id a l  spawning by pink sa lm on  began in 
the e a r ly  1 9 5 0 !s when Hanavan (1954) rep o rted  that pink sa lm on spawn 
in la rg e  nu m bers in som e in te r t id a l  a r e a s  of S o u th eastern  A la sk a  
s t r e a m s  and suggested  that w arm  tid ew ater m ay modify conditions 
to enhance su rv iv a l.  R ockw ell (1956) noted that in ter t id a l  spawning 
does o c c u r  and d em o n stra ted  by la b o ra to ry  e x p e r im e n ts  that m ild  se a  
w ater  was b e n e f ic ia l  to su rv iv a l,  growth, and act iv ity  o f pink and chum 
salm on la rv a e .  F r y  en u m eratio n  studies conducted fro m  1957 through 
1959 in c e r ta in  P r in c e  W illiam  Sound s t r e a m s ,  including O lsen C re e k ,  
w ere  rep o rted  by Kirkwood (1962) and by T a i t  and Kirkwood (1962) .  
Conklej?/ outlined the tim ing and sp atia l  d is tr ibu tio n  of the O lsen  B ay  
e sca p e m e n ts  and indicated  that su rv iv a l r a te s  of eggs and la rv a e  v a r ie d  
with tide le v e l .

A fie ld  r e s e a r c h  sta tion  for the study of pink sa lm on production 
in the in ter t id a l environm en t was e s ta b lish e d  by the B u reau  of C o m 
m e r c ia l  F i s h e r i e s  on O lsen  C re e k ,  O lsen B ay , P r in c e  W illiam  Sound, 
during the su m m e r  of I 9 6 0 .  During the f i r s t  2 y e a r s ,  the g e n e ra l  
fe a tu re s  o f the in ter t id a l  environm en t w ere inv estigated . S tre a m flo w s ,  
w ater  te m p e ra tu re s ,  sa lin ity ,  and d isso lv ed  oxygen p attern s  w ere  
re la te d  to t id e s ;  the m agnitude, tim ing, and sp atia l  d is tr ib u tio n  of the 
adult runs w ere  a s s e s s e d ;  and su rv iv a l of sa lm on eggs and la rv a e  w ere  
m e a su re d  (H eiie ,  W illiam son , and B a i le y ,  in p r e s s ) .

A / w allace  A. N o eren b erg . 1963 . Salm on f o r e c a s t  studies on 
1963 runs in P r in c e  W illiam  Sound. In fo rm ation al L e a f le t  21, A lask a  
D ep artm en t o f  F i s h  and G am e, 17 p. plus appendix.

—/ C h a r le s  Y . Conkle. T e m p o ra l  and sp atia l  re la t io n sh ip s  of 
spawning pink sa lm on  in a P r in c e  W illiam  Sound s t re a m .  P a p e r  read  
at the Tw elfth  A laskan  S c ie n c e  C o n fere n ce ,  C o lleg e , A lask a , 1961.
On f i le  B u rea u  o f  C o m m e r c ia l  F i s h e r i e s  B io lo g ic a l  L a b o ra to ry ,  Auke 
B ay , A lask a .
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T h is  paper is  co n cern ed  with o b serv a tio n s  from  I9 6 0  to 1962 
of pink and chum (O. k e ta ) sa lm on reprod uction  in the O lsen B ay  i n t e r 
tid al zone. The o b serv a tio n s  a r e  d isc u sse d  in two s e c t io n s .  The f i r s t ,  
'■Utilization of the In te rt id a l Zone, "  is  co n cern ed  with the e n tire  in t e r 
tid a l spawning ground from  the 3 -  to the 1 2 -fo o t tide le v e l.  The m a jo r  
to p ics  o f  th is  se c tio n  a r e  tim ing , m agnitude, and sp atia l  d is tr ibu tio n  
of the e s c a p e m e n ts ;  se le c t io n  of spawning a r e a  in re la t io n  to t id ew ate r ;  
r i f f le  l i fe ;  and s e x  r a t io s .  The second se c tio n , "Spawning E f f ic ie n c y ,  "  
re p o r ts  an in ten sive  study of high density  spawning on a s ing le  r i f f le  in 
the upper in ter t id a l  zone betw een the 1 0 -  and 1 1 -fo o t tide le v e ls  ( f ig s .  1 
and 2)

Both  s p e c ie s  u tilized  the study r i f f le  in re la t iv e ly  la rg e  n u m bers . 
Cum ulative d e n s it ie s  by the end of the spawning period  w ere  4 . 6 pink 
sa lm on fe m a le s  and 2. 0 chum salm on fe m a le s  p er sq u are  m e te r .

In studies of pink sa lm on  production in f r e s h -w a te r  s t r e a m s  of 
S o u th eastern  A la sk a , M cN eil (1962a) did not o b se rv e  such high d e n s it ie s  
of spawning salm on but postulated that the egg cap acity  of a  spawning 
bed is  l im ited  by su p erim p o sitio n ; that i s ,  when d e n s it ie s  of spaw ners 
a r e  high, la te  spaw ners dislodge p rev io u sly  deposited eggs . T h e r e 
fo re ,  an in v estig ation  of egg deposition in re la t io n  to density  of spaw ners 
was a lo g ica l  approach  to an understanding of fa c to r s  co n tro llin g  in t e r 
tidal sa lm on production.

At flow d is c h a rg e s  of ap p ro xim ate ly  40 c .  f. s . , the study r if f le  
had a total a r e a  of 1, 350 m . 2 (14 .  3 m . X  94 .  2 m . ) .  Although the 
ac tu a l a r e a  a v a ila b le  to spaw ners v a r ie d  som ew hat with volum e of 
flow, th is  e s t im a te  was used for a l l  ca lc u la t io n s  of egg and adult 
d e n s it ie s  p er  unit a r e a .

A continuous r e c o r d  of in tra g ra v e l  w ater te m p e ra tu re  a t  redd 
depth was obtained from  a f il led  sy ste m  reco rd in g  th erm o g rap h  betw een 
Ju ly  7 and O ctob er  15, 1962, and from  a m e r c u r y  in g la s s  re co rd in g  
th erm o g rap h  betw een O ctober 20, 1962, and M a rch  12, 1963. The 
t® ^ p 6r^ tu re  s e n s o r s  w ere  bu ried  about 8 inches deep n e a r  the c e n te r  
of the s t r e a m .  The g r e a t e s t  2 4 -h o u r  fluctuation in in tra g ra v e i  w ater 
te m p e ra tu re  was 2„ 2° C . , re co rd e d  on s e v e r a l  o c c a s io n s  with an 
influx of t id ew ater .  M ean daily te m p e ra tu re  was 8° C. on Ju ly  7, 1962 , 
r is in g  gradually  to the su m m e r m axim um  of 10°  C. on August 14, 1962, 
and fa lling gradually  to 4 °  C. by O ctob er 5. 1962. Cooling continued,
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F ig u re  1 . - - O ls e n  C r e e k ,  showing lo cation  of study r i f f le  re la t iv e  
to tide le v e l  e levations and m a jo r  t r ib u t a r ie s .
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and the te m p e ra tu re  was n e a r  0 °  C. during D e c e m b e r  and Ja n u a ry .
By M a rch  12, 1963, ju s t  b e fo re  fry  e m e rg e n c e ,  it had w arm ed to 1®G.'r

H elie  et a i.  (in p r e s s )  found that s a l t -w a te r  in tru s io n s  could be 
d etected  at the 1 0 -  to 1 1 -fo o t tide le v e l during 1 3 -fo o t  o r  higher tides*
The m axim um  sa lin ity  re co rd e d  at the 1 1 -fo o t tide le v e l  was 9* 3 °/oo 
a t the g ra v e l  s u r fa c e  during a 14. 5 -fo o t  tide. In tra g ra v e l  w ater sam p les  
w ere  g e n e ra lly  h igher in sa lin ity  than g ra v e l  s u r fa c e  w ater sa m p les  taken 
sim u ltan eou sly . On the b a s is  of ca lcu la t io n s  from  the 1961 tidal r e f e r 
ence  data ( U .S .  D ep artm en t of C o m m e rc e ,  1961), the r i f f le  a t the 1 0 -  
to 1 1 -fo o t tide le v e l  was inundated by tidew ater during ap p ro xim ate ly  
10 p e rce n t  of the spawning se a so n  ( Ju ly  through S e p tem b er) .

STUD Y A R E A  AND M ETHODS

O lsen C re e k  is  lo cated  on the e a s te r n  side o f P r in c e  W illiam  
Sound. It has two m a jo r  t r ib u t a r ie s ,  E a s t  F o r k  and W est F o r k ,  e ach  
of which d ra in s  ap p ro xim ate ly  9 sq u are  m i le s  of p rec ip ito u s  ro cky

* t e r r a in ,  which is  co v e re d  by co n iferou s and a ld e r  f o r e s t  and m u skeg .
The two fo rk s  m e rg e  at the 1 1 -fo o t tide le v e l (fig . !)• Annual p r e c ip i 
ta tion  am ounts to about 100 in c h e s .  A ra in  gage in sta lle d  n e a r  the

y s tre a m  mouth from  Ju ly  1 to S e p tem b er  30 (the m ain  spawning period)
re co rd e d  ra in fa l l  o f 32, 30, and 19 in ch es  in I9 6 0 ,  1961, and 1962 
re s p e c t iv e ly .

While the low flow d isc h a rg e  of O lsen  C re e k  is  about 40 c .  f. s . , 
f r e s h e ts  o f  th re e  to five t im e s  th is volum e o ccu r  frequ en tly . M axim um  
high tid es  a t O lsen B ay  a r e  about 15. 5 fe e t .  B e c a u s e  of the in frequ ent 
and dilute c h a r a c te r  o f  s a l t -w a te r  in tru s io n s  a t the higher le v e ls ,  I 
have co n sid ered  the 1 2 -fo o t tide le v e l  (m ean  high tide) a s  the a r b i t r a r y  
dividing line betw een in ter t id a l  and f r e s h -w a te r  h ab ita ts .

F o u r  o b serv a tio n  to w ers  betw een 5 and 8 m e te r s  high w ere  
e r e c te d  n e a r  the r i f f le  to fa c i l i ta te  o b serv atio n  of sa lm on. Spawning 
pink and chum salm on w ere  counted e v e ry  th ird  day. P in k  salm on 
w ere  ta l l ie d  se p a ra te ly  by se x ,  but chum salm on m a le s  and fe m a le s  
w ere  not re ad ily  d istin gu ish ab le , and it was assu m ed  the s e x e s  w ere  
evenly  divided. During the f i r s t  counts, an attem pt was made to count 
only salm on that w ere  id entif iab le  as  spaw ners by v irtu e  of th e ir  ac tion s  
in re la t io n  to a v is ib le  redd. T hu s, in the e a r ly  counts not a i l  sa lm on

♦ on the r i f f le  w ere  ta l l ie d .  A fte r  s e v e r a l  such counts, it b e c a m e  obvious
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that th is  d is tin ctio n  could not be made b e ca u se  of the high density  of 
f ish ;  a ls o ,  la t e r  an a ly s is  of the data proved the d istin ctio n  invalid 
b e ca u se  the f i r s t  few counts appeared to show the fe m a le s  depositing 
m o re  than th e ir  potential com p lem ent of egg s .  During the re m a in d e r  
of the se a so n ,  a l l  fe m a le s  on the r i f f le  w ere  a ssu m e d  to be sp aw n ers .

To co n v ert  the counts made from  the to w e rs  to an e s t im a te  of 
the ac tu a l num ber of fe m a le s  that spawned on the r i f f le ,  i t  was n e c 
e s s a r y  to obtain a m e a s u re  o f  the a v e ra g e  num ber of days the fe m a le s  
lived a f te r  taking up a p osition  on the r i f f le  ( r i f f le  l i fe ) .  T hu s, to ta l  
days of spawning e ffo r t  o b serv e d  from  the to w ers  could be d ivided by 
the av era g e  r i f f le  l i fe  to e s t im a te  the num ber o f fe m a le s  that spawned 
on the r i f f le  (M cN eil,  1962a).

Egg and la r v a l  d e n s it ie s ,  which a r e  e x p r e s s e d  as  num ber p e r  
sq u are  m e te r  of a r e a ,  w ere  e s t im a te d  by sam pling random ly se le c te d  
points with a hydrau lic  egg pump. A c i r c u la r  f ra m e  e n clo sin g  an 
0 . 2 m .  ̂ a r e a  was used to c o l le c t  the eggs o r  la rv e  a s  they w ere  pumped 
from  the s tre a m b e d . Egg d e n s it ie s  w ere  d eterm in ed  ev e ry  2 w eeks 
during the 1962 spawning se a so n , excep t fo r  an in te rv a l  o f  4  w eeks 
betw een the la s t  two sa m p les  of the se a so n .

P la s t i c  hatching boxes of the type d e s c r ib e d  by G angm ark  and 
B ro a d  (1956) w ere  fil led  with a r t i f i c ia l ly  fe r t i l iz e d  pink sa lm on  eggs 
and bu ried  in the g ra v e l  n e a r  the c e n te r  o f  the r i f f le  on Ju ly  27, 1962 . 
Egg boxes taken  from  the r i f f le  at 2 -w e ek  in te rv a ls  provided known 
age eggs that w ere  used to d e te rm in e  ra te  of developm ent and tim e  
to hatching of pink sa lm on  em b ry o s  in th is  r i f f le .

D isso lv e d  oxygen content of in t ra g ra v e l  w ater  was d eterm in ed  
by s e m im ic r o  W inkler an a ly se s  of sam p les  drawn fro m  p la s t ic  stand
p ip es. The p la s t ic  standpipes and c o lle c t io n  apparatus w ere s im i la r  
to th ose  d e s c r ib e d  by M cN eil (1962b).

U T IL IZ A T IO N  O F  TH E IN T E R T ID A L  ZONE

T im in g , Magnitude, and Sp atia l D is tr ib u tio n  of the E s c a p e m e n ts

Chum salm on begam spawning in O lsen  C re e k  about June 20 and 
pink sa lm on about Ju ly  4 . The la s t  individuals of both s p e c ie s  g e n e ra lly  
d isap p eared  about O ctob er  1, although pink sa lm on fa r  outnum bered 
chum salm on during the la s t  2 o r  3 w eeks each  y e a r .
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He lie  et a l .  (in p re s s )  e s t im a te d  the I9 6 0  and 1961 salm on 
e sca p e m e n ts  a t O lsen  C re e k  and d e sc r ib e d  th e ir  tim ing and sp atia l 
d is tr ib u tio n  in the spawning a r e a .  The pink salm on e sca p e m e n ts  
to ta led  98 ,  574 in I9 6 0  and 135, 905 in 1961 , 74 p e rce n t  spawning in the 
in te r t id a l  zone both y e a r s .  The 1962 e sca p e m e n t co m p rise d  135 ,459  
adults o f which 76 p e rce n t  spawned in the in te r t id a l  zone. The e v e n -  
y e a r  ru ns, I9 6 0  and 1962, w ere  s im i la r  in th e ir  tim ing and sp atia l  
d istr ib u tio n . Individuals that spawned b e fo re  August 13 utilized  both 
the in ter t id a l zone and the u p stream  a r e a s ,  but la te r  m ig ra n ts  s e le c te d  
redds only in the in te r t id a l  zone.

A c cu ra te  enu m eratio n  of chum salm on was not attem pted , but 
it  was e s tim a te d  that 5, 000 to 10, 000 adults spawned in O lsen C r e e k  
e a ch  y e a r  and that the e sca p e m e n t of 1962 was su b stan tia lly  g r e a t e r  
than the e sca p e m e n ts  of the previou s 2 y e a r s .  M ost of the chum s a l 
mon spawned in the in te r t id a l  zone.

S e le c t io n  of Spawning A r e a  in R e la tio n  to Tide w ater

P in k  sa lm on w ere o b serv ed  spawning a s  fa r  dow nstream  as the 
1 -fo o t  tide le v e l .  H ow ever, in I9 6 0 ,  78 p e rce n t  of the adults counted 
during in ter t id a l  su rveys  w ere  betw een the 6 -  and 12 -fo o t tide le v e ls ,  
and in 1961, 84 p e rce n t  w ere  above the 8 -fo o t tide le v e l  (tab le  1).
Chum salm on w ere  o b serv ed  spawning at the 6 -fo o t  and higher tid e 
le v e ls .  F i s h  w ere  not a i l  spawning when th e se  counts w ere  m ade.
Many w ere  in dense sch o o ls ,  w here they congregate  b e fo re  spawning. 
T h e r e fo r e ,  th e re  m ay be som e d isc re p a n c y  betw een the a c tu a l  p e r 
cen t of the to ta l  run spawning and the p e rce n t  given by th ese  counts 
for  the d iffe ren t tide le v e ls .

T ab le  1. - -D is tr ib u t io n  of pink sa lm on adults at five tide le v e ls  on the 
O lsen Bay  in te r t id a l  spawning grounds e x p re s s e d  as  p e rce n tag e  of 
to ta l  counts, 19 6 0 -6 1

Pink  sa lm on adults
Y e a r 2 -  to  4 - fo o t  

le v e l
4 -  to 6 -fo ot 

le v e l
6 -  to 8 -fo o t I 

le v e l
j 8 -  to 1 0 -fo o t 

le v e l
1 0 -  to 'l'2 -fo o t 

le v e l

1960
1961

P e r c e n t
8
1

P e r c e n t
14

5

P e r c e n t  ]
37
10

P e r c e n t
26
70

P e r c e n t
15
14



A b e tte r  indication of ac tu a l spawning at v ario u s  tide le v e ls  
was atta ined by sam pling egg d e n s it ie s  a t random ly se le c te d  points in 
O ctober at the c lo s e  of the spawning se aso n . T h re e  tide le v e ls  w ere  
sam pled in I9 6 0  as  fo llow s:

3 -  to 4 - fo o t  le v e l 40 sam p les
7 -  to 9 - fo o t  le v e l 80 sam p les
1 0 -  to 1 1 -fo o t le v e l  80 sam p les

In 1962 the e n tire  in ter t id a l  zone of the m a in s tre a m  channel 
from  the 3 -  to the 1 1 -fo o t tide le v e l  was sam pled (321 sa m p le s ) .  Con
fidence in te rv a ls  at the 9 0 -p e r c e n t  le v e l w ere calu cu lated  for the m ean  
egg d e n s it ie s  (tab le  2), P in k  sa lm on egg d e n s it ie s  of 221 to 706 p er 
sq u are  m e te r  at the 3 -  to 4 - fo o t  le v e l  w ere  ind icative  o f  spawning in 
th a t  a r e a ,  but chum salm on egg d e n s it ie s  of 1 to 16 p er  sq u are  m e te r  
w ere  probably  ind icative  of d r if t  eggs from  fa r th e r  u p stre a m . S u c c e s s 
ful spawning by chum salm on o c c u r r e d  at the 6 -fo o t and higher le v e ls .  
P ink  salm on egg d e n s it ie s  of 1 ,630  to 5, 171 p er  sq u are  m e te r  w ere  
ind icative  o f  heavy spawning fro m  the 4 -  to the 1 1 -fo ot le v e ls .  Heavy 
spawning by chum salm on (1, 352 to 1 ,5 5 1  eggs p er  sq u are  m e te r )  
o c c u rre d  betw een the 8 -  and 1 1 -fo ot le v e ls .

T ab le  2. - -M e a n  nu m bers of live  and dead sa lm on eggs p er  sq u are  m e te r  
in O ctober in O lsen C re e k  at s ix  tid e  le v e ls ,  1 9 6 0 -6 2

Tide le v e l
E ggs p er  sq u are  m e te r

I9 6 0 1961 1962
P in k  1I Chum P in k | Chum P in k Chum

F e e t Number [ Number Number Number Number N um ber
3 - 4 221 16 339 1 706 5
4 - 6 *2 ,  710 32
6 - 8 Í *3 ,  444 267
7 -9 * 2,295 32 * 3,069 251
8 -1 0

1i * 5 ,1 7 1 k  352
10-11 | L  630 189 *3 ,  612 524 * 3 ,3 5 1 1, 551

*  In d ica tes  m ean s for w lic h  the 9*0 -p e r c e n t  confidence in te rv a l
amounted to le s s  than 20 p e rce n t  of the value of the m ean.

D ensity  of live and dead eggs com bined indicated which a r e a s  
w ere  used as  spawning grounds, but d e n s it ies  of live eggs would m o re  
a c c u ra te ly  re v e a l  the value of such a r e a s  in perpetuating the ru ns.
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A ccord in g ly , an attem pt was made to se p a ra te  live  from  dead eggs in 
the O ctober c o l le c t io n s .  D iff icu lt ie s  w ere  encountered  b e cau se  som e 
of the live  eggs w ere  in the "ten d er  a ta g e "  of developm ent, and even 
slight m echan ica l shock  re su lted  in coagulation of the yolk. U n fertilized  
eggs which w ere  not yet opaque white turned opaque while the sam p les  
w ere  being exam ined . We a r b i t r a r i ly  c la s s i f ie d  opaque eggs as  "d e ad "  
and eggs that w ere  c l e a r  plus eggs that w ere  in the p r o c e s s  of turning 
opaque a s  " l iv e .  ,f

A v erage  d e n s it ie s  of live pink sa lm on eggs ranged from  79 to 
105 p er  sq u are  m e te r  in the 3 -  to 4 -fo ot tide le v e l  and from  1, 205 to 
2, 314 p e r  sq u are  m e te r  in the higher tide le v e ls  (tab le  3). L iv e  chum 
salm on eggs w ere  n e a r ly  ab sen t in the low est tide le v e l exam ined  and 
w ere  not abundant at the 4 -  to 6 -fo o t le v e l (19 eggs p er  sq u are  m e te r ) .
In 1962, which had the b e s t  chum salm on e sca p e m e n t of the 3 y e a r s  
studied, th e re  w ere  228 to 1, 211 live chum salm on eggs p e r  square  
m e te r  in the a r e a  betw een the 6 -  and 1 1 -fo o t le v e ls .

T ab le  3. - -M e a n  nu m bers of live salm on eggs p er  sq u are  m e te r  in 
O ctob er in O lsen C re e k  at s ix  tide le v e ls  ( 9 0 -p e r c e n t  confidence 
in te rv a ls ) ,  1 9 6 0 -6 2

Tide
le v e l

E ggs p e r  sq u are  m e te r
I9 6 0 1961 1 1962

P in k  j Chum P in k Chum P in k Chum
F e e t Number j Number Number Number Num ber Num ber
' 3 -4 1 0 5 + 1 0 7 1 2+1 79+5 i 0 90+77 0 1

4 - 6 j 1 ,3 4 3 + 5 3 0 19+15
6 - 8
7 -9 1 ,8 9 8 + 3 1 9 ]  28+40 1 ,2 0 5 + 3 1 0 199+92

2 ,1 0 4 + 7 7 0 228+146

8 -1 0 j 2 ,3 1 4 + 5 4 0 868+642
10 -1 1 1 ,4 6 9 + 2 6 7  I 1 7 7 ± 1 0 4 ¡ 1 ,4 6 1 + 3 3 2 488±206 2, 140+384 1 ,2 1 1 + 3 9 6

R iff le  L ife

The a v e ra g e  r i f f le  life  for  21 tagged fe m ale  pink sa lm on o b serv e d  
daily  in the in te r t id a l  spawning grounds was 5. 0 days. No fe m ale  chum 
salm on w ere  tagged at O lsen Bay, but the av era g e  r i f f le  l ife  of tagged 
chum salm on fe m a le s  a t  T r a i t o r s  Cove F ie ld  Station in S o u th eastern  
A la sk a  was 6 days

¿ ^ C h e s te r  R . M attson and R ic h a rd  G. Rowland. Chum salm on 
studies at T r a i t o r s  Cove F ie ld  Station, Ju ne  1962 to M arch  1963 . B C F  
B io lo g ic a l  L a b o ra to ry ,  Auke Bay , A lask a , M an u scrip t R ep o rt  in p r e p a r a 
tion.
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S e x  R atio s

S e x  ra t io s  w ere  d eterm in ed  from  w eir  counts and c a r c a s s  counts 
in I9 6 0  and 1961 (H elle  et a i.  , in p r e s s )  and from  tow er counts in 1962 . 
H elle  and co w o rk e rs  found that changes in s e x  ra tio  o c c u rre d  during 
the se a so n  as  a re su lt  of m a le s  appearing som ew hat ahead of f e m a le s .  
The s e x  ra t io s  fo r  e n tire  e sca p e m e n ts  w ere  n e ar  50 :50  e a ch  y e a r .

