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FOREWORD 

This document i s  based o n  a subcontract repor t  submitted t o  Oak 
Ridge National Laboratory by Milo C .  Be l l ,  Professor Emeritus, 'The 
University of Washington College of F i she r i e s ,  S e a t t l e ,  Washington. 
The study was funded by the U.S. Department o f  Energy, Assis tant  
Secretary f o r  Resource Applications,  Small Scale Hydroelectric 
Development Program. The purpose o f  the  document i s  t o  p r o  
general information f o r  use by poten t ia l  developers of smal 
hydroelectr ic  pro jec ts  t h a t  w i l l  include f a c i l i t i e s  t o  pass 
f i s h  upstream around dams. 

The document i s  n o t  intended t o  be a textbook on desig 

i de  
s ca l e  

m i  g r a t  

o f  f i  
passage f a c i l i t i e s ,  b u t  r a the r  t o  be a general guide t o  some fac to r s  
t h a t  a r e  important when designing such f a c i l i t i e s .  

Section 2 of t h i s  report  (General Life History and Dis t r ibu t ion  
o f  Fish Species That May Require Fish Passage), prepared by Zell 
Parkhurst ,  acquaints the lay reader w i t h  b iological  information on 
s e l e c t  f i s h  species  t h a t  may require  passage. 
Biological Factors Related t o  Upstream Fish Passage Around Dams), by 
James Anderson, reviews and synthesizes  pe r t inen t  l i t e r a t u r e  on which 
many o f  the  design c r i t e r i a  t h a t  follow a re  based. 

The senior  cont r ibu tor  t o  t h i s  document, Milo C .  Be l l ,  has spent 

Section 3 (Some 

over 40 years  o f  h i s  professional l i f e  as  a researcher ,  t eacher ,  and 
consul tant  i n  t h i s  f i e l d .  
Passage F a c i l i t i e s )  and Section 5 (General Design Considerations) 
descr ibe some of the  more important design considerat ions r e su l t i ng  
from h i s  c o l l e c t i v e  experience. 
Section 5 provide an en t ry  i n t o  re levant  l i t e r a t u r e .  

Section 6 (Comparative Cost Estimates f o r  Basic Upstream Passage 
F a c i l i t i e s ) ,  by Milo Bell and Eugene Richey, provides general 
information on cos t  f o r  use during preliminary f e a s i b i l i t y  s tud ies  i n  

Section 4 (General Types o f  Upstream 

Selected references a t  the end  o f  

V 



d e t e r m i n i n g  t h e  p o t e n t i a l  f o r  a g i v e n  smal l  h y d r o e l e c t r i c  s i t e .  'ihe 

ma jo r  conc lus ions  r e s u l t i n g  f r o m  t h e  o v e r a l l  s tudy a re  b r i e f l y  summarized 

i n  S e c t i o n  7. 
H i s t o r i c a l l y ,  des ign  s p e c i f i c a t i o n s  f o r  f i s h  passage systems have 

been r e p o r t e d  i n  " E n g l i s h "  u n i t s  o f  measure. 

i s  r e p o r t e d  i n  m e t r i c  ( S I )  u n i t s ,  b u t  E n g l i s h  u n i t s  a r e  g i v e n  i n  paren- 

theses. 

t h a t  t h i s  system would be more u s e f u l  f o r  readers t h a n  u s i n g  m e t r i c  

u n i t s  o n l y .  

I n  t h i s  r e p o r t  i n f o r m a t i o n  

Many comments r e c e i v e d  on e a r l y  d r a f t s  of  t h i s  r e p o r t  i n d i c a t e d  

All m e t r i c  va lues were rounded t o  one decimal p lace .  

Th is  document i s  t h e  second i n  a s e r i e s  o f  r e p o r t s  add ress ing  en- 

v i ronmen ta l  i ssues  and smal l  s c a l e  h y d r o e l e c t r i c  technology t h a t  a r e  

b e i n g  prepared by Oak Ridge N a t i o n a l  Labora to ry  f o r  t h e  Department of 
Energy. The f i r s t  r e p o r t  i n  t h i s  s e r i e s  ( A n a l y s i s  o f  Environmental  Is-  
sues Re la ted  t o  Small  Scale H y d r o e l e c t r i c  DevelopmenL. I: Dredging by 

$1. M. Loar ,  [La L. Dye, R. R.  Tu rne r ,  and S. G. H i l d e b r a n d  ORNL/TM-7228) 
i s  a v a i l a b l e  f rom t h e  N a t i o n a l  Techn ica l  I n f o r m a t i o n  Serv ce, U.S. Depar t -  

ment o f  Commerce, 5285 P o r t  Royal Road, S p r i n g f i e l d ,  V i r g  n i a  22161. 

Stephen G. H i  1 debrand 
Environmental  Sciences D i v i s i o n  
Oak Ridge N a t i o n a l  Labora to ry  
Oak Ridge, Tennessee 37830 
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ABSTRACT 

HILDEBRAND, S .  G.  (Editor). 1980. Analysis of environmental issues 
related to small scale hydroelectric development. SI. Design 
considerations for passing fish upstream around dams. ORNL/TM- 
7396. Oak Ridge National Laboratory, Oak Ridge, Tennessee. 
84 PP. 

The possible requirement of facilities to move migrating fish up- 
stream around dams may be a factor in determining the feasibility of 
retrofitting small dams for hydroelectric generation. This report ad- 
dresses basic design considerations that should be evaluated on a site- 
specific basis if upstream fish passage facilities are being considered 
for a small scale hydroelectric project (defined as an existing dam 
that can be retrofitted to generate 25 MW or- less). Information on 
general life history and geographic distribution o f  fish species that 
may require passage i s  presented. 

Biological factors important i n  the design of upstream passage 
facilities are discussed: gas bubble disease, fish swimming speed, 
oxygen consumption by fish, and diel and photo behavior. 

Three general types of facilities (fishways, f i s h  locks, and fish 
lifts) appropriate for upstream fish passage at small scale hydro- 
electric projects are described, and size dimensions are presented. 
General design criteria for these facilities (including fish swimming 
ability and behavior) and general location of facilities at a site are 
discussed. 
including unit cost, operation and maintenance costs, and costs for 
supplying attraction water, are indicated. 

Basic cost considerations for each type of passage facility, 

vii 



T h i s  r e p o r t  i s  i n t e n d e d  o n l y  t o  p r o v i d e  background i n f o r m a t i o n  

u s e f u l  f o r  i n i t i a l  stages o f  a n a l y s i s  o f  f i s h  passage requi rements a t  

a g i v e n  s i t e .  F i n a l  des ign  o f  f i s h  passage f a c i l i t i e s  should be 

accomplished w i t h  t h e  a s s i s t a n c e  o f  recognized e x p e r t i s e  a v a i l a b l e  

frorii s t a t e  and Federa l  agencies,  u n i v e r s i t i e s ,  and p r i v a t e  f i r m s .  

v i i i  
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1. INTRODUCTION 

Development of small scale hydroelectric projects received i n -  

creased emphasis during the late 1970s, partly because o f  efforts by 
the U.S. Department o f  Energy to stimulate such development. Small 
scale hydroelectric projects are defined (for this report) as existirig 
dam systems that can be retrofitted t o  produce hydroelectricity with a 
capacity of 25 MW or less. 
tegral part o f  technology development, and early awareness o f  poten- 
tial environmental constraints i s  important for ultimate environmental 
acceptability. 

development of small hydroelectric technology, i s  the possible require- 
ment of f i s h  passage facilities at existing dams. 
agencies may require such facilities at existing dams to enhance fish 
restoration programs or to correct previous passage problems through 
licensing o f  the hydroelectric project. 
pass migrating fish species around dams may be a significant factor i n  
determining the economic feasibility o f  development efforts. 

Environmental considerations are an in- 

A frequently raised environmental issue, which may affect the 

State and Federal 

The need for facilities to 

Blocking upstream movement by a dam can significantly impact those 
fish species with a life history that includes spawning migrations. 
The technology that has evolved to pass adult f i s h  around dams as they 
migrate upstream i s  extensive. If a transfer facility is installed to 
minimize the delays in migration and the energy expended by fish in 
negotiating the facility, the loss in spawning potential caused by 
blockage by a dam can be reduced. This assumes, o f  course, that suit- 
able spawning habitat is available above the dam. 

can spawn successfully, the eggs, larvae, and juveniles o f  those 
species that eventually move downstream are faced with negotiating the 
same dams. 
population is substantially reduced. 
ing downstream i n  their early l i f e  history stages may result from 

If adults migrating upstream are passed around dams so that they 

This downstream migration period may be the time when a 
Losses of fish that are migrat- 



p r e d a t i o n  i n  a r e s e r v o i r  o r  f rom m o r t a l i t y  as t h e y  pass th rough  t u r -  

b i n e s  o r  over  s p i l l w a y s .  

c o n s t i t u t e  a l o s s  t o  a downstream f i s h e r y .  The combined l o s s  t o  a 
f i s h e r y  resource  f rom b o t h  upstream and downstream sources o f  m o r t a l -  

i t y  may be s u f f i c i e n t  t o  d e p l e t e  f i s h  stocks. 

Also ,  m i g r a n t s  t h a t  remain i n  a r e s e r v o i r  

T h i s  r e p o r t  p resen ts  i n f o r m a t i o n  t h a t  shou ld  a s s i s t  p o t e n t i a l  

developers o f  smal l  s c a l e  hydroe 

stream f i s h  passage i s s u e  a t  a g 
an a n a l y s i s  i s  emphasized by t h e  

developer  iiiust be aware o f  t h e  1 

e c t r i c  p r o j e c t s  i n  a n a l y z i n g  t h e  up- 

ven s i t e .  The complex n a t u r e  o f  such 

scope o f  t h i s  r e p o r t .  A p o t e n t i a l  

f e  h i s t o r y  o f  f i s h  species a t  t h e  

s i t e  ( S e c t i o n  2), b i o l o g i c a l  c o n s i d e r a t i o n s  t h a t  may a f f e c t  passage 

( S e c t i o n  3),  t h e  types o f  passage f a c i l i t i e s  a v a i l a b l e  ( S e c t i o n  4) ,  

b i o l o g i c a l  and e n g i n e e r i n g  des ign  c o n s i d e r a t i o n s  ( S e c t i o n  5),  and c o s t  

( S e c t i o n  6).  

and we do n o t  i m p l y  t h a t  we have accompl ished t h i s .  

t i a l  concern f o r  pass ing  downstream m i g r a t o r y  f i s h  may be j u s t  as 
s i g n i f i c a n t  as concern f o r  upstream passage, t h i s  t o p i c  i s  n o t  covered 

i n  t h i s  r e p o r t .  

The f i n a l  a n a l y s i s  o f  t h i s  i s s u e  a t  a g i v e n  s i t e  w i l l  r e q u i r e  t h e  

No s i n g l e  document can do j u s t i c e  t o  a l l  these t o p i c s ,  

A l though poten-  

s p e c i f i c  e n g i n e e r i n g  and b i o l o g i c a l  e x p e r t i s e  and knowledge a v a i l a b l e  

th rough  s t a t e  agencies,  t h e  U.S. F i s h  and W i l d l i f e  Se rv i ce ,  t h e  

N a t i o n a l  Mar ine F i s h e r i e s  Serv i ce ,  u n i v e r s i t i e s ,  and p r i v a t e  c o n s u l t i n g  

f i rms .  
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2. GENERAL L I F E  HISTORY AND D I S T R I B U T I O N  OF FISH SPECIES 
THAT MAY REQUIRE FISH PASSAGE 

bY 
Z .  E .  Parkhur-st 

Whether f i s h  passage f a c i l i t i e s  may be necessary a t  a given small 
hydroelectr ic  s i t e  i s  pr imari ly  determined by the species  o f  f i s h  in- 
h a b i t i n g  the r i v e r  system o r  t h a t  f i s h  and w i l d l i f e  agencies plan t o  
introduce, We b r i e f l y  describe here the general l i f e  h i s tory  and geo- 
graphic d i s t r i b u t i o n  of  some f i s h  species t h a t  may require  passage 
around dams. This information can be used as  a f i r s t  approximation o f  
the  poten t ia l  need f o r  passage f a c i l i t i e s  a t  a given s i t e .  
this information should n o t  be considered a s u b s t i t u t e  f o r  s i t e - s p e c i f i c  
inves t iga t ions  and consul ta t iot i  w i t h  local a u t h o r i t i e s ,  which a re  essen- 
t i a l  f o r  p rec ise ly  determining the need f o r  f i s h  passage f a c i l i t i e s .  

The presence o r  planned introduct ion o f  ce r t a in  f i s h  species a t  a 

However, 

given s i t e  evokes a high probabi l i ty  t h a t  f i s h  passage f a c i l i t i e s  may 
be necessary. Such species  include salmon a n d  steelhead t r o u t ,  res ident  
t r o u t  and char ,  American shad, and s t r iped  bass. The probabi l i ty  of 
f i s h  passage f a c i l i t i e s  being necessary f o r  the  remaining species d i s -  
cussed i s  s i t e - s p e c i f i c ,  b u t  general ly  low f o r  species  such as  sunf i sh ,  
bass ,  crappie ,  and perch. 

Because the coastal  s t a t e s ,  and those s t a t e s  in  which coastal  
streams o r ig ina t e ,  general ly  have anadromous f i s h  runs,  those areas  
may require  f i s h  passage f a c i l i t i e s .  
Pac i f i c  salmon and s teelhead t r o u t  have been introduced should be con- 
s idered as coastal  s t a t e s  when f i s h  passage f a c i l i t i e s  a r e  being planned 
In the coastal  s t a t e s ,  i t  may be assumed t h a t  the sanie standards f o r  
f i s h  protect ion t h a t  a r e  applied t o  a new pro jec t  wil l  be applied t o  
an ex i s t ing  s t ruc tu re  a t  which power i s  t o  be developed. 

Areas of the Great Lakes where 

S ta t e s  where cold-water f i s h ,  such as t r o u t ,  a re  res ident  general ly  
have required f i s h  passage f a c i l i t i e s  o r  compensatory programs, along 
w i t h  downstream low-flow con t ro l s ,  t o  benef i t  these species .  



surveyed by te lephone t o  

1). A t  t h i s  t i m e ,  t h i s  
t h e  l osses  t o  t h e  m u l l e t  

i n  some areas because o f  

F i s h  and w i l d l i f e  agencies i n  t h e  i n l a n d  and 

determine t h e i r  p o s i t i o n  

ssue i s  g e n e r a l l y  o f  min 
and s t r i p e d  bass p o p u l a t  

t h e  presence o f  dams a r e  

southern s t a t e s  were 

on f i s h  passage (Table 

m u m  concern. However, 

ons t h a t  have occu r red  

o f  concern. Other  

species,  such as p a d d l e f i s h  and w h i t e  bass, a re  r e p o r t e d  t o  have been 
a f f e c t e d  adve rse l y  by dam s t r u c t u r e s .  'The v a r i o u s  c o a s t a l  s t a t e s  have 

d i f f e r e n t  concerns. For example, i n  N o r t h  C a r o l i n a  and South C a r o l i n a ,  

t h e  p o t e n t i a l  damage t o  f i s h e r i e s  (shad and s t r i p e d  bass i n  Nor th  C a r o l i n a ;  

h e r r i n g  and s t r i p e d  bass i n  South C a r o l i n a )  r e s u l t i n g  f rom dam cons t ruc -  

t i o n  i s  o f  concern. 

The te lephone conversa t i ons  and correspondence and t h e  rep resen ta -  

t i o n s  by h y d r o e l e c t r i c  r e l i c e n s i n g  hear ings  i n d i c a t e d  t h a t  t h e  s t a t e s  

w i t h  m i g r a t o r y  f i s h  runs  a re  concerned w i t h  (I) p r e v e n t i n g  l osses  t o  

t h e  spawning and r e a r i n g  areas f o r  such species and (2 )  ex tend ing  t h e i r  

range whenever p o s s i b l e .  S t a t e  and Federal  agencies a r e  a t t e m p t i n g  t o  

r e i n t r o d u c e  runs o f  f i s h  i n  numerous areas, as through prograins aimed 

a t  r e e s t a b l  i s h i r i g  t h e  A t l a n t i c  salmon aiid American shad runs.  Passage 

o f  t h e  warmwater species appears t o  be o f  l e s s  concern, and i n  some 

cases, a d d i t i o n a l  i n t r o d u c t i o n s  i n t o  f u l l y  popu la ted  streams iiiay r a i s e  

some o b j e c t i o n s .  



Table 1. Results of telephone contacts w i th  state agencies rega rd ing  f ish passage 

I s  f i sh  passage Do the  nat ive species 
Agenc,es general ly con- presen t  proolems of T y p e  ot  passage Research on Gene-al problems Comments on other 

problems State contacted stdered necessary7 passdge a t  dams) used a t  dains f ish passage of passage 

Alabama 

Arkansas 

Georg4a 

lndidna 

iowa  

Ken tucky  

Louisiana 

Michigan 

Minnesota 

Mississippi 

Missouri 

Ohio 

Tet-nessee 

Dept. Conserv.  
8 Nat. Res. 

