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A: i a n t  r c  salmon eggs *ere rncubated  In v a r r o u s  g r a v e l  and sand inrx tures  w l ~ h  v a r l o u s  water  f1ou.s and iwo 
c i z r e i t rous  a f  wdter  i u r r r n i .  Firre sand (0.06-3.5 mm) was more e f f e c t ~ v e  than  c o a r s e  sand (0.5-2.2 mi r n  
reoucxna  nmoers  of emergent f r y .  m e  nunber of  f r y  emerglng was r e l a t e d  t o  t h e  formula S f / 8  + ~ ~ 1 1 5  where 
S r  = p r o p o r t r o n  of f i n e  sand and Sc p r o p o r i l o n  o f  c o a r s e  sand I n  t h e  g r a v e l  rnrxcure. Emergence was iiot 

a f L i t e o  by reauLtior .  o f  vtater s u p p l y  eo t h e  eggs .  S t r o n g  upwe11~eg w a t e r  c u r r e n t s  n ~ t l g a r e d  t n e  r f f e i t s  of 
sand  co some d e g r e e .  Spwel i rng  w a t e r  c u r r e n t s  a l s o  induced e a r i ~ e r  f r y  emergence. There was a  tendency  f o r  
s n a i i e r  f r y  t o  emerge l a t e r .  
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On il f a l t  ~ n c u b e r  d e s  o e u f s  6 e  saw..on d e  1 7 A t l a n r l q u e  d a n s  d l v e r s  mslanges de s a b l e  e t  de g r a g ~ e r  toot en 
fa i sa - i t  varier i e  d i o l c  d 'eat ,  e t  en na lnLenani  une c - i r c u l a t r o n  d9eeail dans  i e s  deux s e n s .  La r g a u c t l o n  du  
nom5r.s d ' a l e v i n s  s o r t a n t  nu n 6 l a n g e  f u r  p lus  marqu8e avec  l e  s a b l e  f r n  (0 ,Ob a' 0 , 5  mm) ou 'avec  l e  g r o s  s b l e  
(0,5 Z 2-2 mn). i e  combre a e  s o r t l e s  a  6 t h  a s s o e l 6  2 l a  formule s T / 8  + S 1'16 0% Sf = l a  p r o p o r t r o n  de s a b l e  

g h n  e r  Sg = ia proportion d e  g r o s  s a b l e  a a n s  l e  m6lange de g r a v i e r ,  La d i m l n u t l o n  du d i b r t  dqeaau n 'a  p s  
e u  d ' e f t e t  sur l a  s o r t l e  d e s  a l e v r n s .  De g u ~ s s a i i t s  c o a r a n t s  d e  remontge o n t  j u s q u ' s  m certa1-n p o i n t  a t r 6 n u 6  
l e s  e f f e r s  do s a b l e  e t  provoqus une s o r t l e  p l u s  r a p l d e  Ces a l e v m s .  Les a l e v r n s  p lus  p t i t s  a v a i e n t  rendance  
5 s o r t r r  du g r a v l e r  p l u s  t a r a .  



INTRODUCTION 

A e l a n t l c  sal-non (Salmo s a l a r  i,? deposi r  t hex r  
eggs  i n  e x c a v a t ~ o n s  i n  s t ream g r a v e l s ,  The eggs a r e  
t hen  covered to  a deptn  of about 30 cn.  

Ex-e r inen t s  wLth eggs a r t l f i c i a l l g  incuoared m 
g r a v e l s  nave been performed Zrorn two poxnts of view, 
On s h e  one hand, evidence  nas accumulateci, x r t r c i i -  
r a r l y  f o r  ? a c i f i c  salmor& s p e c i e s ,  t h a t  f r y  o b t a ~ s e d  
from g r a v e l  i ncuba t ion  have sbper;or s t ream s u r v ~ v a l  
qualities over f r y  obzained fron more t r a d ~ c i o n a l  
ha t cne ry  ae tnods  j aaas  and Crah t r ee  1976; Mead and 
Woodall 1968j, On the  o t h e r  mnd ,  s e v e r a l  m u e s t i -  
sa:ions,  t h e  p re sen t  one Included,  have been 
coacerned w:th rhe d e l e r e r ~ o u s  e f f e c t s  of t i n e  
sediments  on the  s u r v i v a l  of salmon eggs a d  a l e v i n s  
d u r i n g  t n l e i r  r e s idence  wl thrn  the  mediiln (Yausle and 
Coble 1976; Ha l l  and Lantz  1969, d i c k e t t  1955; Shaw 
and Hags 1945 ;  tiobbs 1937; Snapovalov 1937) .  

- .  c i n e  sediments may dec rease  egg and a l e v i n  
s u r v i v a l  by reducing the  perroeabil icy of the  g rave l  
t o  water p e r c o l a t i o n ,  t he reby  den:ring the  required  
oxygen f o r  proper development (Terhnne 19581, The 
r e l a t i o n s h i p  ber-8een d i s so lved  oxygen concen t r a t ions  
and minimal r equ i r ed  water  v e l o c i t i e s  'has been 
i n v e z t i g a t e d  f o r  sceelhead t r o u t  and chinook salmon 
embryos ( S i l v e r  e i  al, 19631, In  a d d i t i o n ,  i t  'has 
been sugges ted  chat f i n e  sediments inay a l s o  decrease  
emergence success  by " t r app ing"  f r y  w i th in  rhe 
g r a v e l  (Xoski 1966, i n  H a l l  and i a n t z  1959; y%usle 
and Coble 1976; P h i l l i p s  e t  a l ,  19751, perhaps by 
impeding a l e v i a  movement, TI-re r e l a t i v e  impact of 
v a r i o u s  s i z e d  sand f r a c t i o n s  has not  been scudied 
p rev ious ly .  

I n  t h i s  l abo ra to ry  s t ady  we examined ihe 
i n f l u e n c e  of the  amounts and p a r t r c l e  s i z e s  of Fine 
sed imen t s  on emergencs _suscess expressed a s  a 
pe rcen tage  of toTG3 n m b e r  of eggs bu r i ed ,  :ime of 
emergence, and s i z e  of emerged f r y .  D i f f e rences  i n  

t h e  i n f luence  of two s r z e  f r a c t r o n s  of sand on the 
above parameters were iavestigateed.  We have a l s o  
examined, t o  a l e s s e r  degree ,  emergence under d i f - -  
f e r i n g  pe rco la t ion  r a t e s  through the  g r a v e l  
mix tu re s .  