SPAWNING E F F IC IE N C Y

Fecundity

Fecund ity  of pink sa lm on was d eterm in ed  from  counting in d i
vidual eggs in unspawned fe m a le s .  The av era g e  num ber o f  eggs p er 
fe m a le  v a r ie d  from  y e a r  to year*  but no d if fe re n c e s  w ere  noted b e 
tween e a r ly  and la te  spaw ners by H elle  et a l .  (in  p r e s s ) .  Fecundity  
of pink sa lm on  was 1, 815 eggs p er  fem ale  in I9 6 0  and 2, 094  in 1961. 
In 1962 the av era g e  num ber of eggs p e r  fe m a le  fo r  90 sp e c im en s  was 
1, 829 (stan d ard  e r r o r  of the m ean=33). The r e g r e s s io n  c o e ff ic ie n t  
ca lcu la ted  for the re la t io n  betw een length and num ber of eggs p er  
fe m a le  was 0. 308.

Fecund ity  of chum salm on was not d eterm in ed  fo r  fe m a le s  at 
O lsen B ay . M attson exam ined  158 fe m a le s  fro m  P r in c e  W illiam  Sound 
in I9 6 0  and found a m ean  egg content of 2, 539 eggs p er  fe m a le ._-/
H elle  ( I9 6 0 )  re p o rted  m ean  fecundity of 2 ,4 9 0  eggs p er fe m ale  for  
nine fe m a le s  from  Sheep Bay  s tre a m  No. 11, which produ ces a run 
s im i la r  in tim ing to the O lsen Bay run. A m ean  fecundity of 2, 500 
eggs p er  fe m a le  was a ssu m e d  in th is  paper in ca lcu la tin g  potentia l 
egg deposition by chum salm on.

P o te n tia l  Egg D eposition

P o te n tia l  egg deposition in the study r i f f le  a t the 1 0 -  to 11 -fo o t 
tide le v e l  was e s t im a te d  by multiplying the av era g e  fecundity by the 
num ber of fe m a le s  that had spawned on the r i f f le .  Counts from  o b s e r  
vation to w ers  and e s t im a te s  of r i f f le  life  of the fe m a le s  indicated  that 
6, 220 pink sa lm on fe m a le s  and 2, 645 chum salm on fe m a le s  spawned

—̂ C h ester  R . M attson. Chum Salm on In v estig a tio n s ,  F ie ld  
A c t iv it ie s  R e p o rt ,  Ju n e -N o v e m b e r ,  I 9 6 0 .  10 p. , unpublished.
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on th is  r i f f le .  The fe m a le  counts a s  w ell a s  the egg density  e s t im a te s  
w ere  conv erted  to d e n s it ie s  p er sq u are  m e te r  fo r  convenience in c o m 
p a r is o n s .  In 1962 se a so n a l  density  of spawning e f fo r t  on the study 
r i f f le  am ounted to 4 . 6  pink sa lm on fe m a le s  per sq u are  m e te r  and 1 .9  
chum salm on (tab le  4 ) .  At the co n clu sio n  of the spawning se a so n , 
a c tu a l  pink salm on egg density  d eterm in ed  by pumping was 3, 351 eggs 
p er sq u are  m e te r  hnd chum salm on egg dénsity  was 1, 551 eggs p er  sq u are  
m e te r  (tab le  5), co m p ared  with potentia l d e n s it ie s  of 8 ,413  and 4, 750 
eggs p er  sq u are  m e te r  re s p e c t iv e ly  (tab le  6). E s t im a te s  w ere  a lso  made 
p e r io d ica lly  throughout the se a so n  to follow the p attern  of in c r e a s e  in 
egg density  in re la t io n  to spawning e ffo rt .

T ab le  4 . - - F e m a l e  sa lm on spawning d e n s it ie s  re co rd e d  on O lsen C r e e k
study r i f f le ,  1962

O bservation  
period  ending

F e m a le s  per sq u are  m e te r
P in k  sa lm on Chum salm on

T o ta l Cum ulative to ta l T o ta l Cum ulative to ta l
Number N um ber N um ber Number

Ju ly  15 0 0 0. 5 0. 5
August 1 0 . 9 0 . 9 0. 6 1*1
August 14 1. 1 2. 0 0. 3 1 . 4

August 29 1 .0 3 .0 0 . 4 1 . 8
O ctob er  8 1 . 6 4. 6 0. 1 1 .9

T ab le  5. - - P i n k  sa lm on egg d e n s it ie s  d e term in ed  from  pumping in O lsen  
C r e e k  study r i f f le ,  Ju ly  14 to O ctob er 17, 1962 (9 0 -p e r c e n t  confidence 
in te rv a ls )

D ates Sam p les E e e s  p er  sq u are  m e te r
P in k  salm on Chum salm on

Ju ly  1 4 -1 5
Number

71
N um ber

265+175
N um ber

515+295
Ju ly  3 1 -A ugust 1 70 1 ,4 1 5 + 2 9 5 870+275
August 1 3 -1 4 81 3 ,4 9 0 + 4 4 5 1 ,4 1 0 + 3 2 0
August 2 7 -2 9 81 4, 251+464 1 ,6 5 7 + 3 4 9
O ctober 5 -1 7 58 3, 351+460 1 ,5 5 1 + 4 5 6
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T a b le  6. - - P o t e n t ia l  egg d e n s it ie s  ca lcu la ted  from  fecun d ities  and tow er 
counts of spaw ners in O lsen  C re e k  study r i f f le ,  1962

D ates

E ggs p er sq u are  m e te r
P in k salm on Chum salm on

By period
Cum ulative

to ta l B y  period
Cum ulative

to ta l
Ju ly  4 - 1 5 73 73 1, 250 1, 25 O"
Ju ly  16-A u gust 1 1 ,5 7 3 1, 646 1, 500 2, 750
August 2 -1 4 2, 01 2 3, 658 750 3, 500
August 1 5 -2 9 1 ,8 2 9 5 ,4 8 7 1 ,0 0 0 4 , 500
August 3 0 -O c to b e r  8 2 ,9 2 6 8 ,4 1 3 250 4 , 750

Spawning Bed C apacity

If  the sa lm on had been  100 p e rce n t  e f f ic ie n t  a t depositing th e ir  
eggs in the g ra v e l,  o b serv ed  egg d e n s it ie s  should equal potential den
s i t ie s  within l im its  of sam pling e r r o r s *  A s t ra ig h t- l in e  graph depicting 
potential egg d e n s it ie s  plotted ag a in st  o b serv ed  egg d e n s it ie s  would 
r i s e  at a 4 5 °  o r  1:1 slope (fig . 3). In th is  p a r t ic u la r  r i f f le ,  pink sa lm on 
egg d e n s it ie s  did ap p ro xim ate  such a re la t io n  during the f i r s t  6 w eeks 
of the pink sa lm on spawning se aso n . Betw een Ju ly  4 and August 14, 1962, 
2 .0  fe m a le s  deposited 3 ,4 9 0  eggs p er sq u are  m e te r  (fig . 3). Within the 
9 0 -p e r c e n t  confidence l im its  of m e a su re m e n t  th is  density  was not d i f f e r 
ent from  the potential density  of 3, 658 eggs p er sq u are  m e te r  (tab le  6). 
F r o m  August 15 through 29, 1962, egg density  in c r e a s e d  661 eggs per 
sq u are  m e te r  to the m axim um  of 4, 251 p er  square  m e te r .  T h is  was 
acco m p lish e d  by the spawning e f fo r t  o f 1 .0  fe m ale  p er sq u are  m e te r  
having a potentia l of 1, 829 eggs per sq u are  m e te r .  Thus spawning 
e f f ic ie n cy  was only 36 p e rce n t  during th is  2 -w e ek  period . During the 
la s t  5 w eeks of the spawning se aso n , August 30 through O ctober 8, 1962,
1. 6 fe m a le s  p er sq u are  m e te r  spawned on the r if f le  fo r  a  potential co n 
tribution  of 2 ,9 2 6  eggs p er square  m e te r .  A ctual egg density  d e c re a s e d  
900 eggs p er sq u are  m e te r  during th is  period . T h e re fo r e  a sa tu ra tio n  
density  of ap p ro x im ate ly  4, 000 pink salm on eggs p er  sq u are  m e te r  was 
atta ined as a re s u lt  of spawning by 3. 0 fe m a le s  p er  square  m e te r ,  and 
fu rth e r  spawning did not in c r e a s e  the pink salm on egg population.

Chum salm on egg d e n s it ies  reach ed  th e ir  m axim um  of about 
1, 500 eggs p er  square  m e te r  in the August 1 3 -1 4  sam pling (tab le  6).
At that t im e  1 . 4  fe m a le s  p er sq u are  m e te r  had spawned,and additional
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P O T E N T IA L  EGGS D E P O S IT E D  P E R  SQUARE M E T E R  (THOUSANDS)
F ig u re  3 . - - E f f i c i e n c y  of pink salm on egg deposition in O lsen  C re e k

study r i f f le ,  1962.
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spawning by 0 .5  fem ale  p er sq u are  m e te r  m ade no su b sta n tia l co n trib u 
tion  to  the egg population. Chum salm on app eared  to be le s s  e ffic ie n t 
sp aw n ers than pink salm on  in th is  situ ation  (fig . 3). P in k  salm on  egg 
d en sity  in O ctob er was 40 p e rce n t of p o ten tia l d ep osition , and chum 
salm on egg d en sity  was 32 p e rce n t of p o ten tia l. Two exp lan ation s a re  
su ggested  a s  p o ss ib le  c a u se s  fo r  the re la tiv e ly  poor showing of chum 
salm on eggs in  our sa m p le s . F i r s t ,  pink salm on spawning in la r g e r  
n u m bers and som ew hat la te r  in the se a so n  than chum salm on  m ay have 
dug out e x c e s s iv e  n u m bers of chum salm on  eg g s. Second, chum s a  -  
m on m ay have b u ried  th e ir  eggs d eep er in the g ra v e l so th at e ffic ie n cy  
o f re c o v e ry  m ight have been  som ew hat le s s  fo r chum salm on eggs t  an 
fo r  pink.

E f fe c t  o f Redd S u p erim p o sition  on E a r ly  E ggs

An in d ication  of the e ffe c t  o f redd su p erim p o sitio n  on the f i r s t  
eggs d ep osited  was atta in ed  by com p arin g  o b serv ed  pink salm on fry  
d en sity  in  O ctob er with an e s tim a te  of the p o ten tia l fry  d en sity . A r t i 
f ic ia lly  in sem in ated  pink salm on  eggs confined in p la s tic  b o x es and 
b u ried  in the study r if f le  Ju ly  27, 1962 , had hatched and m any had le ft  
the b o xes by O ctob er 19. T h e re fo r e , pink sa lm on  eggs d ep osited  m 
th is  r i f f le  p r io r  to  Ju ly  27 w ere  p o ten tia l yolk  s a c  fry  by m id -O cto b e r , 
assu m in g  n atu ra lly  d ep osited  eggs developed at the sam e ra te  a s  the 
a r t i f ic ia l ly  in sem in ated  e g g s . A ctu al egg d en sity  b ased  on sa m p les  
c o lle c te d  with a hyd rau lic  pump was about 1 ,2 0 0  eggs p er sq u are  m e te r  
Ju ly  27. An a v era g e  o f 68^58 (9 0 -p e r c e n t  con fid en ce lim its )  fry  p er 
sq u are  m e te r  w ere p re se n t in 22 random  sam p les  exam in ed  O ctob er 7 
to  17. A 9 0 -p e r c e n t  or g r e a te r  lo s s  o f eggs spawned e a r ly  and th e ir  
re p la ce m e n t by eggs of la te r  sp aw n ers is  im p lied . It has p rev io u sly  
b een  pointed out th at th e re  was a tw ofold to th ree fo ld  d iffe re n ce  betw een 
o v e ra ll p o ten tia l egg d e n s it ie s  and o b serv ed  liv e  egg d e n s itie s  a t O lsen  
C re e k . Som e of the added m o rta lity  am ong e a r ly  spawned eggs probably  
re su lte d  from  th e lo n g er exp o su re  to low oxygen (tab le  7), but m uch of 
the m o rta lity  was a ttr ib u ta b le  to e ffe c ts  of redd su p erim p o sitio n .

In te r s p e c if ic  C om petition  fo r Gra/vel In te r s t ic e s

P in k  salm on  g en era lly  p r e fe r r e d  re la tiv e ly  fa s t  w ater fo r spawning, 
but when spawning d e n s itie s  w ere high they en cro ach ed  upon the chum 
salm on redds in re la tiv e ly  slow  w ater. To il lu s tr a te  th is  com p etition  
fo r redd a r e a s ,  egg sam p les  w ere c la s s if ie d  acco rd in g  to the predom ii- 
nant sp e c ie s  re p re se n te d . Sam p les  containing 100 or m o re  eggs o f one
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T ab le  7. - -D is s o lv e d  oxygen content of in tra g ra v e l w ater sam p les  from  
random  points sam p led  in the m ain  s tre a m  channel o f O lsen  C re e k , 
1962 (9 5 -p e r c e n t  confid ence in te rv a ls )

D ate T ide le v e l
D isso lv ed  oxygen 

content
F e e t M g/l.

Ju ly  9 7 7 .0 + 0 .4 8
Ju ly  11 10 7. 5 + 0 .4 0
J  uiy 13 13 6. 7+ 0 .71
Ju ly  28 13 4 .9 + 0 . 37
A ugust 12 3 to 5 3 .1 + 0 . 55
A ugust 17 5 to 7 3. 0 + 0 .3 5
A ugust 22 8 to  9 3. 6 + 0 .7 3
A ugust 31 10 to  11 4 . 8+0. 69
Sep tem b er 18 9 to  11 6. 1+0. 75
S ep tem b er 19 7 to  9 5. 7+ 0 .41
S ep tem b er 22 5 to 7 5 .5 + 0 .9 6
Sep tem b er 25 13 8. 3 + 0 .4 9
O ctob er 1 3 4 . 8+0. 89

s p e c ie s  and le s s  than 100 of the o th er w ere tabulated  a s  red d s b e lo n g 
ing to the m a jo r ity  s p e c ie s . Sam p les containing 100 o r m o re  eggs of 
both sp e c ie s  w ere tabu lated  a s  m ixed  red d s. Sam p les th at contained  
le s s  than 100 eggs of e ith e r  sp e c ie s  w ere not c la s s if ie d .

When the f i r s t  sa m p les  w ere  c o lle c te d , Ju ly  1 4 -1 5 , 1962 , th e re  
w ere no m ixed  red d s, and th e re  w ere m o re  chum salm on  redds than 
pink (tab le  8). The p ercen tag e  of m ixed  redds g rad u ally  in c re a s e d  to 
the m axim um  of 64 p e rce n t August 2 7 -2 9 , and few sa m p les  could be 
c la s s if ie d  as  chum salm on  redds a fte r  A ugust 1 . It is  in fe rre d  that 
the high d en sity  o f pink salm on  spawning e ffo r t had a  som ew hat d e p re s 
sing e ffe c t  on the le s s  num erous chum salm on . O v era ll e ffic ie n c y  o f 
d ep osition  was a lm o st 50 p e rce n t of p o ten tia l fo r  pink salm on  and 
only 30 p e rce n t for chum salm on . The d iffe re n ce  p robably  r e f le c t s  the 
e ffe c t o f high pink salm on spawning d en sity  on chum salm on  egg depo
sitio n  a t O lsen  C re e k  in 1962.
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T a b le  8. — C la s s if ic a t io n  o f salm on redds to  sp e c ie s  based  on o c c u rre n c e  
o f 100 o r m o re  eggs to id entify  sp e c ie s

D ate
Sam p les Redds by sp e c ie s

i
Dug C la ss if ie d

P in k  1 
salm on j

Chum
salm on M ixed

N um ber N um ber P e r c e n t  | P e r c e n t P e r c e n t
Ju ly  1 4 -1 5 71 20 35 j 65 0
Ju ly  3 1 -A u gust 1 70 56 59 21 20
August 1 3 -1 4 81 74 41 | 0 59
August 2 7 -2 9 81 79 33 3 64
O ctob er 5 -1 7 58 57 44 5 51

Flood  L o s s e s

The o b serv ed  poor spawning e ffic ie n c y  of la te  sp aw n ers o f both 
sp e c ie s  was p robably  a re s u lt  o f p h y sica l re m o v a l o f p rev iou sly  spawned 
eggs when la te r  redds w ere su p erim p osed . L a rg e  n u m bers of eggs 
w ere v is ib le  on the s tre a m  bottom  during the la s t  m onth o f the spaw n
ing se a so n . It is  p resu m ed  th at m o st of the eggs lo s t w ere p h y sica lly  
rem oved  from  the s tre a m b ed  by a com bination  of spawning a c tiv ity  and 
s tre a m  actio n . The g r e a te s t  lo s s  o c c u rre d  betw een A ugust 30 and 
O ctob er 8, 1962, when pink salm on egg d en sity  d e c re a se d  900 eggs 
p er sq u are  m e te r  and chum salm on egg d en sity  d e c re a se d  106 eggs 
p er sq u are  m e te r  in the fa ce  of p o ten tia l in c r e a s e s  o f 2 ,9 2 6  and 250 
eggs p er sq u are  m e te r  re s p e c tiv e ly . The f i r s t  heavy ra in s  of the 
spawning seaso n  fe ll  during th is  p eriod , and the volum e o f s tream flo w , 
w hich had grad u ally  d eclin ed  to about 25 c . f. s . , suddenly in c re a s e d  
in a s e r ie s  of f re s h e ts  to m axim um  flow peaks of 200 to  500 c . f . s .
L iv e  salm on eggs in a il  s ta g e s  of developm ent w ere d ep osited  on g ra v e l 
b a r s  by flood s, but no quantitative e s tim a te  o f egg lo ss  due to flooding 
was m ad e.

Egg R eten tion

A nother so u rce  of egg lo s s - -e g g  re ten tio n  by pink salm on  fe 
m a le s  th at fa iled  to com p lete  the spawning a c t— was a s s e s s e d  in I9 6 0  
and 1961 . In I9 6 0 , 364 fe m a le s  w ere opened, and the p e rce n ta g e  of 
eggs voided from  each  was v isu a lly  e s tim a te d . H eile  et a l .  (in  p re s s )  
re p o rted  that the av era g e  num ber of eggs re ta in ed  am ounted to 7 p e r 
cen t of the p oten tia l egg content of th ese  fish .
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In 1961 H elle  and his co w o rk e rs  exam in ed  373 dead fe m a le s  and 
counted individually  the eggs re ta in e d . Egg re te n tio n  was a re la tiv e ly  
m in or fa c to r  during Ju ly  and A ugust, am ounting to only 3. 8 p e rce n t fo r 
344 fe m a le s . The rem ain in g  29 fe m a le s , exam ined  Sep tem b er 8 and 9 ,
1961 , had re ta in e d  4 1 .5  p e rce n t of th e ir  eg g s. M ost f ish  in the 1961 
e sca p e m e n t spawned a fte r  August 15, re su ltin g  in  e x tre m e ly  high adult 
d e n s it ie s . The high in c id en ce  of egg re ten tio n  that follow ed m ay have 
been  a re s u lt  of com p etition  fo r red d s. Hanavan (1954) o b serv e d  a 
c o n s is te n tly  g re a te r  re te n tio n  of eggs am ong pink salm on held in crow ded 
spawning pens than in le s s  crow ded p ens. On August 30, 1961 , it  was 
e s tim a te d  th at 4 1 , 280 pink salm on  plus 517 chum salm on w ere  p re se n t 
on the O lsen  C re e k  in te r tid a l spawning g ro u n d s --a  d en sity  of 1. 85 
adu lts p er sq u are  m e te r .

No e ffo r t was m ade to a s s e s s  egg re te n tio n  in 1962 o th er than 
by g e n e ra l o b serv a tio n s  of fem ale  c a r c a s s e s .  S in ce  no evid ence o f 
unusual egg re te n tio n  was noted, it  is  assu m ed  that it  am ounted to 
le s s  than 10 p e rc e n t. Although the 1962 se a so n a l spawning d en sity  
was high, the e sca p e m e n t en tered  O lsen  C re e k  m o re  o r le s s  u n iform ly  
throughout the se a so n , and spawning d en sity  a t any given tim e was 
not a s  e x c e s s iv e  as in the la t te r  p a rt of the 1961 se a so n . The peak 
d en sity  of 1. 14 adults p er sq u are  m e te r  on S e p te m b e r .! ,  1962 , com 
p r ise d  25, 851 pink salm on  plus 490 chum salm on .

Su rv iv a l

A rough in d ica tion  o f lo s s e s  o f pink salm on eggs from  p oten tia l 
d ep osition  to autum n was obtained by com p aring  e s tim a te s  of p o ten tia l 
egg d e n s itie s  with a ctu a l liv e  egg d e n s it ie s  o b serv ed  in O cto b er. P o te n 
t ia l  pink salm on egg d e n s it ie s  fo r  I9 6 0 , 1961 , and 1962 w ere ca lcu la ted  
from  e s tim a te s  o f the num ber of spawning fe m a le s ,*  m ean fe cu n d ities , 
and the av a ila b le  spawning a r e a . The p oten tia l egg d e n s itie s  am ounted 
to 2, 518 eggs p er sq u are  m e te r  in I9 6 0 ; 4 , 006 in 1 961 ; and 5, 246 in
1962 . The a ctu a l liv e  egg d e n s it ie s  en cou n tered  above the 6 -fo o t tid e 
le v e l (tab le  3) w ere about o n e -th ird  to o n e -h a lf  o f the e s tim a te  o f p oten
t ia l  d en sity  ea ch  y e a r .