No 

No 

NC 

Yes 

Yes 

No 

Use navigat ion 
locks 

_ _  
NC 

Game & Fish 
Comm. No Would l i ke  f ish Low head darns are 

io remain i n  lopped by f loods 
ress rvo i r s  for  (downstream) 
weed control  

Done b y  Low streamflow Power peaking 
o the r  
agencies 

W i t h  Limited t o  
Michigan m ig ra t i ng  areas, 

speci f ical ly w i t h  
introduced steel- 
head 

Dept. Nat. 
Resources 

Yes 

Yes 

None specified 

Dept. Nat 
Resources 

Fishways 

Conservation 
Comm. 

Dept.  Fish. & 
Wildl. Resources 

Yes 

No 

No 

No 

Fishways Fish do  n o t  ube 
f ishways 

Low head dams are 
topped by f loods 
(dobnstream) 

Use nabigat ion 
locks 

No 

Dept.  Wild1 
& Fish.  

NO NO Development 
of land - locked 
populations 

Yes Ladder ing of new 
and  o ld  dams t c  
expand t h e  range 
cf salmon and 
steelhead 

Downstream 
inigrants a t  
intakes 

Dept.  Fish. 
& Game 

Yes Yes Fish ladders 

Dept.  Nat. 
Resources 

Yes Yes NC Addit ional  dams 
could block steel- 
head r u n s  in Lake 
Super ior or t r i b u -  
tar ies 

Fish & Game 
Comm. 

Dept. Consarv.  

NO 

No 

N 0 

NO _ _  

Yes _ _  
No 

Some dams are 
topped, allowing 
upstream moven:ent 

development Opposed to t u r t h e r  Dept. Res. Mgmt Y e s  _ _  
( i imi ted) 

Dept. Fo res t r y  
Wtldl. & Fish 
( 0 .  of Tennes5ee) 

N G  No Use navigat ion No Catadronious eels 
locks have beet, el,rni- 

nated b y  dams 

NC = No Commeiit. 
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The remainder o f  t h i s  s e c t i o n  p resen ts  genera l  i n f o r m a t i o n  on l i f e  

h i s t o r y  and d i s t r i b u t i o n  o f  seve ra l  f i s h  species o r  groups t h a t  may 

r e q u i r e  passage around darns a t  smal l  s c a l e  h y d r o e l e c t r i c  s i t e s  i n  t h e  

U n i t e d  S ta tes .  The i n f o r m a t i o n  i n  these summaries was drawn f r o m  Re11 

(1973), Cal houn (1966) Jordan (1969), ' lrautman (19571, and t h e  U. S. 

Department o f  I n t e r i o r  (1949). 

P a c i f i c  Salmon and Steelhead T r o u t  

The f i v e  species o f  P a c i f i c  salmon and t h e  s tee lhead  t r o u t  a r e  

ind igenous t o  t h e  P a c i f i c  c o a s t a l  s t a t e s ,  B r i t i s h  Columbia, and Alaska. 

E a r l y  a t tempts  a t  i n t r o d u c i n g  P a c i f i c  salmon t o  Eas t  coas t  streams were 

n o t  success fu l .  I n  r e c e n t  yea rs ,  however, t h e  s i l v e r  salmon (Oncorhynchus 

k i s u t c h )  and ch inook  salmon ._. (Oncorhynchus -__ tschawytscha)  have been success- 

f u l l y  i n t r o d u c e d  i n  t h e  Great  Lakes area, and spawning runs  have been 

es tab l i shed .  

The l a r g e s t  o f  t h e  P a c i f i c  salmon spec ies ,  t h e  ch inook  o r  k i n g  

(Oncorhynchus tschawytscha) ,  i s  found f rom c e n t r a l  C a l i f o r n i a  t o  A laska 

and across t h e  E e r i n g  Sea t o  Japan. 

r i v e r  systems such as t h e  Columbia, Klamath, and Sacramento. 

Reproduct ion occurs  m a i n l y  i n  l a r g e  

The s i l v e r  salmon (Oncorhynchus k i s u t c h )  a150 has a wide range,  
buL occurs  i n  g r e a t e s t  abundance i n  r i v e r s  f r o m  southern  Oregon t o  south-  

e a s t e r n  Alaska.  

'The sockeye o r  r e d  salmon (Oncorhynchus nerka)  has a range t h a t  

extends f rom t h e  Columbia R i v e r  t o  B r i s t o l  Bay, A laska,  b u t  i t  i s  found 

predami n a n t l y  i n  streams n o r t h  o f  Puget Sound, p a r t i c u l a r l y  i n  t h e  Eraser  

R i v e r  i n  B r i t i s h  Columbia. T h i s  species i s  e x a c t i n g  i n  i t s  env i ronmenta l  

r e p r o d u c t i v e  requ i rements ,  spawning o n l y  i n  headwater streams c o n t a i n i n g  
l akes  i n  which t h e  young spend a t  l e a s t  one y e a r  b e f o r e  m i g r a t i n g  down- 

s t ream t o  t h e  ocean. 

The p i n k  salmon (Oncorhynchus gorbuscha) ...---I ranges f rom Puget Sound 

t o  t h e  B e r i n g  Sea and a long  t h e  S i b e r i a n  c o a s t  t o  n o r t h e r n  Korea. 

p e c u l i a r i t y  o f  t h i s  species i s  t h a t  l a r g e  runs  occur i n  t h e  Puget Sound 
area  o n l y  i n  odd-numbered yea rs .  

e a s t e r n  Alaska,  where they  p r o v i d e  t h e  b u l k  o f  t h e  commercial ca tch ,  

A 

The c e n t e r  o f  abundance i s  i n  south-  
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The chum salmon (Onchorhynchus ke ta)  ranges f rom t h e  Oregon coas t  

nor thward  t o  t h e  B e r i n g  S t r a i t ,  across t h e  A r c t i c  Ocean, a long t h e  

S i b e r i a n  coas t  and southward t o  Korea and n o r t h e r n  Japan. The chum 

salmon i s  t y p i c a l l y  a s h o r t - r u n  species,  which uses coas ta l  streams 

and m i g r a t e s  t o  s a l t w a t e r  soon a f t e r  ha tch ing .  

The s tee lhead t r o u t  (Salmo g a i r d n e r i )  i s  found i n  coas ta l  streams 

and l a r g e  r i v e r  systems f rom n o r t h e r n  C a l i f o r n i a  t o  Alaska, some o f  

which suppor t  d i s t i n c t  s p r i n g ,  summer, and w i n t e r  s tee lhead runs .  The 

l i f e  h i s t o r y  o f  d i f f e r e n t  races may va ry ,  b u t  a l l  races spend f rom 1 
t o  3 years  i n  f r e s h w a t e r  b e f o r e  m i g r a t i n g  t o  t h e  ocean, where they  may 

spend seve ra l  years  b e f o r e  they  reach m a t u r i t y  a t  3 t o  6 y e a r s  o f  age. 

Resident  T rou t  and Char 

Resident  t r o u t  and char  a r e  w e l l  d i s t r i b u t e d  th roughout  t h e  c o n t i -  

nen ta l  U n i t e d  S ta tes ,  Canada, and Alaska i n  areas where t h e  p r e v a i l i n g  

water  temperatures a r e  c o o l e r  than those t o l e r a t e d  by warmwater species 

(e .g. ,  largemouth bass, c a t f i s h ,  and s u n f i s h ) .  
A r t i f i c i a l  p r o p a g a t i o n  o f  t r o u t  and char  and t r a n s f e r s  of f i s h  

and eggs th roughout  t h e  c o u n t r y  have l e d  t o  some c o n f u s i o n  as t o  t h e  

o r i g i n a l  d i s t r i b u t i o n  o f  some species.  However, t h e  ra inbow and c u t -  

t h r o a t  t r o u t  p o p u l a t i o n s  were o r i g i n a l l y  found west o f  the  Con t inen ta l  

D i v i d e ,  whereas t h e  Eas tern  Brook char  ( S a l v e l i n u s  f o n t i n a l i s )  and the  

A t l a n t i c  Salmon (Salmo s a l a r )  were found o n l y  on t h e  eas te rn  seaboard, 

i n  t h e  Great  Lakes system, and i n  n o r t h e a s t e r n  Canada. 

The brown t r o u t  (Salmo t r u t t a )  t h r i v e s  i n  warmer water  than  t h e  

o t h e r  species,  and i t s  range extends f a r t h e r  south.  O r i g i n a l l y  impor ted  

f r o m  Germany, t h i s  species i s  s t i l l  o f t e n  r e f e r r e d  t o  as the German 

brown t r o u t .  I n  some areas i t  has become mixed w i t h  another  c l o s e l y  

r e l a t e d  impor t ,  the  Loch Leven t r o u t  (Salmo f a r i o )  f rom t h e  B r i t i s h  

I s l e s .  

-- 

The D o l l y  Varden char  ( S a l v e l i n u s  malma) i s  w e l l  d i s t r i b u t e d  through-  

o u t  streams and lakes of t h e  P a c i f i c  Coast, Canada, and Alaska. The 
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D o l l y  Varden and o t h e r  char  c h a r a c t e r i s t i c a l l y  spawn i n  t h e  f a l l  months, 

whereas t r o u t  o f  t h e  genus _- Salmo (excep t  t h e  brown t r o u t  and t h e  A t l a n t i c  

salmon) spawn i n  t h e  s p r i n g .  
The l a k e  cha r ,  o r  Mackinaw ( S a l v e l i n u s  __I_ - namycush) ,  - i s  a n a t i v e  o f  

t h e  Great  Lakes area o f  t h e  U n i t e d  S ta tes  and many l a r g e  l akes  i n  i n t e r i o r  

B r i t i s h  Columbia, o t h e r  Canadian p rov inces ,  and Alaska. I t  i s  found 

o n l y  i n  l a r g e ,  deep, c o l d - w a t e r  l akes ,  and i t  has been i n t r o d u c e d  i n t o  

some lakps  o f  t h i s  t y p e  on t h e  P a c i f i c  Coast f r o i i i  n o r t h e r n  C a l i f o r n i a  

northward. 

American Shad 

The American shad (Alosa sap id i ss ima)  __- i s  ind igenous t o  t h e  A t l a n t i c  

c o a s t a l  s t a t e s  and Canada, f rom Newfoundland t o  F l o r i d a .  I t  ha5 been 

i n t r o d u c e d  success fu l  l y  i n t o  t h e  Sacramento R i v e r  i n  Cal i Torn i a  and 

t h e  Columbia R i v e r  i n  Oregon. The P a c i f i c  range i s  now from Southern 

C a l i f o r n i a  t o  Alaska. 

American shad spend mos t  o f  t h e i r  l i v e s  i n  t h e  ocean, ascending 

r i v e r s  t o  spawn ( u s u a l l y  i n  May and June) when t h e  water  temperature 

i s  1 3 . 4  t o  19.0°C (56 t o  6 6 O F ) .  Males precede females on t h e  spawning 

f i i g r a t i o n .  Eggs a r e  re leased  f r e e l y  i n t o  t h e  water  and develop i n  t h e  

c u r r e n t ,  h a t c h i n g  i n  7 t o  10 days. Most American shad mature a t  3 t o  

4 yea rs  o f  age, b u t  most d i e  a f t e r  spawning. American shad average 

25 .4  t o  33.0 cm (10 t o  33 i n . )  i n  l e n g t h  and 0.9 t o  2 . 7  kg ( 2  t o  6 l b )  

i n  we igh t  a t  m a t u r i t y .  

S t r i p e d  Bass 

The s t r i p e d  bass (Morone s a x a t i l i s )  i s  c l o s e l y  r e l a t e d  t o  t h e  w h i t e  

bass ;  b o t h  a re  members o f  t h e  temperate-bass f a m i l y  ( P e r c i c h t h y i d a e ) .  

The o r i g i n a l  range o f  t h e  s t r i p e d  bass was f rom t h e  S t .  Lawrence 

R i v e r  i n  Canada southward ( c o a s t a l )  t o  Lou is iana .  A l though known p r i n -  

c i p a l l y  as an anadromous species,  they a l s o  t h r i v e ,  b u t  may n o t  rep ro -  
duce, i n  a s u i t a b l e  l and - locked  environment.  The s t r i p e d  bass has been 
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introduced successful 1y in to  many areas ~ such as Cal i forni a and the  
southeas t ,  and has spread t o  Oregon and Washington as a r e s u l t  of Cali-  
fornia  introduct ions.  A large ldnd-locked population developed in the 
Santee-Cooper reservoi r in S o u t h  Carol i na from sea runs -isolated wi t h - i  n 
the  impoundment. T h i s  has led t o  t h e i r  introduction in to  other  large 
r e se rvo i r s ,  which has been very successful in those cases where su i t ab le  
forage f i s h  such as threadfin shad were abundant. 

run ind iv idua ls ,  under favorable conditions they of ten average 2 . 7  kg 
( 6  l b )  in weight, with f i s h  over 22 .7  kg (50 I b )  having been taken in  
reservoi rs .  

Although land-locked individuals do n o t  a t t a i n  the s i z e  o f  the sea 

The adul t  s t r i ped  bass move upstream from the sea ,  large lakes ,  
and reservoi rs  in the  spring t o  spawn in large headwater r ive r s .  Spawn- 
i n g  usually begins, of ten in May or June, when the water reaches 1 5 . 5 O C  
( 6 O O F ) .  Water current  i s  an important f ac to r  s ince the semibuoyant 
demersal eggs a re  broadcast and must be kept in constant motion and 
o f f  the  r i v e r  bot tom.  

Str iped bass a re  adaptable t o  varied water condi t ions,  t h r ive  in 
f r e sh ,  brackish,  o r  s a l t  water, and t o l e r a t e  b o t h  cold Canadian r ive r s  
and warm Louisiana bayous. Nevertheless, they do require  su i t ab le  mi- 
grat ion passageways t o  spawrii ng a r eas ,  as we1 l as passage downstream 
f o r  juveni les  a f t e r  a period of stream residence.  
o f  a su i t ab le  forage f i s h  i s  equally important. 

An adequate supply 

White Bass 

The white bass (Morone Chrysops) belongs t o  the  temperate basses 

The range o f  the  white bass extends from Canada t h r o u g h o u t  the 
(Percichthyidae) and is closely re la ted  t o  the  s t r iped  bass.  

Mississippi River drainage, from Minnesota and Wisconsin t o  the  Gulf 
of Mexico. The white bass occurs i n  Gulf coastal  r i ve r s  from Mississippi 
t o  northern Mexico and i s  d i s t r ibu ted  th rough  the Great Lakes, except 
fo r  Lake Superior,  and eastward in to  the S t .  Lawrence River Basin. I t  
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a l so  has been introduced successful ly  in to  many lakes ,  r e se rvo i r s ,  and 
some o f  Lhe la rger  r ive r s  i n  the  eas t e rn ,  midwestern, and southwestern 
United S ta t e s  and in Cal i fornia .  

A l t h o u g h  primarily a f i s h  of large lakes and r e se rvo i r s ,  white 
bass a l so  do well in  large r ive r s .  In many r i v e r  systetiis, i t  i s  an 
important species i n  r eservoi r  t a i lwa te r s ,  where populations of ten de- 
pend on downstreaiii emigration from reservoi rs .  White bass of ten migrate 
o u t  of reservoi rs  in large numbers, and the re fo re ,  adequate f i s h  passage 
f a c i l i t i e s  may be necessary. 

Lakes and reservoi rs  t h a t  have s i g n i f i c a n t  populations o f  white 
bass a l so  m u s t  have adequate populations o f  forage f i s h  and access t o  
su i t ab le  spawning streams. 

ranging from 1 4 . 6  t o  2 4 . 1 O C  (58 t o  7 5 O F ) .  
streams over sand, grave l ,  o r  rocky areas .  'The eggs a re  f e r t i l i z e d  as  
they s ink ,  and as they a re  adhesive, they s t i c k  t o  g rave l ,  rock, and 
vegetation. As soon as  spawning i s  completed, the f i s h  return t o  deeper 
water . 

White bass spawn from April through June i n  water temperatures 
Spawning occurs in t r i bu ta ry  

White bass a r e  very p r o l i f i c  and of ten doininate the f i s h  population 
in  an impoundment a few years  a f t e r  t h e i r  introduct ion.  

Smallmouth Black Bass 

'The l i f e  h i s t o r i e s  of the smallmouth and the largemouth bass a re  
s i m i l a r ,  except t h a t  the smallmouth bass (Micropterus dolomieu) prefers  
a running water hab i t a t .  
( 3  l b )  i n  weight, b u t  f i s h  weighing 2 . 7  t o  3 .6  kg ( 6  t o  8 l b )  have been 
reported. The smallmouth bass i s  l e s s  adaptable t o  tu rb id  water condi- 
t i o n s  and i s  more l i k e l y  t o  migrate i n  search o f  c l e a r ,  iiiore rapidly 
running water. I t s  habi ta t  preference i s  c l e a r ,  moderately cold,  swif t -  
flowing streams and moderately s ized ,  clear-water lakes ,  w i t h  clean 
gravel or rocky bottoms. 