MATERIALS .XND %?;ZETHODS 

Two types  of appara tus  were used to  incbbate 
eggs  in  the g rave l  mixtures ,  That used most .*pas a 
column of polyvinyl  pipe (Fig, 18) of 1 4 - 5  cn 1.D- 
The column f l o o r  was a p l a s t i c  d i s c  screen 
p e r f o r a t e d  with 3-rn diameter ho le s  (6-7/ciri2). 
The per imeter  of t h i s  f l o o r  formed a daa around the 
o u t s i d e  of the  pipe t o  prevent water from flowing 
o u t  of the  system between the  i n s i d e  of the  column 
and the  g rave l  it conta ined,  Gravel f i l l e d  the  
appa ra tus  to  a depth  of 2 4 , s  cm wi th  t he  eggs bur ied  
a t  a depth  of 16.5 em, The Cop of t he  g rave l  *as 
about 2 cm below the  water s u r f a c e  a s  determined by 
t h e  lower l e v e l  of a screen in  the  s i d e  of t he  
colilion, 

S ~ p p l y  water ELowed ln ro  the  top  of the  column 
I n  excess  of the pe rco la t ion  r a t e  through the  
rolirmn, t h u s  ma in t a in l ag  a constanr. head. The 
exces s  water flowed out tnrozigh the  s l d e  screen ar.d 
down the  o u t s i d e  of the  column, P e r c o l a t i o n  water 
was c o l l e c t e d  In a funnel glued t o  the  f l o o r  and che 
f low r a t e  was coi-;tsolled with a hose c l a s p  a x t h e  
elbow on the bottom of the funne l*  A ho le  a t  the 
b o t t o a  of tr.e elbow was kept s toppered except 
immediately a f t e r  i he  add..eLon of g rave l  t o  t"le 
column, -&en i t  was unstoppered b r i e f l y  t o  jxrm; :  
e x f c  of the smal l  amount of f i n e  sedimeilts & i c h  
passed r h r o ~ g h  the  pe r fo ra t ed  f  i oo r .  

Whiie most of the experiments were pzrfor-ed 
wi th  the collrnisc descr ibed above, a second type of 
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Fig.. 1. A ,  Diagram of n column i n  which eggs dere reared  ~ r i  va r ious  
g r a v e l  a r r i i i r e s ,  Water flowcrl i n t o  the  cop o i  Lhr i n l u m ~ ~  and out clie 
bortonl where Plow r i i te  W B ~  c o n t r o l i e d  by ii iron(* i lamp,  

a .  Dingram 01 t h e  C I L ~ ~ ~ Z C U .  I l i e  L P ~  J C I -  I omjmrt:neni ~ ) r t l  

:~ided hydrau l i c  llcdd df r i t  wat r> r  ILowi r)r, I r n m  1 r i r ~ t g )  t h *  srflv#-l 
through the p e r f o r a t i o n h ,  Watc~r thc.1 Clnwc<l tapweit-4 f nrrjiigh the ~r N V P I  
and o u t  the  upper s e t  o f  pcrforat1on.i  I n c n  t h e  d r a i n  I r<>~#t? ,h ,  



appa ra tus  (F ig .  1B) c a l l e d  "chambers" and con- 
s t r u c t e d  of b l a c k ,  0.6-cio t h i c k  p l e x i g l a s  was used 
i n  one s e r i e s  of ex;>eri;lenr_s, Supply water flowed 
i n r o  a  150 x 10 x 60 cm hLgh r e s e r v o i r  t o  form the  
water  head, T ie  warer cllen flowed rl-irough perfora-  
c i o n s  i n  t he  l o w e s t 5  ccn of t h e  I n s i d e  wal l  of the  
r e s e r v o i r  i r t o  10 cimm5ers ( L O  x 15 x 60 cm), each 
o f  which c o r ~ t a i n e d  a  g rave l  mixture t o  a  depth  of 25 
cm, Wacer pe rco la t ed  upward through the  g rave l  i n  
t h e  chambers (as opposed ro downward i n  t he  colwrns 
d e s c r i b e d  above? ,  then out through p e r f o r a t i o n s  'in 
, *  rne  t o p  of che o u t e r  chercber wa l l  i n t o  a  d r a i n  
+ _Lo:igh, .- PercoILaci<-n r a t e s  could be increased by dl 
r eaov ing  S i l a s t i c  ~ 3 )  ? lugs  From p e r f o r a t i o n s  i n  
 he r e s e r v o i r ,  3ggs were bur ied  a t  a  depth  of 16.5 
cm a s  f o r  ehe co i anns*  Xuch h ighe r  p e r c o l a t i o n  
r a t e s  were used i n  t h e  chambers than i n  che colrsm;?s. 
The numbers of columns and chambers used each year 
o f  t h e  exper iments  a r e  given i n  Table  i ,  13e 
chambers wi th  upward, much f a s t e r  flow r a t e s  were 
used t o  s e e  i f  xhe d e l e t e r i o u s  e f f e c t s  of sand could 
be  o f f s e t  by a  s t r o n g  upward water c u r r e n t .  

The eggs used were of MicamLchi Xiver s tock in  
19734-75, of  Xagaguadav", River scock f o r  the  next  ? 
jrr, ant1 of 'naweig River s rock i n  1979-80, A l l  eggs 
were s t r i p p e d ,  fertilized, water hardened, then 
p i a c c d  i n  t he  col~arins o r  c i ~ ~ i z b e r s  wi th in  12 h  a f t e r  
f e r t i l i z a t i o n .  The eggs were bur ied  in the  g rave l  
m i x t u r e s  a s  fo l lows ,  F i r s t ,  a  Layer of f i n e  to  
medium g r a v e l  (2.3-22-0 mn p a r t i c l e  s i z e )  was added 
t o  t he  appa ra tus  co a  depth  of 1 cm to  prevent l o s s  
55: sand through t h e  f h o o  p e r f o r a t i o n s  and t o  
p rov ide  a  s h i e l d  a g a i n s t  poss ib l e  downward movement 
of a l e i r l n s  ( D i l l  and Nort??cote 19701, A l a y e r  of 
che a p p r o p r i a t e  g r a v e l  a i x t u r e  was addid to a  depth  
o f  7  cm, 'i"ne eggs (50 per column o r  chamber) were 
t h e n  d i s t r i b u t e d  over t he  g r a v e l  and covered so a  
dep th  of 16 -5  crn wich t h e  g r a v e l  mixture ,  A l l  such 
a d d i t i o n s  were made with t h e  appara tus  f i l l e d  wi th  
wacer t o  reduce t h e  p u s s i b i l i L l e s  of crushing eggs 
whl le adding the  g rave l  and of t r app ing  a I r ,  I n  
each  year  f i v e  to  s i x  groups of 100 eggs were Incu- 
ba t ed  in  p l e x i g l a s  i ncuba t ing  boxes t o  determine the 
pe rcen tage  a f  now-viable eggs.  In 1975-77, o f  
t h e  eggs were no t  v i a b l e ,  so  t h i s  percenrage was 
used ro  c o r r e c t  f o r  the  numbers of emergent f r y  from 
t h e  columns, i n  a l l  o the r  yea r s  t he  numbers of 
non-viable  eggs aimounted to l e s s  than 10% and nn 
c o r r e c t i o n s  were app l i ed .  