Su rv iv a l from  liv e  eggs in the fa ll to  liv e  p re e m e rg e n t fry  the 
follow ing spring  was d eterm in ed  by h yd rau lic sam pling M arch  2 3 -2 9 , 
1961 , and M arch  1 0 -1 6 , 1963 . In 1961 the m axim um  pink salm on fry  
d en sity  of 786 p er sq u are  m e te r  was re co rd ed  at the 1 0 -  to  1 1 -fo o t
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* tid e lev e l,an d  377 fry  p er sq u are  m e te r  w ere found at the 7 -  to  9 -fo o t
tide le v e l (tab le  9)* No su rv iv o rs  w ere found at the 3 -  to 4 -fo o t le v e l. 
O v e r-w in te r  su rv iv a l am ounted to 54 p e rce n t in the 1 0 - to 1 1 -fo o t le v e l 
and 20 p e rce n t in the 7 -  to 9 -fo o t le v e l (tab le  10). In M a rch  1963 , pink 
salm on  fry  d e n s itie s  o f 98  to 678 p er sq u are  m e te r  and chum salm on  
d e n s itie s  o f 12 to 4 6 8  p er sq u are  m e te r  w ere s im ila r  to d e n s it ie s  found 
in M arch  1961 . T h e re  w as, how ever, an unusually high m o rta lity  in 
d ica ted  by the 1963 sam p les at the 8 -  to 1 0 -fo o t tide le v e l w here only 
98  pink salm on fry  p er sq u are  m e te r  and 12 chum salm on  fry  p er 
sq u are  m e te r  w ere found. The d isp ro p o rtio n ate ly  high d en sity  o f dead 
eggs in th is  a r e a  in d icated  th at an e x c e s s iv e  m o rta lity  took p lace  b e 
fo re  hatching. It was assu m ed  th at th is  m o rta lity  was cau sed  by poor 
oxygen supply (tab le  7) p a r t ic u la r ly  c r i t i c a l  a t the 8 -  to  1 0 -fo o t tid e 
le v e l b e ca u se  of a co m p ara tiv e ly  low g rad ien t and low p e rm e a b ility  
of bottom  m a te r ia ls .

T ab le  9» - - L iv e  p re e m e rg e n t sa lm on fry  p er sq u are  m e te r  a t s ix  tid e 
le v e ls  in O lsen  C re e k  in M arch  (9 0 -p e r c e n t  confid ence lim its )

1
T id e le v e l

P in k  salm on Chum salm on
1961 1963 1961 1963

F e e t
3 -4 0 0 0 0
4 - 6 152+64 0
6 -8 292+93 20+28
7 -9 377+91 19_+25
8 -1 0 98+39 12+13

10-11 786+479 678+128 253^103 468+ 172

T ab le  10 . — P e r c e n t  su rv iv a l from  live eggs in fa ll  to  p re e m e rg e n t fry
in sp rin g

........ ........... ...........j
T id e le v e l

P in k  salm on Chum salm on
1 9 6 0 -6 1 1 9 6 2 -6 3 1 9 6 0 -6 1 1 9 6 2 -6 3

F e e t
3 -4 0 0 0 0
4 - 6 11 0
6 -8 14 9
7 -9 | 20 68
8 -1 0 4 1

1 0 -1 1 I 54 3 2 .........1 143 39



W ith the excep tion  o f the poor su rv iv a l in the 8 -  to 1 0 -fo o t tide 
le v e l during w in ter 1 9 6 2 -6 3 , su rv iv a l o f pink and chum salm on eggs 
w as h igh est in  th e upper le v e ls  o f the in te rtid a l zone and d e c re a se d  
p ro g re s s iv e ly  to z e ro  a t the 6 -fo o t le v e l fo r chum salm on  and a t the 
4 -fo o t le v e l fo r  pink sa lm on . The point e s tim a te s  of p e rce n ta g e  s u r 
v iv a l w ere not su ffic ie n tly  p r e c is e  to  m ake co m p a riso n s  betw een 
s p e c ie s . F a ilu re  to su rv iv e  a t the low er s tra ta  cannot be d efin ite ly  
a s s o c ia te d  with se aw ater on the b a s is  o f p re se n tly  a v a ila b le  in fo rm a 
tion . In th is  in s ta n ce , low oxygen was a lso  a fa c to r , but it  is  o f in 
t e r e s t  to note the p e rc e n t of tim e  th e se  a r e a s  w ere  inundated by the 
tid ew a te r . In 1961 H elle  and co w o rk e rs  ca lcu la ted  that th e 4 -fo o t e le 
vation  was co v ered  by tid ew ater ap p ro x im ate ly  75 p e rce n t of the t im e ; 
the 6 -fo o t e lev a tio n , ap p ro x im ate ly  55 p e rc e n t; and the 8 -fo o t e lev a tio n , 
ap p ro x im ate ly  33 p e rc e n t.

SUM M ARY

Egg d ep osition , redd su p erim p o sitio n , and em b ry o  su rv iv a l of 
pink and chum salm on  in  an in te r tid a l s tre a m  have been  studied fo r 3 
y e a rs  a t O lsen  C re e k , O lsen  B ay , P r in c e  W illiam  Sound, A la sk a .
P in k  sa lm on  w ere  o b serv e d  spawning at the 1 -fo o t tide le v e l and h igher 
and chum salm on at the 6 -fo o t level and h ig h er. L iv e  pink sa lm on  eggs w ere 
found in O ctob er a t the 3 -fo o t le v e l and h igh er and liv e  chum salm on  
eggs a t the 4 -fo o t le v e l and h igh er. L iv e  egg d e n s it ie s  o b serv ed  in 
O ctob er w ere about o n e -th ird  to o n e -h a lf  o f e stim a te d  p o ten tia l d e n s it ie s . 
T h e re  was no o v e r-w in te r  su rv iv a l of pink salm on  em b ry o s below  the 
4 - fo o t  le v e l and no o v e r-w in te r  su rv iv a l o f chum salm on  below  the 6 -  
foot le v e l. T he 4 -fo o t le v e l was exp osed  to tid ew ater 75 p e rce n t of the 
tim e  and the 6 -fo o t le v e l, 55 p e rce n t of the tim e . E s t im a te s  of s u r 
v iv a l o f pink salm on from  liv e  eggs in  fa ll  to  p re e m e rg e n t fry  in spring  
ranged from  4 to 54 p e rce n t fo r the a r e a  betw een th e 4 -  and 1 1 -fo o t 
tid e  le v e ls . S u rv iv a l was g e n e ra lly  b e tte r  a t h igher é lév a tio n s of the 
in te r tid a l zone, ex cep t fo r a high m o rta lity  at the 8 -  to  1 0 -fo o t tide 
le v e l during the w in ter of 1 9 6 2 -6 3 , w hich was a ttr ib u ted  to poor oxygen 
supply.

P o te n tia l egg d e n s it ie s  in an in ten siv e ly  studied r if f le  a t the 1 0 -  
to  1 1 -fo o t tide le v e l in 1962 am ounted to 8, 413 pink salm on eggs and 
4 , 750 chum salm on  eggs p er sq u are  m e te r . A ctu al d e n s it ie s  of a p p ro x i
m ate ly  4 ,0 0 0  pink salm on eggs per sq u are  m e te r  plus 1 ,5 0 0  chum s a l 
mon eggs p er sq u are  m e te r  w ere  d ep osited  b e fo re  the end of A ugust.

ÜHill
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At th is  tim e  3 .0  pink and 1 .3  chum salm on fe m a le s  p er sq u are  m e te r
* had spawned. A dditional spawning did not in c r e a s e  to ta l egg d e n s it ie s . 

E g g s th at w ere in e x c e s s  o f the cap acity  of the stre a m b ed  w ere rem oved 
by s tre a m  action  and spawning a c tiv ity . Chum salm on w ere le s s  e f f i 
c ie n t than pink salm on  at depositing  eggs in  the study r i f f le .  The d if
fe re n c e  in e ffic ie n cy  betw een s p e c ie s  was a ttrib u ted  to in te r s p e c if ic  
com p etition  fo r  redds, with the m o re  num erous pink salm on  o v erw h elm 
ing the chum salm on .

i A r t if ic ia lly  in sem in ated  pink salm on  eggs b u ried  in p la s tic
b o xes Ju ly  27, 1962 , a t the 10. 5 -fo o t tide le v e l w ere hatched by O cto
b e r  l̂  ̂ A ssu m in g  that n a tu ra lly  deposited  eggs developed a t the sam e 
r a te , it  was e s tim a te d  that th e re  was a 9 0 -p e rc e n t  o r  g r e a te r  m o rta lity  
o f eggs d ep osited  e a r ly  in the se a so n . The high m o rta lity  was b e liev ed  
to be a  r e s u lt  of redd su p erim p o sitio n , although poor oxygen supply was 
p robably  a lso  an im p ortan t fa c to r .

Egg re te n tio n  by pink sa lm on  fe m a le s  that died b e fo re  com pleting  
spawning was an im p ortan t fa c to r  in reducing a c tu a l d ep osition  fo r a 
sh o rt p eriod  during 1961 when a m axim um  of 1 .8 5  adult sa lm on  p er 

, sq u are  m e te r  w ere spaw ning.
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WATER FLOW THROUGH A SALMON SPAWNING 
RIFFLE IN SOUTHEASTERN ALASKA

by

W illiam  L . Sh erid an  
S en io r F is h e r ie s  B io lo g is t 

F is h e r ie s  R e s e a rc h  In stitu te  
U n iv e rs ity  of W ashington 

S e a ttle , Wash|c/

A B S T R A C T

The following characteristics were studied in a small salmon stream in South
eastern Alaska from 1956 through 1959? |(1) dissolved oxygen content of ground 
water, (2) variation of dissolved oxygen with depth in streambed, (3) temperature of 
ground water, (4) extent of ground-water seepage, (5) interchange of flowing stream  
water and water of streambed gravels, and (6) flow of water in the gravel of stream - 
bank and gravel bar.

Ground water was generally low in dissolved oxygen content, and dissolved 
oxygen levels decreased with depth in streambed. Because of these and other points 
discussed in this paper, I conclude that the main source of intragravel water of high
oxygen content is the flowing stream .

IN TRODUCTION

In 1956 the Fisheries Research Institute 
started a study of the effects of logging on the 
p r o d u c t i v i t y  of pink salmon (Oncorhynchus 
gorbuscha) stream s in Alaska, and work has 
been conducted on four stream s in the Hollis 
area of Kasaan Bay in Southeastern Alaska 
(fig. 1). The general plan of research was to 
define normal conditions in the stream  be
fore logging, to measure any changes that 
might accompany logging operations, and to 
define limits within which environmental 
changes could occur and yet permit survival 
of salmon eggs and larvae. The Fisheries 
Research Institute, in cooperation with the 
U.S. Forest Service, performed the work 
under a contract awarded by the Bureau of 
Commercial Fisheries utilizing Saltonstall- 
Kennedy funds.

Note.--William L . Sheridan presently employed with 
Alaska Department of Fish and Game, Kitoi Bay Research  
Station, Afognak Island, Alaska.

Part of this research involves the mechanics 
of waterflow within the gravel of a spawning 
riffle in Indian Creek, one of the study stream s. 
Knowledge of the nature of waterflow through 
spawning gravels is basic to our study of effects 
of logging because survival of salmon eggs 
and larvae depends to a large extent upon 
water quality (Royce, 1959).

The investigation included: (1) determining 
dissolved oxygen content of ground water, 
(2) measuring variation of dissolved oxygen 
with depth in streambed, (3) measuring 
ground-water temperatures, (4) determining 
extent of ground-water seepage, (5) demon
strating the existence of interchange of flow
ing stream water and water of the streambed 
gravel, and (6) studying flow characteristics 
of water in the gravel of streambanks and 
gravel bars.

The object of this paper is to present and 
discuss parts of the Indian Creek study.



STU D Y A R EA

Indian Creek is a small stream  with a 
watershed area of 8,6 square miles. It is con
fluent at the 12-foot tide level with the larger 
H arris River, which flows into Twelvemile 
Arm. Pink salmon spawn only in the lower 
portion of Indian Creek. Median flood flow of 
this stream has been recorded as 456 c .f .s . 
and median flow as 3 c .f .s . (Jam es, 1956). 
Visual estimates of peak abundance of pink 
salmon ranged from 100 to 16,000 during the 
years 1950 through 1958 (peak abundance is 
that time when the most fish are in the 
stream ).

The valley floor through which Indian Creek 
flows ascends sharply as it leaves the stream  
mouth. The sides of the valley are steep in 
places and heavily wooded, chiefly with Sitka 
spruce and western hemlock. Although I made 
no detailed examination of the nature of the 
valley or of the valley floor, they are prob
ably similar to those of other stream s in 
the area. Zach (1950) reported that many of 
these watersheds are composed primarily of 
thin soils over bedrock on steep slopes and 
waterlogged peat in the muskegs.

There are two major sources of water to 
Indian Creek— surface runoff during rains 
and ground-water seepage during periods of 
drought. Rain-water is charged with dis
solved oxygen. On its way to the stream, 
however, as ground water it is subject to a 
biochemical oxygen demand imposed by the 
type of aquifer through which it passes. The 
entire watershed does not contribute a large 
amount of ground water as the base flow de
creases from approximately 5 c .f .s . 10 days 
after cessation of rain to 3 c .f .s . 30 days 
after (Jam es, 1956).

Although most work was done at the 16- to 
19-foot tide level, one experiment was done 
at the 11- to 13-foot tide level.

EQ U IPM EN T AND M ETHODS

Dissolved oxygen determinations were made 
on 25-m illiliter portions of water that were 
withdrawn from plastic standpipes driven to 
specified depths in banks and streambed.

Water samples were fixed and analyzed at 
once by the Winkler method (for a descrip
tion of standpipes, method of driving, etc., 
see McNeil, 1962).

Vertical and horizontal variation of dis
solved oxygen content of water within the 
gravel was determined from Latin square 
and randomized block designs in standpipe 
placement.

Water temperatures were measured with 
a Moeller hand thermometer, a Moeller dial 
thermometer, and a TRI-R thermistor ther
mometer. Dial and thermistor thermometers 
were fitted with 6-foot cables so that the 
sensitive portions of the bulbs could be in
serted into standpipes.

Ground water was detected and traced by 
means of its difference from stream water 
in dissolved oxygen content and temperature.

Fluorescein dye was used to chart flow 
directions of water within the gravel of the 
streambanks, gravel bars, and streambed 
and to demonstrate interchange of flowing 
stream  water and water within the gravel. 
Points of origin and emergence of dye-marked 
water were located with an engineers transit.

C H A R A C T E R ISTIC S O F INDIAN 
C R E E K  GROUND W A TER

Ground water extends from the water table 
down to the first impervious stratum. The 
migratory behavior of ground water in this 
surface zone is controlled by local topography 
and gravity flow characteristics; hence, the 
general trend of flow under the influence of 
gravity is into lakes and stream s. The rate  
and direction of flow conform primarily to 
slopes of the land surface and to the form 
of the first impervious layer below the water 
table. (A detailed discussion of ground water 
is given by Todd (1959) and others.)

D isso lv ed  Oxygen Content

The sources of ground water are mainly 
rain and snow. When rain-water falls upon 
the ground it is saturated with oxygen at the

2



prevailing temperature, but is subject to a 
biochemical oxygen demand as it percolates 
through the ground and after it reaches the 
water table. The extent of this biochemical 
oxygen demand depends on temperature and 
on the quality and quantity of organic matter 
through which the water must pass.

Despite depletion of its oxygen by organic 
matter, ground water in certain places con
tains a relatively large amount of dissolved 
oxygen, even as it enters a stream  or lake 
beach. Benson (1953) wrote that attempts 
to locate ground water in Pigeon River, 
Mich., by chemical methods were futile. This 
implies that ground water that entered spawn
ing areas of Pigeon River was neither higher 
nor lower in dissolved oxygen content than any 
other water he sampled in the stream . Up- 
welling ground water in lake beaches in 
Alaska and the Kamchatka Peninsula must 
contain sufficient dissolved oxygen to support 
the races of sockeye salmon (Oncorhynchus 
nerka) that successfully spawn on these beaches 
year after year. Krogius and Krokhin (1948) 
reported that dissolved oxygen in ground water 
in sockeye salmon spawning grounds in Lake 
Dalnee ranged from 1.5 to 13.5 m g./l. but 
more often from 5 to 6 mg. / l .  Kurenkov
(1957) said that oxygen saturation of spring 
water in Kamchatka was as high as 90 to 95 
percent.

Sampling of Indian Creek ground water was 
confined to point locations in 1958. In 1959 
the same points plus two 4 by 4 Latin squares

were used. (Figure 2 shows locations of the 
installations.)

Sampling points were distributed in the 
banks and over the gravel bar. Depths of 
standpipes in relation to a datum plane and 
each other are shown in figure 3. W ater- 
table heights were determined by measuring 
distance from top of pipe to surface of water 
within the pipe.

The two 4 by 4 Latin squares were in
stalled so that the shallowest four stand
pipes would usually reach the top of the 
water table (missing data in tables 2 and 8 
resulted when standpipes did not reach the 
water table). Each of the three remaining 
sets of four pipes was placed 7 inches deeper. 
Distance from the shallowest four pipes to 
the deepest four pipes was then 21 inches.

Data from point locations in 1958 and 1959 
(table 1) indicate that, in general, ground 
water that contributed to the Indian Creek 
riffle was characterized by low dissolved 
oxygen levels, except in late winter and 
early spring. At this time of year, Vhen 
ground-water temperatures are lowest, in
crease in dissolved oxygen is attributed to 
decreased biochemical oxygen demand of or
ganic m aterials in the ground-water aquifer.

Data from the Latin squares (table 2) in
dicate that during the sampling period dis
solved oxygen in ground water was generally 
low. Oxygen levels in Latin square 1 were

/Pool No. ¿ 1*

Figure 2.--Indian Creek study area 1 showing location of standpipes, Latin squares, 
and ground-water extension from bank to stream experiment (A),
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DATUM PLANE

Figure 3 .—Distance of bottom of standpipes in gravel bar and bank from established 
datum plane, Indian Creek, 1958-59.

slightly higher, and more gradation with depth 
is apparent than in Latin square 2.

V a ria tio n  of D isso lv ed  Oxygen with 
Depth in the S tream b ed

To substantiate results of measurements of 
dissolved oxygen content of ground water, the 
variation of dissolved oxygen with depth in 
the streambed was measured. If the dissolved 
oxygen content increased with depth or re 
mained the same at different depths, then 
upwelling ground water could be credited as 
a source of the water of high oxygen content. 
If, on the other hand, dissolved oxygen con
tent decreased with depth, a shallower source 
would be indicated.

Chambers, Allen, and Pressey (1955) have 
previously reported that the results of tests 
on stream s in Washington State showed that 
dissolved oxygen of intragravel water de
creased with depth regardless of whether or 
not salmon had used the gravel for spawning.

Variation of dissolved oxygen content with 
depth in streambed gravel was examined in 
Indian Creek spawning riffles by means of 
designed experiments. I first used a ran
domized block placement of standpipes, but 
shifted to 4 by 4 and 3 by 3 Latin squares, 
because Latin square arrangements could be 
installed in less time. To define spatial 
variation several installations were made 
in different places in the riffle (fig. 2).

In experiment 1 (fig. 4), 20 standpipes were 
used, 5 each of which were randomly placed 
in study area 3 in a 10- by 10-foot square 
at depths of 5, 10, 15, and 20 inches in the 
gravel. In 1958 these pipes were sampled on 
June 3, 5, 7, and 9, and September 13.

In experiment 2, standpipes were placed in 
a 4 by 4 Latin square design in study area 1 
at depths of 5, 10, 15, and 20 inches in the 
gravel. These pipes were sampled in 1958 on 
June 4, 5, 7, and 9.

Experiment 3 was made up of four 3 by 3 
Latin squares in the same general area as 
experiment 2. Within each square there were 
three pipes at 5 inches, three at 10 inches, 
and three at 20 inches in the gravel. In 1959 
these pipes were sampled on September 4, 10, 
and 13.

Analysis of the random block experiment 
(experiment 1) shows significant differences in 
time and with depth (table 3). The 4 by 4 Latin 
square (experiment 2) revealed a significant 
difference with depth but no significant dif
ference because of location of pipes (table 4). 
Analysis of the four 3 by 3 Latin squares 
(experiment 3) indicates significant differ
ences between depths for squares 3.1, 3.3, 
and 3.4, but no significant difference with 
depth in square 3.2 (table 5)#iAlso indicated 
is a significant difference because of place
ment of pipes in square 3.3.
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Table l.~ D issolved  oxygen concentration in  ground-water standpipes -  m g./l. Indian Creek study
area 1 , 1958-59

Cn

Date

1958  6/8 
6/10  
8/20  
8/22  
8/26 
9/29

9/3
9/7
9/10
9/16
9/18
9/19

9/25
9/26

10/16
12/23
12/29

1959
3/17
3/24
4/9
4/28
6/15

9/1
9/2
9/14
9/15
9/21

Standpipe numbers
Stream --------- — ----------------------------------------------------- ------

3 6 41 43 45 57 66 67 68 78 80 81

> 9 .0 0 .6 2 .2 2 .3 1 .9 2 .9 2 .7
H 0 .6 2 .8 3 .2 2 .2 3 .3 2 .8
II 1 . 1 6 .4 3 .8 3 .9 6 .3 8 .8 8 .6
H 0 .4 1 .9 4 .0 3 .7 1 .7 3 .8 6 .0 5 .1 0 .3 2 .2 5 .1
rt 2 .2 3 .4 3 .1 1 .6
it 0 .6 1 . 0 3 .4 2 .7

it 2 .0 1 .9 6 .8 2 .0 2 .7 3 .7 4 .9 3 .0 3 .7 1 .4
if 5 .6 5 .0 2 .2 9 .2
H 3 .0 6 .0
if 2 .1 3 .6 1 0 .0
it 5 .8 0 .4 4 .3 9 .6
I! 7 .5 1 .6 3 .3 7 .1
If 6 .6 7 .3 5 .7 4 .9 8 .4 1 0 .1 8 .3 1 .6 7 .0
T! 2 .9 5 .0
»! 0 .8 3 .6 2 .6 4 .4 4 * 6 4 .9 4 .0 4 .0 2 .7 4 .1
If 7 .5 1 2 .2 4 .4 1 0 .1 1 1 .0
II 1 1 .8 8 .0 8 .6 2 .7 6 .9 8 .6

1! 7 .8 9 .8 1 0 .6
I» 7 .4 8 .0 3 .9 9 .0 9 .0
II 1 0 .1 3 .0 9 .2 9 .7It 4 .4 2 .9 4 .5
ft 3 .2 3 .2 3 .4
It

If
It
If

!»

1 .8  4 .8
3 .0  3 .8
3 .0  3 .6
2 .6  3 .5
1 .2  1 .3
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1 . 8

2 . 2
8.2
6 . 2

7 .4
8 .8
4 .3
3 .3

4 .2
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3 .1  
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Table 2 . —Dissolved oxygen values (m g ./l .) for Latin square ground-water
standpipes, Indian Creek, 1959

Sampling dates By depth (shallowest to  deepest)

Pipe
number

9/l 9/2 LT\i—!ON 9/21 Mean Pipe
number

Mean o f 
4 dates

Mean of 
depth

IS1 1 _ 4 .0 2.2 0.8 2 .3 4 2 .7
2 2.2 2.8 2.8 0.8 2.2 7 5 .3 “J
3 4 .3 4 .2 2 .3 - 3 .6 10 3-3

' ■: 4 M H — n 2 .5 2.8 2 .7 13 ........... M B
5 3-9 3-7 2 .3 4 .8 3 .7 3 3 .6
6 1 3 .2 .1.8 0.8 1 .9 12 3-7 o £
7 7 .0 6.8 2.2 - 5-3 5 3 .3 j  .o
0 3*6 4 .5 2.8 1.0 3 .0 l4 3 .6
9 2.8 3 .8 2 .4 0 .9 2 .5 2 2.2

10 3 .8 3 .9 2.2 - 3 .3 8 3 .0 o n:
11 2 .4 2.2 1 .7 o*7 1.8 9 2 .5
12 3 .4 3 .8 2.6 3 .2 3 .3 15 2 .4

H 13 7-0 5-8 2.0 - 4 .9 1 2 .3
i4 4 .2 4 .2 2 .3 « 3-6 6 1 .9 A  A

15 2.6 3 .2 2 .5 1 .4 2 .4 l l 1.8 2.0
16 - 5 .0 2.2 1.8 3-0 l 6 1.8

IS2 1 0.8 l . l 0.6 0.8 3 2.0
2 0.9 1.0 1 .3 1.0 1 .1 8 2.2
3 _ 2.2 1.8 - 2.0 10 1 .5
4 - 2 .1 4 .3 1.2 2 .5 13 2 .7
qy - 1.8 0 .9 1.1 1.3 1 0.0
6 - 1.6 1.0 - 1 .3 6 1 .3
7 - 1 .3 3-9 1 .4 2.2 12 1.0 2.0
8 - 2.0 2 .3 - 2.2 15 0 .9
9 3 .1 2.0 3 .6 1.6 2.6 2 1.1

10 1 .4 1 .3 1.9 - 1 .5 5 1 .3 A  A

l l _ 0 .7 0 .4 1.6 0.9 l l 0 .9 2.0
12 1 .3 0.8 1.0 - 1.0 l 6 0 .7
13 3 .1 2.6 2 .3 - 2 .7 4 2 .5
P 1 .3 1.1 2.6 0.8 1.5 7 2.2 o  o
15 0 .7 1.1 1.0 - 0.9 9 2.6
16 0.6 0.8 1.0 0 .5 0 .7 14 ........ _____________



Figure 4.--Randomly placed standpipes at depths of 5 , 1 0 , 1 5 ,  and 20 inches, experiment 1, Indian Creek,
1958.