The natural  range of the smallmouth bass i s  from the Upper Missis- 
s i p p i  River drainage n o r t h  and e a s t  t o  Quebec and sorrthward t o  northern 

Smallmouth bass adul t s  average under 1 . 3  kg 
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Alabama and e a s t e r n  Oklahoma. 

waters ,  such as t h e  Lower Snake R i v e r ,  and i n t o  areas i n  C a l i f o r n i a ,  

b u t  i t  g e n e r a l l y  has n o t  been e s t a b l i s h e d  as s u c c e s s f u l l y  as t h e  l a rge -  

mouth bass. 

I t  has been in t roduced  i n t o  many o t h e r  

Because t h e  smallmouth bass tends t o  p r e f e r  deeper waters  than 

t h e  largemouth,  i t  descends t o  such depths d u r i n g  t h e  w i n t e r  months 

where i t  remains i n a c t i v e .  Eggs o f  t h e  smallmouth bass a re  even more 

v u l n e r a b l e  t o  sudden drops i n  water  temperature than those o f  t h e  l a rge -  

mouth bass. Consequent ly,  t h e  f i r s t  spawn i s  o f t e n  k i l l e d ,  and a second 

o r  t h i r d  spawning occurs,  sometimes as l a t e  as August. Because 
r e p r o d u c t i o n  o f  t h e  smallmouth i s  more v u l n e r a b l e  t o  changes i n  t h e  

a q u a t i c  h a b i t a t ,  and because t h e  smallmouth i s  more demanding i n  i t s  

s e l e c t i o n  o f  s u i t a b l e  spawning c o n d i t i o n s ,  f a c i l i t a t i n g  b o t h  upstream 

and downstream movement v i a  passage s t r u c t u r e s  may be necessary. 
Smallmouth bass t h r i v e  i n  f a i r l y  l a r g e ,  r a p i d  streams a t  l o w  e l e -  

v a t i o n  t h a t  a r e  t o o  warm f o r  salmonids. They tend  t o  i n h a b i t  l akes  i n  

t h e  n o r t h e r n  p a r t  and streams i n  the  southern  p a r t  o f  t h e i r  range. I n  

some l a r g e  r e s e r v o i r s  they  a re  found a long  w i t h  popu la t i ons  o f  l a r g e -  

mouth bass. 

Largemouth B l a c k  Bass 

The largemouth b l a c k  bass (Micvopterus salmoides) i s  n a t i v e  t o  

lakes  i n  t h e  eas te rn ,  c e n t r a l ,  and southern  U n i t e d  Sta tes ,  as w e l l  as 

eas te rn  and c e n t r a l  Canada. 

f i s h ,  t h e  largemouth b l a c k  bass has been i n t r o d u c e d  i n t o  l akes  and 

r e s e r v o i r s  th roughout  t h e  c o u n t r y  and has proved t o  be very  adaptable 

t o  changing env i ronmenta l  c o n d i t i o n s .  Th is  a d a p t a b i l i t y  has r e s u l t e d  
i n  v a r i o u s  s t r a i n s  o r  races,  such as the  l a r g e ,  f as t -g row ing ,  F l o r i d a  

bass. The p r e f e r r e d  h a b i t a t  i s  sha l low,  warm lakes  and r e s e r v o i r s ,  

a l t h o u g h  i t  i s  a l s o  found i n  s l u g g i s h  streams, lagoons,  bayous, and 

b r a c k i s h  waters  a long  t h e  southern  coas t .  

t o r i e s  a r e  s i m i l a r ,  except  t h a t  t h e  smallmouth p r e f e r s  a stream o r  

Because o f  i t s  g r e a t  p o p u l a r i t y  as a game- 

B lack  basses have a h i g h  r e p r o d u c t i v e  capac i t y .  T h e i r  l i f e  h i s -  
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r u n n i n g  water  h a b i t a t .  
t he  water  te inperature reaches 1 5 . 7  t o  20.2OC (60 t o  68'F). 

c o n s t r u c t s  and guards t h e  nes t .  The female w i l l  l a y  f rom 4400 t o  15,600 
eggs p e r  k i l o g r a m  (2000 t o  7000 p e r  pound) o f  f i s h  and, a f t e r  a f e w  

days, may mate w i t h  t h e  same o r  another  male and spawn aga in  over  the 

same nes t .  

A f t e r  s p w n i n g  occurs,  t h e  inale guards the  n e s t  and cares f o r  t h e  eggs 

u n t i l  h a t c h i n g ,  which occurs i n  3 t o  6 days. The young remain i n  schools  

th roughou t  t h e i r  f i r s t  season. M a t u r i t y  i s  reached i n  t h e  second o r  

t h i r d  y e a r  i n  t h e  n o r t h e r n  s t a t e s  and as e a r l y  as t h e  f i r s t  y e a r  i n  

the  southern s t a t e s .  The average we igh t  o f  largemouth bass i s  0 .9  t o  

2. 7 kg ( 2  t o  6 l b ) ,  b u t  under optymum growth c o n d i t i o n s ,  t hey  may reach 

over  9 . 1  kg (20 l b ) .  

Largemouth bass spawn i n  s p r i n g  o r  suinmer when 

The male 

The male a l s o  may inate aga in  w i t h  t h e  same o r  another  female. 

The c r i t i c a l  p e r i o d s  i n  t h e  r e p r o d u c t i o n  o f  b o t h  species o f  b l a c k  

bass a r e  i n  t h e  spawning and n e s t i n g  stages. ,4bnormal changes i n  water  

temperature w i l l  k i l l  t h e  eggs, arid w a t e r - l e v e l  f l u c t u a t i o n s  d e s t r o y  

nes ts .  

The largeinouth bass p r e f e r s  warmer water  than does t h e  smal lmouth 

and i s  more adaptable t o  t u r b i d  wa te r  and s i l t .  Both species a r e  c a r -  

n i vo rous  and depend on an adequate food  supply  o f  f o rage  f i s h ,  c r a y f i s h ,  

o t h e r  crustaceans,  o r  amphibians. Young bass consume l a r g e  numbers o f  

aqua t i c i ns ec t s . 
Al though t h e  search f o r  f ood  i s  a p r i m a r y  m o t i v a t i o n ,  movement o f  

largemouth bass over  dams ( b o t h  upstream and downstream) may a l s o  be a 

response t o  an overcrowded h a b i t a t ,  un favo rab le  water  temperatures,  o r  
t h e  need f o r  s u i t a b l e  spawning areas. Overcrowding, l a c k  o f  f reshwa te r  

{ n f l o w ,  and sparse a q u a t i c  v e g e t a t i o n  may r e s u l t  i n  i n s u f f i c i e n t  con- 

c e n t r a t i o n  o f  d i s s o l v e d  oxygen and d e t e r i o r a t i o n  o f  water  q u a l i t y ,  which 
i n  t u r n  may i n f l u e n c e  m i g r a t i o n .  

Spo t ted  Bass 

'The s p o t t e d  bass (M ic rop te rus  p u n c t u l a t u s )  may be d i v i d e d  taxon- 

o rn i ca l l y  i n t o  t h r e e  s l i g h t l y  d i f f e r e n t  subspecies:  t h e  n o r t h e r n  s p o t t e d  
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bass ,  the Wictlita spotted hass ,  and the Alatmna spotted bass, A l l  th ree  
have s imi la r  l i f e  h i s t o r i e s .  

The spotted bass i s  mainly a stream f i s h ,  and although i t  i s  adapt- 
able  t o  large lakes and r e se rvo i r s ,  i t  p refers  moderate t o  large streailis 
of low gradient .  
the  s p r i n g ,  spotted bass move upstream i n t o  smaller ,  sluggish streams. 
In ear ly  summer, the adul t s  and most o f  the  young d r i f t  downstream. 
Soon a f t e r  spawning, the adu l t s  move i n t o  deep water;  they have been 

When the  water temperature reaches 1 0 . l a C  ( S O O F )  in 

taken i n  reservoi rs  a t  depths of over 30.5 m (100 f t ) .  They do  n o t  
t o l e r a t e  a s  much heat o r  t u r b i d i t y  as  largemouth bass. 

Spotted bass a r e  nest  bu i lders ,  spawning i n  spr ing a t  a water tem- 
perature  o f  1 7 . 9 O C  (64°F). 

o f  the  smallmouth bass.  Maturity generally occurs i n  the  second o r  
t h i r d  year .  

Their spawning behavior i s  s imi la r  t o  t h a t  

The spotted bass i s  indigenous t o  su i t ab le  r ive r s  in many southern,  
midwestern, and eas te rn  s ta tes - -F lor ida ,  Alabama, Arkansas, Georgia, 
I l l i n o i s ,  Indiana,  Kansas, Kentucky, Louisiana, Mississ ippi ,  Ohio, 
Oklahoma, Tennessee, Texas, Virginia ,  and West Virginia.  I t  has been 
introduced i n t o  other  areas  such as Cal i forn ia ,  where i t  was hatchery- 
propagated and where populations were es tab l i shed  in  several  r i v e r s .  

Since the l i f e  h i s tory  of the  spotted bass includes a d e f i n i t e  
spring upstream spawning migration and a l a t e r  downstream return t o  
deeper water,  i t  may be des i rab le  t o  provide adequate upstream and down- 
stream passage f a c i l i t i e s .  

Redeye Bass 

The redeye or coosa bass (Micropterus coosae),  the smallest  o f  
the bass ,  i s  found i n  sluggish streams t h a t  a r e  t o o  cold f o r  other  warm- 
water f i s h  and not su i t ab le  f o r  t r o u t .  

The or ig ina l  range o f  the  coosa bass was mainly the southern s t a t e s  
o f  Alabama, Georgia, Tennessee, Flor ida,  S o u t h  Carolina,  and North 
Carolina; however, i t  has been introduced in to  several other  s t a t e s  
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i n c l u d i n g  C a l i f o r n i a ,  i n  o r d e r  t o  p r o v i d e  a gainefish i n  m i d - e l e v a t i o n ,  

mid- temperature streams t h a t  f o r m e r l y  mai n t a i  ned p o p u l a t i o n s  o f  rough 

f i s h  o n l y .  

Redeye o r  coosa bass MOVE! upstream i n  t h e  e a r l y  s p r i n g  and down- 

stream i n  t h e  f a l l .  

f rom l a t e  May t o  e a r l y  J u l y ,  i n  water  temperatures o f  16.8 t o  20.7'C 
(62 t o  69'F). 
about 12.7 cm ( 5  i n . ) .  

They spawn i n  coarse g r a v e l  a t  t h e  heads o f  p o o l s  

They u s u a l l y  mature i n  t h e i r  f o u r t h  y e a r  a t  a l e n g t h  o f  

The coosa bass i s  n o t  s u i t e d  t o  success fu l  pond c u l t u r e ,  I t  dues 

n o t  compete s u c c e s s f u l l y  w i t h  o t h e r  p r e d a t o r y  f - i s h ,  and i t  dues n o t  

m a i n t a i n  a s u i t a b l e  ba lance w i t h  s u n f i s h  o r  o t h e r  fo rage  species.  

To m a i n t a i n  a n a t u r a l  p o p u l a t i o n  o f  coosa bass i n  waters  n o t  s u i t -  

a b l e  f o r  o t h e r  gamef-ish, p r o v i s i c n s  f o r  u n r e s t r i c t e d  upstream and down- 

stream passage may be necessary. 

Rock Bass 

The r o c k  bass ( A m b l o p l i t e s  - .- r u p e s t r i s )  . . . i s  w i d e l y  d i s t r i b u t e d  f rom 

sou the rn  Canada southward i n  t h e  M i s s i s s i p p i  d ra inage  t o  N o r t h  C a r o l i n a  

and t h e  n o r t h e r n  p a r t  o f  Arkansas and no r thward  t o  Vermont and New York. 

I t  i s  cmnmon i n  l a k e s  and c l e a r  streams th roughou t  most o f  Minnesota,  

'd isconsin,  Ohio and n e i g h b o r i n g  s t a t e s  and as f a r  sou th  as L o u i s i a n a  

and lexas. It i s  p r i m a r i l y  found i n  r o c k y  streams, b u t  i s  a l s o  common 

i n  many lakes  o f  moderate s i z e .  The average s i z e  f o r  r o c k  bass i s  15 .2  

t o  20.3 cm (6  t o  8 i n . ) ,  and t h e  average we igh t  i s  0.2 kg (0.5 l b ) ,  

a l t hough  t h e y  may weigh t o  up t o  0 .9 kg (2  l b ) .  

The r o c k  bass spawns on g r a v e l  streambed o r  shal low,  sandy l a k e  

bottunis f rom l a t e  May u n t i l  e a r l y  J u l y  a t  wate r  temperatures o f  15 .7  
t o  21.3'C (60 t o  70°F). I t  i s  commonly found i n  t h e  same waters as 

smallmouth bass. The r o c k  bass i s  found m a i n l y  i n  c l e a r  streams o f  

moderate s i z e  and g r a d i e n t ,  and over  streambeds o f  bou lde rs ,  g r a v e l ,  

o r  bedrock. There i s  no d i s t i n c t  mass upstream spawning m i g r a t i o n  i n  

t h e  s p r i n g ,  a1 though a d u l t  females limy congregate i n  poo l  s d u r i n g  t h e  
spawning season. Rock bass was fo rmer l y  o f  commercial impor tance i n  

t h e  i s l a n d  r e g i o n  o f  western Lake E r i e .  
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Crapp ie  

The l i f e  h i s t o r i e s  o f  t he  two spec ies  o f  c r a p p i e - - t h e  b ? a c k  c r a p p i e  

(Pomoxis n ig romacu la tus)  and t h e  w h i t e  c r a p p i e  (Pomoxis a n n u j a r i s ) - - a r e  

q u i t e  s i m i l a r .  Both a r e  found i n  q u i e t  waters  o f  l akes ,  ponds, r e s e r v o i r s ,  

and slow-moving streams, u s u a l l y  where t h e r e  i s  a good growth  o f  a q u a t i c  

v e g e t a t i o n .  Both  a r e  cons ide red  p r e d a t o r y  species,  f e e d i n g  m a i n l y  on 

a q u a t i c  i n s e c t s  and sinall f i s h ,  and a r e  f r e q u e n t l y  found i n  l a r g e  schoo ls .  

They a r e  n e s t  b u i l d e r s ,  c o n s t r u c t i n g  nes ts  i n  water  f rom 0.9  t o  1.8 m 
( 3  t o  6 f t )  deep on sandy o r  s i l t e d  bottoms, among r o o t e d  a q u a t i c  p l a n t s .  

They spawn i n  l a t e  s p r i n g  o r  e a r l y  summer--the b l a c k  c r a p p i e  i n  water  

temperatures o f  14.6 t o  1 7 . 9 O C  (58 t o  64OF) and t h e  w h i t e  c r a p p i e  i n  

water  temperatures o f  1 7 . 9  t o  2 0 . 2 O C  (64 t o  6 8 O F ) .  
c l e a r  water ,  and w h i t e  c r a p p i e  can t o l e r a t e  more t u r b i d  water  c o n d i t i o n s ,  

a l t hough  b o t h  spec ies  a r e  found i n  some c l e a r  l akes  and i n  many t u r b i d  

l akes  and r e s e r v o i r s .  

and a r e  found f a r t h e r  n o r t h  than  t h e  w h i t e  c rapp ie .  

B lack  c r a p p i e  p r e f e r  

B l a c k  c r a p p i e  t o l e r a t e  c o o l e r  wa te r  temperatures 

Both  spec ies  a r e  ind igenous t o  waters  e a s t  o f  t h e  Rocky Mountains, 

a l t hough  b o t h  have been i n t r o d u c e d  i n t o  s u i t a b l e  waters  th roughout  t h e  

U n i t e d  S ta tes  and Canada. 

Normal ly  b o t h  species mature a t  2 t o  3 years  o f  aye a t  a l e n g t h  

of  17.8 t o  20.3 cm (7  t o  8 i n . ) ,  a l t hough  under optimum c o n d i t i o n s ,  

t hey  o f t e n  a t t a i n  a l e n g t h  of about  30 cm (12 i n . )  and a we igh t  o f  0 .4  
t o  0 . 9  kg (1 t o  2 l b ) .  

Crapp ie  show 1 i t t l e  i n c l i n a t i o n  t o  m i g r a t e  under normal water  con- 
d i t i o n s ,  b u t  w i l l  ex tend t h e i r  h a b i t a t  i n t o  a v a i l a b l e  s u i t a b l e  waters  

when c o n d i t i o n s  a r e  d e s i r a b l e .  

Ye l l ow  Perch 

The y e l l o w  pe rch  (Perca f l avescens )  i s  abundant i n  lakes ,  r e s e r -  

v o i r s ,  and slow-moving l a r g e  streams th roughou t  southern  Canada, t h e  
midwestern and e a s t e r n  s t a t e s ,  and has been w i d e l y  i n t r o d u c e d  elsewhere. 

