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ABSTRACT 

Side-looking, sing1 e-beam hydroacoustic equipment was depl oyed on the Kvichak 

River of western Alaska at night from 26 May through 14 June 1991,to collect echo 

integration data on the abundance of out-migrating sockeye salmon smolt. A total 
44,972,863 smolt were estimated to have passed the site during side-looking sonar 

operations. The cumulative peak distribution occurred at 98 m from the right 

bank. Nightly spatial distributions varied markedly throughout the course of data 

collection. Distributions peaked at ranges as close as 64 rn on 12 June and as far 

as 118 m on.7 June from the right bank. 

KEY WORDS: sockeye salmon, smolt, hydroacoustic, echo integration, Bristol Bay 



INTRODUCTION 

The Br is to l  Bay area of western Alaska boasts the  l a r g e s t  sockeye salmon 

(Oncorhynchus nerka) f i she ry  in the  world (Groot and Margo1 i s ,  1991). Researchers 

and managers have been keenly in te res ted  in quickly assessing annual product ion 

by est imating the  freshwater abundance of these  anadromous stocks p r i o r  t o  t h e i r  

d i spe r sa l  in  marine waters .  Early attempts t o  est imate the  number of out- 

migrating juveni le  sockeye salmon were based on s p a t i a l l y  expanded r i v e r i n e  fyke 

net  catch per un i t  e f f o r t  information (Kerns, 1961). The r e s u l t i n g  es t imates  were 

unreal i s t i c a l  l y  conservative,  and were used primari ly as measures of re1 a t i v e  

abundance. Therefore, in 1969 the  Alaska Department of Fish and Game (ADF&G) 

embarked on a program t o  develop smolt abundance es t imates  based on acoust ic  data 

(McCurdy and Paul us,  1972). 

Sonar was f i r s t  used t o  est imate the  number of outmigrating sockeye salmon smolt 

in the  Kvichak River in 1971 (Paulus and Parker, 1974). Acoustic da ta  were 

col lec ted  from th ree  banks or  arrays of upward-facing transducers placed on the  

r i v e r  bottom approximately f i v e  km downstream from the  o u t l e t  of Lake Iliamna 

(Figure 1 ) .  Each ar ray  contained e i t h e r  seven o r  14 transducers and ensonif ied 

roughly 3 .3  m (11 f t )  of r i v e r  cross sec t ion .  The ar rays  were posi t ioned on the  

bottom so t h a t  e s s e n t i a l l y  a l l  smolt passing over the  ar ray  could be detec ted ,  

s ince  smolt normally migrate very c lose  t o  the  surface .  

In the  Kvichak River, a l l  a r rays  were used t o  acquire da ta  24 h per day. Total 

abundance i s  estimated by expanding adjusted counts within ensonif ied areas t o  the  

remaining port ions of the  r i v e r  used by ac t ive ly  migrating smolt.  To synopsize, 

counts in areas between ar rays  were estimated by l i n e a r  in te rpo la t ion  between 

average counts per meter over each ar ray .  Counts in areas beyond the  outs ide  

ar rays  were l i n e a r l y  in terpola ted  between the  average counts per meter over the  

outs ide  ar rays  and zero a t  the  respect ive  edges of smolt d i s t r i b u t i o n .  Side- 

looking sonar was used t o  describe the  horizontal boundaries of smolt 



d i s t r i b u t i o n .  

In 1989, the  Kvichak River sonar projec t  was relocated approximately 1 km 

downstream from the  h i s t o r i c  loca t ion .  We conducted an inves t iga t ion  during the  

1990 f i e l d  season which described the  l a t e r a l  l i m i t s  of migrating smolt 

d i s t r i b u t i o n  a t  the  new 1 ocation using side-looking sonar ( ~ u t t u n e n  and Skvorc, 

1991). Catalyzed by the  r e s u l t s  of t h a t  s tudy,  t h i s  repor t  summarizes our e f f o r t s  

t o  est imate smol t abundance by applying echo-integrat ion techniques in a s ide-  

looking o r i e n t a t i o n .  