- ine  g rave l  su r f aces  of the  columns and chaabers  
were checked occas iona l ly  f o r  emerged f r y  while 
measuring tempera tures  and p t x c o l a t i o n  s a t e s  u n t i l  
emergence was considered  imminent, T h e r e a f t e r ,  they 
were checked once o r  ( u s u a l l y )  twice  d a i l y .  F r y  
were re~noved by s u c t l o n ,  a n a e s t h e t i z e d ,  and measured 
( f o r k  l e n g t h ) ,  

GRAVEL !ill-0 SAh3 hlXTURES 

The g rave l  n i x i u r e s  used m che experiments 
c o s s r s t e d  of a  bas i c  r a t i o  of coarse  g r a v e l  
: p a r t i c l e  s i z e  22-0-G2,O mm) t o  mednum-f~ne g rave l  
(2,3- 22-13 mi) of about 5:: j1,57 - range of 
i ,0-t,2) (Table I ) ,  The mean r a t l o  approxrmates 
that. (ou.tI: LII i i ~ t r ~ r a l  A t l a n t i c  salmon s p a f i i n g  a reas  
(Peterson 1978)- "Control"  mixtbres  contarned only 
t n e  two g rave l  f r acc rons ,  While up t o  35-6% "coarse  
sand" (0,5-2-3 a n )  by weight and iC,9% '"Fine sana" 
(0.06-0,5 niii) were ridded to  the  t e s t  a ix t i i r e s  In  
varylng comS~natrons  (Irg, 2 ) "  h e  week. a f t e r  
emergence had t e r n l n a t e d ,  t he  con ten t s  of each 
chamber a n t  coluna  were wet s reved m t o  the t o u r  
fractions. Af te r  inspaceion of the  s levea  f r a c t i o n s  
For eggs and a l e v i n s ,  each g r a v e l  E r a c h l o  was d r ~ e d  
and welgned, and the peroea: composit ion of the  
va r ious  f r acc rons  determi?ed, The w r c e n t a g e s  given 
i n  t h r s  r e p o r t  a r e  f i n a l  percentages  obta ined a f t e r  
s l e v r a g  the columns, 

The g rave l  from 17 colupns nnc 8 chambers was 
removed I? four  q u a r t e r s  ( f r o n  top  t o  bottom) f o r  
s i e v ~ n g ,  Seqd tended ro s e t t l e  t o  the bottom dur ing 
che experlrnent (Table  2 ) -  S e t t l i n g  was more pro- 
nounced m rhe columns than i n  ",he charabers, pernaps 
due to some couqter tng  e f f e c t  nf t h e  g r e a t e r  upwe?- 
I l n g  water v e l o c i t i e s  i n  the  l a t t e r  appa ra tus .  Two 
columns were f rozen i-;rlor to quartering and sieving 

t h e  con ten t s  to  see  ~f s t r a t i f l c a t l o n  occurred 
durii lg removal of che g rave l .  S t r a t i f l c a i i o n  had 
occurred  to  a  s rml l a r  exceqt r l  those two iolumns. 
The degree of s t r a t l f i c a t l o n  appeared to be inde- 
  en dent of t he  t o t a l  m o u n t  of s a rd  p r c s e a t  (Table  
2)" For purposes of r e l a t i n g  numbers of emergent 
f r y  t o  a roun i s  of sand In t be  gravel., the  averas-. 
percenrages  of coarse  and f i n e  sands f o r  the  entire 
coli~mn e r e  used, The eggs were placed near ttle 
bottom of the  t h l r d  q u a r m r  d n c h  con ta r l ed  about a s  
a u r h  sand a s  rhe average  f o r  the  colbmns, Yost dead 
eggs  and alevli-is were a l s o  recovered near t h i s  depti t ,  

Media po ros i ty  (which we de f ine  a s  rile percen- 
t age  of the r o t a 1  coiumn o r  chamber volume no t  

Table  1. shimbe-b of columns and chanbers and coarse  g rave l  ( 2 2 - 6 2  mmf t o  
mealup g rave l  (2 -3 -22  m) r a t i o s  f o r  the  Erve years  when exnerirnents viere 
performed. One coluilin i? 1375-76 and 0r.e i n  1979-80 a r e  omit ted  f r o n  tfre 
a n a l y s e s  due r_o f a i l u r e  of water suppig,  

Piean coarse/mediurn 
g r a v e l  r a t i o  f o r  Range of raLLos Io r  

K G .  of  No. o f  f o r  a l l  columns o r  indi.vidual columns 
Yea; coluxns chambers chaaber s  o r  chambers 
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T a b l e  2 ,  f ; r rebt iEica ; ion  of sana i n  columns and chambers. F igu res  a r e  mean percentages  of t h e  t o t a l  
an:ount of sand for 1 7  co:umns and 8 chambers* 

Coarse sand Fine sand 
To P 2nd 3rd bottom Top 2nd 3 rd bottom 
i /ti i 14 114 114 1 /5 1 14 114 ? / 4  

Chambers 1 4 - 4  2 2 , 4  19.0 39.; 19-8 2 7 - 2  20-8 35-7 
(d -4 -25 .3 )  (9 ,6 -30 ,2 )  (7,4-21,3) (31-2-66,7) (0-66,7) (0-66.7) (0-23,O) (28.0-56-8) 

Fiz. 2, Tne c o n b i n a t ~ o r s  of coa r se  and t i n e  sand 
( a s  percentages  of t o t a l  gra- el weight)  used i n  t h e  
c o l u m s  f o r  t h e  yea r s  i nd i ca t ed .  

occapied  by s o l i d s )  wai obta ined f o r  a l l  cotumur and 
chambers tipon completion af the  t e s t s  by mensurlng 
t h e  eoliinic. 0 ;  water dra inen from the  ton o f  tne  
g r a v e 1  and b 4 7 d  ~ c l c t u r e ,  -3iibtracting the volume of 
f u n n e l  and elbow and aaolng tile water c o n t e l t  of t he  
w e t  medam ( 'drarned" water volume, Frg,  31, 
2 o r o s i t y  was a l s o  estimated f o r  30 columns by 
pourrng the d r r sd  mediiiir nixtinre ir i to a known volume 
o f  water .  T i e  i nc rease  in  srolume equa l s  the  volume 
of t ne  g r a v e l  mixture, Sub t r ac t rng  ch r s  volume Prom 
t h e  c o l ~ n n  volurre yre lded an e s t ima te  of the  pore 
space  ( " e s t i n a t e d " w a t e r  volune of Fig .  3 ) "  The 
vrsl-ces c r ~ t a r n e d  by t h e  tjio methods were s fmr l a r  i n  
most c a s e s ,  b u t  w i th  cons rde rab le  s c a t t e r  about the 
l r n c  i l i  e q u a l i t y .  Thrs s c a t t e r  1s  p a r t l y  due to  
e r r o r  i n  de termrqing the  ";OD" of t h e  g rave l  tri the  
columl ,  s i n c e  the  g r a v e l  s u r f a c e  was i r r e g u l a r .  
Also ,  some a i r  becase trapped 211 t he  columns, due to  
~ n c r e a s e  rn water tempera ture  a s  r t  percola ted  
chroagh t h e  & r a v e l ,  bA.7 accuztulation would tend to  
dec rease  " 'dra ined"  water  volumes, T(7e f l v e  po ln t s  
( a s t e r i s k s  m F ig ,  3 )  i y i r g  wel l  &low the  l l n e  may 
have c o n t a m e d  the  most a n ,  As w i l l  be seen,  the  
f low r a t e s  dec l lned  m those  f l v e  columns. Reduc- 
c i o n  i a  flow map be a s s o e l a t e d  wrth a l r  entrapment 
o r  packrng of sand, a s  t hese  -olumns a l l  'had hrgh 
sand c o n t e n t s ,  The p o r o s i t y  decl ined a s  the  
a e r c e r t a g e  of sand inc reased  i n  t he  g rave l  mix ta re s  
(F ig .  4 1 ,  snd n l x t u r e s  wi th  l i t t l e  o r  no sand 
averaged more than 40% Tore space* P a r t  of the  
s c a t t e c  ,n F ig ,  4 1s  attributed t o  the  f a c t  t h a t  
c o a r s e  ana i ~ n e  send percentages  were addea, ana 

Flg .  3 ,  Escimaees of water volumes conta ined w i t h i n  
c o l m n s  of va r ious  g r a v e l s ,  The "dra ined"  water  
volume was ~ e a s i i r e d  by d r a i n i n g  t h e  column a f t e r  
emergence was complete,  Tne '3displaced"water  
volume was obta ined by pouring che d r i e d  g r a v e l  mix- 
t u r e  from the  column i n t o  a known voluine of water  
t o  e s t i m a t e  g r a v e l  volume, Tnis  f i g u r e  was then  
s u o t r a c t e d  from t o t a l  column volume, For f u r t h e r  
d i s c u s s i o n  see  t e x t ,  Closed e l r c l e s ,  1975-76 
exper iments ;  open c i r c l e s ,  1977-78 exper iments ,  
A s t e r i s k s  i n d i c a t e  columns Lo which a i r  entrapment 
may have occurred .  