Perch a r e  v e r y  hardy and p r o l i f i c  and, under f a v o r a b l e  c o n d i t i o n s ,  t e n d  
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t o  overpopulate t h e  body o f  water .  The r e s u l t s  a r e  s t u n t e d  pe rch  and 

d e t r i m e n t a l  e f f e c t s  on t h e  other. spec ies w i t h  which they  compete f o r  

food and l i v i n g  space. Perch a re  e n t i r e l y  c a r n i v o r o u s ,  e a t i n g  minnows, 
t h e  young o f  o t h e r  f i s h e s ,  smal l  amphibians , mol 1 us ks and c r u s  haceans , 
and a q u a t i c  i n s e c t s .  

Most o f  t h e  pe rch  taken by a n g l e r s  a r e  12.7 t o  2 0 . 3  cm ( 5  t o  8 

i n . )  i n  l e n g t h ,  a l t hough  f i s h  up t o  30 .5  cm (1.2 i n . )  i n  l e n g t h  arid about 

0 . 2  kg (0 .5  l b )  i n  we igh t  a re  caught.  

Spawning occurs i n  t h e  s p r i n g  a t  water  temperatures o f  7 .3  t o  12.9"C 

(45 t o  55OF),  i n  areas near shores and around a q u a t i c  p l a n t s  o r  brush. 

The eggs a r e  l a i d  i n  a semibuoyant, nonadhesive, g e l a t i n o u s  s t r i n g .  

There i s  no p a r e n t a l  care.  The eggs hiitch i n  3 t o  4 weeks, and t h e  

young g e n e r a l l y  school .  M a t u r i t y  i s  reached a t  about 2 yea rs  o f  age. 

Schools o f  perch ofLen, b u t  not, a lways, l eave  t h e i r  l a k e  o r  r e s e r -  

v o i r  h a b i t a t  d u r i n g  t h e  s p r i n g  spawning season and ascend t r i b u t a r y  

streams. 

a c c e s s i b l e  t o  them. The y e l l o w  pe rch  i s  a v a l u a b l e  forage f i s h  f o r  

many l a r g e r - s i r e d  gamefish i n  l a r g e  l akes  and r e s e r v o i r s .  A va lued 

food f i s h ,  t h e  y e l l o w  pe rch  i s  a l s o  o f  c o n s i d e r a b l e  commercial impor-  

tance i n  t h e  Great  Lakes area. 

They w i  11 success fu l  l y  popul a t e  any s u i  tab1 e waters  t h a t  a r e  

S u n f i s h  

There a re  many species o f  s u n f i s h ,  o r  bream, as they  a r e  f r e q u e n t l y  

c a l l e d .  

t h e i r  l i f e  h i s t o r i e s  a re  ve ry  s i m i l a r .  

_I_. rnacrochi . . . . . . . . . r u s )  , t h e  puinpki nseed (Lepomi s g i  bbosus) 
-. (Lepomis T a n e l l u s ) ,  __ t h e  long-eared s u n f i s h  (Lepomis .. . . .. m e g a l o t i s ) ,  and 

t h e  s h e l l  c r a c k e r  (Eupomotis _. _II h o l b r o o k i ) .  .. .. . .. . . 

t h e  s p o r t  f i s h e r y .  The b l u e g i l l ,  p a r t i c u l a r l y ,  i s  i m p o r t a n t  as a fo rage  

f i s h  f o r  t h e  largemouth bass p o p u l a t i o n s  i n  b o t h  p r i v a t e  and commercial 

The most coiiiiiion s u n f i s h  a r e  here considered as a group because 

These a re  t h e  b l u e g i l l  (Lepomis 

t h e  green s u n f i s h  

The s u n f i s h  comprise t h e  m o s t  popu la r  and widespread p a n f i s h  i n  

farm and ranch ponds. 
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The s u n f i s h  ranges f r o m  southern  Canada t o  t h e  G u l f  s t a t e s ,  th rough-  

o u t  t h e  M i s s i s s i p p i  V a l l e y  and t h e  e a s t e r n  and southern  st,ates. The 

b l u e g i l l  has been i n t r o d u c e d  wherever bass f i s h e r i e s  a r e  main ta ined.  

S ince a l l  t h e  s u n f i s h  a r e  q u i t e  p r o l i f i c ,  a common problem i n  ponds i s  

ove rpopu la t i on .  A l l  t h e  s u n f i s h  a r e  n e s t  b u i l d e r s ,  w i t h  t h e  male b u i l d -  

i n g  and guard ing  t h e  nes t .  The spawning season extends f rom May th rough  

J u l y ,  and cinder f a v o r a b l e  water  coridi t i o n s ,  spawni rig occurs r e p e a t e d l y  

th roughou t  t h e  summer. 

17.9 t o  20.3 cm ( 7  t o  8 i n . ) ,  some s u n f i s h  may a t t a i n  a l e n g t h  o f  30.5 

cm (12 i n . )  and a we igh t  o f  more than  0.4 kg (1 l b ) .  

A l though p r i m a r i l y  warmwater l a k e  and pond f i s h ,  s u n f i s h  a l s o  a r e  

They a r e  q u i t e  hardy and 

A l though t h e  average s i z e  o f  most spec ies  i s  

found i n  many slow-moving warmwater streams. 

adaptab le  t o  subopt imal  water  c o n d i t i o n s .  Water temperatures between 

15 .6  and 2 6 . 9 O C  (60 and 8 O O F )  a r e  b e s t  f o r  g rowth  and r e p r o d u c t i o n .  

The p r e f e r r e d  foods a r e  zooplankton,  a q u a t i c  i n s e c t s ,  and any o t h e r  

smal l  organisms. 

Under normal wa te r  c o n d i t i o n s ,  s u n f i s h  do n o t  m i g r a t e ,  e i t h e r  up- 

s t ream o r  downstream. Optimum c o n d i t i o n s ,  however, o f t e n  l e a d  t o  over -  

crowding,  p a r t i c u l a r l y  w i t h  t h e  p r o l i f i c  b l u e g i l l ,  and un less  a s u i t a b l e  

p r e d a t o r - p r e y  r e l a t i o n s h i p  i s  ma in ta ined,  t h e  p o p u l a t i o n  n a t u r a l l y  w i l l  
a t t empt  t o  expand i n t o  a l e s s  crowded area. 

C a t f i s h  

About 35 spec ies  o f  c a t f i s h  occur  i n  waters  o f  Canada, t h e  U n i t e d  

S ta tes ,  and Mexico, o f  wh ich  none a r e  ind igenous t o  t h e  P a c i f i c  coas t .  

Only t h e  b e t t e r  known species o f  impor tance t o  t h e  s p o r t  o r  commercial 

f i s h e r i e s  a r e  cons idered here.  
The c a t f i s h  f a m i l y  ( I c t a l u r i d a e )  may be d i v i d e d  f o r  convenience 

i n t o  two groups: 

( t h e  y e l l o w ,  brown, and b l a c k  b u l l h e a d s ) ,  and (2) t h e  channel c a t f i s h  

( I c t a l u r u s  punc ta tus ) ,  a f a v o r i t e  warmwater gamef ish and t h e  b e s t  known 

o f  a number o f  l a r g e r ,  more p o p u l a r  spec ies.  

(1) t h e  common bu l l head ,  c o n s i s t i n g  o f  t h r e e  spec ies  

The average l e n g t h  o f  
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b u l l h e a d  c a t f i s h  i s  15.2 t o  20.3 cm ( 6  t o  8 i n . ) .  The bu l l heads  a r e  

v e r y  hardy and p r o l i f i c  and adaptable t o  a wide v a r i e t y  o f  c o n d i t i o n s ,  

i n c l u d i n g  v e r y  muddy water .  They p r e s e n t  no m i g r a t i o n  problems. 

Channel c a t f i s h  p r i m a r i l y  i n h a b i t  moderate t o  s w i f t l y  f l o w i n g  

streams, b u t  may a l s o  be found i n  some s l u g g i s h  streams and i n  many 

warmwater l a k e s  and r e s e r v o i r s .  Channel c a t f i s h  u s u a l l y  a r e  found i n  

c l e a r w a t e r  streams i n  wa te r  temperatures over  2 1 . 3 O C  ( 7 O O F ) .  Channel 

c a t f i s h  u s u a l l y  move downstream i n  t h e  f a l l ,  p robab ly  i n  search o f  warmer 

water .  Spawning occurs i n  e a r l y  summer, when t h e  wa te r  temperature 

reaches about 24.1OC (75OF) .  They u s u a l l y  mature a t  a l e n g t h  o f  25.4 

t o  40.6 cm (10 t o  16 i n . )  and a t  more than  5 y e a r s  o f  age. l hey  may 

a t t a i n  a l e n g t h  o f  more than  0.9 m (3  f t )  and a we igh t  o f  about  11.2 

kg (25 l b ) .  

The ind igenous range o f  channel c a t f i s h  extends f rom t h e  sou the rn  

p o r t i o n s  o f  t h e  Canadian p r a i r i e  p r o v i n c e s  southward th rough  t h e  Great  

Lakes and M i s s i s s i p p i  V a l l e y  t o  t h e  G u l f  s t a t e s  and Mexico. They do 

n o t  occur  on t h e  A t l a n t i c  c o a s t a l  p l a i n .  They have been w i d e l y  i n l r o -  

duced i n t o  many areas i n  the midwesl ,  south,  west ,  and southwest.  They 

a r e  c u l t u r e d  i n warmwater h a t c h e r i e s  and grown comnierci a1 l y  i n f l o o d e d  

r i c e  f i e l d s  i n  Arkansas, Lou is iana ,  and Texas. They c o n s t i t u t e  an i m -  
p o r t a n t  commercial c a t c h  i n  many p a r t s  o f  t h e  sou th  and southwest.  

Channel c a t f i s h  a r e  r a t h e r  s p e c i f i c  i n  t h e i r  spawning area r e q u i r e -  

ments, seek ing secluded, w e l l - h i d d e n  areas w i t h  moving wa te r  a t  tempera- 

t u r e s  above 2 1 . 3 O C  (70"F), and optimum temperatures o f  about 26.9'C 
(80QF). P r o v i s i o n  f o r  u n r e s t r i c t e d  passage, b o t h  upstream and downstream 

i s  o f t e n  necessary,  p a r t i c u l a r l y  d u r i n g  t h e  spawning season, which oft.en 
occurs f rom l a t e  May th rough  m id -Ju l y .  

B lue  C a t f i s h  

The b l u e  c a t f i s h  ( I c t a l u r u s  ---- .... _ _  f u r c a t u s )  ___ i s  t h e  l a r g e s t  American c a t f i s h .  

It may a t t a i n  a l e n g t h  o f  1 .8  m ( 6  f t )  and a w e i g h t  o f  ove r  67.5 kg 
(150 l b ) .  The b l u e  c a t f i s h  i s  found i n  t h e  deeper waters  o f  t h e  M i s s i s -  
s i p p i  R i v e r  and i t s  l a r g e r  t r i b u t a r i e s ,  f rom Minneapo l i s  southward, 
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I t s  range i s  f rom Kansas and Minnesota,  eastward th rough t h e  Ohio V a l l e y  

and southward t o  t h e  G u l f  o f  Mexico and n o r t h e a s t e r n  Mexico. The b l u e  

c a t f i s h ,  wh ich  e x h i b i t s  m i g r a t o r y  h a b i t s ,  i s  found most o f t e n  i n  t h e  
upper M i s s i s s i p p i  d u r i n g  t h e  summer months, when t h e  wa te r  i s  warmest, 

moving south  w i t h  t h e  advent  o f  c o l d  weather. I t  i s  f r e q u e n t l y  taken 

d u r i n g  t h e  summer months f rom Lake Pepin and southward i n  t h e  M i s s i s -  

s i p p i  R ive r .  

q u i r e  unobs t ruc ted  passage b o t h  upstream and downstream on major  r i v e r s  

i n  t h e  Mississippi R i v e r  system. 

Because o f  i t s  d e f i n i t e  n i i g r a t o r y  h a b i t ,  t h e  b l u e  c a t f i s h  may r e -  

F la thead  o r  Shovelhead C a t f i s h  

The f l a t h e a d  o r  shovelhead c a t f i s h  ( P y l o d i c t i s  o l i v a r i s )  i s  a l a r g e  

c a t f i s h  t h a t  a t t a i n s  a l e n g t h  o f  1 . 5  m (5 f t )  and we igh t  o f  45 kg (100 
l h ) .  Weights o f  more t h a n  18 kg (40 l b )  are common. It has a s lender  

body and a l a r g e ,  broad,  depressed head. I t  is  found i n  Lake S t .  Cro ix  
and i s  common i n  t h e  M i s s i s s i p p i  R i v e r  d ra inage below St,. Paul .  It 
i n h a b i t s  l akes  and l a r g e ,  s l u g g i s h  r i v e r s  and i s  mos t l y  c o n f i n e d  t o  

t h e  l a r g e r  t r i b u t a r i e s  o f  t h e  M i s s i s s i p p i .  I t  i s  found i n  Lake Pepin,  

b u t  n o t  as abundant ly  as t h e  b l u e  c a t f i s h .  I t  i s  ve ry  abundant i n  the  

lower  M i s s i s s i p p i  V a l l e y ,  where it i s  o f t e n  taken  commerc ia l l y .  It is  
most abundant i n  Arkansas, west  Tennessee, and Lou is iana .  

Wall eye 

?he wa l l eye  ( S t i z o s t e d i o n  v i t reum)  i s  t h e  l a r g e s t  member o f  t h e  

pe rch  f a m i l y .  
a we igh t  o f  over  11 kg (25 l b ) .  
p r i m a r i l y  on f i s h ,  b u t  a l s o  on a q u a t i c  i n s e c t s .  

Wal leye may a t t a i n  a maximum l e n g t h  o f  0 .9  m (3  f t )  and 

A vo rac ious  p r e d a t o r ,  t h e  wa l l eye  feeds 

The ind igenous range o f  t h e  wa l l eye  extends from t h e  Great  S lave 

Lake i n  Canada, t h e  Saskatchewan r i v e r  system, t h e  Hudson Bay r e g i o n  
and Labrador ,  southward th rough  t h e  M i s s i s s i p p i  R i v e r  system and A t l a n -  

t i c  s lope  dra inage t o  N o r t h  C a r o l i n a ,  and westward t o  t h e  Alabama R i v e r  
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system o f  Georgia,  t h e  Tennessee R i v e r  d r a i  iiaqe o f  A 1  abdma, and n o r t h e r n  

Arkansas and Nebraska. I t  i s  a l s o  abhndant i n  l a r g e ,  c l e a n ,  c o l d  l akes  

u i  t h e  M i s s i s s i p p i  hcadwaters. The w a l l e y e  i s  adaptable t o  a wide v a r i -  
e t y  o f  h a b i t a t  and has been i n t r o d u c e d  i n t o  many w p s t e v n  waters ,  as i n  

C a l i f o r n i a ,  w i t h  v a r i e d  success. 

Wal leye a r e  found m a i n l y  i n  l a r g e  l a k e s ,  w s c r v o i r s ,  and s twams.  

[hey p r e f e r  c l e a r  wa te r  over  g r a v e l ,  bedrock,  o r  o t h e r  f i r m  b o t t o m s .  
They a r e  n o t  o f t e n  found i n  sha l l ow ,  h e a v i l y  veqetated areas. A l thouqh 

t h e y  p r e f e r  a suminer maximum wa te r  temperature o f  25.2OC ( 1 7 * F ) ,  s u s -  
t a i n e d  p o p u l a t i o n s  occur  i n  waters  ranq inq  f rom 0 t o  3 2 . 5 O C  (32  t o  9 0 O F ) .  

Wal leye spawn f rom March t o  June, when water  temperature i s  3 . 4  
t o  10 . l °C  (38 t o  5 O o F ) ,  w i t h  optimum spawning teinperatures b e i n g  / . 3  

t o  10°C (48 t o  5 0 O F ) .  
over  g rave l  r i f f l e s  o r  rocky  shoa ls .  I n  t h e  s p r i n g ,  some w a l l e y e  inigraic  
up t r i b u t a r y  streams from lakes  and r e s e r v o i r s  t o  spawn, whercas others  
may spawn i n  t h e  l a k e  o r  r e s e r v o i r .  Males u s u a l l y  ir iature a t  4 yea rs  

o f  age, and feindles mature a t  5 yea rs .  

The eggs a r e  broadcast  i n  wa te r  30 t o  76 cni deep 

The f a c t  t h a t  t h e  w a l l e y e  i s  a l lap tab le  t o  a wide range o f  water  

temperatures,  i n c l u d i n g  c o o l e r  wa tc rs ,  encourages i t s  spread i n t o  ad- 

j a c e n t  wa te rs ,  wherever such m i y r a t i o n  i s  p o s s i b l e .  I t  i s  accepted as 

3 v a l u a b l e  p a r t  o f  t h c  s p o r t  and coinmercial f ood  f i s h e r y .  
The average s i z e  o f  w a l l e y e  i s  f rom 0 . 4  t o  1 . 8  kg (1 t o  4 l b ) .  