METHODS 

We acquired a l l  da ta  during peak migration times a t  night  using ava i l ab le  sonar 

equipment. Each evening, one hour of dual-beam data  was co l l ec ted  immediately 

preceding the  n ight ly  echo-integrat ion data  co l l ec t ion .  Separate t ransducers were 

used t o  acquire dual-beam and echo-integrat ion data  because our narrowest dual- 

beam transducer was range-1 imi ted by water depth. All side-looking da ta  were 

co l l ec ted  from the  r i g h t  bank during upward-listening opera t ions .  The side-  

looking transducers were aimed perpendicular t o  the  r i v e r  exact ly  over the  

e x i s t i n g  upward-listening ar rays  which were located 56 m, 78 m y  and 97 m from the  

r i g h t  bank (Figure 2 ) .  The t o t a l  r i v e r  width a t  the  sonar s i t e  was 134 m in 1991. 

Acoustic da ta  were simultaneously recorded in th ree  formats: 1)  e l e c t r o n i c a l l y ,  

wr i t t en  t o  f i l e ;  2) hard-copy on a paper cha r t  recorder;  and 3)  on magnetic 

Digital  Audio Tape (DAT) s torage  media. 

Hydroacoustic Equipment 

We used a 420 kHz-configured Biosonics Model 102 S c i e n t i f i c  Echo Sounder t o  

generate and in te r roga te  e l ec t ron ic  pul ses .  Separate sing1 e-beam and dual-beam 

transducers were used t o  emit and receive  sound pulses during t h i s  study t o  

maximize the  r i v e r  cross-sec t i  on sampled during echo-integrat ion data  co l l  ec t ion .  

A single-element Acoustic Transducers In ternat ional  (ATI) t ransducer with measured 

half-power beamwidth angles of 1.75' in the  v e r t i c a l  plane and 3.75" in the  



h o r i z o n t a l  p l a n e  was used t o  a c q u i r e  e c h o - i n t e g r a t i o n  d a t a .  A two-element 

I n t e r n a t i o n a l  Transducer  Corpora t ion  (ITC) t r a n s d u c e r  wi th  measured narrow-beam 

and wide-beam half-power beamwidth a n g l e s  o f  3.75' and 7.5' i n  t h e  v e r t i c a l  p lane  

and 10.0' and 21 . O O  in  t h e  h o r i z o n t a l  p lane  was used t o  a c q u i r e  dual-beam d a t a .  

Echo- in tegra t ion  and dual-beam s i g n a l  p rocess ing  was conducted on a  Bioson ics  

Model 221/281 Echo S igna l  P rocessor  (ESP) on-board a  Compaq 386-20E microcomputer.  

Processed d a t a  were w r i t t e n  d i r e c t l y  t o  f i l e  from t h e  ESP and backed up on 3 . 5  i n  

f loppy  d i s k s .  Detected echoes were s imul taneous ly  recorded in  hard-copy form on 

a  Bioson ics  Model 115 p o r t a b l e  c h a r t  r e c o r d e r  and i n  analog (DAT) form on a  V i c t o r  

Model XD-Z700 DAT r e c o r d e r .  

We used a  Remote Ocean Systems Model PT-25 pan and t i l t  d u a l - a x i s  r o t a t o r  and PTC- 

1  c o n t r o l  u n i t  t o  aim t h e  t r a n s d u c e r .  Th i s  d e v i c e  al lowed us t o  move t h e  

t r a n s d u c e r  i n  inc rements  a s  small  a s  0 . 3  d e g r e e s  i n  both t h e  v e r t i c a l  and 

h o r i z o n t a l  a x e s .  We conducted range c a l c u l a t i o n s  and r e a l - t i m e  aiming feedback 

d i r e c t l y  on a  N i c o l e t  Model 310 d i g i t a l  s t o r a g e  o s c i l l o s c o p e  d i s p l a y .  The e n t i r e  

sounding,  t a p i n g ,  and aiming systems were powered by a  Honda Model EM-3500SX 

p o r t a b l e  g e n e r a t o r .  