When the four squares are considered in 
a factorial analysis (table 6), there are sig
nificant differences between depths, between 
squares, and in interaction. The variance 
ratio (F) is higher, however, for depths than 
for the other sources of variation. Statisti
cally significant interactions are due to normal 
differences found between one point in a 
streambed and another.

Decrease in dissolved oxygen levels with 
depth in the streambed is shown in figure 5, 
where experiments 1, 2, and 3 are combined. 
Because of this decrease, no deeper source 
is indicated as contributing to high dissolved 
oxygen content of intragravel water. This 
further confirms that the primary source 
of dissolved oxygen is the stream .

G rou n d -W ater T e m p e ra tu re s

Ground-water temperatures were sampled at 
the same points and usually at the same time 
as dissolved oxygen (discussed on page 2). 
Although not measured consecutively through
out the year, ground-water temperatures at 
various depths below the water table appeared 
to be lower than stream  temperatures in the 
summer and higher in the winter (table 7). 
This agrees with Benson's (1953) findings 
for the Pigeon River, Mich., and with the 
ground-water temperature regimen of Cabin 
Creek in Southeastern Alaska, which was 
investigated by Institute personnel from 1949 
to 1952.
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Table 3 .—Experiment 1 . Dissolved oxygen measurements (in  m g ./l .)  
from 20 standpipes placed at random in a 1 0 - by 10-foot square 

in Indian Creek study area 3> 1958

Pipe
number

Depth
in

inches

Sampling dates

Means8/3 6 / 5 6/7 6/9 9 / 1 3

1 - 5 8.6 10.0 9 .2 9 .5 9.6 9 .4
2 II 8 .4 9 .0 8.8 9-7 9 .4 9 .1
3 II 9 .0 8.2 7 .9 8 .5 9 .9 8 .7
4 It 8.8 9-3 8 . 2 9-3 8.9 8.9
5 tt 5-6 8 . 6 7 . 8 8 . 8 8 . 1 7 .8

Mean 8*1 9-0 8 .4 9 .2 9 .2

6 10 7 .2 8.6 7-8 9.0 8 .3 8.2
7 tt 7 .8 8.8 8.0 9.0 9 .1 8 .5r>O tt 8 .4 o n  u.9 8.7 9*5 10.1 9 .1
9 ft M 8.6 9 .4 8 .4 9-5 9 .1 9-0

10 ft 7 .1 7 .6 6 .7 7 .7 7-4 7-3

Mean 7 .8 8 .7 7 .9 8.9 3 .3

i i 15 7 .0 7 .9 7-8 3.5 8.6 8.0
12 tt 5 .9 6.6 5-7 6.6 6.8 6-3
13 ft 6.6 6.8 5 .9 7 .1 6 .5 6.6
l4 ft 5 .8 7 .9 6 .4 7-5 7 .7 7-1
15 tt 8 .3 9 .2 8.2 8.9 9.4 8 .8  ’

Mean 6 .7 7-7 6 .8 7 .7 7.8

16 20 6 .8 8 .1 6 .6 7 .8 7.6 7 .4
17 tt 5 .4 4 .4 4 .3 4 .8 8 .0 5 .4
18 tt 5 .4 6 .8 6 .5 7 .0 6 .1 6 .4
19 tt 7 .2 8 .0 7-6 8 .4 8 .8 8 .0
20 tt 6 .1 7-8 6 .6 7 .4 7 .2 7 .0

Mean 6 .2 7 .0 6 .3 7 .1 7 .5
Grand Mean 7 .2 8 .1 7 .4 8 .2 8 .3

Analysis of variance of above data
Source

Sum of Degree of Mean Variance
squares freedom square ra tio

Time 21.96 4 5 . 49 5 .53*
Depth 61.74 3 20.58 20 .75*
Time x depth (Interaction) 0.67 1 2 0 . 054 nonsignificant
Error 79.37 80 0.992

^Significant a t 1-percent lev el.
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Table 4 .—Experiment 2 . Dissolved oxygen measurements (in  m g ./l .)  
from l6  standpipes placed in a 4 by 4 Latin square in Indi an

Creek study area 1 , 1958

Pipe
number

Depth
in

inches

Sampling dates

Means6/k 6/5 6 /7 6/9

1 5 7-3 7 .8 1 7 .1 7 .4
2 5 8 .6 8 .8 8 .7 9 .0 8 .8
3 5 9 .0 9 .0 8 .8 8 .9 8 .9
4 5 6 .8 6 .6 6 .4 6 .4 6 .6

5 10 8 .8 9 .1 8 .6 9 .0 8 .9
6 10 6 .6 6 .5 6 .1 6 .2 6 .4
7 10 5 .0 7 .0 6 .2 6 .2 6 .1
8 10 6 .2 5 .4 5 .1 5 .1 5-5

9 15 5-9 1 5-2 4 .8 5-3
10 15 6 .2 e.k 6 .0 5-9 6 .1
11 15 6 .2 5 .8 5 .1 5 .4 5 .6
12 15 6 .6 6 .0 6 .0 5 .8 6 .1

13 20 5 .1 1 5-3 5 .0 5 .2
14 20 5 .1 4 .4 4 .6 4 .1 4 .6
15 20 5 .7 5 .6 5 .0 4 .6 5 .2
16 20 6 .7 6 .7 6 .5 6 .4 6 .1

Analysis of variance of average of four dates above

Source Sum of Degree of Mean Variance
squares freedom square ra tio

Columns 8.73 3 2 . 91 4 .69  nonsignificant
Rows 0.45 3 0.15 0 .2 4  nonsignificant
Depths L5.34 3 5 . 11 8 .2 4 *
Error 3 .74 6 0.62

^Significant a t the 1-percent lev el.
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Table 5«— Experiment 3^ D isso lved  oxygen measurements (m g ./ l.)  
from fou r 3 by 3 L atin  squares, Indian Creek study area  1 ,  1958

L atin
square

Pipe
number

Depth
Sampling dates 

inches 9/4 9/10 9/13

A n a lys is o f  varian ce

Source
Sum o f  Degree o f  Mean 
squares freedom square

Variance
r a t io

3 .1 1 5 10.5 10.4 10.3 Rows 0 .8 l 2 0.405 1 . 9 7 6 n o n sign ifican t
2 5 io .6 10.0 10 .4 C o l. 1.08 2 0.540 2 .634nons i g n i f  ic a n t
3 5 1 1 .3 1 0 .1 9-8 Depths 83.96 2 41.98 204.78 *
1 10 9-8 10 .5 10.4 E rror 0 .4 l 2 0.205
5 10 10.0 10.0 9-6
6 10 1 0 .1 9-9 8.8
7 20 3-8 4.0 2.3
8 20 8 .4 3.6 2.5
9 20 1 .8 4.6 2.0

3-2 10 5 10 .2 10.8 1 0 .1 Rows 1 .1 8 2 0.590 0 .887nons i g n i f  ic a n t
1 1 5 10.6 11 .0 10.3 C o l. 4.06 2 2.030 3 .053nons i g n i f  ic a n t
12 5 ■ 10.4 10.2 Depths 2.99 2 1.495, 2 .248nons i g n i f  ic a n t
13 10 10.0 10.5 1 0 .1 E rror . I .33 2 0.665
l4 10 9.6 10 .2 9-6
15 10 10.2 10 .2 4.9
l6 20 9-3 9.8 9.8
17 20 9-9 2.0 9-6
18 20 9 .7 10 .2 10 .2

3-3 19 5 10.4 10.6 10.3 Rows 0.37 2 0.185 1 8 .5 0 n o n sig n ifica n t
20 5 - 10.6 10.4 C o l? 0.57 2 O.285 28.50 **
21 5 10.6 10 .5 9*^ Depths 2 1 .1 7 2 IO.585 105.85 * *
22 10 10 .5 10.5 1 0 .1 E rror 0.02 2 0 .0 1
23 10 10 .4 10 .2 7 -7
24 10 1 0 .1 1 1 .3 7-5
25 20 10.3 3-4 7-2
26 20 7 .4 6.0 7 - 1
27 20 6.6 - 7-8

3 .4 28 5 1 1 .0 - 10 .2 Rows 0.04 2 0.020 1 . OOnons ig n if ic a n t
29 5 10.9 - 10 .2 C o l. 0.00 2 0.000 0 .O O nonsignificant
30 5 1 1 .0 10 .5 10.2 Depths 1.9 4 2 0.970 48.50 *
31 10 10.3 10 .4 9.8 E rror 0.04 2 0.020
32 10 io .6 - 9-8
33 10 10 .7 10.3 9 .1
34 20 7 .7 10.6 10 .6
35 20 9 .2 9 .6 9 -7
36 20 10.6 8.4 8 .9

^ S ig n if ic a n t  a t  th e 1-p e rce n t l e v e l .
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Table 6 .—Analysis o f variance of four 3 by 3 
Latin  squares in  Indian Creek study area 1.

Source Sum of 
squares

Degree of 
freedom

Mean
square

Variance
ra tio

Depths 68.75 r \CL 34.37 83.22 3

Squares 21.68 3 7.23 1-7.51 *  ,

In teractio n 40.82 6 6.303 16.47 *

Error 9 .91 24 0.413

^ Sign ifican t a t the 1-percent le v e l.

Figure 5 . - -D ecrease in dissolved oxygen with depth 
in streambed gravel» experiments 1, 2» and 3, 
Indian Creek» 1958«

Temperature data from the two 4 by 4 Latin 
squares (table 8) show little variation in 
ground-water temperatures with time or depth 
in water table at the time of sampling.

T ra c in g  G rou n d -W ater Seepage
In Indian Creek, riffle ground water flows 

from the bank into the streambed because of 
a pressure gradient formed by the slope of 
the water table (fig. 6). Ground water was 
traced from the streambank into the stream - 
bed by means of dye and through dissolved 
oxygen and temperature differences. These 
differences were first determined in 1956 
through routine sampling of points throughout 
the riffle. Figure 7 shows gradual increase  
in dissolved oxygen content of water 10 inches 
under the gravel with distance away from the 
bank.

In 1959 three sampling stations were in
stalled (location shown as A in figure 2) to 
obtain specific data on oxygen and temper
ature differences. At the three stations, water 
within the gravel was sampled at points 1 foot 
apart extending from the bank 8 feet into the 
stream . Measurements showed that at the time 
of sampling (September) both temperature and 
dissolved oxygen increased (fig. 8) with dis
tance away from the ground-water source 
until influence of ground-water seepage was no

11



Table 7 . —Ground-water temperatures in degrees Fahrenheit a t various depths below the water
tab le , Indian Creek study area 1, 1958-59

Date Stream
Pipe numbers

3 6 41 43 45 57 66 67 68 78 80 81 91

1958

8/13 57.0 47 .0 51 .0 53.0 50.0 51 .0
8/17 55.0 47 .0 50 .0 51.0 50.0 51.0 51.0 50.0 51.0 51 .0
8/20 56 .0 50 .0 52 .0 55.0 52.0 51.0 51.0 53.0 54.0
8/22 56 .0 50 .0 48.5 50.5 51.5 53.0 50.5 54.5 52.0 49 .0 49 .0 50.5
8/29 57.0 48 .0 51.5 49.5 49 .0 49 .0 50.5 50.5

9/21 48 .0 49 .0 49 .0 49 .0
10/3 42 .0 44 .5 44 .0 44.5 44.5 44 .0 44 .0 4*4* 0 45 .0 46 .0
12/23 36.5 39 .0 37.5 39 .0 36.5 36 .0
12/29 35.5 36.5 35 .5 37 .0 37 .0 37.0

1959

3/17 35 .0 36 .0 36 .0 34 .0
3/24 34 .0 37 .0 33.5 33.5
4 /9 35 .0 37 .0 36.5 37 .0
4/28 37 .0 40 .0 38.5 38.5
6/15 52 .0 46 .0 48 .0 45 .0

9 /1 57.5 48 .2 48.5 48.5
9/2 57.7 48 .2 48 .0 48 .3
9/9 49 .0 47.5 48.0 47.5
9/14 53 .0 50 .0 50.5 50.0
9/15 54.0 49.5 50.0 49.5
9/21 49.5 48.5 49.0 48 .0

See figure 3 for depths of these standpipes.



Table 8 .—Temperatures in  degrees Fahrenheit for Latin square 
ground-water standpipes, Indian Creek, 1959

Sampling dates

Pipe Ho. 9 /1 9 /2 9 /l4 9/15 9 /21 Mean

Ifil 1 49 .0 49 .0 49 .0 49 .0 48 .0 48 .8
2 49.O 48.6 49.5 49 .0 48 .0 48 .8
3 i+8.5 48 .6 49.5 49 .0 - 48.9
4 48.5 - 50 .0 49.5 48 .0 49 .0
5 49 .0 49 .2 49 .0 49 .0 48.5 48.9
6 48.5 48 .4 49 .0 49 .0 48 .0 48 .6
7 49.0 49 .2 49 .0 49 .0 ~ 4 9 .1
8 48.3 48 .1 49.5 49 .0 48 .0 48.6
9 48.9 48 .8 49 .0 49.0 48 .0 4 8 .7

10 48.5 48 .7 49 .0 49 .0 - 48 .8
11 48.5 48 .4 49.O 49 .0 48 .0 48 .6
12 48.5 48 .8 49 .0 49 .0 48 .0 48 .7
13 4 9 .2 49 .2 49 .0 49 .0 - 49 .1
l4 48 .6 48.9 49 .0 49 .0 - 48 .9
15 48.5 48 .7 49 .0 49 .0 48 .0 48.6
16 48 .2 4 8 .1 49 .0 49.0 47.5 48 .4

Stream - 57-7 53.0 54.0 49 .5 53.6

IS2 1 48 .0 49 .0 48 .0 48.3
2 47.5 48 .0 - 47.5 47 .0 47.5
3 49 .0 49.5 - 49 .0* - 49 .2
4 47 .0 46.5 - 50 .0* 46 .0 47 .4
5 48 .2 48.5 - 48 .0 47.O 47.9
6 49 .0 49 .6 « ■ I - 49 .0
7 47.O 47 .0 - 50 .5* 45.5 47*5
8 49.5 49 .5 - 49.5 - 49 .5
9 48 .0 48 .5 - 48.0* 46.5 47 .8

10 49 .5 49.5 - 49.5 - 49 .5
11 48.5 48 .0 - 47.5 47.0 47 .8
12 48.5 48.5 mm 48 .0 - 48 .3
13 50 .2 50 .0 - ■ 1 - 49 .9
l4 48.5 48.5 - 50.5 47 .0 48 .6
15 49 .0 49 .0 - 48.5 - 48 .8
16 48 .0 48 .0 48 .0 46.5 47 .6

Stream - 57-7 53-0 54.0 49.5 53.6

*  Surface water entered standpipes.
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Figure 6 . - -W ater-table gradient for three water-table levels, Indian Creek, study
area 1,

Figure 7 .—Indian Creek study area 1 showing mean 
dissolved oxygen levels at 10 inches in the gravel 
in contour intervals of 1 m g./l.»  August 1956. 
(Arrows indicate direction of ground-water flow.)

DISSOLVED OXYGEN ( MG./L.)

TEMPERATURE (DEGREES F.)

Figure 8 .— Indian Creek study area 1, September 1959. 
Upper figure shows increase in water temperature 
and dissolved oxygen with distance away from bank 
ground-water source at 10 inches in gravel. Lower 
figure is temperature and dissolved oxygen data 
from upper figure plotted to show relationship be
tween water temperature and dissolved oxygen.
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longer apparent. The trend of increase shown 
in figure 8 would have been even better de
fined except for vertical as well as horizontal 
variation. Vertical gradations of water tem
perature and dissolved oxygen were well 
defined near the bank, but were not nearly 
as pronounced as near the center of the stream  
(table 9).

In terch an g e  of Flow ing S tre a m  
W a te r  with W a te r  in the G ra v e l of 
the S tream b ed

Studies of interchange of flowing stream  
water with water in the gravel of the stream - 
bed were started as soon as it became apparent 
that ground water was usually low in dissolved 
oxygen content and that dissolved oxygen levels 
decreased with depth in the streambed. The 
extent and method of interchange in salmon 
spawning riffles had not been thoroughly 
demonstrated.

Wickett (1954) suggested that intragravel 
water containing a large amount of dissolved 
oxygen comes from the stream through per
colation. Cooper (1959) reported that inter
change is greatly increased by placing a few 
large rocks on the surface of the streambed. 
Interchange was indicated by the work of 
Fisheries Research Institute personnel (un
published) and of Skud (1954) on changing

temperatures and salinities in the gravel of 
intertidal zones through the tidal cycle.

Interchange of water between stream  and 
streambed was first demonstrated in the 
Indian Creek spawning riffle in 1958. At that 
time upwelling of intragravel water was shown 
by inserting fluorescein dye into standpipes 
placed at various depths in the gravel and 
mapping the subsequent appearance of dye- 
marked water at the surface of the streambed. 
Descent of surface water was demonstrated 
by marking flowing stream water m asses with 
dye and capturing dye-marked water in stand
pipes placed at different depths in the gravel 
downstream from the point of insertion.

The mechanics of interchange in the Indian 
Creek riffle were qualitatively studied in 
more detail in 1959; results of this work 
appear in a report by Vaux and Sheridan 
(1960).

W a te r in G ra v e l of S tream b an k s  
and G ra v e l B a r

Temperatures of water in the gravel of the 
main stream channel closely approximated 
temperatures of the flowing stream (except 
in areas under ground-water influence dis
cussed previously). Because of interchange, 
dissolved oxygen levels of water in the gravel

Table 9 . —Comparison of dissolved oxygen and temperature 
gradations a t two locations in  Indian Creek study r i f f l e ,

September 1959

Depth
in

gravel

Near the bank 

(ground-w ater seepage)

Near centei 
(no grot 

seepage— i

: of stream
ind-water
Interchange)

Dissolved
oxygen

Tempera
tu re

Dissolved
oxygen

Tempera
tu re

Inches * £ _ f . 0 F.

5 7 .0 5 1 .0 1 0 .1 5 1 .0

10 4 .4 5 0 .5 9 .9 5 0 .8

15 1 .4 4 8 .0 - -

20 0 .5 4 5 .5 9 .7 5 1 .0
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of the main stream channel also usually 
approximated dissolved oxygen levels of the 
flowing stream , except in areas under ground- 
water influence and during low stream  levels 
when interchange was minimized.

On the other hand, within the gravel of the 
bar, both temperature and dissolved oxygen 
content of water varied widely depending on 
stream  level. The bar was covered with water 
on high stream  levels (the bar became a part 
of the main stream  channel at a stream  gage 
reading of 2.20 or more) and uncovered on 
low stream  levels (stream  gage reading of 
1.90 or less). Dissolved oxygen content of water 
in the gravel of the bar increased with an in
crease  in stream  level. This is shown in 
figure 9. The shapes of the curves representing 
the increase of dissolved oxygen with stream  
level at individual standpipes differ because 
(1) some of the standpipes were located at 
points where the gravels were more permeable, 
hence more interchange occurred, (2) some of

GAGE HEIGHT IN FEET

Figure 9 .—Increase in dissolved oxygen levels of 
water in the gravel bar with increase in stream  
water levels, Indian Creek, August 1958. (Numbers 
correspond to standpipe locations shown in figure 2. 
Relative depths of pipes shown in figure 3.)

the curves represent points closer to ground- 
water outflows, and (3) standpipes were not 
all at the same depth below the water table.;

When stream  level was above 2.2 feet and 
stream  water ran over the bar, there was a 
fairly good relationship between temperature 
and dissolved oxygen (upper fig. 10).

At a lower stream level sampling points 
showed a different temperature-dissolved oxy
gen relationship (lower fig. 10). F irst, dis
solved oxygen levels were generally lower 
than they were on a higher stream  level. 
Second, although dissolved oxygen and tem
perature at points 3, 43, 6, and 66 have re 
mained generally low, the water at points 
which were previously high in dissolved oxy
gen (64, 29^*9, 2, 20, 30, 67, and 63) shows 
a marked decrease in dissolved oxygen con
tent, but either remains the same or in
creases in temperature.

Figure 10.—Dissolved oxygen levels plotted against 
water temperatures on two different gage heights, 
Indian Creek, August 1958. (Numbers correspond 
to standpipe locations shown in figure 2 . Relative 
depths of pipes shown in figure 3.)
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I suggest that the reason for a decrease in 
dissolved oxygen with an increase in tem
perature (above and beyond decrease due to 
temperature alone) is that the absence of a 
layer of water over the bar prevents inter
change. Ground-water influence can be ruled 
out, for the water temperatures are too high 
to indicate the presence of ground water. 
Therefore, dissolved oxygen was maintained 
on a high level as long as surface stream  
water flowing over the bar permitted inter
change to take place. But as soon as the stream  
level dropped, no interchange occurred, and 
water flowing through the bar was subject to a 
continuous oxygen depletion from biochemical 
oxygen demand.

That such depletion can occur may be indi
cated indirectly. The range of 27 flow velocity 
measurements made in the bar in 1956 (by 
timing the appearance of dye-marked water) 
was from 2 to 170 feet per day with an 
average of 37 feet per day. Based on this 
average velocity and the length of bar, it is  
possible that high oxygen content water enter
ing the upper end of the bar would be subject 
to a biochemical oxygen demand for 2 days 
at a temperature around 55° F . In preliminary 
studies on the biochemical oxygen demand 
of Indian Creek gravels, dissolved oxygen 
content fell from 9.5 to 2.2 mg. / l .  in 48 hours 
at an average water temperature of 52.5° F .

DISCUSSION

Ground water in the _ Indian Creek study 
riffle was generally low in dissolved oxygen, 
and dissolved oxygen levels decreased with 
depth in streambed gravels. Thus, by a process 
of elimination we can corroborate reports of 
Royce (1959) and Vaux and Sheridan (1960) that 
the primary source of high oxygen content 
intragravel water in salmon stream s is the 
stream  itself.

Therefore, if anything interferes with inter
change of stream and intragravel water, the 
amount of dissolved oxygen available to salmon 
eggs will be decreased, and the rate of flow 
past embryos will be lowered. Silting of the 
streambed, by l o w e r i n g  permeability 
of streambed gravels, can definitely interfere 
with interchange. An algae cover over the

streambed (such as that observed in Indian 
Creek in September 1957) is another factor 
that can interfere with interchange.