Sauger 

The sauger ( S t i z o s t e d i o n  _____ canadense) i s  y u i t c  s i m i l a r  t o  t h e  wa l l eye ;  
t h e  two a r c  o f t e n  confused. 

than  t h a t  o f  t h e  wa l l eye ,  u s u a l l y  n o t  more than  30.4 t o  45 .7  cm (12  t o  
18 i n . )  i n  l e n g t h  and 0 . 4  t o  0 . 9  kg (1 t o  2 l b )  i n  we igh t .  

I he  average s i z e  o f  t h e  sauger i s  l e s s  

The range o f  t h e  sauger i s  f rom t h e  S t .  Lawrence R i v e r  westward 

th rough  t h e  Grea t  Lakes and i n  t h e  M i s s i s s i p p i  V a l l e y  west t o  Montana 

and south  t o  Tennessee, Arkansas, n o r t h e r n  Alabama, and West V i r g i n i a .  

I t  commonly occurs th roughou t  t h e  Ohio R i v e r  and Lake E r i e  watersheds. 
I n  Canada Lhe sauger i s  found i n  t h e  S t .  Lawrence R i v e r  Bas in ,  t h e  
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Canadian p o i - t i  ons  o f  the Great Lakes,  t t i rwughoi i t  O r i t a r i  o arid iiorthward 
t o  the  Hudson Bay watershed. I t  f o r m e r l y  r e a c t m l  i t s  grea tes t  abundance 

i n  Lake E r i e .  It i s  o f t e n  qu. i te  abundant i n  sha l low .inland 'lakes, but 

a l s o  i n h a b i t s  l a r g e ,  slirggish r i v e r s .  

The l i f e  h i s t o r y  o f  t h e  sauger i s  similar t o  t h a t  o f  - k / - ~ e  wa.%-leye, 
except  t h a t  i t  grows I1lcjr.e s l o ~ l y  t h a n  t h e  walleye. 

p o s i t e d  i n  s h a l l o w  wa te r  i n  t h e  s p r i n g .  Like t h e  wal ]eye ,  the sauger 
i s  carn-i voroiis , m a i n l y  e a t i  rig sma.1 1 f i s h  fo i lnd c l o s e  t o  t.he bot tom arid 

aqua t i c  i nsec ts .  The  sauger i s tijk.en i n  b o t h  s p o r t  and corrrrrier.cia1 
f - i s h e r i e s .  

s i l t e d  b o t t m  than  t h e  w a l l e y e  a r e  o f t e n  more abundant under such kin- 

f a v o r a b l e  c o n d i t i o n s .  

'The eggs  are  de-  

Sauger, because they  a r e  more t o l e r a n t  o f  t u r b i d  wa te r  and 

Sauger have no d e f i n i t e  m i g r a t i o n  requi rements o t h e r  t h a n  t h e  spring 
movement t o  s u i t a b l e  spawning areas.. 

C i  sco arid W h i t e f i s h  

The most common specie3 o f  c i s c o ,  o r  l a k e  h e r r i n g ,  i s  (Coregonus 
a r t e d i i ) .  The l a k e  h e r r i n g  i s  most abundant i n  t h e  Grea t  Lakes dnd 

Lake Huron. 

i n  l e n g t h  and we igh ts  f r o m  0 .2  t o  0 . 7  kg (9  o z  t o  1 I b  4 0 2 ) .  

Coreyonus ___I_ a r t e d i i  clverages 27.9 t o  38.1 cm (11 t o  15 i n . )  

The l i f e  h i s t o r i e s  o f  t h e  l d k e  h e r r i n g  arid r e l a t e d  species a r e  

s i m i l a r ,  

Great  Lakes. However, i n  t h e  s p r i n g ,  when shoal  waters  become warmer, 

t hey  move toward shore, a p p a r e n t l y  i n  search o f  food. I n  the fall t h e y  

m i g r a t e  shoreward t o  spawn. 

They spend most o f  t h e i r  l i f e  i n  t h e  deeper p o r t i o n  o f  t h e  

Spawning occurs c h i e f l y  i n  November. 

O f  t h e  many species of  w h i t e f i s h ,  t h e  b e s t  known a r e  p r o b a b l y  t h e  
common l a k e  w h i t e f i s h  (Coregonus clupeaformis), common i n  a l l  the  Grea t  
Lakes, and t h e  mountain w h i t e f i s h  (F'ro5opium _I w i l l  --ll_l i dmson i )  which occurs 

i n  a l l  s u i t a b l e  wa te rs  from t h e  west slope of  t h e  Rocky Mountains t o  

t h e  P a c i f i c  Ocean and f rom B r i t i s h  Columbia t,o Utah. 
The lake w h i t e f i s h  averages 43.2 t o  55.9 ciii (11 t o  22 i n . )  i n  l e n g t h  

and 0.7 t o  1.8 kg (1 .5  t o  4.0 l b )  i n  weight.. 
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The mountain w h i t e f i s h  u s u a l l y  i s  17 .8  t o  25.4 cm (7  t o  10 i n . )  

i n  l e n g t h ,  but, may a t t a i n  a l e n g t h  o f  over  30.5 cm (12 i n . )  and a w e i g h t  

o f  about 1 .8  kg (4 l b ) .  The mountain w h i t e f i s h  p r e f e r s  c o l d ,  c l e a r  
l a k e s ,  b u t  i s  a l s o  found i n  many streams. 

The l i f e  h i s t o r i e s  o f  a l l  w h i t e f i s h  species a r e  s i m i l a r .  Those 

found i n  l a k e s  remain i n  deep wa te r  except  d u r i n g  spawning season, which 

occurs i n  l a t e  f a l l  o r  e a r l y  w i n t e r ,  a t  which t i m e  t h e y  ascend t r i b u t a r y  

streams . 

Othe r  Species o f  P o s s i b l e  Concern and Q u a l i f y i n g  Remarks 

The s e l e c t i o n  o f  spec ies d iscussed i n  t h i s  s e c t i o n  i s  n o t  i n t e n d e d  

t o  e l i m i n a t e  from c o n s i d e r a t i o n  o t h e r  species t h a t  may r e q u i r e  passage. 

The species d iscussed p r o v i d e  a b road  range o f  l i f e  h i s t o r y  and spawning 

requi rements t h a t  shou ld  be u s e f u l  genera l  i n f o r m a t i o n  f o r  e a r l y  scop iny  

o f  t h e  f i s h  passage i s s u e .  

t h e  shor tnose s turgeon)  a t  a s i t e  may r e q u i r e  s p e c i a l  c o n s i d e r a t i o n .  

Other  species (e.g. ,  m u l l e t ,  American e e l ,  n o r t h e r n  p i k e ,  sme l t ,  land-  

l o c k e d  salmon, b lueback h e r r i n g ,  a lewives) ,  a l t h o u g h  n o t  d iscussed,  

may be o f  concern on a s i t e - s p e c i f i c  b a s i s .  

The presence of endangered species (e.g. ,  

Another f a c t o r ,  beyond t h e  scope o f  t h i s  r e p o r t ,  deserves note.  

Passage o f  n o n t a r g e t  spec ies upstream around dams ( i n c l u d i n g  "pes t "  

spec ies such as t h e  sea lamprey or  "undes i rab le "  spec ies)  a l o n g  w i t h  

passage o f  t h e  spec ies  o f  concern shou ld  be e v a l u a t e d  on a s i t e - s p e c i f i c  

b a s i s .  

systems i f  t h i s  p o s s i b i l i t y  i s  n o t  evaluated.  
Passage o f  n o n t a r g e t  spec ies may a d v e r s e l y  impact  upstream a q u a t i c  
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3. SOME BIOLOGICAL FACTORS RELATED ro UPSTREAM 

by 

F I S H  PASSAGE AROUND DAMS 

James J .  Anderson 

S e c t i o n  3 rev iews s t u d i e s  on b i o l o g i c a l  f a c t o r s  r e l a t e d  t o  t h e  

success fu l  upstream passage o f  f i s h  around dams. The t o p i c s  covered 

i n c l u d e  gas bubble d isease;  f i s h  swiniining speed as r e l a t e d  t o  l e n g t h ,  

temperature,  oxygen, and t o x i c  subs tances; oxygen consumption as r e l a t e d  

t o  we igh t ,  temperature,  swimming speed, and t o x i c  substances; s c h o o l i n g  
b e h a v i o r ;  and d i e l  and pho to  b e h a v i o r .  T h i s  s e c t i o n  p rov ides  background 

i n f o r m a t i o n  f o r  t h e  des ign  c r i t e r i a  d iscussed i n  S e c t i o n  5. 

3.1.  Gas Bubble Disease 

Water t h a t  i s  supersa tu ra ted  w i t h  d i s s o l v e d  gases can adve rse l y  

C a l l e d  gas bubble d isease,  a f r e c t  f i s h  and o t h e r  a q u a t i c  organisms. 

t h i s  e f f e c t  i s  man i fes ted  as bubbles forming w i t h i n  t h e  organism. 

w i t h o u t  s i g n i f i c a n t  e f f e c t s ,  b u t  s i g n i f i c a n t  m o r t a l i t y  can occur  a t  

va lues o f  about 115% (Table 2) .  

F i s h  can t o l e r a t e  exposures t o  wa te r  o f  up t o  110% s u p e r s a t u r a t i o n  

F i s h  can escape t h e  e f f e c t s  of s u p e r s a t u r a t i o n  by  sounding i n t o  

deeper wa te r ,  where t h e  p e r c e n t  s a t u r a t i o n  i s  l ower  as a r e s u l t  o f  t h e  

i nc reased  gas s o l u b i l i t y  w i t h  i nc reased  p ressu re .  

between p e r c e n t  s a t u r a t i o n ,  temperature,  and depth can be approximated 

by t h e  fo rmu la ,  

The r e l a t i o n s h i p  

0.06T % Sat  (TS,O) 
(1) % Sat(T,Z) = [ 1-0.006 e 0.06TS ] ’ 

1-0.006 e 1+0.12 
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Tab le  2 .  Compara t i ve  s e n s i t i v i t y  of j u v e n i l e  a n d  
a d u l t  salmonids a n d  bass  t o  a i r - s u p e r -  
s a t u r a t e d  wa te r  

a F i sh  T h r e s h o l d  (% s a t . )  

Sockeye smolts 

J u v e n i l e  s tee lhead 

J u v e n i l e  sockeye 

A d u l t  sockeye 

Steelhead smolts 

A d u l t  coho 

A d u l t  steelhead 

A d u  I t ch inook  

Coho smolts 

J u v e n i l e  coho 

A d u l t  bass 

J uve r i  i I e bass 

113.6% 
113.8 
114.0 
114.2 
114.2 
114.4 
114.6 
114.7 
114.8 
118.0 
126.8 
128.0 

a 

Source :  G a r t o n  a n d  Nebeker  1977. 

Based on t ime t o  20% m o r t a l i t y .  
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where 

Z = depth ,  m, 

T = temperature o f  t h e  water  a t  depth  Z ,  OC, 

Ts = temperature o f  t h e  water  a t  t h e  su r face ,  OC, 

% Sat  (Ts,O) = p e r c e n t  s a t u r a t i o n  va lue  a t  t he  su r face ,  

% Sat  (I 

From t h e  formu 

be 100% s a t u r a  

Z) = p e r c e n t  s a t u r a t i o n  v a l u e  a t  depth Z,  
e = 2.7183. 

a, wa te r  w i t h  125% s u p e r s a t u r a t i o n  a t  t h e  su r face  w i l l  
ed a t  a depth  o f  2 .5  m i f  T = Ts .  Because temperature 

g e n e r a l l y  a f f e c t s  s a t u r a t i o n  o n l y  s l i g h t l y ,  as compared w i t h  depth ,  

t h e  te rm i n  b r a c k e t s  can be taken  t o  be equal t o  1. 
T y p i c a l  h i g h  head dams on t h e  Columbia and Snake R i v e r s  have p r o -  

duced su r face  s u p e r s a t u r a t i o n s  between 115 and 130% below t h e  dam when 

water  i s  r e l e a s e d  over  t h e  s p i l l w a y s .  The major  mechanism caus ing  gas 

s u p e r s a t u r a t i o n  i s  t h e  en t ra inmen t  o f  a i r  by  wa te r  as i t  passes over  a 

s p i l l w a y  and f a l l s  i n t o  a p lunge bas in .  Gas ( p r i m a r i l y  n i t r o g e n )  i s  

f o r c e d  i n t o  s o l u t i o n  under p ressu re  a t  depth  i n  t h e  p lunge b a s i n .  

cause wa te r  pass ing  th rough t h e  t u r b i n e  produces l i t t l e  s u p e r s a t u r a t i o n ,  

a f i r s t  app rox ima t ion  i s  t h a t  gas bubb le  d isease a t  smal l  s c a l e  dams 

i s  l i k e l y  t o  be i n s i g n i f i c a n t .  The depth  t h a t  s p i l l w a y  wa te r  reaches 

i n  a b a s i n  below a t y p i c a l  smal l  s c a l e  h y d r o e l e c t r i c  dam most l i k e l y  

w i l l  n o t  cause gas s u p e r s a t u r a t i o n .  

Be- 

3.2. F i s h  Swimming Speed 

F i s h  swimming has been desc r ibed  i n  terms o f  seve ra l  l e v e l s  o f  

a c t i v i t y ,  which i n  o r d e r  o f  dec reas ing  speed a r e  b u r s t ,  s teady ,  c r i t i c a l ,  

and s u s t a i n e d  swimming speeds. 

B u r s t  a c t i v i t y ,  Sb, wh ich  can be ma in ta ined  o n l y  f o r  a few seconds, 

i s  independent  o f  t h e  water  tempera ture  and oxygen c o n t e n t ,  b u t  i s  depen- 

d e n t  on f i s h  l e n g t h  X .  The r e l a t i o n  can be approx imated by  

C S = aX b 
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The terms a and c a r e  f i L l e d  cons tan ts  f rom a r e g r e s s i o n  equat ion.  

Ra inb r idge  (1961) f i t  d a t a  on dace, g o l d f i s h ,  t r o u t ,  barracuda, p o r p o i s e ,  

a n d  d o l p h i n  t o  t h e  l i n e a r i z e d  fo rw  o f  Equd t ion  (2 ) :  
[ he  r e s u l t i n g  coi lstateits a r e  a = 14.8/s and c = 0.88, where X i s  g i v e n  

i n  cen t in ie te rs ,  and Sb i s  g i v e n  i n  cent,irneters p e r  second (Ba inb r idge  

1961) .  

11-1 Sb = c I n  X + I n  a 

The s u s t a i n e d  speed ~ which can be iiiai n t a i  ned i n d e f i n i t e l y  , requi r e s  

a ha lance between t h e  i n t a k p  and LISP o f  energy i n  t h e  Torm o f  carbohy- 

d r a t e s  and p r o t c i n .  G e n p r a l l y ,  t h e  s u s t a i n e d  spccd i s  about one to 
t h r w  body l e n g t h s  pe r  second ( B r e t t  1964). 

Th,a sLeady s p e d ,  which i s  between t h e  b u r s t  and s u s t a i n e d  speeds, 

can he i l ld in td ined f o r  p e r i o d s  r a n g i n g  f r o m  a f e w  minutes t o  a f e w  hours.  

T h i s  a c t i v i t y  depends on t h e  oxygen c o n t e n t  and teinperature o f  the  water .  

l h e  maximum s p e d  i n  the steady speed range i s  t h p  c r i t i c a l  speed ( S  ) ,  

and t h e  m e t a b o l i c  l ~ v ~ l  assoc ia ted  w i t t i  t h e  c r i t i c a l  speed i s  c a l l e d  

t h e  a c t i v e  mr taho l  i si11 by  B r e t t  (1964). 

C 

The c r i t i c a l  swimming s p e d  ( S c ) ,  which i s  a f u n c t i o n  o f  f i s h  length 

( X )  (I3rpt.t 1364, B r e t t  1967, arid B r e t t  and Glass 1973) ,  can be expressed 

s =  c 

where S i s  g e n e r a l l y  expressed i n  

i n  cen t i i i i e te rs ,  S o  i s  t h e  c r i t i c a l  

s i o n  c o e f f i c i e n t  (d imension less) .  

c 
cen t ime te rs  p e r  second, X i s  expressed 

speed when X = 1 cm, and b i s  a reg res -  

The exponent b i s  between 0.5 and 
0.7,  and an o v e r a l l  average suggested i n  a rev iew  by Wu and Yates (1978) 

i s  b = 0.6.  

The teniperature dependence o f  t he  c r i t i c a l  swimming speed f o r  sock- 
eye salmon has an exponen t ia l  form when oxygen i s  abundant ( B r e t t  and 

Glass 1973). Thus, f o r  a f i s h  o f  a g i v e n  s i z e ,  

a -1 s C = S o , y  , (4) 
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where 

T = temperature, O C ,  

= swimming speed a t  T = O°C, cm/s, S o , t  

a = a r-egression coe f f i c i en t  

By reading grdphical data  from Figure 4 in  Bre t t  and Glass (1973) f o r  

temperatures between 0 and 1 5 O C  and f i t t i r i g  t h i s  data  t o  E q .  (41, an 
est imate  of So = 7.4 cm/s dnd a = 0 . 0 4  i s  obtained. 
perd tures ,  oxygen concentration a t  sa tura t ion  i s  lower, a i d  the f i s h  
cannot meet t h e i r  oxygen derriand; consequently, the c r i t i c a l  speed 

decreases.  