Sounding Parameters 

User-def i  ned a c o u s t i c  sounding parameters  on t h e  t r a n s c e i v e r  remained unchanged 

th roughout  t h e  p e r i o d s  o f  e c h o - i n t e g r a t i o n  and dual-beam d a t a  c o l l e c t i o n .  

S e t t i n g s  common t o  both t y p e s  o f  d a t a  c o l l e c t i o n  were: 1 )  Pu l se  Width = 0 .4  ms; 

2) A t t e n u a t i o n  C o e f f i c i e n t  = Freshwater  ( 0  dB);  3 )  Pu l se  r e p e t i t i o n  r a t e  = 5 Hz; 

4 )  Bandwidth = 5 kHz; 5 )  Transmit  Power = -3 dB; 6 )  Receiver  Gain = 0 dB; 7 )  

Blanking Range = 3 . 0  m; and 8 )  To ta l  l i s t e n i n g  range = 120 m .  Time Varied Gain 

(TVG) was se t  t o  20 l o g  R f o r  e c h o - i n t e g r a t i o n  and 40 l o g  R f o r  dual-beam d a t a  

c o l l e c t i o n .  Minimum d e t e c t i o n  t h r e s h o l d s  v a r i e d  from 50 mv t o  500 mv i n  use r -  

d e f i n e d  range  s t r a t a .  Char t  r e c o r d e r  d e t e c t i o n  t h r e s h o l d  was s e t  a t  135 mv, and 

t h e  machine paper  speed was s e t  a t  l e v e l  t h r e e  (16 mm/min). 



D a t a  Analysis 

Echo Integration: 

Electronic raw data files written by the Model 221 Echo Signal Processor were 

imported into Quattro-Pro spreadsheet format where all processing was 

accomplished. Raw data included summed squared voltage, number of processed 

pings, and number of machine samples possessing valid echoes. All data were 
written to file in 2 to 10 m (user-defined) range intervals each minute. Re1 ative 

density (RD) was calculated for each range interval (i) and minute (j) following 

Burczynski (.1979) as: 

where Cv:j = summed squared vol tage in range interval i and minute j , 
m = multiplier for imperfect machine TVG, 

ppij = processed pings; and 

Sij = the number of machine samples possessing valid echoes. 

Absolute density (AD), expressed as fish/m3, was calculated from RD using the 

integrator scaling factor (A) described by Burzcynski and Johnson (1986) as: 

where 

and = 3.14, 

r = 0.0044 sec (pul se width), 



c = 1465 m/sec (speed of sound i n  5' C w a t e r ) ,  

a,, = 0.00002 m2/fi sh (mean b a c k - s c a t t e r i n g  c r o s s  s e c t i o n ) ,  

Pi = 1 . 3  e t 2 2  ClPa (Root Mean Squared t r a n s m i t t e d  p r e s s u r e  lm from 
t h e  t r a n s d u c e r ) ,  

2 g, = 1.41 e-16 v/  ClPa ( th rough  system g a i n )  ; and 

b2 (8) = 0.000147 (average  squared beam p a t t e r n  f a c t o r ) .  

The speed o f  sound was c a l c u l a t e d  fo l lowing  Urick (1983) f o r  5' C f r e s h w a t e r  and 

z e r o  d e p t h .  Mean b a c k s c a t t e r i n g  c r o s s - s e c t i o n  ( a,, ) was c a l c u l a t e d  from t h e  

1991 seasona l  average  f o r k  l e n g t h  o f  Kvichak River  smol t  samples us ing  Love's 

e q u a t i o n  (Love, 1969) .  The average squared beam p a t t e r n  f a c t o r  ( b 2 ( 8 )  ) was 

c a l c u l a t e d  from a  d i g i t i z e d  p o l a r  p l o t  o f  t h e  s i n g l e  beam t r a n s d u c e r  used t o  

a c q u i r e  echo- i n t e g r a t i o n  d a t a  d u r i n g  t h i s  i n v e s t i g a t i o n  (AT1  s / n  830016) .  