Fig.  4 ,  The po ros i ty  (volume of pore space )  con- 
t a i n e d  i n  t he  g r a v e l  mfxtures a s  a f u n c t i o n  of sand 
c o n t e n t s ,  The l i n e  of bes t  f i i  i s  de f ined  by t h e  
equa t ion :  po ros i ty  = 4 0 - 9  - 0,39% sand ( r  = -0-6, 
t = 5,14, df = 4 7 ) .  Open c i r c l e s  a r e  d a t a  de r ived  
from chambers, c lo sed  c i r c l e s  from columns, 
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Table 5. Dissolved oxygen levels ( %  saturation) in effluent from gravel c~lunnns operated rn 1979-80 
(mean flou, rates ca, 15 nil/uiin). 

Ternp. Af fll-ent Column no, 
Date l ° C j  supply i 2 3 4 5 6  7 8 9 1 0 E i  I 2 1 3 1 4  

F I ~ ,  4, Tht reiatlonship bet~ean ~~tragrzvel water 
veioclty and gravel porcslty, ~4% - chambers; @ - 
colamns, 1979-50,o- colums, ocher gears. hatched 
area ~ndlcites vePocrt~es recommended by Barns and 
Crabtree (1916). 

greatel than 10%, which may have been due in part to 
heating as the water passed through the column, 
Because of the higher flow rates in the chambers, 
dissoived oxygen concentrations in the effluent of 
these were not measured. 

Water hemperacures of the supply flowing into 
and out of each colaxn an.d chamber aere monitored 
dally with a battery-operated thermistor box and 
probe. The  water warmed an average of 0,3°C (range 
0, i-1. i )  I? the columns, less in tire cnambers, as it 
percolated rhrough the gravel, This temperature 
Increase was minimxzed ~n the columns by the sprl- 
lage of excess water down the outside walls jca, 
100 mi/min/column) * 4ffluent and eff lbent tempera- 
tures were a~eraged to eztiqate the %ear. incubation 
temperature, %e rncubation temperatures followed 
those of tne anbient freshwater supply for most of 
the incubacrun ~erlod, but for about rhe last month 
of the incubation perrod they were raised gradbally 
from the wlncer l o w  of 4-5'6 to 8-14'C by the end of 
the emergence perlod (Pig, 7, 8 ) -  Variatrons zn 

Fig. 7, Daily average temperatures, emulative 
remperatures (degree-daysf and emergence patterns 
from the gravel columns in P9;4-75 ( A ) ,  1975-76 (B), 
1976-77 j C )  and 1977-78 (Dl. Dotted verticai line 
indkates rnedian emergence and, on the horisoatai 
arm, the number of degree-days accumulated to median 
emergence, The emergence data are pooled for each 
year, 

daily incubat ion temperatures among the coiumns or 
chambers for any given year were never greater than 
1'6 an3 were -usually less than 0 , 5 " C e  The chambers 
averaged 0.5-1, O°C cooler than the colurans of the 
same year. 

RESULTS AND DISG'dSSXON 

TEWOK4L DISTRZBLTLON Of PRY FXa4ERaNCE AND SIZE OF 
PRY AT 

Exergexce distributions 0 5  salmon fry from the 
col*w?ns 'Fig. 7, Pig, 891 2nd rhe chambers (Pig, 8h) 
were apparently nearly srru;ietriral with ria systema-. 
tic skew,~rss from year to year- These are combined 
values for all coimris or chambers in a given year, 
so it might be argued that such combination might 
obscure any pattern inherent in the emergence Prom 
individual containers., Znspeetboa of emergence 



Daus f r o m  Ferr,iiro!icn 

F,g. 8, 3 z l i y  temperatures, cumulatrve remperatures and emergence pattsrns from 
the chnwbers in 1977-78 ( A j  a d  the columns of 1979-80 ( a ) ,  Details as rn Fig. 2 ,  

pacteras from individual containers, however, 
revealed no consistent deviations from symmetry 
which could be attributed to the nature of the 
gravel mixture. The accumulated degree-days to 
median emergence from the columns were 900-1000 (Pig* 
7, 8 ) -  The higher values (991, 985, 1027) for 
197.5-76, 1976-77 and 1977-76 may be associared with 
the facc that the water supply was ilot heated as 
much as in 1974-75 and 1979-80 (937 and 9 15 degree- 
days), In r"i last me~irioiled, tenperattires were 
higher Suring tke e a r l y  inctibatlon pi i i i ses  ( 1 1 - 1 2 ° C  
v s  A - 9 " G I ,  and were inzroi%sed more rapidly duri:;~ 
emergence ( i 2 - 1 4 ° C  vs 9-1O0C by che end OF emer- 
gence), Fie number of degree-days to specific 
stages of development is not a constant but varies 
w l t ? ?  the incubation temperature regime (Peterson et 
ai* 2977). 

The n~mber of degree-days to median emergence 
in rhe ci.amiibers gas much lower (785) than in the 
columns, Temperatures in the chambers were consis- 
te~ntly i ° C  lower than in the columns run the same 
year, yet the times to :nt?dian emergence were 81rnosc 
identical (150 d). Possibly the stronger upwelling 
currents in the c'bmbers resulted in faster fry 
movement upward to the gravel surface. 

Hausle and Coble (1976) found thac peak emer- 
gence was delayed up to 20 d by increasing amounts 
of sand in tile gravel mixtures. This was not the 
ease in our experiments. For L i  columns with sand 
indices (this term will he defined later) greater 
than 1.2, and showing (reduced) emergence, ihe 
median eaergence Limes averaged only I d Less than 
the average of the median emergence time for ail 
columns of the same year, 

In two coiumns and one chanarcber, fry with large 
amounts of yolk (less than half  the yolli resorbed) 
emerged "prematurely" (Table 61, In all timer 
instances the gravels co~~caitti?d milch sand - mostly 

coarse sand. The Chambet from whrch 18 premature 
fry euerged kid very high unweiling water v e i o c i t i e s  
(ca, 600 rntjrnla) so that the sand "boiled" at the 
surface, TnLs strong upward fiow may nave facllr- 
tated the movement of, or by itself moved, thcSe 
relatively undeveloped alevins to the gravel 
surface. Mecart (1967) found that up to 50% of 
sockeye fry (2. -1 from the upper Babrne R i  lei, 
n a r t i  cuiarly downstream m~gra ~ t s  , m~grated to l a b  i n c  
Lake 11 t\e yolk-sdc stage. Fariv eqer3ence oF 
jo-k-sac fry was associaten wltn temper-iture 
Increases, Yead an2W~ooo~li (1  908) also obta~qed 
prenatute Frv t rom tneir art~f~cial ~ncub?ti?r, w1is 

iq Meaver Creek. Shelton i i S I S S ) ,  3 a m s  [1969), and 
Phillips e i  a:, (l975) also observed the eaergence 
of prernatiire clriuuuk ((3, tshawytscha) and iono (2, 
krsutch) f r y  in their studies, Premature emergeace 
(as defrried rn the frrst sentence of the pragraph) 
occurred only In three of our containers, all of 
bnich bad  h i sh  mrcentages of s a n d ,  It is c9n- 
sidered probable that che oremature emergence rn 
these exnerlments is in response to an adverse 
rfltragrave, enrlronment. Premature energenre Pav be 
abetted by strong upwelling currents, Whether or 
not premature emergewe occurs naturally for 
Atlancic salmon, as is apparently the Ease for 
sockeye frx, is tmk".own, Peterson (1978) obtained 
"premature At iantrc salmon fry zn emergence traps 
from artlfrcial reads. These emergence5 Tnag  h a v e  
m e n  due to drst urbance durrng trap rnstaiint I o n ,  