It is also possible that varying amounts of 
fine m aterials in spawning riffle streambeds 
are responsible for some stream s pro
ducing more salmon than others. Wickett
(1958) found a relationship between perme
ability of streambed gravels and pink and chum 
(Oncorhynchus keta) salmon fry production in 
British Columbia stream s. If high perme
abilities are desirable and a large amount 
of fines are detrimental to survival of salmon 
eggs, fines can be removed. This action would 
increase dissolved oxygen levels and flow 
rates and enhance survival of salmon embryos.

Low dissolved oxygen levels of Indian Creek 
ground water during summer and fall months 
indicate that areas of ground-water effluence 
may be harmful to salmon eggs. But on the 
other hand we found that in both Cabin and 
Indian Creeks ground water was colder than 
stream  water, in summer and warmer in 
winter. Therefore, as Needham and Jones
(1959) point out, ground water may have a 
tempering effect on stream water and help 
prevent freezing of streambed gravels. This 
possibility can easily be investigated, since 
ground water in salmon spawning riffles can 
be detected and traced through its distinctive 
qualities of dissolved oxygen and temperature.

Although ground water has either a harm
ful or beneficial effect (depending on circum 
stances) in upstream spawning areas, it is  
doubtful if it has any direct effect at all in 
intertidal areas where great numbers of pink 
salmon spawn in Southeastern Alaska, Prince 
William Sound, and other regions. Intertidal 
areas are often underlain by impervious bed
rock or a clay layer at relatively shallow 
depths, and stream s meander through extensive 
tide flats composed mostly of mud. Only main 
stream  channels are kept clean. Since there is  
no place for ground water to come from, 
intragravel water in intertidal areas must 
depend exclusively on interchange for re 
plenishment of dissolved oxygen and on ebb 
and flow of warmer salt water for protection 
against freezing.

17



Because of low ground-water dissolved oxy
gen, Indian Creek (and probably many other 
stream s in Southeastern Alaska and else
where) apparently differs from spawning areas 
in which the presence of ground water has been 
reported to affect beneficially spawning of 
adult salmonids and survival of their eggs 
and larvae. White (1930), Greeley (1932), 
Hazzard (1932), and Benson (1953) all stated 
that the presence of springs and of ground- 
water seepage determined the location of 
spawning areas of brook and other species 
of trout. Benson also said that ground-water 
seepage affected both sizes and numbers of 
all age groups of brook and brown trout in 
the Pigeon River, Mich.

Association of sockeye salmon spawning 
with ground water has been mentioned by 
Burgner (1958), and Mathisen (1955) for Bristol 
Bay, Alaska, and by Krogius (1951), Krokhin 
and Kurenkov (1954), Krogius and Krokhin 
(1948), and Kurenkov (1957) for the Kamchatka 
Peninsula. Royce (1951) found no evidence 
that lake trout select a lake bottom supplied 
with spring water for deposition of their eggs.

Results of temperature and dissolved oxygen 
measurements of water in the gravel bar of 
the study riffle in Indian Creek furnish indi
cations as to whether or not a gravel bar is 
a favorable environment for developing salmon 
eggs. In almost every stream  suitable for pink 
salmon spawning in Southeastern Alaska, there 
are extensive gravel bars (termed marginal or 
fringe spawning areas) on which heavy spawn
ing sometimes occurs when stream  level and 
population pressure are high. In Cabin Creek 
I determined that spawning in a cro ss section 
of a riffle increased by 50 percent with a 
rise in stream level of 1.1 feet (gage height 
from 0.48 to 1.58 feet). Since salmon eggs 
and larvae that are developing in marginal 
spawning areas are subject to fluctuating 
stream  heights and are often exposed to pro
longed periods of low air temperatures, their 
chance for survival would appear to be low. 
Hunter (1959) reported that in some years 
spawning in fringe areas showed greater 
survival ratios than spawning in other areas  
in Hooknose Creek, British Columbia. He 
attributed high survival years to relatively 
constant water levels and absence of persistent 
freezing temperatures.

Since salmon eggs deposited in certain parts 
of the marginal spawning area in the Indian 
Creek study riffle would be subject to inter
mittent high temperatures and low dissolved 
oxygen levels, this does not appear to be a 
favorable environment for survival.

SUM M ARY

P art of study conducted by the Fisheries 
Research Institute on effects of logging in 
southeastern Alaska salmon spawning stream s 
was an investigation of waterflow through the 
gravel of a spawning riffle in Indian Creek. 
This investigation included a determination 
of (1) dissolved oxygen content and temperature 
of ground water and the extent of ground- 
water seepage, (2) variation of dissolved 
oxygen content of water with depth in the 
streambed, (3) interchange of flowing stream  
water and water of the streambed gravel, and 
(4) flow characteristics of water in the gravel 
of streambank and gravel bar.

Through tracing flow directions with fluo
rescein dye and measuring the dissolved oxygen 
content and temperature of stream  and ground 
water, we found the following:

1. Ground water was low in dissolved oxygen 
at all times of the year except the winter 
months when ground-water temperatures were 
lowest.

2. Ground-water temperatures were lower 
than stream  temperatures during the summer 
and higher during the winter.

3. Dissolved oxygen content of water within 
the gravel of the streambed decreased with 
depth.

4. Ground water flowed from the streambank 
into the streambed. Its presence was detected 
by its dissolved oxygen and temperature dif
ferences.

5. The major source of water of high 
oxygen content within the gravels of the 
riffle was the stream . This was determined 
by demonstrating large-scale interchange in 
the main stream and by measuring dissolved 
oxygen content and temperatures of water 
in the gravel of a gravel bar with inter
mittent surface flow.

18



ACKN OW LEDGM EN TS

The writer wishes to acknowledge the fore
sight of William F . Thompson, who formulated 
basic concepts of ground-water hydrology and 
interchange of stream  and intragravel water 
in a salmon stream some years ago. He also 
wishes to express his appreciation to William 
F . Royce, Robert L . Burgner, and Ted S. Y . 
Koo of the Fisheries Research Institute, for 
helpful suggestions in the preparation of this 
paper.

L IT E R A T U R E  C IT E D

BENSON, NORMAN G.
1953. The importance of ground water to 

trout populations in the Pigeon River, 
Michigan. Transactions of the Eighteenth 
North American Wildlife Conference,
p. 269-281.

BURGNER, ROBERT LOUIS.
1958. A study of fluctuations in abundance, 

growth, and survival in the early life 
stages of the red salmon
nerka Walbaum) of the Wood River 
Lakes, Bristol Bay, Alaska. Ph.D. 
thesis, University of Washington, 
Seattle, 200 p.

CHAMBERS, J .  S., G. H. ALLEN, and R. T. 
PRESSEY.

1955. Research relating to a study of spawn
ing grounds in natural areas. Annual 
Report of Washington Department of 
Fisheries to U.S. Army Corps of Engi
neers under contract no. DA. 35-026- 
Eng-20572, 175 p.

COOPER, A. C.
1959. Discussion of the effect of silt on 

survival of salmon eggs and larvae. 
In Proceedings of the Fifth Symposium, 
Pacific N.W., on siltation, its sources 
and effects on the aquatic environment, 
p. 18-22, U.S. Public Health Service.

GREELEY, JOHN R.
1932. The spawning habits of brook, brown 

and rainbow trout, and the problem of 
egg predators. Transactions of the 
American Fisheries Society, vol. 62, 
p. 239-248.

HAZZARD, A. S.
1932. Some phases of the life history of 

the e a s t e r n  brook trout, Salvelinus 
fontinalis Mitchill. Transactions of the 
American Fisheries Society, vol. 62, 
p. 344-350.

HUNTER, J .  G.
1959. Survival and production of pink and 

chum salmon in a coastal stream . 
Journal of the Fisheries Research  
Board of Canada, vol. 16, no. 6, p. 835- 
886.

JAMES, GEORGE A.
1956. The physical effect of logging on 

salmon stream s of Southeast Alaska. 
U.S. Department of Agriculture, Forest 
Service, Alaska F orest Research Cen
ter, Station Paper No. 5, 49 p.

KROGIUS, F . V.
1951. O dinamike chislennosti krasnoi 

[Oncorhynchus nerka (Walbaum)] [On the 
dynamics of abundance of the sock- 
eye salmon ( Oncorhynchus nerka, Walb.)].
Izvestiia Tikhookeanskovo Nauchno- 
Issledovatelskovo Instituta Rybnovo 
Khoziaistva i Okeanografii, vol. 35, 
p. 1-16. Translation Series, No. 101, 
Fisheries Research Board of Canada 
(Translation examined only).

KROGIUS, F .  V., and E . M. KROKHIN.
1948. Ob urozhainosti molodi krasnoi 

[( Oncorhynchus nerka Walb.)] [On the pro
duction of young sockeye salmon 
( Oncorhynchus nerka Walb.)]. Izvestiia
Tikhookeanskovo Nauchno-Issledovatel- 
skovo Instituta Rybnovo Khoziaistva i 
Okeanografii, vol. 28, p. 3-27 . Transla
tion Series, No. 109, Fisheries Re
search Board of Canada (Translation 
examined only).

KROKHIN, E . M„ and 1 .1 . KURENKOV.
1954. Rybokhoziaistrennoe osvoenie Kro- 

notskovo ozera [Development of com
m ercial fish stocks from Lake 
Kronotsk]. Akademiia Nauk SSSR, 
Ikhtiologicheskaia Kommissiia, Trudy 
Soveshchanii, No. 4, p. 156-59. Trans
lation Series, No. 97, Fisheries Re
search Board of Canada (Translation 
examined only).

19



KURENKOV, I. I.
1957» Vozdeistvie vulcanizma na rechnuiu 

fauna [The effect of a volcano on a river 
fauna]. Priroda, No. 12, p. 49-54. Trans
lation Series, No. 184, Fisheries Re
search Board of Canada (Translation 
examined only).

MATHISEN, OLE A.
1955. Studies on the spawning biology of the 

red salmon, Onc nerka (Wal- 
baum) in Bristol Bay, Alaska with 
special reference to the effect of altered 
sex ratios. Ph.D. thesis, University 
of Washington, Seattle, 285 p.

McNEIL, WILLIAM J .
1962. Variations in the dissolved oxygen 

content of intragravel water in four 
spawning stream s of Southeastern 
Alaska. U.S. Fish and Wildlife Service, 
Special Scientific Report—Fisheries 
No. 402, 15 p.

NEEDHAM, PAUL R., and ALBERT C. JONES.
1959. Flow, temperature, solar radiation, 

and ice in relation to activities of fishes 
in Sagehen Creek, California. Ecology, 
vol. 40, no. 3, p. 465-474.

ROYCE, WILLIAM F .
1951. Breeding habits of lake trout in New 

York. U.S. Fish and Wildlife Service, 
Fishery Bulletin 59, vol. 52, p. 59-76.

1959. On the possibilities of improving 
salmon spawning areas. Transactions of 
the Twenty-fourth North American 
Wildlife Conference, p. 356-366.

SKUD, BERNARD EINAR.
1954. Salinity gradients in the intertidal 

zone of an Alaskan pink salmon stream . 
In Mitchell G. Hanavan and Bernard

Einar Skud, Intertidal spawning of pink 
salmon, p. 177-185. U.S. Fish and 
Wildlife Service, Fishery Bulletin 95, 
vol. 56.

TODD, D. K.
1959. Groundwater hydrology. Wiley, New 

York, xii, 336 p.

VAUX, WALTER G., and WILLIAM L. 
SHERIDAN.

1960. Interchange of flowing stream and 
intragravel water in a salmon spawn
ing riffle. University of Washington, 
College of Fisheries, Fisheries Re
search Institute Circular no. 115, 4 p. 
Seattle.

WHITE, H. C.
1930. Some observations on the Eastern  

brook trout (S. fontinaUs) of Prince Ed
ward Island. Transactions of the Ameri
can Fisheries Society, vol. 60, p. 101- 
108.

WICKETT, W. PERCY.
1954. The oxygen supply to salmon eggs in 

spawning beds. Journal of the Fisheries 
Research Board of Canada, vol. 11, 
no. 6, p. 933-953.

1958. Review of certain environmental fac
tors affecting the production of pink and 
chum salmon. Journal of the Fisheries 
Research Board of Canada, vol. 15, no. 
5, p. 1103-1126.

ZACH, L[AURENCE] W.
1950. Effect of rainfall on stream flow in 

Southeast Alaska. U.S. Department of 
Agriculture, F orest Service, Alaska 
Forest Research Center, Technical Note 
No. 4, 3 p.

20



UNITED STATES DEPARTMENT OF THE INTERIOR, Stewart L. Udall, Secretary
FISH AND WILDLIFE SERVICE, Clarence F. Pautzke, Commissioner 

B u r e a u  o f  C o m m e r c ia l  F is h e r i e s , Donald L. McKernan, Director

INTERCHANGE OF STREAM AND INTRAGRAVEL 
WATER IN A SALMON SPAWNING RIFFLE

by

W alter  G. Vaux

Contribution No. 82. College of Fisheries. University of Washington

United S ta te s  F is h  and W ild life  S e rv ic e  
S p e c ia l S c ie n t if ic  R e p o r t - - F is h e r ie s  No. 405

W ashington, D . C . 
M arch  1962





CONTENTS

Page

Introduction............. ............................................................................................................    1
Theory of interchange and intragravel oxygen resupply....................................................................... 2

Transport processes:
Stream-intragravel interchange....................................     3
Ground-water oxygen transport........................................ . ...................................................... ..  6

Intragravel oxygen balance. ........................................................................................................ ..
Field verification of the slope-interchange m echanism ....................................................................... 8

Experimental apparatus and procedure. . . ,.... .  ..................  .  ............................ .................. 8
Results.....................          8

D iscussion...................... ..  . ........................................................................................................ ........................  8
Sum m ary......................................................................  9
Acknowledgments. ......................". ............................... ............................................................................... • • 10
Literature cited ...............................................................        10

iii





INTERCHANGE OF STREAM AND INTRAGRAVEL 
WATER IN A SALMON SPAWNING RIFFLE

by W alter  G. Vaux 
F is h e r ie s  Aid

F is h e r ie s  R e s e a r c h  In stitu te  
U n iv e rs ity  of W ashington 

S e a tt le , W ashington

AB STR ACT

Dissolved oxygen is supplied to intragravel water in a salmon spawning riffle 
through (1) interchange of water from the stream  into streambed gravel, and (2) 
ground-water flow. The primary variables that control interchange are gradients 
in the stream  profile, permeability of the gravel bed, and dimensions of the bed.

The delivery of dissolved oxygen to intragravel water and the way in which rate  
of delivery is affected by stream  profile, permeability, and dimensions of the bed 
are explained.

IN TRODUCTION

While buried in the gravels of stream s for 
6 to 9 months, eggs and larvae of the Pacific 
salmon (Oncorhynchus) are subjected to various 
environmental factors causing mortality, such 
as floods and freezing (Royce, 1959). Other 
important factors that affect mortality are  
dissolved oxygen content and rate of flow of 
intragravel w ater1 that bathes buried salmon 
eggs and larvae (Wickett, 1958).

Oxygen dissolved in intragravel water is 
consumed by biological and chemical proc
esses and must be resupplied by diffusion, 
ground-water flow, or circulation between 
aerated stream  water and water in the gravel. 
The circulation between stream  and intra
gravel water is called interchange and is 
either an upward or downward flow.

The Fisheries Research Institute started  
studies of interchange in 1948 under the direc
tion of Dr. William F. Thompson. These 
studies were interrupted in 1949 and were not

1The term  “ intragravel water”  refers to water o c
cupying interstices in gravel beds.

resumed until 1957 when they became part of 
a project to study effects of logging on produc
tivity Of pink salmon (Oncorhynchus gorbuscha) 
in stream s of Southeastern Alaska.* In 1957 
the occurrence of interchange was qualita
tively demonstrated in a spawning riffle by 
injecting dye into the gravel through stand
pipes and detecting the appearance of dye at 
the surface of the gravel downstream from  
the point of injection. In 1958 and 1959 pre
liminary studies were conducted by the writer 
in a small flume at the University of Wash
ington Chemical Engineering Laboratory to 
identify some of the variables that control 
interchange. During the summer of 1959 
studies conducted in a pink salmon spawning 
riffle in Indian Creek in the Kasaan Bay 
area of Southeastern Alaska (fig. 1) provided 
qualitative verification of the dependence of 
interchange on stream  gradient and pro
file.

The study of interchange is being continued. 
In addition to field investigations, a quantitative

1 Contract with Bureau of Commercial Fisheries, 
U.S. Fish and Wildlife Service.
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Figure 1 .--Location of study stream s, Hollis area.

laboratory study of the dependence of inter
change upon stream  gradient and profile and 
gravel permeability is being carried on by 
the w riter as a thesis research program at 
the University of Minnesota Department of 
Chemical Engineering.

The primary purpose of this paper is to 
present a theory of interchange. Results of

field experiments demonstrating interchange 
are also described.

TH EO R Y  O F  IN TERCH A N G E AND 
IN T R A G R A V E L  O XYG EN  R E S U P P L Y

The initial source of oxygen that is dis
solved in intragravel water is the atmosphere. 
The purpose of this discussion is to describe
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the processes that operate to transport 
free gaseous oxygen from the atmosphere 
to intragravel water of salmon spawning 
riffles.

T ra n sp o rt P r o c e s s e s
Stream -intragravel interchange.— The steps 

involved in physical transport of free oxygen 
to intragravel water are:

1. Dissolution of oxygen through air-w ater 
interface into stream  water.

2. Transport of oxygenated water to the 
stream  bottom.

3. Interchange of oxygenated water from 
the stream  into the porous gravel interior.

These steps are diagrammed in figure 2.

Since this is a series process, the rate at 
any point will control the entire process.

Rate of oxygen dissolution in standing water 
is dependent upon temperature, surface area, 
and difference in partial pressure of oxygen 
dissolved in water and oxygen in the atmos
phere. It is normally a slow process and may 
be controlling. The dissolution of oxygen in 
turbulent stream  water, however, is a rapid 
process compared with subsequent steps and 
is normally not controlling. This is shown by 
the near-saturation oxygen level in surface 
water of unpolluted stream s.

Dissolved oxygen, present at the stream  
surface, may be transported to the stream  
bottom through diffusion or turbulent water 
current. In the case of standing water, for in

stance a pool or pond, the water is motionless 
or in laminar flow. Here the transport of dis
solved oxygen is mostly by diffusion, and a 
downward movement of oxygen is due to dif
ferences in oxygen concentration between 
highly oxygenated surface and poorly oxy
genated bottom water.

On the other hand, a stream  or river of the 
kind used by salmon for spawning will usually 
be in turbulent flow (Russel, 1942), which is 
characterized by continuous swirling, eddy 
crosscurrents, and complete mixing. Conse
quently, oxygenated surface water (saturated 
with dissolved oxygen) is mechanically ca r
ried to all depths of the stream  (O'Connor and 
Dobbins, 1956). Turbulent transport is a rapid 
process and is not controlling.

F or oxygenated water to enter the stream - 
bed a force must exist to induce flow across  
the gravel boundary. Consider a stream  flow
ing over a smooth-surfaced gravel bed of 
constant permeability and gradient. Turbulent 
conditions do not exist at the thin water layer 
adjacent to the stream  bottom (McCabe and 
Smith, 1956), and there is no reason to expect 
interchange. For interchange to occur there 
must be inherent factors in the surface water, 
streambed surface, or streambed interior 
affecting interchange. The factors that pos
sibly control interchange include (1) stream  
surface profile, (2) gravel permeability, (3) 
gravel bed depth, and (4) irregularity of the 
streambed surface.

If the stream  surface profile is not curved, 
if the gravel bed is of constant permeability
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and depth, and if the stream bottom is smooth, 
no interchange should occur. If gradient, 
permeability, or bed depth vary in the direc
tion of intragravel flow, however, interchange 
should occur. Each of the three variables may 
cause a change in total intragravel flow inde
pendently of the others.

D 'Arcy's law of flow related fluid flow 
velocity in a porous gravel bed to permeability 
and the energy change within the bed, viz.,

-  k  (Ah)
V = ------ |------  (1)

L

where V is the average flow velocity, k the 
gravel permeability and Ah the loss in specific 
energy through the bed length L (Scheidegger, 
1957; King and Brater, 1954). To describe the 
flow of water within a streambed, the energy 
change and bed length may be combined, giv
ing,

V = -  k sin e (2)

where e is the angle of the energy line, that 
is, the rate at which energy is lost in the 
direction of flow (American Society of Civil 
Engineers, 1949).

In the discussion that follows it will be as
sumed that the energy line and stream  surface 
profile or hydraulic gradient are approxi
mately equal, that is, they have the same 
slope and curvature. In extreme cases, for 
instance hydraulic jump, slopes of the energy 
line and stream  profile differ greatly; how
ever, cases to be considered here are as

sumed to have nearly uniform flow. Hence, 9 
will be the slope of the stream  surface pro
file in the direction of intragravel flow. P er
meability, defined by equation (1), is the 
property of gravel permitting fluid flow and 
is affected by gravel particle size, size dis
tribution, porosity, organic content, and par
ticle shape.

Consider the intragravel channel of unit 
width and depth, the upper face of which is 
the gravel surface and the bottom face and 
sides of which are impermeable boundaries. 
Axial flow within this channel follows the con
tinuity equation (Lapple, 1951).

W -  Ap V (3)

where W is the mass flow rate (weight of 
water flowing per unit time), A the channel 
cross-section area, p the water density, and 
V the average intragravel velocity. By sub
stitution of equation (2) in (3)

W = -  k Ap sin e (4)

Since the channel cross-section area is as
sumed to be constant, any increase in mass 
flow rate must enter the channel by inter
change across the gravel surface.

Interchange may be measured by the vari
able, I, the flow rate of stream  water entering 
the gravel per unit area of gravel surface. 
The interchange flow into the intragravel 
channel must equal the change of axial intra
gravel flow, W. Considering flow along an 
increment of length, A L (fig. 3), (intragravel

Figure 3 . - - Interchange and intragravel flow to a channel section.
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flow rate in) -  (intragravel flow rate out) = I 
(width of channel x length of channel) or, since 
the width is assumed to be one unit, AW = 1» 
AL which may be expressed as first derivative,

1 1  (5)
dL

Applying this to equation (4),

I = -  k Ap cos -----  (6)
dL

Since kAp is positive, and for# < -7p  cos is 
positive, hence the sign of I and the direction 
of flow depends upon the sign o f - ^ . Three

cases may be considered^ 4
1. If the stream  surface profile is a straight

line (not necessarily horizontal), = 0 and
dL

there is no interchange.
j  n

2. If the surface profile is concave,-2 2 -is
dL

positive, I is negative indicating a flow out of 

the gravel.

3. If the surface is co n v e x ,-^ -is  negative,
dL

I is positive indicating a flow into the gravel.

In other words, a curved stream  surface 
due to change in profile slope forces an ac

celeration or deceleration of intragravel flow. 
A convex surface causes a faster intragravel 
flow velocity downstream. Since, by definition, 
the lower boundary is impermeable in this 
model (fig. 4), water must enter the intra
gravel channel, by necessity through the gravel 
surface, to provide the additional mass flow.

Cooper (1959) reported that under constant- 
gradient smooth-bed surface flow conditions, 
intragravel flow lines were generally parallel 
to the bed with some interchange near the 
surface. He also stated that interchange in 
the upper 1-foot stratum was greatly in
creased if large rocks were placed on top of 
the bed, and that extensive downward inter
change could be expected if a hump of gravel 
was formed by a female salmon digging an 
egg pocket. In either case—piled rocks or a 
hump in the stream  bed— the water surface 
is forced to a convex profile and conditions 
provide a force for downward interchange.