Dual Beam: 

Returning e l e c t r o n i c  s i g n a l s  were f i l t e r e d  f o r  minimum narrow-beam peak v o l t a g e ,  

ha1 f-power p u l s e  d u r a t i o n ,  beam p a t t e r n  f a c t o r ,  and number o f  val  i d  echoes .  Peak 

v o l t a g e  t h r e s h o l d s  were e s t a b l i s h e d  i n  2  m t o  10 m use r -def ined  range i n t e r v a l s  

a t  roughly  t h r e e  t i m e s  g r e a t e r  than t h e  background n o i s e .  Accep tab le  half-power 

p u l s e  d u r a t i o n s  were 1 imi ted  t o  t h o s e  between 333 psec and 467 psec. Beam 

p a t t e r n  f a c t o r s  were r e j e c t e d  i f  t h e y  r e s u l t e d  i n  n e g a t i v e  v a l u e s  o r  i f  t h e y  were 

g r e a t e r  t h a n  3  dec i  be1 s  (dB) o f f  a x i s .  A minimum of  3  val  i d  echoes  was r e q u i r e d  

p e r  i n d i v i d u a l  f i s h  t r a c k e d .  

RESULTS 

Data a c q u i s i t i o n  was f i r s t  a t t empted  a t  2300 hours  on 26 May but i c e  passage 

p reven ted  meaningful d a t a  c o l l e c t i o n  u n t i l  0000 hours  on 2 June .  Between 2 and 

14 June  we c o l l e c t e d  81 h o f  h o r i z o n t a l - a s p e c t  e c h o - i n t e g r a t i o n  d a t a  on t h e  

abundance-at- range o f  sockeye salmon smol t m i g r a t i n g  down t h e  Kvi chak River .  

During t h a t  t i m e ,  an a d d i t i o n a l  11 h o f  p o t e n t i a l  sampl ing t ime  (12% of  t h e  t o t a l )  



was l o s t  t o  wea the r - induced  a c o u s t i c  n o i s e ,  ma in ly  c a u s e d  by s t r o n g  w i n d s .  

The maximum s ing le -beam l i s t e n i n g  r a n g e  v a r i e d  from 118  rn t o  120 m ,  which means 

t h a t  88%-90% o f  t h e  t o t a l  (134 m) r i v e r  c r o s s  s e c t i o n  was i n s o n i f i e d  ( F i g u r e  2 ) .  

And based  on r e s u l t s  o b t a i n e d  d u r i n g  a  1990 s t u d y ,  we were  a b l e  t o  i n s o n i f y  92%- 

94% o f  t h e  p o r t i o n  o f  t h e  r i v e r  used  by m i g r a t i n g  s m o l t  (Hu t tunen  and Skvorc  

1 9 9 1 ) .  However, a c o u s t i c  n o i s e  o r i g i n a t i n g  from n e a r l y  c o n t i n u o u s  b o a t  o p e r a t i o n s  

w i t h i n  20 m o f  t h e  t r a n s d u c e r  p r e v e n t e d  abundance  e s t i m a t i o n  w i t h i n  t h a t  r a n g e .  

Dua 7 Beam 

Also  d u r i n g  t h a t  t i m e ,  we c o l l e c t e d  a p p r o x i m a t e l y  14 h  o f  dual-beam d a t a  d u r i n g  

p e r i o d s  o f  low abundance .  U n f o r t u n a t e l y ,  we were  n o t  a b l e  t o  c a l c u l a t e  t a r g e t  

s t r e n g t h s  b e c a u s e  we were  o n l y  a b l e  t o  a c q u i r e  a  l i m i t e d  number o f  e c h o e s  from 

i n d i v i d u a l  f i s h .  Water  v e l o c i t y  ( 1 . 5  m/s) and l i s t e n i n g  r a n g e  r e s t r i c t i o n s  (45  

m maximum) l i m i t e d  f i s h  r e s i d e n c e  t i m e  i n  t h e  beam, and a s  a  r e s u l t ,  l i m i t e d  t h e  

number o f  e c h o e s  r e t u r n e d .  