The mean lengths of fry at emergence varied 
aaong the various years &en experiments were per- 
formed (Table 7)- These differences are probably 
not related to differences in gravel incubation 
procedures in different years, as similar dif- 
ferences were noted for the same lots sf eggs reared 
under other circumstances (Pezerson et ai, ! 977 ), 
They are more likely relaced to variations in egg 
sixes among the different yearis, There wc!rc> no 
significnrzt differences betweeil ~Iie sizes 
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Table 6 .  Plumbers o f  " 'prematurely" emerging f r y ,  t h e i r  s i z e ,  and a s soc ra t ed  sand ind ices .  

Coarse sand Fine sand Vienn a l ev ln  lengtl t  Yo * 

Conmine r  % X S a d  index and range jiiar) eaerged 

Tabie 7 .  M,ean lengths (am) of emergent f r y  a s  r e l a t e d  do sand index aad emergence 
sequence.  The q o a r t i l e  r e f e r s  t o  the r e l a t i v e  dtimes of emergence with f r y  i n  the f i r s t  
q u a r t i l e  being t i le f i r s t  252 of the  Fry t o  emerge. N - nilmher of columns:nimber of f r y  
mcnsured. The t e s t  of s i g n i f i c a n c e  was a one-way .AKOVA. Time to emergence i s  from 
f e r t i l i z a t i . o n ,  Emergence period i s  tiixe from beginning to end of emergence averaged f o r  
a l l  columris of ench group, The a n a l y s i s  w a s  app l i ed  only t o  groups where 12 or  more f r y  
emerged, One a s t e r i s k  i n d i c a t e s  p  < 0-05, two i n d i c a t e  p < 0.01. 

-- 

Year 1974-75 1975-76 1976-77 

Sand index 0 >i.O 51.0 >?.O 51.0 >1,0 

Yean5 
1 s t  q c a r t l l e  29.11 29,34 26.02 25.87 26.53 26.33 
2nd quart112 29.17 29.27 25.95 25.71 26.65 27-00 
3rd q u a r t i i e  29.21 28.94 25.95 2 5 - 7 3  27.63 26-67 
4 t h  q u a r i i l e  29,LI 28.76 25,Yl 25.10 26.53 26.67 

6.f. 
Treatment 3 3 3 3 3 3 
E r r o r  262 172  456 83 55 8 

P va lue  0.186 4.817** 0.778 7.158** 0.831 0.160 

Median time 
t o e m e r g e n c e  155 154 142 132 142 142 

Xean emergence 
per iod (d )  13 11 2 5 2 3 i 4  4 



emerging from g rave l  mixtures  with sand i n d i c e s  >1,0 
and from mixtures  wi th  sand ind ices  Si,O, In 
s e v e r a l  i n s t a t i ce s ,  however, ehe f r y  lengrh  was 
r e l a t e d  to  ri!k of emergence. The mean l eng ths  of 
f r y  emerging leirer i n  t he  emergence period were 
o c c a s i o i ~ a l i y  l e s s  than those emerging ea r i l . e r ,  I n  
r h r e e  i n s t a n c e s  rhc iengeils of emerged f r y  va r i ed  
s ign i f i can r1 .y  <sccorr!ing to  t he  g u a r t i l e  of "ie 
emergence i i s ~ r i b u t i o n  (Table  71, I n  a l l  i n s t ances  
nhe s ' i g n i f l c a ; ~  d i f f e r e n c e s  could be attributed to  
s h o r t e r  f r y  ernerghi: l a t e r ,  Although the  f r y  were - - n o t  bieighed, s a a i - e r  f r y  s i z e  l a c e  in t he  emergence 
pz r iod  i s  SeQievcd n o t  due t c  =ore yolk remaining In 
irhe 'i-ncer f r y ,  ?robably rile smal ler  f r y  a r e  l e s s  
v igo rous  In  working cp through the  g r a v e l ,  HausQe 
and G o h i e  639763 r epo r t ed  s i m i l a r  r e s u l t s  with brook 
t r o i ~ t  f r y  emergence. They obta ined l a r g e s t  f r y  i n  
t h e  middle of the e-nergence period and sma l l e s t  ones 
a t  t he  end, Tney a l s o  found rhz t  weight of emergent 
fry was not  c o r r e l a t e d  with sand ccntenc ,  

" 3  h ~ . . e  ;:imibec.r.: of nmcrl:i,:,r Fry obta ined Frorn a l l  
tire ciiliircrns (except f o r  i w i i  colamiin whict? r.ii\ dry  
6 ~ i i r i n g  the t?x;>eriinent) a r e  ill:ii;trated in  F ig .  9 a s  

a fr : i ir t ior .  of the percentages  of coarse  and f i n e  
sand p re sen t  i n  the  g r a v e l  mixtures.  'Tie numbers 
s ee=  t o  f a l l  f a i r l y  c o n s i s t e n t l y  i n t o  t h r e e  zones,  
The ntizbers of f r y  emerging from g r a v e l  a i x t u r e s  
conta: . .a-s  Li l~l i f i  iLy.i I ,zce sand than bounded by "the Line 

c o n r e c i i n g  8X f i n e  sand and I6Z coa r se  sand were 
u s u a l l y  g r e a t e r  the> 40 ( B O X ) ,  Tile -dean number of 
emergent f r y  per eolumi? was 4 2 - 8  (no. of eolumns = 
311, and eae rgea t  f r y  were obta ined from every 
column in  t h i s  r a r epory ,  t he  minirnurn number being 
13, 

For g r a v e l  mixtures  with sand content  f a l l i n g  
between the  l i n e  desc r ibed  above and the  Line 
connec t ing  12% f i n e  sand wi th  24% coa r se  sand, rhe 
nuinber of emergent f r y  was -very v a r i a b l e ,  and 
u s u a l l y  l e s s  i n  comparison wi th  numbers emerging 
from g r a v e l s  with l e s s  sand, The mean number of 
emergen: f r y  was i8.2 ( 3 6 , 4 X ,  n  = 231, No f r y  were 
ob ta ined  from two of t he  columns in  t h i s  ca tegory .  

Fo r  g r a v e l  mixtures  cnn ta in i ag  more sand than 
Sounded by t h e  Line connect ing  12% f i n e  sand wi th  
2 4 %  coa r se  sand,  numbers of emerging f r y  were 
g r e a t l y  reduced (mean no, o f  f r y  = 7.2, n  = 22). No 
emergence was obta ined from 1 4  of the  columns, 
a l t hough  over 40 emergent f r y  were obta ined from 2  
of the  columns ", t h i s  ca t ego ry .  