While the curvature of the stream  profile 
induces interchange through controlling intra
gravel flow velocity, a second effect is the 
centrifugal pressure due to curved flow. It 
may be shown, however, that usually the 
centrifugal effect is negligible.

Varying permeability of streambed gravel 
is a second cause of interchange. In a stream  
in which gravel permeability changes, although 
the stream  gradient remains constant and has

Figure 4 .—Longitudinal stream  profile showing surface-induced interchange when gravel is
underlain with impermeable layer.
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a planar gravel surface, the Intragravel flow 
velocity will necessarily increase or decrease. 
If an area of low gravel permeability occurs 
between two areas of high permeability, inter
change will occur as shown in figure 5.

Looking again at the continuity equation (3), 
a third cause of interchange is suggested: a 
change in intragravel flow area or, in effect, 
gravel bed depth. As gravel depth increases 
in the direction of flow (assuming constant 
slope and velocity) the total intragravel flow 
must proportionately increase, and there will 
be interchange into the gravel.

A fourth possible source of interchange is 
the roughness and irregularity of the stream - 
bed. It is surmised that the composite effect 
of surface irregularities and fluid inertia 
causes a channeling of surface water into the 
gravel bed.

Since interchange may be either an upwell- 
ing, a downdraft, or not present at all, it is a 
controlling variable in the oxygen transport 
process from air to gravel interior.

Of final consideration is the actual intra
gravel flow of water. By D’A rcy's law, intra
gravel flow velocity depends upon stream  
gradient and permeability. Since both stream  
gradient and permeability may vary to restrict  
or freely permit intragravel flow, they are  
also controlling variables.

Ground-water oxygen transport.— The 
mechanisms of ground-water oxygen trans
port are:

1. Dissolution of atmospheric oxygen in 
standing surface water (lakes, ponds) or rain.

2. Diffusion of oxygen to lower levels of 
standing water.

3. Seepage of oxygenated water through 
soil to the intragravel strata.

This process is shown in figure 6.

Ground-water oxygen transport is subject 
to controlling variables in each step of the 
series process. Diffusion of oxygen through

Stream

High permeability Low permeabilityx^High permeability
Bed rock

Figure 5 .—The influence of varying gravel permeability cm interchange.
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standing water is extremely slow; the flow 
rate of water through soil is  restricted  
through low permeability; and dissolved 
oxygen in soil water is subject to biochemical 
oxygen demand.

In tra g ra v e l O xygen B a la n ce
At any instant, a given volume of spawning 

gravel may be assumed to be in a steady state 
with regard to supply and removal of dis
solved oxygen; that is, dissolved oxygen is 
supplied and removed at a constant rate. 
Intragravel dissolved oxygen sources are  
stream  water and ground water having high 
dissolved oxygen content. Depletion is a re
sult of biochemical oxygen demand and dilu
tion with ground water having low dissolved 
oxygen content. Periphyton on and near the 
gravel surface also has an influence on oxygen 
balance, producing oxygen in the presence of 
sunlight and consuming oxygen during periods 
of darkness. Its influence on intragravel dis
solved oxygen levels is poorly understood.

Here interchange (i), ground water (g), and 
intragravel flow (a) are  supplying dissolved 
oxygen at different concentrations and flow 
rates. Oxygen is leaving the system through 
intragravel flow (f), and biochemical oxygen 
demand (B), (and upwelling if Wi is negative).

A complete oxygen balance over an intra
gravel volume may be expressed as:

WiCi + WaCa + WgCg = WfCf + VB

Where W is the volumetric flow rate,3
Cm‘ wai®T; c the dissolved oxygen
sec. 
concentration, g- oxygen

; V the
cm . water

O
volume of gravel, cm. ; and, B the 

biochemical oxygen demand, 
g- oxygen
cm. 3 gravel sec. *

Consider the ideal intragravel system pic
tured in figure 7.

By careful measurements, stream  profiles 
and gravel permeabilities (Pollard, 1955) may

Wi-Ci

Figure 7 .—Intragravel oxygen balance.

WiCi is rate oxygen enters spawning bed through interchange.
WaCa is rate oxygen enters spawning bed through intragravel flow.
WgCg is rate oxygen enters spawning bed through ground water.
WfCf is rate oxygen leaves spawning bed through intragravel flow.
VB is rate oxygen leaves spawning bed through biochemical oxygen demand.
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be determined and through such physical 
studies, the dissolved oxygen supply to intra
gravel strata may be quantitatively predicted. 
Qualitatively, intragravel dissolved oxygen 
levels will be increased by interchange and 
will be lowered by ground-water dilution and 
biochemical oxygen demand (Hobbs, 1937).

F IE L D  V E R IF IC A T IO N  O F 
TH E SL O P E -IN T E R C H A N G E  

M ECHANISM
The occurrence of interchange has been 

previously reported (Cooper, 1959). In the 
field of intragravel flow, investigators 
have described the conditions under which 
interchange occurs; however, the mechanism 
of water flow from stream  to gravel has not 
been defined.

From  ground-water and intragravel flow 
studies in Indian Creek in 1957 and 1958, 
techniques for qualitatively detecting inter
change flow were developed. After the theory 
of interchange was proposed, work was started  
to verify the proposed slope-interchange 
mechanism.

E x p e r im e n ta l A pparatus and 
P ro c e d u re

The technique of tracing interchange was to 
trace the intragravel flow of dyed water 
through a study area.^W ater was tagged with 
dye, and its flow mapped by appearance in 
standpipes placed in the stream at various 
locations and depths. The standpipes used 
are described by McNeil (1962).

Downdrafts were detected by (1) placing a 
capsule filled with fluorescein dye on the 
stream  bottom and observing the movement 
of dye into the streambed, and (2) introducing 
dye through a standpipe 6 inches below the 
gravel surface and observing its movement 
to greater depths in adjacent standpipes. Up- 
welling was traced by introducing dye 18 
inches below the gravel surface and observ
ing its movement to adjacent pipes nearer the 
gravel surface and to the gravel surface. For  
each location where interchange was observed, 
shape of the stream  surface was determined 
with a transit and stadia rod.

Results

Observations were made in several convex 
and concave riffles of Indian Creek. In most 
cases, to provide a point of zero intragravel 
velocity, a pool bounded one end of each study 
section. Observed direction of interchange in 
concave riffles was invariably an upwelling 
of intragravel water. In convex sections, that 
is, where the stream  gradient increased in 
the direction of flow, interchange was from  
stream  to gravel (downdraft).

In tracing intragravel flow, it was observed 
that upwelling occurred in certain sections 
having constant gradient. Upon examining con
ditions surrounding these points of upwelling, 
it was noted that small irregularities in the 
stream  bottom created waves on the water 
surface. Points of upwelling were directly 
below troughs of waves.

Influence of waves upon interchange was 
investigated in more detail by tracing the 
direction of interchange beneath large waves 
created by placing large rocks on the stream - 
bed. Results showed that upwelling occurred  
beneath the troughs of waves and downdraft
ing occurred beneath wave crests .

While change in slope over a riffle provides 
uniformity in the direction of interchange over 
a large area, waves may control the direction 
of interchange at a point. As part of the Indian 
Creek study, wave configuration was changed 
by moving rocks on the stream  bottom. By 
changing positions of large rocks, a point 
initially below a wave cre st would lie under 
a wave trough. Changing stream  surface pro
file in this manner caused a reversal in the 
direction of interchange.

DISCUSSION

Observed dependence of interchange on 
stream  profile was in accordance with the 
proposed profile-interchange relationship; 
where the stream  gradient was convex, inter
change was downward; where the stream  pro
file was concave, upwelling occurred.

Change in stream  gradient over a long 
distance, for instance 10 feet, provides a 
unidirectional interchange over a large area. 
However, the point interchange driving force, 
inherent in waves, induces a comparable total
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flow over a sm aller area. Beneath the wave 
are adjacent areas of upward and downward 
flow which provide a rapid circulation of water 
over a small area.

It is to be noted that the assumption of equal 
hydraulic and energy gradients no longer ap
plies. Although there is no apparent basis for 
predicting the direction of interchange beneath 
a wave, there is certainly an energy dissipa
tion through the wave. F or the general case  
of equal energy and hydraulic gradients up
stream  and downstream from a wave there 
must necessarily be a point of inflection in 
the energy line and, in turn, adjacent areas of 
downward and upward interchange.

Another consideration in comparing profile 
and point interchange is the location of points 
of interchange in the stream . Assuming con
stant gravel permeability, interchange due to 
the axial profile can be expected to be in 
the same direction across the stream . On the 
other hand, the occurrence and size of waves 
vary with velocity of flow. Accordingly, point 
interchange can be expected to be low in calm  
water near the stream  shore and most exten
sive at midstream points where turbulence 
is greatest.

Finally, how do conditions causing inter
change change with time and variations in 
stream  discharge? Changes in the direction 
and extent of interchange will result, essen
tially, from changes in the stream  surface 
configuration, the interchange driving force, 
and an increase or decrease in gravel per
meability.

Interchange over a large area will be in
fluenced by changes in stream  surface con
figuration through stream  discharge fluctua
tions and shifting of the stream  bottom. The 
extent of interchange will be governed through 
variations in gravel permeability resulting 
from siltation, gravel compaction, organic 
content, and gravel shift.

Point interchange, too, will depend upon 
stream  discharge, in this case, however, 
through its effect on surface wave configura
tion. During low stream  discharge the water 
surface is comparatively calm and point inter

change will be reduced accordingly. Relative 
dissolved oxygen levels tend to verify this: 
McNeil (1962) has shown through extensive 
intragravel dissolved oxygen sampling that 
the intragravel dissolved oxygen content in
creases with stream  discharge, and Wickett 
(1958) has proposed that low oxygen levels of 
intragravel water are associated with periods 
of low stream  discharge.

SUM M ARY

Studies of interchange of stream  and intra
gravel water were conducted in 1957, 1958, 
and 1959 as part of a project that is supported 
by the Bureau of Commercial Fisheries to 
study the effects of logging on pink salmon 
production. Interchange was first qualitatively 
demonstrated in a salmon spawning riffle in 
Indian Creek in Southeastern Alaska. Then, 
experimental research was carried on at the 
University of Washington Chemical Engineer
ing Laboratory to determine variables that 
control interchange and, finally, additional 
field studies in Indian Creek provided a quali
tative verification of dependence of inter
change on stream  gradient and other factors.

The theory of interchange postulates that 
steps involved in physical transport of free  
oxygen to intragravel water are (1) dissolu
tion of atmospheric oxygen into stream  water, 
(2) transport of oxygenated water to stream  
bottom, and (3) interchange of oxygenated 
water from the stream  into the porous gravel 
interior. Factors controlling interchange are
(1) gradients in stream  surface profile,
(2) gravel bed permeability, (3) gravel bed 
depth, and (4) bed surface configuration.

This theory was partially verified in the 
field as follows:

1. Interchange was traced by following in
tragravel movement of dyed water through a 
study riffle. Water was tagged with dye, and 
its direction of flow mapped by appearance in 
standpipes placed in the stream  at various 
locations and depths.

2. Downward interchange was detected by 
(1) placing a capsule filled with fluorescein 
dye on the stream  bottom and observing dye
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downdraft, and (2) introducing dye through a 
standpipe 6 or more inches below the gravel 
surface and tracing its movement by detection 
in standpipes at greater depths.

3. Upward interchange from gravel to 
stream  was followed by introducing dye below 
the gravel surface and tracing its direction of 
flow through appearances in pipes at lesser  
depths and at the gravel surface.

Direction of interchange depends on stream  
surface profile and bed surface configura
tion:

1. Direction of interchange in that part of a 
riffle with a concave surface (stream  gradient 
decreases in direction of flow) was upwards— 
intragravel to stream .

2. Direction of interchange in that part of a 
riffle with a coiivex surface (stream  gradient 
increases in direction of flow) was down
wards— stream  to intragravel.

3. Direction of interchange under the 
troughs of standing waves created by irregu
larities in the streambed was upwards; intra
gravel to stream . Direction of interchange 
under cre sts  of waves was downwards—  
stream  to intragravel.
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VARIATIONS IN THE DISSOLVED OXYGEN CONTENT OF 
INTRAGRAVEL WATER IN FOUR SPAWNING STREAMS 

OF SOUTHEASTERN ALASKA
by

W illiam  J. M cN eil

ABSTRACT

Inexpensive equipm ent fo r  sam plin g in tra g ra v e l w a ter  for d isso lv e d  oxygen is 
d e scrib e d . W ater sam p les w e re  w ithdraw n fro m  p la s tic  standpipes d rive n  into the 
stream b ed . D isso lv ed  oxygen va lu es re p re se n ta tiv e  of points sam pled  w e re  o b 
tained fro m  30-m l. sam p les of w a ter  taken  about 24 hours a fte r  standpipes w e re  
p laced .

F ou rfo ld  se aso n a l and yea rly ; changes in d isso lv e d  oxygen le v e ls  w e re  o b 
se rv e d . S p atia l d iffe re n c e s  in d isso lv e d  oxygen le v e ls  w e re  g re a te s t  when dis - 
ch arge w as low  and tem p eratu re  w as high.

F o r  v routine m easu rem en t of dis 
tr ie d  and found to be sa tis  fa c to ry ,

INTRODUCTION

P in k salm on (Oncorhynchus gorbuscha) and chum  
salm on (0, keta) spend only b r ie f  p erio d s in 
fr e s h  w ater as f r y  and spawning adults, but 
th e ir  eggs and la rv a e  com m only rem ain  in the 
stream b ed  6 to 8 m onths. D uring th is p eriod  
m o rta lity  is influen ced  la r g e ly  b y  p h y sica l 
conditions, and a d eclin e  H n qu ality  of the 
stream b ed  en viron m en t m ay cau se c o n s id e r
able m o rta lity .

M o rta lity  of pink and chum salm on  is high 
in fre s h  w a te r . N eave and F o e r s te r  (1955) 
su m m arized  data obtained o v e r  s e v e r a l y e a rs  
on m o rta lity  o b serv ed  in fiv e  B r it is h  C olum bia 
and S ou th eastern  A la sk a  s tre a m s . The stre a m  
ex p erien cin g  the h igh est m o rta lity  had a g e 
o m e tric  m ean y e a r ly  m o rta lity  o f 99.7 p ercen t, 
w hile  the stre a m  ex p erien cin g  the low est 
m o rta lity  had a g e o m e tric  m ean y e a r ly  mo.rr 
ta lity  o f 86.8 p ercen t. B e cau se  m o rta lity  
estim a te s w e re  b a se d  on counts of aduilt 
fe m a le s  m igratin g  into the stre a m s and &f 
th e ir  progen y m igratin g  out of the stream s," 
it w as not p o ss ib le  to d ifferen tia te  among 

1 p resp aw n in g, egg, la r v a l,  and p o stem ergen t
lo s s e s .  T h ere  is  ev id en ce, h o w ever, that a 
co n sid era b le  p ortion  of fr e s h -w a te r  m o rta lity  
of pink and chum salm on  o ccu rs  during e m 
b ryo n ic  developm ent

E stim ated  m o rta lity  o f chum salm on  eggs 
and la r v a e  ranged fro m  75 to 95 p ercen t o ver 
a 4 -y e a r  p eriod  in a co n tro lled  s t r e a m  
(W ickett, 1952). In another exp erim en t (Neave 
and W ickett, 1955), eyed  pink salm on  eggs 
w e re  planted in an a r t i f ic ia l  spawning channel. 
A p p ro xim a te ly  19 p ercen t w e re  estim ated

Note.--The author is presently with the Bureau of Commercial 
Fisheries Biological Laboratory, Auke Bay, Alaska.

so lved  oxygen le v e l random  sam plin g w as

|o have died p r io r  to hatchin g. M o rta lity  up 
to tim e of m igratio n  w as estim a ted  to be 58 
p ercen t.

H unter (1948) ex ca va ted  n atu ral redds in 
B r it is h  C olum bia s tre a m s during Jan uary 
and found that 86 p ercen t of the chum salm on 
em b ryo s and 97 p ercen t of the pink salm on 
em b ryo s w e re  dead. N atu ral m o rta lity  of e m 
b ryo  pink and chum salm on  has been  o b serv ed  
In th ree  s tre a m s in the H ollis a re a  of South
e a s te rn  A la sk a  b y  the F is h e r ie s  R e s e a rc h  
In stitute. M o rta lity  p r io r  to hatching has been 
o b serv ed  to excee d  95 p ercen t in c e rta in  im 
portant spawning a re a s . A  high m o rta lity  during 
e a r ly  sta g e s of developm ent w as o b serv ed  to 
o ccu r in 1957 in a ss o c ia tio n  w ith low  le v e ls  
of d isso lv e d  oxygen.

E m b ryo n ic  m o rta lity  has been  attrib uted  to 
a num ber of c a u se s . W ickett (1958) p rop osed  
that the m ost im portan t ca u ses of m o rta lity  
among eggs and la rv a e  w e re  c lo s e ly  a s s o 
ciated  w ith ex tre m e  low  and high s tre a m  
d is c h a rg e . F u rth e r , the rate  of oxygen supply 
to eggs w as thought to be an im portan t fa cto r  
lim itin g  s u r v iv a l during c e r ta in  p eriod s of 
low  stre a m  d is c h a rg e .

The ra te  of oxygen supply to em b ryo s has 
re c e n tly  re c e iv e d  attention b y  a num ber of 
in v e stig a to rs . W ickett (1954) pointed out that 
the rate  of supply is a function of the flow  
v e lo c ity  p ast the em b ryo , as w e ll as the 
d is so lv e d  oxygen content of the in tra g ra v e l 
w a te r . He d evised  techniques and portable  
equipm ent fo r  m ea su rin g  seep age rate  along 
w ith d is so lv e d  oxygen content. O ther w o rk e rs  
(P o lla rd , 1955; T erh u n e, 1958) have re c e n tly  
refin ed  W ick e tt's  m ethod of m ea su rin g  seepage 
ra te . G angm ark and B ak k ala  (1959) a lso  have
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d e scrib e d  a m ethod fo r m easu rin g  seepage 
rate  with equipm ent designed  fo r perm anent 
in sta lla tio n  in the stream b ed .

Equipm ent req u ired  fo r  m ea su rin g  seep age 
rate  is  e x p en siv e . F u rth e rm o re , it is p o ssib le  
that the sam plin g e ffo rt req u ired  fo r  s t a t is t i 
c a l p re c is io n  in m ea su rin g  seep age rate  in a 
n atu ral s tre a m  w ill lim it the ap p lication  of 
th is equipm ent.

C om pared  with m easu rin g  seep age ra te , 
m ea su rin g  d isso lv ed  oxygen content of in tr a 
g ra v e l w a ter  is  a sim p le task  req u irin g  in 
exp en sive  equipm ent. It is a lso  p o ss ib le  that 
oxygen  content alone w ill p rovide a su itab le 
index of qu ality  of in tra g ra v e l w a ter  in te rm s 
of su rv iv a l of salm on  em b ryo s.

In v iew  of th ese con sideration s? it is s u r 
p risin g  that m ore  attention has not been g iven  
to the o b serv atio n  of d isso lv e d  oxygen content 
of in tra g ra v e l w ater and to the m anner in 
w hich oxygen le v e ls  change with tim e and 
d iffe r  betw een s ite s . B ased  on sam p les o b 
tained fro m  nine points, W ickett (1954) m ade 
co m p ariso n s of oxygen le v e ls  among a re a s  
having n orm al g ra v e l, con solidated  g ra v e l, 
and h eavy  s ilt  d ep o sits. C h am b ers, A lle n , 
and P r e s s e y  (1955) sam pled  d isso lv e d  oxygen 
content of w ater seeping through salm on redds 
by w ithdraw ing 250-m l. w ater sam p les from  
standpipes d rive n  into the stream b ed*/T hey 
found m uch sp atia l v a ria tio n . Data on oxygen 
le v e ls  p resen ted  by G angm ark and B ak k ala  
(1959) showed tem p ora l changes in d isso lv e d  
oxygen content of in tra g ra v e l w ater to be of 
co n sid erab le  m agnitude, but th e ir  data w ere  
not intended to define p r e c is e  re lation sh ip s 
betw een tim e and oxygen le v e l.

O b servation  of the d isso lv e d  oxygen content 
of in tra g ra v e l w ater w as undertaken b y  the 
F is h e r ie s  R e s e a rc h  Institute in 1956 as a 
p art o f a study to evaluate the e ffe c ts  of lo g 
ging on p ro d u ctiv ity  of pink and chum salm on 
spawning stre a m s in the H ollis a re a  of South* 
e a s te rn  A la s k a . The study w as fin an ced by 
the B u reau  of C o m m e rc ia l F is h e r ie s ,  with 
S a lto n sta ll-K en n ed y  A ct funds. F ig u re  1 shows 
the location  of s tre a m s w h ere the rep o rted  
o b serv ation s w e re  m ade.

The study of d isso lv e d  oxygen content of 
in tra g ra v e l w ater had two broad  o b je ctiv e s: 
(1) to e s ta b lish  w hether or not oxygen supply 
w as an im portant fa c to r  a sso c ia te d  with m o r 
ta lity  in spaw ning beds and (2) to develop 
sam plin g techniques w h ereb y  d isso lv e d  oxygen 
le v e l could be m ea su re d  rou tin ely  as an index 
of en viron m en tal qu ality  as it p ertain s to 
m o rta lity  of salm on  e m b ryo s. It is the purpose 
of th is paper to d e sc r ib e  the m ethods adopted 
to obtain sam p les of in tra g ra v e l w ater for 
the a n a ly s is  of th e ir  d isso lv e d  oxygen content

and to rep o rt o b serv ed  sp atia l d iffe re n c e s  and 
tem p o ra l changes in d isso lv e d  oxygen le v e ls .

The author w ish es to acknow ledge the m any 
h elpfu l su ggestion s g iven  b y W illiam  L , S h e r i
dan, who w as p ro je ct le a d e r  during the p eriod  
this study w as conducted.

SAMPLING INTRAGRAVEL WATER FOR 
DISSOLVED OXYGEN CONTENT

It w ill  be shown that d isso lv ed  oxygen 
le v e ls  of in tra g ra v e l w ater v a r y  g re a tly  in 
sp ace and with tim e. The nature of th ese 
v a ria tio n s re q u ire s  that la rg e  num bers of 
oxygen read in gs be obtained sim u ltan eo u sly  
if  p r e c is e  e stim a tes of d isso lv e d  oxygen le v e ls  
are  d e s ire d . It is a lso  e s se n tia l that w ater 
sam p les be as sm a ll as p o ss ib le  to avoid 
11 contam in ation " of the sam ple with w ater 
fro m  other stra ta . The sam plin g req u irem en ts 
th e re fo re  d ictate  to a g re a t extent the d esign  
of equipm ent and the m ethods em ployed.

Obtaining W ater Sam ples fro m  Standpipes

W ater sam p les w e re  obtained fro m  stan d 
pipes w hich w e re  open cy lin d e rs  having 20 
h o le s , th re e -s ix te e n th s  of an inch in d iam eter, 
sp aced  in the low er 3 inches of p ipe. A  sm a ll 
hand d r i l l  w as used  to m ake the 3 /1 6 -inch 
h o le s . Standpipes w e re  co n stru cted  of r ig id  
p la s tic  pipe sold  under the trad e n a m e  
y C a r Io n ." The inside d iam eter of the pipe 
w as th re e -q u a rte rs  of an inch.