Abundance Estimation 

In  a l l ,  some 4 4 , 9 7 2 , 8 6 4  s m o l t  were  e s t i m a t e d  t o  have p a s s e d  t h e  s o n a r  s i t e  d u r i n g  

s i d e - l o o k i n g  d a t a  c o l l e c t i o n  ( T a b l e  1 ) .  Of t h o s e ,  a p p r o x i m a t e l y  57% were  

e s t i m a t e d  t o  have  p a s s e d  w i t h i n  t h e  a r e a  b r a c k e t e d  by t h e  upward- looking  g e a r  

between 56  m and 9 8  m r a n g e  (Tab1 e  2 ) .  Dur ing  t h e  same h o u r s  o f  o p e r a t i o n ,  t h e  

upward- looking  s o n a r  program p r o v i d e d  an e s t i m a t e  o f  43 ,525 ,980  s m o l t .  The 

p a t t e r n s  o f  h o u r l y  abundance  from bo th  upward- and s i d e - l o o k i n g  d a t a  were  s i m i l a r ,  

n o r m a l l y  p e a k i n g  d u r i n g  t h e  d a r k e s t  p a r t  o f  t h e  n i g h t  ( F i g u r e  3 ) .  While t h e  

p a t t e r n s  o f  d a i l y  abundance were  s i m i l a r ,  t h e r e  was no s i g n i f i c a n t  r e l a t i o n s h i p  

( r 2 =  0.0) between t h e  h o u r l y  e s t i m a t e s  g e n e r a t e d  by t h e  two a c o u s t i c  s y s t e m s  

( F i g u r e  4 ) .  

The cumul a t i  ve h o r i z o n t a l  d i s t r i b u t i o n  o f  smol t d e t e c t e d  by t h e  s ide -1  ook ing  g e a r  

peaked a t  96 m f rom t h e  r i g h t  bank,  and d e c l  i n e d  q u i c k l y  beyond t h a t  r a n g e  ( F i g u r e  

5 ) .  T h i s  c o n t r a s t e d  w i t h  c u m u l a t i v e  r e s u l t s  from t h e  upward- looking  g e a r  where 

t h e  peak  e s t i m a t e  came from t h e  i n s h o r e  a r r a y  l o c a t e d  a t  56  m f rom t h e  r i g h t  bank.  



Nightly spatial distributions were highly dynamic; side-looking estimates peaked 

at ranges from 64 m on 12 June to 118 m on 7 June (Appendices A.l - A . 2 0 ) .  The 

distribution of upward-looking estimates also varied between nights, but the 
largest estimates were usually from the inshore array located at 56 m from the 

right bank. 

DISCUSSION 

The objective of this project was to estimate abundance of out-migrating sockeye 

salmon smolt using echo-integration techniques on data acquired in a horizontal 
aspect. The incentive to apply proven technology in this unorthodox manner was 
to increase our acoustic sampling power from the roughly 7.5% of the river 
insonified by the historic upward-1 ooking sonar program. Using a very narrow-beam 

transducer and precise positioning equipment, we were able to insonify passing 
smolt schools across 90% of the river from the right bank at the existing sonar 
site. It is important to remember however that echo-integration techniques were 

developed primarily as a tool for use in mobile surveys where the transducer 
orientation is vertical. The question of transducer orientation is critical since 
the intensity of an echo reflected by a target is heavily influenced by the 

target's angular distance from the maximum response axis (its position in the 
beam). In a mobile survey it is assumed that targets pass through the beam 

randomly. Given random positioning in the beam, it is reasonable to use an 

average (edge-to-edge) beam energy or beam pattern factor ( b 2  (8) ) to correct all 

returning echo intensities for position off-axis. From a side-looking frame of 
reference, the depth distribution of targets becomes an angular off-axis 
distribution acoustically. While the exact vertical distribution of smol t in the 
Kvichak River is not precisely known, various researchers have reported that smolt 

generally tend to migrate near the surface (Mesiar 1985), and therefore, close to 

the (ha1 f-power) edge of the side-1 ooking beam. Without knowing the true vertical 
distribution of passing smolt schools, we were forced to use the average beam 
pattern factor without further adjustment. This means that the estimates we 
produced are probably conservative. However, the absolute magnitude of that error 

is likely to be small since true b2(8) for this situation lies somewhere between 



the  ca lcula ted  value and the  "edge" of the  beam a t  the  half-power (-3dB) l e v e l ,  

Addit ionally,  b2 (8 )  i s  a  re1 a t i v e l y  minor component of the  in teg ra to r  scal ing 

f a c t o r  ( see  Equation 3 ) .  