F lgure  9 sugges ts  a  t h re sho la  percentage  of 
f i n e  sdnd near  82, dbove wtiicn f r y  eiiiergence i s  
reduced and a corresponding threshold  f o r  coarse  
sand near 16%. Tne c f f zcLs  of the  rwo sand f rac-  
t ~ o n s  nb>oear ado;t ive ;n t h e l r  e f f e c t s  0% f r y  
e m e l g t l c e  because the  t n re sho la  l r n e s  of Frg, h h e n  
drawn s t r a l g n t  appear to Elr rhe d a t a .  Based on 
t h e s e  c o n s i d e r a t ~ o n s ,  tne  percentage of eaergent  f r y  
should  be a  f u n c t i o ~  of the  sand index (SI), de f ined  
a s :  

where: Sc i s  t he  coa r se  sand f r a c t i o n ,  
Sf i s  tile f i n e  sand f r a c t i o n ,  

Ti-&us, an §I i e s s  t k a a  I,:! i s  ir. the  region below the  
lower l i n e  where no decrease  i a  ir inbers of eaergent  
Pry occurred  (P ig ,  91, Values between 1-0 and 1 - 5  
a r e  rhe r eg ion  of dec reas ing  emergence bounded by 

Zlg,  9 .  Xumbers of fr:r f r o 3  va r ious  grave?  m l r t u r e s  
In  t h e  c o l ~ ~ n n s  (from 50 g r e t n  eggs o r r g i n a i l y  p l a n t e d )  
con ta ln lng  different i e v e l s  ( i n  p e r c e n t )  of coa r se  
and f i n e  send. The hatched J r e a  Indicates:  com-  
b i n a t i o n s  of r o a r s e  aild t i n e  sand meastired from 
n a t i ~ r a 1  qpawninp g r a v e l s .  

t h e  twr j  l i n e s  i n  Fig* 4, a:ld qa lues  g r e a t e r  than 1.5 
u s u a l l y  r e s u l t  m no emergence. For sand i n d l c e s  
>I -0, t he  nunbers of f r y  emerging from the c"lambers 
( F i g ,  10) (with upwelling wacer f l o m  and h ighe r  
percolation r a t e s )  were gene ra l ly  greacer  rhan t k s e  
erzrerkiqg from columns of s i m i l a r  sand c o r t e n t ,  With 
rhe  chamoers, emergence was reduced above a  sand 
index of abou"i1,5. However, f o r  the  co luzns  d t h  
reduced 9pcrcola"io~ r a t e  (ca.  15 mt/min),  t he  nur,- 
b e r s  of emergent f r y  were s fmi i a r  to those obta iqed 
i n  columns wit11 a  h igher  flow r a t e .  

Emergeilce *as s r g ~ l l f l c a n t l ]  eorrelatctd witl. 
sand content  qf the  columns f o r  a l l  yea r s  (Table  8 ,  
Append~x I )  wi th  c o r r e l a t i o n  c o e f f i c i e n t s  ranging 
from 4 - 7 2  t o  -0-93, The c o r r e l a t i o n  c o e f f i c i e n t  
f o r  a l l  yea r s  pooled i s  -0.79, C o r r e l a t i o n  

F i g ,  10, Numbers of emergent f r y  from 50 p l a n t e d  
eggs  a r e  p l o t t e d  a s  a  func t ion  of '"and index" of 
i ncuba t ion  s u b s t r a t e  ( s e e  t e x t  f o r  d e f i n i t i o n ) ,  
Closed c i r c l e s  and d o t t e d  l i n e ,  columns :974-75 t o  
1977-78 i n c l u s i v e ;  a s t e r i s k s  and s o l i d  Line ,  
chambers; t r i a n g l e s ,  columns 1979-50, Enc i r c l ed  
p o i n t s  a r e  f o r  columns i n  which p e r c o l a t i o n  r a t e s  
could no t  be mainta ined a t  t h e  des i r ed  l e v e l .  



Table 8, Coef f i c i ens s  f o r  c o r r e l a t i o n s  of sand, pe rco la t ion  r a t e ,  and 
numbers of cmcrgiilg f r y .  

C o r r e l a t i o n  coefficients 
No. of Sand v s ,  Sand vs .  Flow vs ,  

Year Scock columr~s emergence flow emergence 

:976-7; Waweig 12 -0-88 -O,?i 0-06 
: 977-7E Waweig A- - 1~ -0,93 4 - 4 4  5" 54 
1975-76 TN'awe-Lg 2 5 -0,aO 4,46 0.55 
1974-75 MiramicM 13 -0 -77  4 + 4 &  0-66 
L 974-85 Magaguadavic 12 -3,72 -43.37 0 , b i  

Pooled 7  6 4 - 7 9  

C d l t ~ p l e  R (sand and flow v s ,  emergence) -0.80, 

c o e f f i c i e n t s  f o r  sand conrent  v s ,  flow r a t e s  were 
l ower ,  ranging from -0J1 r o  -0.46 f o r  varLous 
y e a r s ,  Ti;e pooled co; re la t ion  coefficient fo r  sand 
v s .  iPw was riot performed as Eiow r a t e s  were 
manipulates t o  lower values  i n  1974-80 arid pooled 
va l i l e s  w u i d  bc aenn ing le s s .  Cor re l a t i on  coef- 
f i c i e n t s  f o r  f low vs .  exergence ranged from 0,Q6 so 
3 - 6 6  wit11 i: pooled c o e f f i c i e n t  of -0.06, Tine pooled 
val i ie  r e s u l r s  from the  f a c t t h a t  h igh emergence nzua- 
b e r s  were obta ined f o r  columns with low pe rco la s ion  
r a t e s  i n  1979-80. In pooling the  d a m ,  we have 
a s s w e d  t h a t  emergence from eggs of var ious  s t o c k s  
responds  s i m i l a r l y  t o  changes i n  sand content  and/or  
p e r c o l a t i o n  r a t e .  The m u l t i p l e  c o r r e l a t i o n  
c o e f f i c i e n t  f o r  rhe e f f e c t s  of sand and p e r c o l a t i o n  
r a t e  coinbiced Has -0.83, i n d i c a t i n g  t h a t  i n c l u s i o n  
o f  pe rco ia t io i ?  r a t e  d i d  not s i g n i f i c a n t l y  improve 
t h e  f i t  obtafned wi th  sand content  a lone  (K = 
-0,791. There fo re ,  we conclude t h a t  sand content  i s  
t h e  s i g n i f i c a n t  v a r i a b l e  c o n t r o l l i n g  n m b e r s  of 
emergent f r y  i n  t hese  ex2er iments .  