Standpipes w e re  d rive n  into the stream b ed  
w ith a d rivin g  rod as illu stra te d  in fig u re  2. 
The rem ovab le  d rivin g  rod elim in ated  the 
need of having a so lid  head on each standpipe.

F o r  routine sam plin g, the pipes w e re  d riven  
to a depth of 10 inches beneath the stream b ed  
su r fa c e . At this depth in tra g ra v e l w ater could 
en ter a standpipe only fro m  7 to 10 inches 
beneath the su rfa ce  of the g ra v e l. It w as 
o b serv ed  that pink salm on  com m only b uried  
th e ir  eggs at th is depth in H o llis  a re a  s tre a m s .

A fte r  a standpipe w as d riv e n  into the s tre a m - 
bed, turbid  w a ter  w as rem oved  b y  pumping. 
Terhune (1958) d e scrib e d  a vacuum  pump that 
w as e ffic ie n t fo r  re m o v al o f tu rb id ity . Stand- 
pipes w e re  le ft overnight b efo re  d isso lv e d  
oxygen determ in ation s w e re  m ade, sin ce d r iv 
ing a pipe and c le a rin g  it of tu rb id ity  d isturbed  
the stream b ed  and m ay have te m p o ra rily  
fa c ilita te d  the in filtra tio n  of a b o v e -g ra v e l 
w a te r .

A  p la s tic  standpipe could be d riven  into the 
stream b ed  th ree  to eight t im e s , depending on 
g ra v e l s iz e  and com paction, b efo re  dam age 
to its low er edge m ade it u n se rv ice a b le . 
D am aged standpipes w e re  m ade se rv ic e a b le
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again  b y  rem ovin g the lo w er 3 inches and 
d rillin g  new h o le s . D riv in g  rods m an ufactured  
fro m  h igh -q u ality  s te e l w ithstood at le a s t  1,000 
d r iv e s .

D rivin g  rods 36, 33, and 30 inches long w e re  
u sed . Standpipes w e re  in it ia lly  cut to fit the 
lon gest drivin g  rod, and they w e re  su b s e 
quently shortened  to 33 and 30 in ch es, r e 
sp e c tiv e ly , as th e ir  low er edges b ecam e d am 
aged.

W ater sam p les w e re  sucked fro m  standpipes 
w ith an apparatus con stru cted  of tubing and 
a tw o-h oled , No. 4 rub ber stop p er, and c o l
le cte d  in 8 -d ram  sh e ll v ia ls .  Stoppers fo r 
the v ia ls  w e re  on e-h oled , No. 3 rub ber stop p ers 
w ith a sh ort p ie ce  of 6 -m m . g la ss  tubing 
in se rte d . E ach  com ponent of t h e  w ater sa m 

pling apparatus is  i llu stra te d  in fig u re  3. 
H arp er (1953) d e s c r ib e s  s im ila r  equipm ent.

To obtain a sam p le, the su ction  apparatus 
is  connected to a v ia l. The g la ss  tubing 
through w hich w ater en ters the v ia l  m ust e x 
tend n e a r ly  to the bottom . The suction  line 
is in serted  into a standpipe, and w ater is sucked 
fro m  n ear the bottom  of the w e ll. About 10 
c c . of w ater is d isca rd ed  b efo re  the sam ple 
is collected,^/The suction  lin e is  pinched off 
b efo re  d iscard in g  the f ir s t  10 c c . of w a ter, 
p reven tin g the suction  lin e fro m  becom ing 
d rain ed  and reducin g contact o f the w ater 
su rfa ce  with the atm o sp h ere. A s the stopper 
is p laced  a fte r  co lle ctin g  a sam p le, a colum n 
of w ater is allow ed  to r is e  about h alfw ay 
up the g la ss  tube in the stop p er. C h em ica ls  
used  to fix  the w ater sam p le  a re  introduced
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Figure 2 ,--Method of placing standpipe in streambed for collection of water samples for determination of
dissolved oxygen content.

fro m  dropper b o ttles through this tube. B efo re  
the sam ple is  agitated , the colum n of liquid  
is  fo rce d  to the top of the tube b y  applying 
p r e s s u re  to the stopper and is  se a led  fro m  the 
atm osp h ere b y  c losin g  the opening of the 
tube with the fo re fin g e r .

A n alyzin g  W ater Sam ples

The unm odified W inkler M ethod w as used  to 
an alyze w a ter  sam p les fo r  th e ir  d isso lv e d  
oxygen content. The volum e of w ater used 
fo r  an oxygen d eterm in ation  w as only 30 
m l., and it w as n e c e s s a ry  to em ploy s e m i
m icro m eth od s of a n a ly s is  to obtain p r e c is e  
r e a d i n g s .  A  2 5 -m l. a l i q u a n t  was  t i 

tra ted  again st 0.0125 N sodium  th iosulfate  
solution  d e liv e re d  fro m  a m icro b u rette  having 
0 .0 2-m l. su b d ivisio n s. The 0.0125 N  sodium  
th iosulfate  solution w as p rep a re d  fro m  a 
stock  so lution  w hich w as p e r io d ic a lly  stan d 
a rd ized  again st 0.025 N p otassiu m  d ich rom ate.

D isso lv e d  oxygen a n a lyses w e re  m ade in 
the fie ld  n ear sam pling a re a s . T h ere w as 
v e r y  lit t le  d e la y  fro m  the tim e sam p les w ere  
co lle c te d  to the tim e th ey w e re  titrated ; 
thus the p o ssib le  influen ce of in te rfe r in g  
su b stan ces w as m in im ized .

The co lle c tio n  and a n a ly sis  of w ater s a m 
p les fro m  200 standpipes req u ired  about 1 day
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Figure 3 . - -Apparatus for collecting water samples from standpipes.

fo r  th ree  m en. An autom atic b u rette  with a 
th re e -w a y  stopcock w as u sed  fo r  m aking 
titra tio n s .'

R e lia b ility  of Sam ple s

Two p recau tio n s a re  n e c e s s a r y  to in su re 
c o lle c tio n  o f w ater sam p les that a re  r e p r e 
sen tative  of points sam pled. F ir s t ,  it is 
e s s e n tia l to le a v e  standpipes in  the s tr e a m - 
bed about 24 hours b efo re  sam pling to a llow  
conditions w ithin the g ra v e l to s ta b iliz e . S e c 
ond, the w ith draw al of la rg e  w a ter  sam p les 
should be avoided to p reven t w ater orig in atin g  
at other le v e ls  fro m  en terin g a standpipe.

With re g a rd  to the f ir s t  p recau tio n , W ickett 
(1954) rep o rted  that points n o rm a lly  having

v e r y  low  d isso lv ed  oxygen va lu es req u ired  
s e v e r a l days a fte r  d riv in g  a standpipe fo r  
th e ir  d isso lv e d  oxygen le v e ls  to re tu rn  to 
th e ir  n o rm al le v e ls .  In the p re se n t study, 
co n secu tiv e  read in gs w e re  m ade at s ix  points 
o ver a p eriod  of 95 hours a fte r  p lacem en t 
of stan dpipes. A t points w h ere oxygen le v e l 
w as r e la t iv e ly  low  at tim e of the f ir s t  d e 
term in ation , oxygen le v e ls  declin ed  fo r at 
le a s t  24 h o u rs. At points having r e la t iv e ly  
high oxygen va lu es at tim e of the f ir s t  d e te r 
m ination, co n secu tiv e  read in gs did not show 
any tren d  in th e ir  va ria tio n . D ata on oxygen 
le v e ls  a re  g iven  in tab le  1. T em p era tu re  of 
in tra g ra v e l w a ter  w as not u n iform  at a ll  points 
sam p led . T em p era tu re  in c re a se d  about 4° F .  
at each  point during the 9 5 -hour sam plin g 
p eriod .
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TABLE 1 . — Temporal changes in  d issolved  oxygen le v e ls 1 
a fte r  p lacin g standpipes

Time elapsed 
a fte r  p lacin g 

standpipes 
(hour)

Afe./l. o f d isso lved  oxygen in  standpipes

I II I I I IV V VI

0.3 3.9 4.5 4 .1 8.2 9.6 10.0
2.5 3.2 3.4 3.9 8.6 10 .7 8.9

24 2.6 2.9 2 .7 8.8 8.9 9.3
28 2.4 2.6 2.6 8.5 9.4 8.0
30 2.4 2.8 2.8 8.4 8.8
52 2.2 2.4 2.8 8.9 9.4 9.5
73 2.2 2 .1 3.0 8.6 8 .7 9.4
95 2.0 1 .7 2.5 9.6 9.5 9.4

1 Temperature at each point increased about 4° F. during the period 
o f sampling.*

With re g a rd  to the second p recau tio n , a 
te s t  w as run to find the e ffe ct of rem ovin g 
r e la t iv e ly  la rg e  vo lum es of w a ter  fro m  stan d 
p ip es. Two 12 5 -m l. w a ter  sam p les w e re  o b 
tained in rapid  sequence fro m  each  o f 41 
po in ts. The a v e ra g e  absolute d iffe re n c e  b e 
tw een the sequ en tial sam p les w as 10.5Im g ./ l. 
(range 0.0 m g ./ l .  to 13.21 m g ./ l .) .  F ig u re  
4 show s the re la tion sh ip  betw een  f ir s t  and 
secon d read in g s. T hose points having no change 
in d isso lv e d  oxygen content fe l l  on the lin e 
y  = x . A t points w h ere the oxygen  va lu es w e re  
high, the second sam ple g e n e ra lly  gave h igh er 
read in gs than the f ir s t ,  and m ost of th ese  
points w e re  above the lin e y  -  x . L ow er

m g./!, of dissolved oxygen

Figure ^--Relationship between dissolved oxygen content of two 
125-m l. water samples withdrawn less than 1 minute apart.

read in gs w e re  g e n e ra lly  obtained fo r  second 
sam p les at points having low  oxygen v a lu e s , 
with m ost read in gs fa llin g  b e lo w y  = x. R esu lts  
of this nature m ight be exp ected  if  in tra g ra v e l 
w a ter  o rig in ated  fro m  h igh ly  oxygenated 
stre a m  w a ter  at points high in d isso lv e d  
oxygen content and fro m  p o o rly  oxygenated 
ground w ater at points low  in d isso lv e d  oxygen 
content.

Obtaining D ata on S p atia l D iffe re n ce s  
and T em p o ra l Changes

Two sam plin g p ro ced u res w e re  used  to 
obtain data on sp atia l d iffe re n c e s  and te m 
p o ra l changes in d isso lv e d  oxygen le v e l of 
in tra g ra v e l w a te r . The f ir s t  p roced u re  in 
vo lved  sy s te m a tic  sam plin g of r e la t iv e ly  sm a ll 
spaw ning a re a s , r e fe r r e d  to as study a re a s . 
Study a re a s  w e re  located  in H a rris  R iv e r  and 
T w e lv e m ile , Indian, ' and Old Tom  C re e k s  
(fig. 1). The second p roced u re  involved  random  
sam plin g w ithin exten sive  spawning a re a s  
w hich w e re  ca lle d  sam plin g a re a s . The s a m 
pling a re a s  d e scrib e d  in th is rep o rt w e re  
located  in T w e lv e m ile  C re e k .

Systematic Sampling
One purpose of sy s te m a tic  sam plin g w as 

to obtain d eta iled  in form ation  on sp atia l dis - 
trib u tion  of in tra g ra v e l d isso lv e d  oxygen le v e ls  
w ithin a spaw ning bed. To a cco m p lish  th is , 
standpipes w e re  d istrib u ted  u n ifo rm ly  at 5- 
to 10-foot in te rv a ls  o ver each  study a re a . 
No attem pt w as m ade to s tr a t ify  pipes with 
re s p e c t  to su rfa c e  w a ter  depth o r v e lo c ity . 
In s e v e r a l  study a re a s , standpipes w e re  d riven  
into b a rs  that re c e iv e d  seep age  w a ter  fro m  
the s tre a m . E ffo rts  w e re  m ade to confine 
sam plin g to p erio d s of low  to m o d e ra te ly  
low  stre a m  d is c h a rg e . D uring each  sam pling 
p eriod  an oxygen reading w as obtained fro m  
e v e r y  point sam pled  on two or m ore  con-
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se cu tiv e  d ays. The purpose of sequ en tial 
sam plin g w as to obtain a m ean d isso lv ed  
oxygen va lu e  fo r  each point. M ean va lu es 
a re  m ore  re p re se n ta tiv e  of d isso lv e d  oxygen 
le v e l  at the points sam pled  than sin g le  read in g s, 
and they a re  used  to d e sc r ib e  the d isso lv e d  
oxygen content of the in tra g ra v e l w ater at 
each  point.

Nine study a re a s  w e re  sam pled  in 1957 
and 1958. A  b r ie f  d escrip tio n  of each  study 
a re a  and a su m m ary  of the sam plin g e ffo rt 
in su m m er 1957 and 1958 a re  g iven  in table

2. F ig u re  1 show s the location s of the study 
a re a s  sam p led .

T em p o ra l changes in d isso lv e d  oxygen  co n 
te n t.- - T h e  d isso lv e d  oxygen content of in tra 
g ra v e l w ater changes con tin u ally  at e v e ry  
point with tim e . D aily  ch an ges, se aso n a l 
ch an ges, and y e a r ly  changes a re  d is cu ss e d  
se p a ra te ly .

Daily .- -D a y -to -d a y  changes at a point w e re  
often a p p reciab le  and o c c u rre d  in a random  
fash ion . T ab le  3 shows d a ily  oxygen le v e ls

TABLE 2 . — Area and lo ca tio n  of study areas w ith respect to  tid e  le v e l ,  
sampling e f f o r t ,  and sampling dates

Study
spawning

area
Location in  stream

Area 
sq. f t .

Number of 
points 
sampled 

1957 and 1958

Dates o f sampling

1957 1958

A 1 1-fo o t t id e  le v e l 3,240 72 8/10-8/14 8/11-8/13
B Above in fluen ce of t id e 7,000 29 8/21-8/23 8/12-8/14
C 13-fo o t t id e  le v e l 4,150 88 8/14-8/18 8/16-8/19
D 17 -fo o t t id e  le v e l 2,800 76 8/16-8/22 8/16-8/19
E 1 1 -fo o t t id e  le v e l 6,980 90 8/24-8/30 8/22-8/24
F 14 -fo ot t id e  le v e l 4,000 96 8/27-9/4 8/24-8/30
G 17 -fo o t t id e  le v e l 5,220 35 9/2 -9/4 8/26-8/30
H 14-fo o t t id e  le v e l 3,500 22 9/12-9/13 9/5 -9/7
I Above influen ce o f t id e 2,700 18 9/12-9/13 9/5 -9/7

TABLE 3 .— D aily  change in  the d issolved  oxygen content o f in tra g ra v e l w ater1 
at 6 points sampled concurrently

[ In milligrams per liter ]

Time a fte r  
p lacin g 

standpipe 
(days)

Mean 
d a ily  

discharge 
o f Indian 

Creek2 
( c . f . s . )

Standpipe numbers

I II I l l IV V VI VII VIII

1 7 1.8 1 . 0 5.4 7.6 9.4 0.6 8 .1 9.3
2 6 1 . 1 0.8 6.8 7 .5 9.8 0.9 8 .7 10.2
3 6 2.9 0.8 6.5 6 .1 10.4 0.8 9.6 10.2
4 6 3.5 1.9 8.6 7.2 10.3 1 .6 8.7 9.4
5 85 3.2 0.9 9.5 7.8 9.3 2.2 9.9 9.8
6
7

60 5.4 1 .2 8.2 8.8 11 .4 1 . 0 6.6 10 .1
l

8 100 4.3 2.5 8.6 7.0 10.3 0.6 7.9 10.2
9 67 3.9 1 .5 9.0 5.2 11.0 1 .4 8.3 10.5

D ifference 4.3 1 .7 4 .1 3.6 2 .1 1 .6 3.3 1 .2
between mg./I . m g./l. m g./l. m g./l. m g./l. m g./l. m g./l. m g./l,
maximum and 
minimum d issolved  
oxygen readings

1 Stream temperatures remained near 52 F. when these observations were made.
2 Data provided by Northern Experiment S ta tio n , U.S. Forest Service,- Juneau, Alaska.
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o b serv ed  o ver a 9-day p eriod  at eight points 
sam pled  co n cu rre n tly  in study a re a  D. The 
le a s t  d iffe re n c e  betw een m inim um  and m a x i
m um  read in gs w as 1.2 m g ./ l .  w hile the 
g re a te s t  d iffe re n c e  w as 4.3 m g ./ l ,  O xygen 
le v e ls  in c re a se d  s lig h tly  with d isch a rg e  at 
points low  in d isso lv e d  oxygen. P oin ts high 
in d isso lv e d  oxygen showed lit t le  change with 
in c re a se d  d is c h a rg e . T em p era tu re  rem ain ed  
n ear 5 2 ° F ,  during the p eriod  of sam p lin g.

Seasonal .--S e a s o n a l changes in d isso lv e d  o x
ygen  content of in tra g ra v e l w ater w e re  of 
la rg e  m agnitude. Sam ples w e re  obtained fro m  
31 points in study a re a  C during A ugust and 
N ovem b er 1957 and during M arch  and A ugust 
1958 (table 4). D isso lv ed  oxygen le v e ls  w e re  
at a v e r y  low  le v e l  during A u gu st 1957. 
T hey had in c re a se d  s ig n ifica n tly , h o w ever,

by N ovem ber 1957, and a secon d sig n ifica n t 
in c re a s e  had o c c u rre d  by M arch  1958.

T h ere  w as only a sligh t d eclin e in oxygen 
le v e l  during A ugust 1958, w hich w as in sharp  
co n trast to the p revio u s y e a r . F u rth e rm o re , 
the m ean d isso lv e d  oxygen le v e l of points 
sam pled w as s ig n ifica n tly  h igh er during A ugust 
1958 than during N ovem ber 1957, d esp ite  the 
fa c t  that w ater tem p eratu re s w e re  a p p ro x i
m a te ly  10 ° F . co o ler  in  N ovem ber than in 
A u gu st.

Yearly,--E x a m in a tio n  of d isso lv e d  oxygen 
le v e ls  o b serv ed  in nine study a re a s  during 
late  A ugust and e a r ly  Septem ber of 1957 and 
1958 re v e a le d  that a pronounced d iffe re n c e  
e x isted  betw een th ese y e a rs  (see appendix). 
V e ry  low  d isso lv e d  oxygen le v e ls  p re v a ile d

TABLE 4 . — Seasonal change in  d issolved  oxygen content 
o f in tra g ra v e l water (study area C)

Point
number

D issolved oxygen content (m g./l.11
Aug. 1957 Nov. 1957 Mar. 1958 Aug. 1958

Water temp. 
60° F.

Water temp. 
45° F.

Water temp. 
38° F.

Water temp. 
55° F.

1 6.0 6 .8 10.6 8.6
5 5 .3 8.0 10.6 8 .1

• 11 6 .7 8.2 12 .7 8.712 6.6 7.5 1 1 .5 8.6
15 5 .7 5 .7 1 1 .7 8 .1
16 7.4 8.6 12.4 9.6
17 5.2 8.6 12.3 8.8
19 7.6 8.6 10.8 9.0
21 7.4 8.5 11 .4 9.3
22 6.3 8.0 10.0 9.6
24 0.0 7.6 8.9 5 .725 1 .8 8.4 1 1 .5 8 .1
26 6.0 8.9 12 .7 9.4
27 6 .1 7.9 11 .3 9 .1
28 0.0 6.9 9 .115 7.629 0.6 8 .1 12.0 8.930 7.0 7.9 12.6 9.331 0.0 8.3 10.6 5.9
32 0.4 7.8 1 1 .1 7.0
33 0.2 6.8 1 1 .7 9.035 0.0 7.9 7.9 5 .136 0.0 7.3 10 .1 9.437 0.0 8.0 1 1 .6 9 .139 6 .1 6.8 8.5 4.841 0.2 6.8 11.3 8.543 0.0 7 .7 9.8 9.54 8 0.0 7.3 10 .1 8.3
52 0.0 6.0 6.5 7.263 0.9 6 .7 4.5 8.0
65 5 .7 7 .5 9.4 8.070 3.4 4.9 9.0 7.9

Mean 3.3 7.6 10.5 8.2
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o ver a co n sid era b le  portion  of each  study- 
a re a  during 1957, w h ereas in 1958 oxygen 
le v e ls  w e re  high by co m p ariso n . F ig u re  5 
p rese n ts  a co m p ariso n  of m ean d isso lv e d  
oxygen va lu e s obtained fo r  each  study a re a  
in 1957 and in 1958. The m ean va lu es shown 
w e re  obtained fro m  points that w e re  sam pled 
both y e a rs  (see appendix).

In 1957 sam plin g w as c a r r ie d  out during a 
p eriod  of w arm  w eath er, ligh t p recip itatio n , 
and clou d less  d ays. In 1958 w eath er condi
tions w e re  quite d ifferen t; fr e s h e ts  o c c u rre d  
p e r io d ic a lly  and m ost days w e re  o v e rc a s t . 
M ean d a ily  d isch a rg e  of Indian C re e k  was 
20 c . f .s .  in A ugust 1957 and 60 c . f .s .  in 
A ugust 1958.

W ickett (1958) has prop osed  that ce rta in  
p eriod s of low  s tre a m  d isch a rg e  w ere  a s s o 
ciated  w ith low  oxygen le v e ls  of the in tra 
g ra v e l w a te r . The data obtained in 1957 
supported th is contention. The r e la t iv e ly  high 
d isso lv e d  oxygen le v e ls  o b serv ed  in 1958 
w e re  p rob ab ly  the r e s u lt  of m ore  fa v o ra b le  
h y d ro lo g ica l conditions.

Spatial d iffe re n c e s  in d isso lv e d  oxygen 
le v e ls . - - Sp atial d iffe re n c e s  in d isso lv e d  o xy 
gen content of in tra g ra v e l w ater w e re  gen
e r a lly  m ore  ex tre m e in 1957 than in 1958. 
M any points w e re  d efic ien t in d isso lv e d  oxygen 
during the 1957 sam plin g p eriod , and it  was 
p o ss ib le  to define exten sive  a re a s  of low  (le ss 
than 2.5 m g ./ I .) 1 oxygen le v e ls .  T h ese  a re  
shown in fig u re s  6 through 11 fo r  study a re a s  
A , B , C , D, F , and G. P oin ts sam pled  both 
y e a rs  a re  in dicated  in th ese  fig u re s  by d ots.

In 1958 d isso lv e d  oxygen le v e ls  exceeded  
5.0 m g ./ l .  at m ost of the points sam pled.

Figure 5 . - -Mean dissolved oxygen values obtained at study areas 
in late August and early September of 1957 and 1958.

1 No physiological significance is attached to a dissolved oxygen 
content of 2.5 m g ./l. This value was selected purely for purposes of 
illustration.

R e la tiv e ly  fe w  points exhibited  low  le v e ls  of 
d isso lv e d  oxygen. The a re a s  of r e la t iv e ly  
low  and high oxygen va lu es o ccu rrin g  in 1958 
a re  a lso  shown in fig u re s  6 through 11 .

A  tab le of d isso lv e d  oxygen va lu es o b serv ed  
w ithin each study a re a  ap p ears in the appendix.