A t  higher teni- 

Davis e t  a l .  (1963) determined the re la t ionship  between c r i t i c a l  
speed and oxygen f o r  juvenile coho and chinook salmon. 

swimming speed decreased in a hyperbol i c  iiiaritier f o r  oxygen concentra- 
t i ons  below the a i r - sa tu ra t ion  level.  The response can be described 

Generally, the 

by 

where 

0 = oxygen concentrat ion,  my/') i t e r ,  2 
S = c r i t i c a l  swimming speed in  a i r - sa tu ra t ed  water (cm/s), 

0 ' 0 2  

k = oxygen concentration when the c r i t i c a l  speed i s  one-half 
the speed in a i r - sa tu ra t ed  water. 

Toxic substances general ly  decrease the c r i t i c a l  swimming speed 
of f i s h  exponentially.  Often a ce r t a in  threshold concentration must 
lie exceeded before the e f f e c t  is  evident.  The magnitude and form o f  

the  response can be complicated by the  mdny in te rac t ions  between toxic  
substances,  temperature, oxygen, pH, s a l i n i t y ,  l i f e  s tage of t h e  f i s h ,  
and other  var iab les .  
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To desc r ibe  t h e  f i r s t - o r d e r  response o f  a s i n g l e  t o x i c  substat ice, 

t h e  c o n c e n t r a t i o n  o f  t h e  substance i s  expressed as a f r a c t i o n  o f  t h e  

l e t h a l  c o n c e n t r d t i o n  r e q u i r e d  t o  k i l l  50% o f  t h e  f i s h  i n  a p r e s c r i b e d  

l e n g t h  o f  t ime .  If the  l e t h a l  c o n c e n t r a t i o n  i s  des igna ted  LCs0 and 

t h e  a c t u a l  c o n c e n t r d t i o n  o f  t h e  substance i s  C ,  t hen  t h e  no rma l i zed  

concentrat , ion i s  

P z C / L C 5 * .  

I n  t h i s  manner t h e  response of t h e  c r i t i c a l  swimming speed t o  t h e  sub- 

s tance i s  normal ized t o  t h e  s e n s i t i v i t y  o f  t h e  f i s h  t o  t h e  substance. 

I f  t h e  t h r e s h o l d  c o n c e n t r a t i o n  i s  smal l  compared w i t h  t h e  LC5* concen- 

t r a t i o n ,  then t h e  c r i t i c a l  swimming speed can be approximated by 

C P  s = s  c o,pe ’ 

where 

= c r i t i c a l  speed when P = 0,  so,P 
c = r a t e  c o e f f i c i e n t  that, i s  d imension less.  

The e f f e c t  o f  P on t h e  d i s t a n c e  a f i s h  swims t o  f a t i g u e ,  L F ’  o r  

on t h e  t i m e  a f i s h  swims t o  f a t i g u e ,  T f ,  should g i v e  t h e  same q u a l i t a -  

t i v e  r e l a t i o n s h i p  as Eq. (6 ) ,  i f  the  swimrniny speed o f  t h e  f i s h  i s  

ma in ta ined  i n  t h e  s teady a c t i v i t y  range. 

(Table 3). The r e s u l t i n g  range o f  swimming performance f o r  J. g i v e n  

l e v c l  o f  substance nor i i ia l iaed t o  t h e  l e t h a l  c o n c e n t r a t i o n  i s  l a r g e ,  

thus i l l u s t r a t i n g  t h a t  t h e  mechanisiris by which v a r i o u s  t o x i c  substances 

a f f e c t  mo t ion  a r e  m r e  v a r i e d  than  t h e  mechanisms t h a t  induce m o r t a l i t y .  

A l so ,  t h e  s e n s i t i v i t y  o f  a f i s h  t o  a p a r t i c u l a r  substance can depend 

on o t h e r  env i ronmenta l  f a c t o r s  such as temperature and oxygen. 

Values o f  c f o r  seve ra l  t o x i c  substances range between 0 and -11 

I n  summary, a v a i l a b l e  i n f o r m a t i o n  i n d i c a t e s  t h a t  f i s h  swimming 

performance can be a f f e c t e d  by s i z e  o f  f i s h ,  wa te r  temperatpure, oxygen 



T a b l e  3. E f fec t  of t o x i c  subs tances  on swinirning per fo rmance.  
LC i s  t h e  le tha l  concen t ra t i on  u s u a l l y  l a k e n  as t h e  
concen t ra t i on  t h a t  i n d u c e s  50% m o r t a l i t y  in 48 h, 
c i s  t h e  coe f f i c i en t  in Equat ion  (6),  a n d  F(1/3) is 
t h e  f r a c t i o n  o f  the normal  swimming per fo rmance when 
P = 1/3 .  

T o x i c  
s u h s t a  n ce Species LC c F(1/3)  Reference 

__ 

K r a f t  pu I p  
mi l l  e f f l u e n t  

Fen i t r o t h  iona 

b C o p p e r  

Pulpwgod 
f i b e r  

H y d r o g e n  
sl;lfide 

H y d r o g e n  
s u l f i d e  

C y a n i d e  

C y a n i d e  

C y a n i d e  

F i n g e r l i n g  1s t o  45 
Coho salmon vol ?, 

B r o o k  t r o u t  

R a i n bow 
t r o u t  

Fathead 
m in now 

B r o o k  t r o u t  

Juven i l e  
b l u e g i  I I 

T r o u t  

Coho salmon 

J u v e n i l e  
c i ch l i ds  

1500 mg/  
l i t e r  

20 m g / l i t e r  

d 350 ppm 

0.02'1 mg/  
l i te r '  

0.029 mg/  
l i t e r  

0.08 mg/  
l i t e r  

0.1 mg/  
f l i t e r  

0.13 rng/ 
l i t e r  

Sodium 
pen tach lo ro -  

U n d e r y e a r l i n g  63 pprn 
' sockeye 

p h e n a t e  (PCP) salmon 

-1.8 0.55 H o w a r d  (1975) 

-0 .4  0.88 Peterson (1974) 

-0 .2  0.94 Waiwood a n d  
Reamish (1978) 

-0.8 0.77 MacLeod a n d  
Smi th  (1966) 

-1.0 0.72 Smi th  e t  a l .  
( 1976) 

-3.6 0.30 Smi th  e t  a1 
(1 976) 

-6 t o  0.14 Nei l  (1957) 
-1 1 0.03 

- 4  t o  0.26 B r o d e r i u s  
-8 0.07 (1970) 

-1 0.72 Leduc  (1966) 

0 1 .O Webb a n d  B r e t t  
{ 1973) 

A h e r b i c i d e .  a 

s o f t  water ,  h a r d n e s s  30 m g / l i t e r  a n d  pH = 6. 
C 75% s p r u c e ,  25% balsam fir. 
d72-h LC50 w i t h  o x y g e n  a t  3.8 ppm, T = 2 I a C .  
e 

fEst imated a c c o r d i n g  to t r o u t  response.  

96-h LC5O a t  13OC. 
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c o n c e n t r a t i  on i n wa te r ,  and t o x i c  e l  eriierits o r  compounds t h a t  may be 

p resen t .  Awareness o f  these f a c t o r s  i s  necessary i n  t h e  des ign  o f  f i s h  

passage f a c i l i t i e s ,  as emphasized i n  S e c t i o n  5. 

3 . 3 .  Oxygen Consumption 

- the consumption o f  oxygen by f i s h  depends on  f i s h  we igh t ,  swimming 

speed, water t m p e r a t u r p ,  and p o l l u t i o n  s t r e s s .  B r e t t  and Glass (1973) 

examined e a r l i e r  work and deter in ined the r e l a t i o n s h i p  between oxygen 

consumplion, body w e i g h t ,  and temperature f o r  s tandard  metabol ism ( r e s t -  

i n g  f i s h )  and a c t i v e  metabol ism ( f i s h  swimming ,+\. t h e  c r i t i c a l  speed) .  
T ~ P  r e l a t i o n s h i p  f o r  e i t h e r  m e t a b o l i c  l e v e l  can be desc r ibed  by 

a-i b Y = Y o "  w , 

where 

Y = r e s p i r a t i o n  r a t e ,  my O,/h, 

T = temperature,  i n  O C ,  

W = f i s h  we igh t ,  i n  g .  

Y = r e s p i r a t i o n  r a t e  (mg O,/h) a t  O°C f o r  a 1-g f i s h ,  
0 

3 and b = F i t t e d  c-onstants. 

F o r  s tandard  metabol ism o f  sockeye Saliiion, t h e  cons tan ts  d e r i v p d  by 

f i t t i n g  da ta  f rom d a t a  g i v e n  by B r e t t  and Glass (1973) a r e  Y o  = 0.037 

rng O,/h,  a = 0 09 O C - l ,  and b = 0.98. 

when temperature i s  l e s s  than  w i t h  15OC, Yo = 0.37 mg O, /h ,  a - 0.07  O C - ' ,  

and b = 0.98. F o r  temperatures above 15"C, a c t i v e  r e s p i r a t i o n  i n  t h e  

evper iments was l i m i t e d  by t h e  a v a i l a b i l i t y  o f  oxygen. 

F o r  a c t i v e  metabol ism o f  sockeye 

- Ihe r e l a t i o n s h i p  between r e s p i r a t i o n ,  temperature,  and swimminq 

speed between t h e  c r i t i c a l  speed and r e s t  was i n v e s t i y a t e d  by  B r e t t  

(1964). 

desc r ibed  by  

The response normal ized t o  body we igh t  dnd f i s h  l e n g t h  can be 
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where 

Y*  = r e s p i r a t i o n ,  mg OJh kg, 
U = swimming speed, body lengt,hs/s,  

T = temperature OC, 

Yo* = r e s p i r a t i o n  r d t e  i n  nig O,/h kg when f i s h  r e s t i n g  
in O O C ,  

a, b,  and c = f - i t t e d  cons tan ts .  

Fo r  l8-co1, 50-g sockeye salmon, Yo*= 33.4 my O,/h kg, a = 0.7% s/body 

l e n g t h ,  b = -0.015 s/body length/"C, arid c = 0.065. Ihese c o n s t a n t s  

g i v e  a reasonable f i t  t o  observat, ions r e p o r t e d  by  B r e t t  (1964). 
The e f f e c t  of  t o x i c  substances on oxygen r e s p i r a t i o n  has been i n -  

v e s t i g a t e d  l 'n o n l y  a feih/ s t u d i e s ,  Waiwood and Reamish (1978) deter i i i ined 

t h a t  b rook  t r o u t  r e s p i r a t i o n  increases w i t h  increases i n  copper concen- 

t r a t i o n  and decreases i n  pH and wate r  hardness. The combinat ion o f  pH 
and hardness c o n t r o l  s t h e  Cu c o n c e n t r a t i o n .  Davis  (1973) determined 

t h a t  r e s p i r a t i o n  i n  sockeye salmon immediate ly  i nc reased  w i t h  exposure 

t o  b leached K r a f t  p u l p  m i l l  e f f l u e n t .  One day l a t e r ,  t h e  r e s p i r a t i o n  

r a t e  o f  f i s h  exposed t o  low c o n c e n t r a t i o n s  (20% o f  1-C 1 was e leva ted ,  

whereas t h e  f i s h  exposed t o  h i g h  c o n c e n t r a t i o n s  (70% o f  LC had normal 

r e s p i r a t i o n  r a t e s .  C rande l l  and Goodnight (1962) demonstrated t h a t  

pen tach l  orophenate (PCP)  i ncreases r e s p i r a t i o n  i n  common guppies.  MacLeod 
and S m i  tis (1966) demonstrated t h a t  inetabol i sm decreases w i t h  i n c r e a s i n g  

pulpwood f i b e r  c o n c e n t r a t i o n .  The c o n t r a s t i n g  r e s u l t s  o f  t h e  response 

o f  r e s p i r a t i o n  t o  PCP arid wood f i b e r - - i n c r e a s e d  r e s p i r a t i o n  f o r  PCP 
and decreased r e s p i r a t i o n  f o r  f i b e r - - i l l u s t r a t e  t h a t  t o x i c  substances 

can s t r e s s  t h e  organism i n  v a r i o u s  ways. I nc reased  r e s p i r a t i o n  g e n e r a l l y  

r e s u l t s  when t h e  t o x i c  substance produces a m e t a b o l i c  i n e f f i c i e n c y ,  

whereas decreased r e s p i r a t i o n  r e s u l  t s  when t h e  substance c l o g s  o r  damages 

t h e  g i l l s .  
Oxygen consumption by f i s h  may be o f  concern i n  f i s h  passage des ign,  

-ti- 

50 
50 

e s p e c i a l l y  i f  crowding o f  f i s h  i n  f i s h  l o c k s  and l i f t s  i s  a n t i c i p a t e d  

(see S e c t i o n  4). The above analyses emphasize t h e  need f o r  b e i n g  aware 
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o f  t h e  ways i n  which env i ronmenta l  v a r i a b l e s  a f f e c t  r e s p i r a t i o n .  Areas 

o f  concern s p e c i f i c  t o  f i s h  passage f a c i l i t y  des ign  a re  p resen ted  i n  

S e c t i o n  5. 

3 - 4 .  Schoo l i ng  Behavior  

F i s h  have a tendency t o  group t o g e t h e r  i n  schools ,  w i t h  t h e  d i s t a n c e  

between f i s h  p r o p o r t i o n a l  t o  t h e  f i s h  l e n g t h  (Breder 1976). A number 

o f  obse rva t i ons  suggest t h a t  f o r  most spec ies schools  a re  compact i n  

t h e  day and d i spe rsed  o r  loosened a t  n i g h t  ( K a t z  1979, S t roch  e t  a l .  

1978, and S q u i r e  1978). F rom obse rva t i ons  o f  anchovies,  c a r p e l i n s ,  

A r c t i c  cod, cod h e r r i n g ,  and r o c k  genadier ,  Sevebrov (1976) developed 

a r e g r e s s i o n  between f i s h  l e n g t h ,  X ,  and s e p a r a t i o n  d i s t a n c e ,  L: 

Symon and Heland (1978) observed y e a r l i n g  salmon i n  streams and determined 

a g r a p h i c a l  r e l a t i o n  between f i s h  l e n g t h ,  X ,  and number o f  f i s h  p e r  

100 m2,  N. The r e l a t i o n  can be expressed by the  equa t ion  

-b  N = aX 

F r o m  t h r e e  da ta  s e t s ,  a = 1100 k 600 f ish/cm and b = 3 .2  _t 0 .1.  From 

Eq. (lo), f o r  X = 10 cm, N = 7 ,  whereas f o r  X = 3 cm, N = 326. From 

t h i s  i n f o r m a t i o n ,  i t  appears t h a t ,  as f i s h  s i z e  i nc reases ,  t h e  s e p a r a t i o n  

d i s t a n c e  between f i s h  i n  schools i nc reases ,  and as f i s h  s i z e  decreases, 

t h e  d e n s i t y  o f  f i s h  i n  schools  i nc reases .  Schoo l i ng  behav io r  o f  f i s h  

may be a f a c t o r  i n  t h e  des ign  o f  f i s h  passage f a c i l i t i e s ,  e s p e c i a l l y  
i n  d e t e r m i n i n g  f a c i l i t y  dimensions. 

c i l i t i e s  i n  schools  r a t h e r  than  i n d i v i d u a l l y ,  t h e  5 t r u c t u r e  m u s t  be 
a b l e  t o  accommodate such behav io r .  

I f  f i s h  t e n d  t o  e n t e r  passage f a -  
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3.5. D i e l  and Photo Behavior  

The d i e l  and photo  behav io rs  o f  f i s h  a r e  l a r g e l y  determined by 

p r e d a t o r - p r e y  i n t e r a c t i o n s .  Because these i n t e r a c t i o n s  change over  

t h e  l i f e t i m e  o f  t h e  f i s h ,  t h e  behav io r  can a l s o  change. Some behav io ra l  

observa t ions  f o r  c e r t a i n  f i s h  f o l l o w .  

G i z z a r d  shad: Larvae i n  a f lood  r e s e r v o i r  i n  Cen t ra l  I l l i n o i s  concen- 

t r a t e d  a t  t h e  su r face  i n  t h e  day and d i s p e r s e d  f rom t h e  s u r f a c e  

a t  n i g h t  (S to rch  e t  a l .  1978). 

Wal leye: Young were p o s i t i v e l y  p h o t o t a c t i c  a t  ambient dayt ime i l l u m i -  

n a t i o n  f rom h a t c h i n g  th rough p o s t l a r v a l  stages ( 2 . 5 -  t o  3-cm l e n g t h ) .  