In addi t ion  t o  the  t r u e  beam pat tern  f a c t o r ,  another basic piece of information 

required t o  cal cul a t e  absol ute abundance using echo-i n teg ra t i  on i s  an accurate 

est imate of the  mean backscat ter ing cross-sect ion ( a,, ) ,  calcula ted  from t a r g e t  

s t rength  in terms of squared vo l t s  per f i s h .  Without an acoust ic  est imate of mean 

t a r g e t  s t r eng th ,  we were forced t o  r e l y  on Love's (1969) general ized equation 

which r e l a t e s  t a r g e t  s t rength  t o  body length in a  number of t e l e o s t s .  I f  s ide-  

looking e ~ h o ~ i n t e g r a t i o n  techno1 ogy were t o  be imp1 emented in f u t u r e  f u l l  - sca le  

smol t abundance est imation p ro jec t s ,  narrow beam, dual-beam or  spl i  t-beam 

transducers designed f o r  each par t icul  a r  s i t u a t i o n  would be necessary t o  a1 low 

est imation of mean beam pat tern  fac to r s  and unbiased t a r g e t  s t r eng ths  of passing 

smolt.  S t i l l ,  corroborat ing es t imates  of f i s h  s i z e  a t  age would be required from 

physical samples t o  accurately describe t a r g e t  s t rength  as  a  function of age ( t o  

est imate age composition from acoust ic  samples).  

I t  i s  important t o  r e i t e r a t e  t h a t  acoust ic  noise ,  usually in the  form of a i r  

bubbles ent ra ined by ra in  and/or wind events ,  i s  cumulative over the  e n t i r e  

1  i  s tening range. Therefore, horizontal -aspect sonar i s  more 1  i  kely t o  be 

s e n s i t i v e  t o  noise than the  upward-facing system simply due t o  the  much longer 

operat ing ranges. However, i t  wasn't possible t o  ca re fu l ly  t e s t  the  actual 

a b i l i t i e s  of e i t h e r  system t o  provide accurate abundance es t imates  during weather 

events .  One means of minimizing the  e f f e c t  of noise on side-looking data  

acqu i s i t ion  would be t o  deploy transducers on both banks of the  r i v e r ,  reducing 

by nearly one-half the  range insoni f ied  by each. 

One espec ia l ly  important f inding i s  t h a t  the  within-day and between-day spa t i a l  

d i s t r i b u t i o n s  observed during both years  of the  side-looking echo-integrat ion 

study were highly dynamic. The d i s t r i b u t i o n  modes regu la r ly  occurred in waters 

unensoni f i e d  by the  upward facing a r rays ,  and periodical  l y  occurred between the  

'outs ide '  a r rays  and shore.  From these  s t u d i e s ,  i t  appears t h a t  the  observed 



variability in spatial distribution may be generally characteristic of the smolt 

migration in the Kvichak River. Thus, increased sampling, by whatever means, will 

significantly improve the accuracy and precision of abundance estimates. 
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T a b l e  1. P a i r e d  h o u r l y  s i d e - l o o k i n g  and upward- looking  abundance  
e s t i m a t e s  o f  sockeye  salmon s m o l t  m i g r a t i n g  down t h e  
Kvichak R i v e r  from 2 J u n e  t h r o u g h  14 J u n e  1991. 

S i d e - l o o k i n g  Upward-] ooki  ng 
Da te  Time Abundance Est . a  Abundance Est. 