Random Sampling

B y  sam plin g ran dom ly it w as p o ss ib le  to 
obtain estim a te s of m ean d isso lv e d  oxygen 
le v e l of in tra g ra v e l w ater w ithin la rg e  spaw n
ing a re a s  (sam pling a re a s ). Spatial d iffe re n c e s 
in d isso lv e d  oxygen le v e ls  w e re  detected  by 
sam pling two or m o re  a re a s  sim u ltan eo u sly . 
T em p o ra l changes in d isso lv e d  oxygen le v e ls  
w e re  detected  by sam plin g each  sam plin g a re a  
two or m ore  tim e s . Standard s ta tis t ic a l te c h 
niques w e re  em ployed to te s t  fo r  sign ifican t 
d iffe re n c e s  betw een estim ated  m ean d isso lv ed  
oxygen v a lu e s .

Two sam plin g a re a s  on T w e lv e m ile  C re e k  
w e re  sam pled  co n cu rren tly  in a random  m an
n er during e a r ly  Septem ber and late  N ovem b er,
1958. The low er sam plin g a re a , extending fro m  
the 12- to 16-foot tide le v e l, in co rp orated  
60,000 sq u are fe e t  of stream b ed  and included 
m ost of the in te rtid a l spawning a re a . The 
upper sam plin g a re a  extended u p stream  fro m  
the in te rtid a l zone and in co rp orated  68,000 
sq uare fee t' of stream b ed . The h e a v ie st ob
se rv e d  spawning in ten sity  above the in tertid a l 
zone o c c u rre d  in this a re a .

The g e n e ra l sam plin g p ro ced u re  em ployed 
w as to p lace  standpipes at ran dom ly s e le c te d  
points 1 day p r io r  to sam p lin g. One d isso lv e d  
oxygen read in g  w as obtained fro m  each point, 
and an attem pt w as m ade to obtain a ll  read in gs 
fo r  both sam plin g a re a s  on the sam e day.

In Septem ber 1958, d isso lv e d  oxygen re a d 
ings w e re  obtained fro m  ap p roxim ately  100 
points w ithin each  sam plin g a re a . In N ovem ber 
1958*,% it w as p o ss ib le  to red u ce the sam pling 
e ffo rt to 50 points p er a re a , s in ce  the v a r ia 
b ility  am ong read in gs w as co n sid era b ly  le s s  
in autumn than in la te  su m m er.

N in ety-fiv e  p ercen t confidence in te rv a l e s 
tim ates of m eah d isso lv e d  oxygen content of 
in tr a g ra v e l w a ter  w ithin the two T w elv em ile  
C re e k  sam plin g a re a s  a re  g iven  in tab le  5. 
T h ese  estim a te s in dicated  that:

1. O xygen le v e ls  w e re  s ig n ifica n tly  h igh er 
w ithin both sam plin g a re a s  during m idautum n 
than during late  su m m er, i .e . ,  th ere  w as a 
change in oxygen le v e ls  with tim e.

2. D isso lv ed  oxygen le v e ls  w e re  s ig 
n ifican tly  low er in the u p stream  sam plin g 
a re a  than in the in te rtid a l sam plin g a re a
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Figure 6 .—Dissolved oxygen levels at study area A (11-foot tide 
level of Harris River). Samples were obtained 7 to 10 inches 
beneath gravel surface at points shown.

during the e a r ly  Septem ber spaw ning p eriod ,
i .e . ,  a v e ra g e  oxygen le v e ls  d iffe re d  sp a tia lly  
betw een two la r g e  spaw ning a re a s  in la te  
su m m er.

3. T h ere  w as no sig n ifica n t d iffe re n c e  
in oxygen le v e ls  betw een the two sam plin g 
a re a s  in m idautum n.

ROUTINE EVALUATION OF 
OXYGEN LEVELS

An im portan t o b je ctiv e  of the study of 
d isso lv e d  oxygen content of in tra g ra v e l w ater 
is  to d ete rm in e the im p ortan ce of oxygen 
le v e l as a fa c to r  a ss o c ia te d  with n atu ra l 
m o rta lity  of salm on  e m b ryo s. F ie ld  o b s e rv a 
tions of d isso lv e d  oxygen le v e ls  and m o rta lity  
a re  not intended to define oxygen le v e ls  
le th a l to e m b ryo s. In stead, they a re  d esign ed  
to e s ta b lish  g e n e ra l re la tio n sh ip s betw een 
oxygen le v e l  and m o rta lity  in n atu ra l en
viro n m en ts. D eterm in ation  of ra te s  of oxygen 
supply n e c e s s a r y  to su sta in  em b ryo s is  p r i
m a r ily  a la b o ra to ry  p rob lem , and som e p ro g 
r e s s  has been rep o rted  on the study of the 
oxygen req u irem en ts of em b ryos (A ld erd ice ,

Figure 7 .—Dissolved oxygen levels at study area B (upstream 
Harris River). Samples were obtained 7 to 10 inches beneath 
gravel surface at points shown.

W ickett, and B re tt, 1958; D oudoroff, 1957; 
S ilv e r , I960; Shum way, I960).

T h ere  w as ev id en ce that the low  d isso lv e d  
oxygen le v e ls  o b serv ed  in la te  su m m er 1957 
w e re  a ss o c ia te d  w ith high m o rta lity ; w h erea s, 
the high d isso lv e d  oxygen le v e ls  o b serv ed  in 
la te  su m m er 1958 w e re  a ss o c ia te d  with low  
m o rta lity . The ratio  of dead to tota l pink 
salm on  eggs co lle c te d  fro m  18 random  points 
in Indian and T w e lv e m ile  C re e k s  in N ovem ber 
1957 w as 68.6 p ercen t. In N ovem b er 1958, 
the ra tio  of dead to to ta l pink salm on  eggs 
c o lle c te d  fro m  20 random  points in Indian 
and T w e lv e m ile  C re e k s  w as only 1 1 .4 p ercen t. 
This ev id en ce su ggested  that low  oxygen le v e ls  
o b serv ed  in 1957 w e re  in d ica tive  of en viro n 
m en tal conditions d etrim en ta l to the s u rv iv a l 
of salm on  em b ryo s.

It has been shown that sp atia l and tem p ora l 
v a ria tio n s in oxygen le v e ls  m ay be of g re a t 
m agnitude. T h ese  va ria tio n s  a re  ap p aren tly  
influen ced by com p lex  en viron m en tal fa c to rs  
that a re  not w e ll understood.

Sam pling m ethods d e scr ib e d  in this rep o rt 
when used  with s ta tis t ic a lly  design ed  sam plin g
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August 1957

Figure 8.--Dissolved oxygen levels at study area C (13-foot tide 
level of Indian Creek). Samples were obtained 7 to 10 inches 
beneath gravel surface at points shown.

sch em es a re  su ffic ie n tly  p r e c is e  to d etect 
sig n ifican t d iffe re n c e s  in oxygen le v e ls  in 
spawning g ra v e ls . F o r  routine evalu ation  of 
oxygen le v e ls ,  th ere  a re  c e rta in  advantages 
to sam pling ran dom ly. T h ey a re :

1. S a m p l i n g  a re a s  m ay be of any
size*  f  ft

2. To obtain u n ifo rm ly  p r e c is e  e stim a tes 
of m ean d isso lv e d  oxygen le v e ls  at any tim e, 
sam plin g e ffo rt m ay be eq u ally  a llo cated  
among a r e a s , re g a r d le s s  of th e ir  s iz e .

3. The sam plin g e ffo rt re q u ire d  to obtain 
a fa ir ly  p r e c is e  estim a te  of m ean d isso lv e d  
oxygen le v e l  of in tra g ra v e l w a ter  is  not 
e x c e s s iv e .

4. Changes in d isso lv e d  oxygen le v e ls  with 
tim e m ay be determ in ed  b y sam plin g individual 
a re a s  on two or m o re  o c ca sio n s .

Figure 9 .—Dissolved oxygen levels at study area D (17-foot tide 
level of Indian Creek). Samples were obtained 7 to 10 inches 
beneath gravel surface at points shown.

5. Spatial d iffe re n c e s  in d is so lv e d  oxygen 
le v e ls  m ay be d eterm in ed  by sam plin g two or 
m o re  a re a s  sim u ltan eo u sly .

With re g a rd  to points 1 and 2 above, e x 
am in ation  of data g iven  in the appendix in d i
ca tes  that tem p o ra l and sp a tia l v a ria tio n s  a re  
o f a s im ila r  m agnitude in m ost spaw ning 
r if f le s .  It is  th e re fo re  p o ss ib le  by sam plin g 
equal num bers of random  points to e stim a te  
the m ean d isso lv e d  oxygen  content fo r  a 
s tre a m  or a s in g le  r if f le  with a lm o st equal 
p re c is io n .

With re g a rd  to point 3, it  has been o b serv ed  
that the g re a te s t  v a ria tio n s  in d isso lv e d  o x y 
gen le v e ls  o ccu r in la te  su m m er during and 
a fte r  spaw ning. B y  sam plin g 100 random  points 
at this tim e, the exp ected  9 5 -p ercen t co n fi
dence lim its  of the m ean d isso lv e d  oxygen 
content of in tr a g ra v e l w ater is  a p p ro x im ate ly  
1 0. 5  m g ./ 1. of the sam p le m ean. A t other 
tim e s , the m ean d isso lv e d  oxygen  le v e l  can 
be estim a ted  with a lm o st equal p re c is io n  by 
sam plin g 50 points.
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Figure 10.- -Dissolved oxygen levels at study area F  (14-foot tide 
level of Twelvemile Creek). Samples were obtained 7 to 10 inches 
beneath gravel surface at points shown.

Figure 1 1 .--Dissolved oxygen levels at study area G (17-foot tide 
level of Twelvemile Creek). Samples were obtained 7 to 10 inches 
beneath gravel surface at points shown.

TABLE 5 . — Estimates o f the mean d issolved  oxygen le v e ls  o f in tra g ra v e l water in  Twelvemile Creek

September 1958 November 1958

Sampling area Sample
l&size

95-percent 
confidence in te r v a l 
estim ates of mean

Sample
s iz e

95-percent 
confidence in te r v a l 
estim ates of mean

In te r t id a l  93 6.3 m g./l. <|x< 7.4  m g./l. 50 8.3 m g./l. < jj.< 9.5 m g./l.

Upstream 100 4.8  m g./l. <fi< 6 .1  mg./l. 50 8.0 m g./l. <(i< 9.6 m g./l.

SUMMARY

1. E vid en ce  is  p rese n ted  that m o rta lity  of 
pink and chum  salm on  em b ryos is  high. One 
fa c to r  thought to contribute to high m o rta lity  
is  low  s tre a m flo w  w hich m ay be accom p an ied  
by a redu ction  of d isso lv e d  oxygen content 
of in tra g ra v e l w a te r .

2. Equipm ent and techniques em ployed to 
sam p le d isso lv e d  oxygen content of in tra 
g ra v e l w ater a re  d e scrib e d . An im portan t 
com ponent of this equipm ent is  a ligh tw eigh t, 
in exp en sive p la s tic  standpipe.

3. Two p recau tion s n e c e s s a r y  to in su re  the 
p rocu rem en t of re lia b le  w ater sam p les a re  
d is cu ss e d . T h ey a re  (1) standpipes w hich 
should be le ft  in the stream b ed  fo r  24 hours 
o r lon ger b efo re  sam plin g and (2) only sm a ll 
w ater sam p les (about 30 m l.) w hich should be 
rem oved.

4. T em p o ra l changes in d isso lv e d  oxygen 
content of in tra g ra v e l w ater a re  rep o rted . 
O b served  tem p o ra l changes a re  d iscu sse d  
under th re e  c a te g o r ie s -* d a ily , se aso n a l, and 
y e a r ly . It w as found that d isso lv e d  oxygen 
content of in tra g ra v e l w ater flu ctuated  d aily
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at m ost points. Season al and y e a r ly  changes 
w e re  of m uch g re a te r  m agnitude, h o w ever, 
and th ey a ffected  e x ten sive  spawning a r e a s .

5. S patial d iffe re n c e s  in d isso lv e d  oxygen 
le v e ls  of in tra g ra v e l w a ter  a re  d e scrib e d . 
It w as found that sp a tia l d iffe re n c e s  w e re  
g re a te s t  during p eriod s of low  d is ch a rg e  and 
w arm  w eath er.

6. A  random  sam plin g p ro ced u re  to e v a l
uate m ean d is so lv e d  oxygen le v e ls  w ithin m ajo r 
spawning a re a s  is  d e scr ib e d . Random  sam plin g 
w as found to p rovid e a lo w -c o s t  and p r e c is e  
e stim a te  of m ean oxygen  le v e l  w ithin spaw n
ing g ra v e ls .
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APPENDIX

Dissolved oxygen values* obtained fo r  a l l  study areas in  la te  summer of 1957 of 1958
(Dissolved oxygen content in  m g./l.)

Study area

A B C D E F G H I

1957 1958 1957 1958 1957 1958 1957 1958 1957 1958 1957 1958 1957 1958 1957 1958 1957 1958
3.9 6.3 3.6 8.7 6.0 8.6 0.8 6.2 5.6 4.5 7 .1 9.6 5.3 8.8 1.4 9.7 5.6 9.5
5.3 9.9 2.2 8.3 5.5 9.0 3.7 9 .7 2.4 5.2 8.8 9.3 6.0 9.0 5.3 L 2 .1 5.9 9.0
2.7 9.6 1.6 7 .1 5.3 8.1 6.9 9.4 1.3 8.5 0.5 7 .1 2.4 8.4 - 0.0 3.2 7>% 10.3
0.6 7 .1 1.8 8.0 5.9 9.1 5.0 9.7 1.5 6.1 1.8 3 .1 1.8 9.5 0.0 5.6 0.7 8.6
0.9 4.9 4.0 9.6 7.3 8.2 3.3 9.8 3.2 9.4 5.7 5.2 1.3 7.3 0.0 7.0 4.5 8.4
0.0 7.2 2.3 9 .1 /'■'/7.3:vv 7.6 2.2 8.4 4.0 1.9 1.8 2.2 2.3 9.4 2.4 3.7 5.2 10.0
0.0 1 .7 0.7 7.2 6.7 8.7 1.3 4.7 1.8 1.3 1.4 8.9 6 .1 10.5 0.0 0.6 3.6 8.6
4.0 6.5 5.4 7 .1 6.6 8.6 0.8 * 3.3 1.2 5.6 8.5 10.3 0.6 9.9 0.5 9.4 1.8 9.0
3.5 5.2 1.2 9.3 3.5 9.4 0.4 4.0 4.6 4.4 8.0 9.4 1.8 8.7 5.0 9 .1 0.2 10.1
3.3 8.3 1.2 4.6 6.3 9.4 5.4 7.7 1 .1 8.8 0.8 7.3 5.3 10.0 1.6 2.3 2.5 10.3
0.8 9 .1 1.3 7.0 5.7 8.1 6.2 9.0 2.0 8.9 2,0 7.6 6.8 10.6 0.2 8.4 1.0 9.7
1.8 4.0 6.3 8.4 7.4 9.6 6.8 9.j3 " 7.4 8.9 2.6 7.0 4.7 5.8 0.0 9.4 1.8 9.2
0.0 5.9 4.0 8.8 5.2 8.8 6.6 10.0 6.8 8.8 0,0 5 .1 0.2 0.7 2.6 9.3 4.8 10.5
0.6 3.5 0.4 9.5 5.4 9.1 0.7 9.4 2 .1 1.0 7.9 9.2 8.2 ,10.8 0.0 4,2 4.0 8.7
2 .1 ; 6 .8 3.2 5.2 7.6 9.0 8.2 10.4 1.5 0.9 7.8 8.8 5.4 10.7 1.2 9.2 2 .1 9.5

13.0 6.3 2.3 5.5 6.0 9.2 1.6 4.8 0.4 ■ 0.8 6.1 8.6 0.0 8.2 4.2 6.7 3.0 9.4
1.9 10.0 5.8 2.7 7.4 9.3 1.2 3.8 0.4 3 .1 6.5 5.0 4.9 10.3 3.8 6.8 5.3 10.3
1.2 5.5 2 .1 7.4 6.3 9.6 1 .1 5.9 0.5 a .  4 8.0 7.0 8.2 9 .9 2.9 1,6 0.1 0.7
0.0 9 .1 0.8 9 .1 6.6 9.5 6.0 8.0 1.8 3.3 8.2 7,3 - 8.0 io 0.8 5 .9
0.1 8.0 3.5 9.4 0.0 5.7 7.9 8.8 8.4 5.4 2.3 5.0 1 .1 %a,3v 0.3 . 6.9
3.7 6.9 5.2 9.2 1.8 8.1 5 .7 9.4 5.8 9.0 8.6 10.0 7.0 10.8 1,5 9.5
3 .1 6 .1 1.2 4.9 6.0 9.4 8.2 10.0 6 .1 8.2 0.2 10<:2T 7.4 10.5 4.0 7.9
6.0 7.5 1.6 9.0 6.1 9 .1 8.2 9 .9 6.4 9.3 0.3:! f l B 7.4 10.5
5.2 6.8 7.0 7.7 0.0 7.6 7 .X 10.3 3.3 9.3 7 .2 7.8 3.4 10.2
0.9 8.0 7.0 9.3 0.6 8.9 0.3 2.5 7.2 3.5 • 8.4 9,3 1.5 7.5
4.7 6.4 4.8 7.5 7.0 9.3 0.3 9.7 4.5 3.9 8.2 6.3 8.2 9.0
1.2 6.5 0.2-• 8.3 0.0 5.9 2.3 9.7 6.6 1.9 7.6 6.7 4.4 10. l;
1.4 5.6 0.2 9 .1 0.4 7.0 £̂ 3,r4 9.0 1.8 2.1 9.12 10.5 4.8 10.0
2.2 5.4 0.0 8.6 0.2 9.0 6.7 5 .1 0.6 1.2 0.8 10.0 6.9 10,0
1.8 4.9 5.8 9.7 7.3 9.4 0.4 2.3 4.8 9.8 4 .7 10.2
7.8 6.7 0.0 5 ,1 6.3 9.8 1.0 8.2 8.9 10.5 6.3 10.0
4.5 6.8 0.0 9.4 7 .1 10.0 7.4 7.3 2,2 9.0 2.2 7.5
7.5 9.3 0.0 9 .1 7.8 10.1 7.0 8.4 9.0 9.0 3.6 2.4
0.0 9.6 7 .1 9.6 1.6 1.6 8.1 7.3 6.5 7.8 3.7 8.1
0,0 6 .1 6 .1 4.8 2.2* 7.2 7.8 7 .1  f 8.0 8.0 1.2 5.8
2.8 7.4 4.7 4 .1 6.6 9.5 6.3 9.3 6.2 5.0
2.8 5.6 0.2 8.5 5.9 7 .7 5.2 7.9 5.2 10.7
3.4 4 . 3 1 2.2 9.2 7 .1 7.0 7.3 6.6 0.2 7.7
7 .1 8.3 0.0 9.5 7.7 9.6 7.3 6.5 5 .1 10.3
6.3 9.6 0.0 8.2 7.9 9.6 7.8 3.9 0.6 9.4
1 .7 10.8 0.0 7.5 7.6 9.5 4.3 7.3 6.9 9.6
2.6 9 .1 2.7 9.2 0.6 2.4 4.5 6.5 7.0 9.4
2 .1 4.9 3.9 9.6 1.4 8.6 5.5 7.5 6.2 9.9
0.4 5.4 0.0 8.5 4.8 9.6 5.7 6.5 6 .1 8.7
3.4 6.0 3.4 9.6 5.3 9.5 5.3 8.0 0.4 8.2
3.2 5.5 6 .1 8.7 6.0 8.4 2.5 7.9 0.2 9.3
2.3 5.2 0.0 7.2 5.7 9.2 7.2 8.6 6.4 9.4
9.7 6.5 0.0 7.7 6.5 9.3 7 .1 7.2 6 .1 9.8
8.0 8.9 0.0 7.3 2.5 8.8 8.1 7.4 5.2 9.8
6 .1 8.3 0.7 7.7 1.0 9.8 5.9 4.9 6.9 10.1
0.0 5.9 0.0 7.4 0.3 9.6 2.2 7.5 8.0 9.9
2.0 8.9 0.6 6.9 3.8 9.8 0.0 5 .1 6.3 7.2
0.0 5.3 4.0 6.5 5 .1 9.9 0.0 4.9 0.6 5.2
3.0 6.4 0.2 7.8 5.5 9.0 0.2 8.5 2.9 8.2
2.2 6.4 0.7 8.0 7 .1 8.9 0.0 8.7 1.6 9.2
2.8 5.4 0.9 8.0 6.9 9.4 0.1 9.4 0.2 9.6

See footnote at end of table
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APPENDIX (continued)

Study area

A B C D E F G H I

1957 1958 1957 1958 1957 1958 1957 1958 1957 1958 1957 1958 1957 1958 1957 1958 1957 1958

1.4 7.7 2.9 4.4 0.0 5 .1 7 .1 9.9 4.2 10.1
1.0 9.4 5.7 8.0 2.2 9.4 0.2 9 .1 6 .1 10.4
0.3 9.6 6.2 9.4 0.0 9,0 6.9 9.3 6.5 10.0
0.1 8.5 5.6 9.4 2.7 9.2 6.2 8.9 5 .1 9.9
2.3 3.5 3.8 7.0 5.4 9.6 8.0 9 .1 7.3 10.4
3.4 5.7 3.4 7.9 5.0 9.7 0.0 7 .1 5 .1 10.5
2.3 5.7 0 .1 6.2 6 .8 9.6 1.0 9.6 0.0 3.4
2.8 6.7 5.5 9.5 0.4 3.4 0.0 8.9 6.9 8.0
1 .7 9.0 4.5 7.2 0.1 4.6 0.0 9.6 6.6 9.6
3 .1 8.1 0.0 6.6, 5.8 9.4 0.0 8.4 0.6 8.8
4.0 8.0 0.0 7.3 0.2 5.6 5.9 9.9 2.9 10.2
0.0 8.3 5 .1 8.5 2.6 8.3 4 .1 9.5 0.6 9.8
0.0 9.0 5.0 9.9 1.4 7.9 8.0 9 .1 3.2 9.8
2.9 8.0 0.5 9.4 4.4 6.9 9.2 9.6 6.6 9.8
4.0 8.2 5.8 9.7 0.0 8.8 3.4 10.0 0.2 10.6
2.2 8.0 4.8 8.6 0.3 9.8 2.5 9.0 7.6 9.7

1.3 6.4 0.6 9.4 0.0 9.0 6.6 10.0
1.4 6.9 5.7 9.4 3.4 8.6 7.5 9.2
5 .1 6.9 2.2 9.7 0.0 9.0 0.7 9.0
6.6 7.3 6.2 9.0 2.7 8.4 5.5 10.6
5.2 9.8 3.9 8.4 0.9 8.8
0.9 9.7 0.0 8.9 7 .1 10.6
0.8 8.0 2.4 6.6 4.9 9.9
5.4 5.6 0.0 9.4 7.5 10.0
5.6 8.3 0.0 8.6 8.2 10.1
2.2 9.2 7.5 9.6 7.5 9.6
6.7 9.4 5.8 8.3 4.6 7.9
7.4 9.5 3.9 7.7 6.6 8.9
6.7 8.1 0.0 7.4 1.8 10.0
6.6 7.8 0.0 5.4 2.3 7.8
4 .1 8.9 1.2 7 .1 4.5 9.8
7.7 8.0 0.1 8.9 8.2 9.6

9 .1 8.4 6.6 9.4
0.0 8.8 3.7 9.9

4.6 10.2
0.0 2.5
0.3 6.8
4.4 6.8
2.6 7.6
6.2 6.2

*These are mean values of two or more sequential samples taken at each point.

m MS #1033 GPO 9 2 4 28 2