A s t r o n g  upwel l ing  water flow through t h e  
g r a v e l  mix tu re s  i n  the  chambers d id  r e s i ~ l r  i n  more 
emergent f r y  a t  the  h igher  sand ind ices  ( F i g -  10) .  
T h i s  i nc reased  emergence may be a t t r i b u t a b l e  t o  the  
e f f e c t s  of t he  s t rong  upwelling water  c u r r e n t s  on 
t h e  deg ree  of packing of sand i n  the  g rave l ,  ?Tie 
upwel l ing  may have kept i t  more loose ly  packed, thus  
p reven t ing  smothering of eggs o r  a l e v i n s ,  and 
perhaps  pe rmi t t i ng  e a s i e r  movement of a l e v i n s  and 
f r y  w i t h i n  t he  g r a v e l .  

t iaus le  and Cobie (1975) have summarized eaer-  
gence d a t a  from a  v a r i e t y  of sou rces .  Emergence 
r e d u c t i o n  u s u a l l y  beg ins  a t  15-30% sand composit ion 
and emergence approaches 0 a t  60-7"3 sand, The 
v a r i a b i l i t y  i n  r e s u l t s  can pro'csbly be exp la ined ,  i n  
p a r t ,  by d i f f e r e n c e s  i n  the  ? a r t i c l e  s i z e s  used 
among she va r ious  exper iments .  Bjorn ( 1  969) 
i nc luded  a l l  p a r t i c l e s  l e s s  than 6.35 mn i.n h i s  
"saild" f r a c t i o c ,  whi le  Ha l l  and 1,antz (1954) con- 
f i n e d  t h e i r  s t u d i e s  to  p a r t i c l e s  of 1-3 mm i n  
d i ame te r ,  Thus, boch of t hese  s t u d i e s  used coa r se r  
secliments which might be expected ~ . o t  t o  have an 
e f f e e t  u n t l l  t he  percent  sand was r e l a t i v e l y  high. 
Hausle  and Coble 11376) used a  sand f r a c t i o n  of 2 mi 
o r  l e s s ,  which ?robably corresponds  more c l o s e l y  t o  
t h e  sum of t he  f i n e  and coarse  sand f r a c t i o n s  i n  our 
exper iments .  Phillips e t  a l -  (1975) repor ted  
inc reased  m o r r a l i t y  of emerging f r y  from gravel. mix- 
t u r e s  wirii h ighe r  q u a n t i r i e a  (if f i n e  sand. Varying 
water  ve!ociiies and v e c t o r s  of jrater flow through 

rhe g r a v e l s  could r e s u l t  i n  some d i f f e r e n c e s  aaong 
t h e  var ious  experiments,  

Upon com2letion of amergcnce the g rave l  columns 
and chambers were searched f o r  egg, a l e v i n  and f r y  
remains (Table  9)- Tocals  of egg and yolk-sac 
a l r v l n  fragmrliis were combined a s  i t  was o f t e n  not 
p o s s i b l e  to  d i s t i n g u i s h  'between them due t o  decom- 
p o s i t i o n ,  Eggs were f r e q u e n t l y  found i n t a c t  ( a s  i n  
most of the  t a l l i e s  f o r  sand ind ices  c1.0) a s  the  
zona r a d i a t a  appa ren t ly  d e t e r r e d  decomposit ion so 
t h a t  fragments of yolk may wel l  bave 'been the 
remains of a l ev in , s ,  tile embryos of which ilad d e c o w  
posed* I s  is l i k e l y  t h a t  most of the i d e n t i f i a b l e  
egg remains found in g r a v e l s  t~itI-l Low sand concent 
were of non-viable eggs s i n c e  the percentages  -were 
n o t a u c h  l a r g e r  than those observed in  the hatching 
boxes on eggs from the same l o t ,  The m o r t a l i t y  
p r k r  to I.;i;ching was increased a t  S I %  g r e a t e r  than 
1-0 a s  380 of the  596 dead eggs and a l e v i n s  coilld 
? o s i t i v e l y  be i d e n t i f i e d  a s  eggs.  FOP tiiose col;imns 
wi th  sand i n d i c e s  <1,0, over 90% of the  p lanted  eggs 
could fie accounted f o r  (Table  91, Z i l  grave l  mix- 
t u r e s  wirh sand ind ices  ) 1-0,  on ly  60-732 of  the 
eggs  p laa ted  could be accounted for  mainly becaiise 
of decomposit ion and d i f f i c u l t y  i n  s e p a r a t i n g  
c l u s t e r s  of yolk fra,menss i n t o  i n d i v i d - a d s .  
Apparently,  m o s t o f  the m o r t a l i t y  occurred  before  
t h e  end of yolk r e s o r p t i o n ,  a l though dead f r y  and 
advanced a l e v i n s  decsmpose r a p i d l y  and the nuabers 
o f  these  a r e  undoubtedly a l s o  underestiimated, The 
ent rapped l i v e  f r y  w ~ u l d  probably not have emerged 
a s  they xere  emaciated and had been unable to emerge 
f o r  a  week a f t e r  the l a s t  of the  o the r  f r y  'md 
emerged, 

Contents  of  coarse  and f i n e  sand In n a t u r a l  
A t l a n t i c  salmon spa~ming  g r a v e l s  i-ave been es t imated 
(Pe t e r son  1978)- Simi l a r  va lues  Fave been de t e r -  
mined by KcNeil1 and Ahnell  ( 1  9 6 4 )  and Campbell 
(1977) f o r  the spawning g r a v e l s  of o the r  salmonids,  
Values obta ined by Peterson ( 1  978) a r e  represented  
by tile shaded area  of Fig,  9 ,  Kineteen of the 28 
spawning s i r e s  sampled Iud sand indices  <l,O and 
only  one had an index >I .  5, so t ha t  some emergence 
would be expected to occur (on the b a s i s  of sand 
con ten t )  from 2 7  of the 28 s i t e s ,  These :percentages 
a r e  mean values  over 15  cir; depth and the percentage  
of sand a s  the l e v e l  of egg depos i t i on  might be more 
impor tant ,  Levels  of emergence obta ined in  our  



Table  9, Summary of f a t e  of eggs in  grave: columns and chambers, Columns and chambers a r e  c l a s s i f i e d  i n t o  
s i x  c a t e g o r i e s  based upon sand index, Data f o r  1975-77 coltx?ns Where eggs k id  low f e r t i l i t y  a r e  excluded, 
N - no. o f  c o l m n s  o r  c ia l ibers .  Average per colzunn o r  chamber i n  parentheses .  

Dead eggs T Xrltrapped 
S I yolk-sac a l ev i&ls  Dead f r y  l i v e  f r y  

l a b o r a t o r y  siiidy a t l o w  sand i n d i c e s  a r e  crin- 
s i d e r a h i y  irig'ler than those repor ted  from f i e l i :  
s t u d i e s  ('riicketc 1958; Peterson 1978) where usua l ly  
l e s s  thzn 15% emergence occu r s ,  Such f i e l d  e s t i -  
m =-,es F r may be seve re ly  underes t imated due to  t r app ing  

I c s s e s ,  Fu r the rno re ,  t he  content  of f i n e  sediments 
i s  only one f a c t o r  i n f iuenc ing  sub-gravel water 
v e l o c i r i e s  i n  stream g rave l  beds,  o t h e r s  being com- 
p a c t i o n  of g r a v e l ,  hyd rau l i c  head, and conf igu ra t ion  
and roughness of t h e  s t ream bortom (Vaux 1962; 
Cooper 19851- In a d d i t i o n ,  f a c t o r s  such a s  preda- 
t i o n ,  funga l  i n f e c t i o n ,  f r e e z i n g ,  i c e  scour ing,  and 
s n i f t i n g  of g rave l  du r ing  f r e s h e t s  would contr ih i l tp  
t o  m o r t a l i t y .  6 ,  LaCroix ( p e r s ,  co rn . )  e s t ima te s  
40-75% of egg m o r t a l i t y  i n  two spamiing a reas  of 
iandlocked A t  l a n t i c  s a l zon  was due to  i c e  scour ing 
and g r a v e l  s h i f t i n g ,  