2 J u n e  0000 
0100 
0200 
0300 
0400 

3 J u n e  0300 
0400 
0500 
0600 

4 J u n e  1500 
1600 
1700 
1800 
1900 
2000 
2 100 
2200 
2300 

5 J u n e  0000 
0100 
0200 
0300 
0400 

6 J u n e  0100 
0200 
0300 
0400 
0500 
2200 
2300 

7 J u n e  0000 
0100 
0200 
0300 
0400 
0500 
0600 
2300 

8 J u n e  0000 
0 100 
0200 
0300 

-- Cont inued  -- 



T a b l e  1. (page 2 o f  2)  

Da te  Time 
S i d e - l o o k i n g  

a 
Upward-1 o o k i  n g  

Abundance Abundance 

9 June 0000 
0 100 
0200 
2300 

10 June 0000 
0100 
0200 
0300 
0400 
0500 
0600 

11 June 0000 
0100 
0200 
0300 
0400 
0500 
0600 

12 June 0000 
0100 
0200 
0300 
0400 
0500 
0600 
1900 

2200 
2300 

13 June 0000 
0100 
0200 
0300 

14 June 0300 
0400 
0500 
0600 

T o t a l  E s t i m a t e d  Passage 

a Based on b a c k s c a t t e r i n g  c r o s s - s e c t i o n  ( Gas ) v a l u e  o f  0.00002 m 2 / f i  sh 
Based on 10 f i s h  p e r  c o u n t ,  and expanded g e o m e t r i c a l l y  ac ross  t h e  
r i v e r  t o  e s t i m a t e  t o t a l  h o u r l y  passage. 



Table 2 .  Total abundance and cumulative percent  of sockeye salmon smolt ,  
outmigrat ion in  t he  Kvichak River by 2m range i n t e r v a l  in 1991. 

Total Cumul a t  i ve Total Cumul a t i v e  
Range (m) Abundance Percent Range (m)  Abundance ' Percent  





Right 
Bank 

Left 
Bank 

. . .  . 

. . . . .  

. . . 

-3.5- 

-4 I I I I I I I I 
0 15 30 45 60 75 90 1 05 1 20 135 

Range (m) 

Figure 2. Kvichak River bottom profile on 15 June 1991 , showing side-looking and upward-looking cross- 

sectional area insonified (drawn to horizontal scale). 







Range (m) 

Figure 5. Kvichak River sockeye salmon smolt mean per-meter abundance estimates at range based on side- 

looking (line) and upward-looking (bars) sonar data from 2 June through 14 June1991. Side-looking 

data are smoothed. 



APPENDICES 



Range (m) 

Appendix A.1. Kvichak River sockeye salmon smolt mean per-meter abundance estimates at range based on side- 

looking (line) and upward-looking (bars) sonar data from 0 0 3  5h to 04:OOh on 2 June 1991. 





aouepunqy 6
u

!y
o

o
i-p

~
e

~
d

n
 











Range (m) 

Appendix A.8. Kvichak River sockeye salmon srnolt mean per-meter abundance estimates at range based on side- 

looking (line) and upward-looking (bars) sonar data from 02:30h to 06:30h on 7 June 1991. 



Range (m) 

Appendix A.9. Kvichak River sockeye salmon smolt mean per-meter abundance estimates at range based on side- 
looking (line) and upward-looking (bars) sonar data from 23:29h on 7 June to 03:25h on 8 June 1991 





Range (m) 

Appendix A. 11. Kvichak River sockeye salmon smolt mean per-meter abundance estimates at range based on side- 

looking (line) and upward-looking (bars) sonar data from 23:50h on 9 June to 02:OOh on 10 June 1991. 



Range (m) 

Appendix A.12. Kvichak River sockeye salmon smolt mean per-meter abundance estimates at range based on side- 
looking (line) and upward-looking (bars) sonar data from 02:OOh to 03:45h on 10 June 1991. 



Range (m) 

Apendix A.13. Kvichak River sockeye salmon smolt mean per-meter abundance estimates at range based on side- 

looking (line) and upward-looking (bars) sonar data from 04:04h to 06:45h on 10 June 1991. 
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Appendix A.18. Kvichak River sockeye salmon smolt mean per-meter abundance estimates at range based on side- 

looking (line) and upward-looking (bars) sonar data from 19:44h to 23:11 h on 12 June 1991. 
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