A f t e r  2 years ,  w a l l e y e  were  observed t o  be n e g a t i v e l y  p h o t o t a c t i c  

(Ryder 1977). I n  West Blue Lake i n  Canada, o l d e r  (2- t o  5-years)  

w a l l e y e  moved w i t h i n  100 m o f  shore and were r e l a t i v e l y  i n a c t i v e  

d u r i n g  t h e  day. 

speed i n  t h e  day was about 1 body l e n g t h / s ,  and d u r i n g  feed ing ,  

speed increased t o  about 3 body l e n g t h d s .  The o b s e r v a t i o n s  suggest 

t h a t  f e e d i n g  a c t i v i t y  i s  r e l a t e d  t o  l i g h t  i n t e n s i t y ;  i n  t u r b i d  

waters ,  w a l l e y e  feed  d u r i n g  t h e  day (Kelso 1978). 

Feeding occur red  a t  dawn and dusk. Average swimming 

Perch: I n  West B lue  Lake, o l d  perch  were i n a c t i v e  a t  n i g h t ,  b u t  young 

p e r c h  were a c t i v e  i n  s h a l l o w  water ,  thus  becoming v u l n e r a b l e  t o  

w a l l e y e  p r e d a t i o n  (Kelso 1978). A l - y e a r  s tudy  i n  Lake Windermere, 

England, i n d i c a t e d  t h a t  perch  g e n e r a l l y  m i g r a t e  i n t o  deep water  

i n  t h e  w i n t e r  and th roughout  t h e  y e a r  were most a c t i v e  a t  low l i g h t  

i n t e n s i t i e s  ( C r a i g  1977). 
a l s o  found t h a t  perch  a r e  more a c t i v e  a t  dawn and dusk. 

S tud ies  by A l a b a s t e r  and S t o t t  (1978) 

American shad: Dur ing  t h e  day shad swim i n  schools  a t  speeds o f  about 

45 cm/s. 

drops t o  about 8 cm/s (Katz  1978). 
A t  n i g h t  t h e  schools  d i spe rse ,  and t h e  swimming speed 
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4. GENERAL TYPES OF F I S H  PASS 

by 
M i l o  C .  Bell  

GE F A C I L I T I E S  

Section 4 presents  a br ie f  descr ip t ion  and schematic representat ion 
o f  the  general types of f a c i l i t i e s  t h a t  a r e  appropriate  f o r  upstream 
passage of f i s h  around small s ca l e  hydroelectr ic  dams. Clesign c r i t e r i a  
re levant  t o  each f a c i l i t y  described here a re  given i n  Section 5.  

Three types of f a c i l i t i e s  a r e  ava i lab le  t o  move f i s h  upstream around 
small s ca l e  hydroelectr ic  dams: (1) fishways, ( 2 )  f i s h  locks ,  and 
(3)  f i s h  l i f t s  ( a l s o  ca l l ed  f i s h  e leva tors ) .  In a fishway, f i s h  swim 
up a s e r i e s  of pools ,  each o f  which i s  s l i g h t l y  elevated above the pre- 
ceding pool. In a f i s h  lock,  f i s h  a re  crowded i n t o  a lock chamber, 
ra ised above the dam by f i l l i n g  the  chamber w i t h  water,  and released 
over the  dam. A f i s h  l i f t  works s imi l a r ly  t o  a f i s h  lock, except t h a t  
the  former uses a wa te r - f i l l ed  mechanical hopper t o  r a i s e  f i s h  above 
the  dam. 

4 .1 .  Pool and Weir Fishway 

The pool and weir fishway (Figure 1) i s  probably the o ldes t  o f  
the  designs.  I t s  operation i s  d e f i c i e n t ,  mainly i n  the  l a c k  o f  capab i l i t y  
t o  operate under f luc tua t ing  heads. A special  regulat ing sec t ion  i s  
of ten incorporated a t  the upper o r  discharge end of the  fishway system 
t o  o f f s e t  t h i s  disadvantage. 
and designs a r e  ava i lab le .  

This modification i s  made frequent ly ,  
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f igure  1. Schematic representat ion o f  a pool  and weir fishway. 
convert f e e t  ( I )  t o  meters, mu1 t i p l y  values shown by 
To convert inches ( " )  t o  centimeters,  multiply values shown 
by 2.54. To convert cubic f e e t  per' second (CFS)  t o  meters 
per second, multiply values shown by 

To 
0.3048. 

0 . 0 2 3 3 2 .  
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4.2.  V e r t i c a l  S l o t  Fishway 

The v e r t i c a l  s l o t  f i shway  ( F i g u r e  21, wh ich  i s  cornmonly used on 

t h e  P a c i f i c  Coast,  i s  capable o f  o p e r a t i n g  w i t h  wide f l u c t u a t i o n s  o f  

f l o w .  The v e r t i c a l  s l o t  des ign  i s  more comp l i ca ted  than  t h e  poo l  and 

weir f i shway ,  bcit it has t h e  advantage o f  b e i n g  s e l f - r e g u l a t i n g .  The 

c o n f i g u r a t i o n s  shown on the  legends have been e i t h e r  f i e l d -  o r  model- 

t e s t e d .  No r e g u l a t i n g  pool  i s  r e q u i r e d .  

4 .3.  D e n i l  Fishway 

The D e n i l  f ishway ( F i g u r e  3 ) ,  which is one o f  seve ra l  v a r i a t i o n s  

o f  Denil's e a r l y  design, has been used s u c c e s s f u l l y .  

t i o n s  a re  t h a t  (1) i t  i s  e f f e c t i v e  o n l y  w i t h  upstream poo l  v a r i a t i o n s  

o f  0 .9 t o  1.2 m ( 3  t o  4 f t ) ,  and ( 2 )  i t  must be k e p t  comp le te l y  f r e e  

from d e b r i s ,  which c o u l d  a1 t e r  t h e  flow c h a r a c t e r i s t i c s  o f  t h e  b a f f l e s .  

Because t h e  r e l a t i o n s h i p  o f  t h e  b a f f l e  t o  t h e  open area i s  c r i t i c a l ,  

t h i s  system r e q u i r e s  more maintenance than t h e  o t h e r  two f i shway  systems 

desc r ibed .  

I t s  c h i e f  l i r n i t a -  

4.4. F i s h  Lock S y s t e m  

F i g u r e  4 shows an i d e a l i z e d  l o c k  system which uses an ent rance 

bay w i t h  a V t r a p  en t rance  t o  h o l d  t h e  f i s h  and a movable crowding dev i ce  

t o  move t h e  f i s h  i n t o  t h e  l o c k  chamber. T h i s  i s  a g r a v i t y  o r  open l o c k ,  

and a l though  i t  car1 be automated, such aut.omation can cause d i f f i c u l t i e s .  

A g r e a t  advantage o f  t h e  f i s h  l o c k  system i s  t h a t  i t  can move m a l 1  

f i s h  o r  f i s h  w i t h  weak swiinming c a p a b i l i t i e s .  
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f 

(6".24" HIGH) 

"SILL BLOCK 
IN PLACE 

F i g u r e  2. Schematic r e p r e s e n t a t i o n  o f  a v e r t i c a l  s l o t  f ishway.  To 
c o n v e r t  f e e t  ( I )  t o  meters,  m u l t i p l y  va lues shown by 
To c o n v e r t  inches ( ' I )  t o  cen t ime te rs ,  m u l t i p l y  va lues shown 
by 2.54. To c o n v e r t  c u b i c  f e e t  per second (CFS)  t o  meters 
p e r  second, m u l t i p l y  va lues shown by 0.02832. 

0.3048. 
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BAFFLES 

DE IIL FlSHW Y 

AV. VEL. 4 FPS I 

F i g u r e  3. Schematic r e p r e s e n t a t i o n  o f  a D e n i l  f i shway.  'To c o n v e r t  
f e e t  ( I )  t o  meters,  m u l t i p l y  va lues  shown by 0.3048. To 
c o n v e r t  inches  ( ' I)  t o  c e n t i m e t e r s ,  mu1 t i p l y  va lues shown 
by  2.54. To c o n v e r t  c u b i c  f e e t  p e r  second (CFS) t o  c u b i c  
meters p e r  second, m u l t i p l y  va lues  shown by 0.02832. To 
c o n v e r t  f e e t  p e r  second ( F P S )  t o  cen t ime te rs  p e r  second, 
m u l t i p l y  va lues  shown by 30.48. A r e s t i n g  pool  ( 1 5 '  - 20 '  
long) shou ld  be p r o v i d e d  f o r  every  6 '  t o  7 '  o f  v e r t i c a l  
l i f t .  B a f f l e s  a r e  u s u a l l y  c o n s t r u c t e d  w i t h  2" x 10" or 
2" x 12" t i m b e r  p lanks ,  mar ine plywood, o r  aluminum p l a t e .  
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FLOW 

ATTRACTtON WATER 

F i g u r e  4. Schematic r e p r e s e n t a t i o n  o f  a f i s h  l o c k  system. 
f e e t  ( I )  t o  met,ers, multiply values shown by 0.3048. 
c o n v e r t  discharge (CFS)  t o  c u b i c  meters p e r  second, multiply 
values shown by 0.02832. 

To convert  
To 
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The operation o f  an open f i s h  lock i s  s imi l a r  t o  tha t  of a naviga- 
t i on  lock. During the f i sh ing  per iod,  a p a r t  o f  the a t t r a c t i o n  water 
would be discharged from the lock chamtwr. A t  the  end o f  the f i sh ing  
cyc le ,  p a r t  o r  a l l  of the f i s h  in the holding area would be moved in to  
the chamber, and the lower lock entrance would be closed. F i l l i n g  would 
begin with t r a n s f e r  o f  the a t t r a c t i o n  water t o  the  entrance bay so  tha t  
var ia t ion  in  a t t r a c t i o n  outflow would be minor. As the  lock f in i shes  
f i l  1 ing,  the uppe r  gate  opens, and water i s  brought i n to  the  lock by 
opening the  discharge gate.  A bvail may he needed. After the f i s h  
have l e f t  the lock,  the upper ga te  i s  closed,  the lock  i s  drained t o  
operat ing l e v e l ,  and the cycle  i s  reestabl ished.  Both f i s h  locks arid 
f i s h  l i f t s  (described below) reqirire operat ing personnel (1 t o  2 persons) 
t o  be present  during operation. 

4 .5 .  Fish L i f t  System 

A schematic o f  a f i s h  
Figure 5 .  A f i s h  l i f t  reyu 
l e v e l ,  w i t h  a f i s h  entrance 
forces  f i s h  i n t o  a water-fi  

i f t  o r  f i s h  e leva tor  system i s  shown i n  
res a f i sh  co l lec t ion  f a c i l i t y  a t  t a i l r a c e  
V t r a p ,  and f i s h  crowding device,  which 

led hopper. Fish a re  l i f t e d ,  a5 in  an e le -  
va to r ,  t o  the forebay leve l .  A t  the  upstream end, the  f i sh  can be passed 
in to  e i t h e r  a hauling tank o r  a water-fi  I led trough f o r  del ivery in to  
the  pool area above the s t ruc tu re .  Many devices of t h i s  type a re  in 
operation. The chief disadvantage of t h i s  system, as with the f i s h  
lock, i s  t h a t  automated operation has n o t  been successful ly  developed 
because of mechanical problems associated w i t h  unattended cycl ing a t  
the entrance and de l ivery  area.  The chief advantage of the f i sh  l i f t  
system i s  the  f l e x i b i l i t y  i n  i t s  cycling. I t s  operational cycles  would 
be s imi l a r  t o  those o f  a lock, without the need t o  f i l l  and drain por t s .  

The biological  advantage o f  f i s h  locks and f i s h  l i f t s  i s  t h a t  they 
both can pass p r a c t i c a l l y  a l l  species  of f i s h .  F i s h  passage i n  a f i sh-  
way i s  slower and  spec ies -se lec t ive .  For example, s t r i ped  bass,  smelt ,  
sturgeon, and blueback herr ing a re  r e luc t an t  t o  pass through fishways, 
espec ia l ly  those with l i f t s  over 4 .6  m (15 f t )  (personal communication, 
Ben Rizzo ,  U . S .  F i s h  and Wildl i fe  Service,  Newton Corner, MA 02158). 



46 

... 8' 8' j .... 

F i g u r e  5. Schematic r e p r e s e n t a t i o n  o f  a f i s h  l i f t  system. To c o n v e r t  
f e e t  ( ' )  t o  meters,  m u l t i p l y  va lues shown by 0.3048. To 
c o n v e r t  g a l l o n s  (GAL)  t o  l i t e r s ,  m u l t i p l y  va lues shown by 
3.785. To c o n v e r t  d i scha rge  (CFS) t o  c u b i c  meters p e r  second, 
m u l t i p l y  va lues shown by 0.02832. 
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5. GENERAL DESIGN CONSIDERATIONS FOR UPSTREAM 
F I S H  PASSAGE FACILITIES 

by 
M i l o  C. B e l l  

S e c t i o n  5 i n t e g r a t e s  t h e  background m a t e r i a l  summarized i n  t h e  

p r e v i o u s  s e c t i o n s  t o  p r o v i d e  genera l  c o n s i d e r a t i o n s  t h a t  may be impor tan t  

i n  t h e  s i t e - s p e c i f i c  des ign  o f  upstream f i s h  passage f a c i l i t i e s .  

i s  reached, seve ra l  e s s e n t i a l  i tems shou ld  be reso lved.  The f i r s t  i s  
t h e  genera l  a t t i t u d e  o f  t h e  a u t h o r i t i e s  toward  t h e  need o f  f i s h  passage 

a t  s p e c i f i c  s i t e s .  There may be p h y s i c a l  o r  l e g a l  reasons f o r  r e q u i r i n g  

passage o r  nonpassage. For  example, b a r r i e r s  downstream may a l r e a d y  

l i m i t  t h e  movement o f  f i s h ,  t hus  r e q u i r i n g  a bas inwide ,  r a t h e r  than  a 

s i t e - s p e c i f i c  approach t o  t h e  problem. There may be b i o l o g i c a l  problems. 

For  example, t h e  e x i s t e n c e  o f  a l ong -s tand ing  dam, t h e  presence o f  which 

has comp le te l y  a l t e r e d  t h e  env i ronmenta l  c o n d i t i o n s ,  may p rec lude  the  

need f o r  i n t r o d u c i n g  a d d i t i o n a l  spec ies ,  and f i s h  passage m i g h t  n o t  he 

recommended. Conversely ,  t h e  w ish  t o  i n t r o d u c e  more d e s i r a b l e  or more 

Be fo re  t h e  p r e l i m i n a r y  des ign  s tage f o r  upstream passage f a c i l i t i e s  

s o u g h t - a f t e r  spec ies  may make t h e  necessary s teps  adv i sab le .  

s tage i s  reached a r e  t h e  c o l l e c t i o n  o f  a l l  p h y s i c a l  and b i o l o g i c a l  da ta  

on t h e  p r o j e c t  and a l i t e r a t u r e  search f o r  a l l  p e r t i n e n t  b i o l o g i c a l  

requ i rements  o f  t h e  spec ies  i n v o l v e d .  

Other  m a t t e r s  t h a t  shou ld  be r e s o l v e d  b e f o r e  t h e  p r e l i m i n a r y  des ign  

Because t h e  success o f  passage depends p a r t l y  on good water  q u a l i t y ,  

water  q u a l i t y  parameters,  wh ich  can a l t e r  t h e  success fu l  des ign  c r i t e r i a ,  

shou ld  be asce r ta ined .  

S e c t i o n  2 under t h e  t o p i c s  o f  oxygen requ i rements ,  s u p e r s a t u r a t i o n  o f  

Water q u a l i t y  i s  d iscussed i n  more d e t a i l  i n  

n i t r o g e n  and p o l l u t a n t s  t h a t  a f f e c t  swimming performance, oxygen l e v e l s ,  

and oxygen up take by  f i s h .  

env i ronmenta l  c o n d i t i o n s ,  forms t h e  b a s i s  f o r  many o f  t h e  des ign  c r i t e r i a  

for  upstream passage f a c i l i t i e s .  There a r e  many p o s s i b l e  v a r i a t i o n s  

as t o  t h e  l o c a t i o n  and des ign  o f  s p e c i f i c  components o f  f i s h  passage 

The swimming a b i l i t y  and behav io r  o f  f i s h  species,  under s p e c i f i e d  
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systems ( e x i t s ,  ent rances,  screens, bypa5s channels) .  Dec is ions  r e -  

g a r d i n g  l o c a t i o n  o f  f a c i l i t y  components must be made on a s i t e - s p e c i f i c  

b a s i s ,  and they  must cons ide r ,  where a p p r o p r i a t e ,  t h e  p h y s i c a l  and b io -  
l o q i c a l  i ssues  d iscussed i n  t h i s  s e c t i o n .  

In  t h e  f i n a l  segment o f  S e c t i o n  5, we presen t  d c h e c k l i s t  o f  p e r t i -  

nent  des ign c r i t e r i a  t h a t  summarize t h e  types o f  c o n s i d e r a t i o n s  discussed. 