The experiments desc r ibed  he re  i n d i c a t e  t h a t ,  
even i n  the presence  of water supply s u f f i c i e n t  fo r  
s u r v i v a l ,  f r y  emergence i s  redaced i f  t he  sand 
c o n t e n t  i n  t he  g r a v e l  exceeds c e r t a i n  Levelsa  The 
mechanism reducing s u r v i v a l  and subsequent emergence 
i s  unknown, Seve ra l  c o n j e c t u r e s  may h e l p  account 
f o r  i t ,  e - g ,  f i n e  sediments  s e t t l i n g  around eggs and 
reducing the  l o c a l  flow of a a t e r  around the  egg 
s u r f a c e  t o  lower than c r i t i c a l  l e v e l s ,  Dead eggs o r  
a l e v i n s  were f r e q u e n t l y  found in  clumps encased with 
s a n d ,  par  titularly t h e  f i n e  sand. S imi l a r  e f f e c t s  
may occur  a f t e r  harching,  s i n c e  dermal gas  exchange 
i s  probably impor tant  i n  a l e v i n s .  In  more advanced 
f r y ,  exces s ive  sand may i n f i l t r a t e  the  o r a l  and 
b r a n c h i e l  c a v i t i e s  and i n t e r f e r e  with r e s p i r a t o r y  
f low.  Sand nay a l s o  block pathways f o r  emerging f r y  
prevent  upward movement through t h e  g rave l .  

GENERAL DISCUSS I O X  

Seve ra l  s t u d i e s  on the  i n f luence  of sand in  
i ncuba t ion  g r a v e l s  on eaergence  s u g g e s t a  sigmoidai 
r e l a t i o n s h i p  wi th  a lower eh re s i~o ld  l e v e l  where sand 
s r a r c s  t o  halie n o t i c e a b l e  e f f e c t s  (F ig .  i 1). Thi s  
t h r e s h o l d  v a r i e s ,  however, from 8-30% ir ,  ciie var ious  

h e r g e n t  f r y  N Srac  t i o n  recovered 

0 10 20 30 40 50 60 70 80 
Percent  Sand 

F i g ,  11, Percent  ernergences of f r y  from g r a v e l  
mixtures  a s  a  func t ion  of percentage  of sand i n  t h e  
s u b s t r a t e  a r e  r epo r t ed  from s e v e r a l  s t u d i e s ,  Line 
I :  Bjorn :1969), s t e e l h e a d ,  swimvp f r y  p laced i n  
g r a v e l ,  f i n e s  6 - 3 5  m. Line 2: P h i l l i p s  e r  a l .  
(:975), s t e e l h e a d ,  swlm-up f r y ,  f i n e s  1-3 mi?, p a r t i -  
c l e  s i z e *  Line 3:  Is with  l i n e  2, but f o r  coho 
salmon. Line 4: As f o r  l i l e  1 ,  buc with green eggs ,  
Line 5: Nausle andGoble ji9761, brook t r o u t ,  a l e v i n s ,  
f i n e s  <2 mus 6A: This s tudy ,  A t l a n t i c  salmon, green 
eggs ,  p a r t i c l e s  0-05-0-50 m, l e a d i n g  edge of shaded 
a r e a  f o r  s t rong  upwelling c u r r e n t s ,  t r a i l i n g  edge 
f o r  s lower  do-mward pe rco la t ion .  SB: As f o r  6A but 
f o r  p a r t i c l e  s i z e  0.5-2,2 mm. 

s t u d i e s ,  Severa l  f a c t o r s  aay in f luence  the t h re s -  
hold m d  a l s o  the  r a t e  of dec l ine  once the t h re sho ld  
i s  exceeded, Sand p a r t i c l e  s i z e  and d i r e c t i o n  of 
water flow were shorn to be important i n  our s t u d y  
(F ig .  11, curves  S B ,  6B)* Tne coarse  p a r t i c l e  s i z e  
used by Bjorn (1969) may have been r e spons ib l e  fo r  
t h e  high percentage of emergence success  obta ined by 
I z i m ,  The s t age  of development a t t a i n e d  by the brood 
when the experiment i s  s t a r t e d  appears  to have an 



i n f l u e n c e .  Exper iments  i i t i l i z i n g  g r e e x  eggs ( c u r v e s  
4 ,  4 A ,  6B) had lower rnaxlma p e r c e n t  of  emergence,  
p o s s i b l y  r e f l e c t i n g  non-v iab le  eggs  i n c l u d e d  i n  t h e  
e x p e r i m e n r ,  and a s h a r p e r  i n f l e c t i o n  once t h r e s h o l d  
s a n d  c o n c e n ~ r a t i o n s  were exceeded.  T n i s  s h a r p e r  
i n f l e c t i o n  may r e f l e c t  a  s p e c i f i c  e f f e c t  of  sand on 
t h e  egg s t a g e s ,  Exper iments  u t i l i z i n g  advanced f r y  
;yielded h i g h e r  e a e r g e n c e  a t  h i g h e r  sand c o n c e n t r a -  
t i o n s ,  F i n a l l y ,  egg o r  f r y  s i z e  a a y  i n f l u e n c e  
emergence from 6 g i v e n  g r a v e l  m l x t u r e .  Tine emer- 
g e n c e  p e r c e n t a g e s  o b t a i n e d  w i t h  s t e e l h e a d  f r y  ( c u r v e  
2 )  w e r e  ihigher cilan "iiose w i t h  coho f r y  ( c u r v e  3 )  
f o r  nl.1 sand levcLs, The s m a l l e r  s t e e l h e a d  f r y  may 
be r L d - ;  .a,in LO use smril ler  c r e v i c e s  11'3 move upward 

t h r c u g h  t h e  g r a v e l ,  

Eggs were s u p p l i e d  c o u r t e s y  of t h e  Canada 
Departraenr of  F i s h e r i e s  and Oceans f i s h  h a t c h e r y  i n  
Sourit Esk, N,3,, and the  Xors;i h i e r i c a n  Saimon 
R e s e a r c h  Cenire ,  Mr a J, D, h r t i n  a s s i s t e d  i n  some 
af t h e  e x p e r i m e n t s ,  M r ,  A, Sreedbaran  performed tiie 
s t a c L s ~ " i ~ a L  a i i a l y s e s r  D T S .  XI 6, h n d a l i  and G, L. 
Lacrodx  r e a d  t h e  m a n o s c r i p t ;  Hs, 3,  XcCullough and 
Y r s ,  J, Hurley  d i d  t h e  t y p i n g  and Xs. 3, d a r n e t t  t h e  
e d i t i n g ,  
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ircirrour; experimental parameters f o r  ihe gravel colurnils for the 5 y r  w l i r n  exuerirnents were conducted. 

% x 
Xean flow rate coarse fine 

Year Stock Sand rildex (cc/min) Eaergence sand sand 

1974-75 Miramichi 0.0:: 
0,Ol 
0.30 
3-68 
0.88 
0,99 
1.12 
1-20 
1.47 
1 .69 
1.70 
1.82 
2 -02 
2 .14  

1976-77 Waweig 0.00 
0.00 
0.46 
1.03 
1.22 
1 * 34 
1.37 
1.38 
1-49 
1.55 
1.64 
1 .86 



Appendix 1 (cont'dj 

L x 
Mean f i o w  r a t e  coarse  f i n e  

Year S tock  Sand index (cc/min) Emergence sand sand 