5 .1 .  Swimm-ing Performance and Behavior  

Probably  one o f  t h e  most i m p o r t a n t  aspects  i n  f i shway  des ign  i s  
t h e  a b i l i t y  o f  f i s h  t o  swim th rough  an opposing f low.  
d i c t a t e s  a t t r a c t i o n  v e l o c i - t i e s ,  water  v e l o c i t i e s  i n  r e s t i n g  areas, a.nd 

t h e  d i s t a n c e  o f  a r u n  w i t h  a g i v e n  v e l o c i t y .  

i t  may be assullied t h a t  a f i s h  can swim a t  a v e l o c i t y ,  i n  cen t ime te rs  

p e r  second, equal t o  12 t i m e s  t h e  l e n g t h  of  t h e  f i s h ,  i n  cen t ime te rs  

( o r ,  i n  f e e t  p e r  second, equal t o  t h e  l e n g t h  o f  t h e  f i s h  i n  i nches ) .  

A maximum v e l o c i t y  of 600 t o  700 cm/s (20 t o  25 f t / s )  i s  assumed, r e -  

ga rd less  o f  l e n g t h .  

v e l o c i t y  l i m i t s  i n  a f ishway that.  w i l l  ensure c l o s e  t o  100% passage 

would be t o  assume t h a t  t h e  f i s h  c o u l d  swim a speed i n  c e n t i m e t e r s  p e r  

second equal t o  6 t imes  i t s  body l e n g t h  i n  c e n t i m e t e r s ,  b u t  n o t  more 

than  244 cm/s (or, i n  f e e t  p e r  second o f  l e s s  than  h a l f  i t s  body l e n g t h  

i n  i nches ,  b u t  n o t  more than  8 f t / s ) .  Design v e l o c i t i e s  a f f e c t  n o t  
o n l y  t h e  a b i l i t y  o f  f i s h  t o  n e g o t i a t e  t h e  system, b u t  a l s o  t h e  s i z e  

(and thus  t h e  c o s t )  o f  t h e  f ishway. 

t r a t e  t h i s  p o i n t .  

Swimming a b i l i t y  

As a f i r s t  approx i inat ion,  

A more c o n s e r v a t i v e  method by which t o  approximate 

The f o l l o w i n g  example w i l l  i l l u s -  

The v e l o c i t y  o f  f a l l i n g  water  can be es t ima ted  from the r e l a t i o n  

where 

V = v e l o c i t y ,  cm/s ( f t / s ) ,  

g = a c c e l e r a t i o n  due t o  g r a v i t y  equal t o  975 cm/s ( 3 2  f t / s ) ,  

h = head of  drop, cm ( f t)  
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I f  f i s h  a r e  t o  be passed ove r  30.5 cm (1 f t )  o f  head, t h e  f i s h  

would have t o  be capable o f  swimming ( th rough  s o l u t i o n  o f  t h e  above 

equa t ion )  a t  l e a s t  243.8 cm/s (8 f t / s ) .  I f ,  however, t h e  species t o  
be passed can o n l y  swim 121.9 cm/s (4 f t / s ) ,  s o l u t i o n  o f  t h e  above eyua- 

t i o n  f o r  

y i e l d s  h = 7.6 cm (0.25 f t ) .  
cm/s (4 f t / s )  c o u l d  only n e g o t i a t e  a l i f t  o f  7.6 cm (0.25 f t ) .  
t h e  same assumption of 30.5 cm (1 f t )  o f  head a t  a s i t e ,  f o u r  7.6-cm 

( 0 . 2 5 - f t )  drop p o o l s  i n  a f ishway would be necessary t o  a l l o w  t h i s  f i s h  

t o  pass s u c c e s s f u l l y .  I n  a s i m i l a r  f a s h i o n ,  i f  t h e  f i s h  c o u l d  o n l y  

swim 60.9  cm/s ( 2  f t / s ) ,  16  p o o l s  i n  t h e  f i shway  would be r e q u i r e d  f o r  

each 30.5 cm (1 ft)  o f  head drop. 

A s  the c o s t  o f  a f i shway  i s ,  in  p a r t ,  a f u n c t i o n  o f  t,he number' o f  

T h i s  means t h a t  t h e  f i s h  swimming a t  121.9 
Under 

p o o l s  r e q i t i r e d  ( S e c t i o n  61, t h e  importance o f  swimming a b i l i t y  t o  o v e r a l l  

p r o j e c t  economics i s  obvious. Fo r  f i s h  species w i t h  l i m i t e d  swimming 

a b i l i t y  o r  s p e c i a l  b e h a v i o r a l  c h a r a c t e r i s t i c s ,  f i shway  systems c o u l d  

be e l i m i n a t e d  f rom c o n s i d e r a t i o n  i n  Favor o f  a f i s h  l o c k  o r  a f i s h  l i f t ,  

where swimming a b i l i t y  i s  n o t  r e l a t e d  t o  success fu l  passage as d iscussed 

here.  I n  t h e  f i s h  l o c k  and f i s h  l i f t ,  once f i s h  a r e  i n  t h e  chamber, 

t h e y  a r e  moved over  t h e  head, e i t h e r  by  a mechanical  hopper o r  by t h e  

l o c k  system. 

passed i n  a c o n v e n t i o n a l  fishway must be known, because t h e  s m a l l e s t  

f i s h  w i l l  determine t h e  a l l o w a b l e  v e l o c i t i e s  i n  a f i shway  system. I t  
may be d e s i r a b l e  t o  conduct swimming t e s t s  on t h e  species o f  f i s h  t o  

be passed a t  a g i v e n  s i t e  if adequate i n f o r m a t i o n  i s  n o t  a v a i l a b l e  i t 1  

t h e  1 i t e r a t u r e .  

Thus, t h e  swimming a b i l i t y  o f  t h e  s m a l l e s t  f i s h  t o  be 

Other  l i m i t i n g  f a c t o r s  t h a t  must be cons ide red  w i t h  r e s p e c t  t o  

f i s h  swimming a b i l i t y  a r e  t h e  wa te r  temperature,  d i s s o l v e d  oxygen l e v e l ,  

and t h e  l e v e l  of p o l l u t i o n  a t  a s i t e .  

p r e s e n t ,  t hen  an upper l i m i t  o f  243.8 cm/s (8 f t / s )  would have t o  be 

s c a l e d  down t o  accommodate mod i f i ed  swimming performance (see S e c t i o n  

3 ) .  

I f  low oxygen o r  p o l l u t a n t s  were 

I f  a system th rough  which f i s h  may swim f r e e l y  by  e i t h e r  a t r a p  
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o r  a l o c k  must be rep laced ,  t hen  p r o v i s i o n  must be made f o r  an ent rance 

h o l d i n g  p 01 and a means o f  a r t i f i c i a l l y  moving t h e  f i s h  f rom t h a t  p o o l .  

The re fo re  an understanding o f  t h e  minimum l e n g t h  o f  f i s h  t o  be passed 

and t h e  b o l o y i c a l  c o n d i t i o n s  p r e s e n t  i n  t h e  r i v e r  system i s  e s s e n t i a l  

t o  ensure t h a t  t h e  des ign  chosen w i l l  ope ra te  s u c c e s s f u l l y .  

F i s h  a r e  co ld -b looded  animals  t h a t  r e a c t  t o  t h e  temperature o f  

t h e i r  immediate environment.  Increases o r  decreases i n  temperature 
may reduce t h e  urge o f  f i s h  t o  m i g r a t e  upstream. Each species has an 
op t ima l  temperature range, and temperatures above o r  below t h a t  range 

a f f e c t  t h e  swimming e f f i c i e n c y  o f  t h a t  species.  Seasonal v a r i a t i o n s  

i n  wa te r  temperature above o r  below t h e  optimum range, may r e q u i r e  f l e x i -  

b i l i t y  i n  t h e  des ign  v e l o c - i t y  t o  accommodate the  lessened a b i  

t h e  f i s h  t o  swim. 

I f  a p a r t i c u l a r  f i shway  i s  designed w i t h  v e l o c i t i e s  t h a t  

r e q u i r e  f i s h  t o  swim near t h e i r  maximum v e l o c i t y  f o r  extended 

r e s t i n g  areas w i l l  be r e q u i r e d  w i t h i n  t h e  system. Fishway de 

i t y  o f  

would 

p e r i o d s ,  

i g n s  t h a t  

r e q u i r e  maximum swimming performance shou ld  be avoided where f e a s i b l e .  

Res t i ng  areas would a l l o w  f i s h  t o  r e g a i n  t h e i r  oxygen balance and e l i m -  

i n a t e  excess l a c t i c  a c i d  accumulated d u r i n g  extended swimming p e r i o d s .  

The maximum wa te r  v e l o c i t y  a l l o w a b l e  i n  f i s h  r e s t i n g  areas v a r i e s  w i t h  
f . ish l e n g t h ,  b u t  a f i r s t  app rox ima t ion  o f  r e s t i n g  area v e l o c i t i e s  would 

be 10% o f  t h e  normal swimniing c a p a b i l i t y .  

Swimming performance shou ld  n o t  be t h e  o n l y  c r i t e r i o n  used i n  de- 

s i g n i n g  f ishways.  The genera l  b e h a v i o r a l  p a t t e r n s  o f  .the f i s h  must 

a l s o  be understood. I f  f i s h  do n o t  ha.ve s u f f i c i e n t  m o t i v a t i o n  t o  over-  

come d i f f i c u l t i e s  o f  upstream passage, t h e y  w i l l  n o t  move th rough  any 

f a c i l i t y .  

s lower  t h a n  t h e  normal f l o w  o f  a stream, (2 )  accept  c o n s t r a i n t  i n  man- 
made p o o l s  o r  t r a p s ,  (3 )  e n t e r  r e s t r i c . t e d  openings, and (4 )  accept  l i g h t  

and shadow p a t t e r n s  and, perhaps, less- than-normal  swimming depths.  

I n  some i n s t a n c e s ,  b a r r i e r s  may be caused by temperature g r a d i e n t s  and 

adverse o l f a c t o r y  r e a c t i o n s .  I f  t h e  f i s h  a r e  n o t  d iscouraged by space 

o r  o t h e r  c o n s t r a i n t s ,  c e r t a - i n  workable c r i t e r i a  f o r  v a r i o u s  species 
may be a p p l i e d .  

M o t i v a t i o n  may r e q u i r e  them t o  ( I - )  accept  f l o w s  t h a t  are  
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The m o t i v a t i o n  o f  t h e  f i s h  ( s t r o n g  o r  weak) t o  move upstream o r  

downstream must be known. F i s h  may move upstream f o r  purposes o f  spawn- 

i n g  o r  r e a r i n g ,  o b t a i n i n g  food,  and a v o i d i n g  unpleasant  temperatures 

(see Sec t ion  2). 

areas, reduce t h e i r  d e n s i t y ,  a v o i d  p r e d a t i o n ,  o r  f i n d  more s u i t a b l e  

temperatures.  

r e q u i r e  s e p a r a t i o n  f r o m  o t h e r  f i s h  i n  schools  (see S e c t i o n  3 ) .  

l a t i o n  o f  these requi rements can r e s u l t  i n  excess ive  a c t i v i t y ,  i n  t h e  

f i s h  d r o p p i n g  back th rough a f i shway system, o r  i n  the  f i s h  be ing  damaged 

w h i l e  a t t e m p t i n g  t o  f i n d  e x i t s .  

f o r  each k i l o g r a m  (pound) o f  f i s h ,  0 - 0 1 3  m3 (0.2 ft3) o f  space should 

be supp l ied .  Th is  r u l e  must be used w i t h  c a u t i o n ,  however, because 

some species do n o t  p r a c t i c e  l a y e r i n g  and, thus ,  would n o t  f u l l y  u t i l i z e  

t h e  depth o f  t h e  poo l .  

may be c o n t a i n e d  i n  t h e  t o p  0.9 t o  1.8 m (3 t o  6 f t )  o f  a f i shway poo l  

o r  chamber (see Sec t ion  4). 

They may move downstream t o  seek feed ing  and r e a r i n g  

The b e h a v i o r  o f  v a r i o u s  species of f i s h  i n d i c a t e s  t h a t  i n d i v i d u a l s  

A v i o -  

A genera l  r u l e  can be a p p l i e d  t h a t ,  

As an example, perhaps 80% o f  some f i s h  species 

When f i s h  a r e  passed by be ing  crowded i n t o  a l i f t  hopper f i l l e d  

w i t h  water ,  t hey  become ex t remely  a g i t a t e d  and have a h i g h  oxygen con- 

sumpt ion r a t e .  

Ib / f t :%) and w i t h  water  t h a t  i s  10°C and s a t u r a t e d  w i t h  oxygen, f i s h  

w i l l  s u r v i v e  f o r  16 min, by which t ime  t h e  oxygen l e v e l  w i l l  have drop- 

ped t o  4 ppm. I f  t h e  crowding l e v e l  were t o  be doubled, t h e  l o a d i n g  

and h o i s t i n g  t ime  c o u l d  n o t  exceed 8 min. 

t h e  f i l l i n g  water  w i l l  p r o v i d e  e x t r a  oxygen and e x t r a  space needed. 

F i s h  t e s t s  w i t h  l o c k s  have shown t h a t ,  because f i s h  may be r e l u c t a n t  
t o  l eave  t h e  l o c k ,  a b r a i l - t y p e  l i f t  i s  o f t e n  needed t o  ensure q u i c k  

e x i t  o f  t h e  f i s h .  

W i t h  a base l o a d i n g  o f  2.25 kg o f  f i s h  p e r  0.03 m3 (5  

I n  t h e  o p e r a t i o n  o f  a l o c k ,  once t h e  f i s h  e n t e r  t h e  l o c k  chamber, 
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5 .2 ,  A t t r a c t i o n  Flows, En t rance -Ex i t  Cons ide ra t i ons ,  and 
T y p i c a l  L o c a t i o n  o f  Passage Systems 

F i s h  e n t e r i n g  a f ishway system a re  u s u a l l y  r e q u i r e d  t o  l eave  a 

stream t h a t  i s  l a r g e r  than  t h e  f i shway  ent rance system, which i s  genera l -  

l y  s u p p l i e d  w i t h  o n l y  a f r a c t i o n  o f  t h e  t o t i l l  s t ream f l ow .  

Regardless o f  the t y p e  of passage system used, a t t r a c t i o n  water  

must be a v a i l a b l e  t o  encourage t h e  f i s h  t o  l eave  the normal r i v e r  f l o w  

and e n t e r  t h e  dev i ce .  

augmentat ion by g r a v i t y  o r  pumping t o  supply  a t t r a c t i o n  water .  

D i  scharye th rough  f i shways usual  l y  r e q u i r e s  f 1 ow 

The most e f f e c t i v e  l o c a t i o n  f o r  ent rances t o  upstream f i s h  f a c i l i -  
t i e s  a r e  a long  s h o r e l i n e s .  Entrances t o  f i s h  passage f a c i l i t i e s  a r e  

u s u a l l y  l o c a t e d  a t  t h e  p o i n t  o f  - f a r t h e s t  upstream t r a v e l  o f  a f i s h  ad- 

j a c e n t  t o  s p i l l w a y s  o r  t u r b i n e  d ischarges.  Consequently, f l ows  f r o m  

such f a c i l i t i e s  must compete w i t h  d ischarges f rom power wheels o r  s p i l l -  

ways arid s l u i c e s .  I f  t h e  en t rance  t o  a f i s h  passage f a c i l i t y  i s  l o c a t e d  

a t  t h e  s h o r e l i n e ,  t h e  a t t r a c t i o n  oLi t f low should approximate 3% o f  t h e  

a d j a c e n t  d i scha rge  .from e i t h e r  a s p i l l w a y  bay o r  t u r b i n e .  

p r o j e c t s ,  3% o f  t h e  average annual stream f l o w  d u r i n g  t h e  t i m e  o f  f i s h  

passage should p r o v i d e  adequate a t t r a c t i o n  f l ows .  I f  t h e  f ishway c o u l d  

n o t  supply  t h i s  q u a n t i t y ,  t h e  water  would have t o  be supp l i ed ,  as i n  
t h e  case o f  a l o c k  o r  l i f t ,  i n t o  t h e  ent rance a rea -  Th is  wa te r  i s  usua l -  

l y  s u p p l i e d  by p r o v i d i n g  d i f f u s i o n  areas i n  which t h e  v e l o c i t y  would 

n o t  be over  30 .5  cm/s (1 f t / s )  over  t h e  gross area o f  t h e  o u t l e t  cover .  

A t  smal l  

A t t r a c t i o n  problems can f r e q u e n - t l y  be min imized by m a n i p u l a t i n g  

t h e  power wheels and the  s p i l l w a y  t o  o b t a i n  t h e  b e s t  c o n d i t i o n s  a t  t h e  

f ishway ent rance o r  t o  l e a d  t h e  f i s h  t o  t h e  f ishway ent rance.  

F i s h  appear r e l u c t a n t  t o  e n t e r  a f ishway system, and they  tend  t o  
accumulate more i n  t h e  f i r s t  few p o o l s  t h a n  i n  t h e  upper poo ls .  U n t i l  

t h e  f i s h  become accustomed t o  t h e  c o n s t r a i n t s ,  any change i n  f l o w  p a t -  

t e r n ,  as t h a t  o c c u r r i n g  a t  a t u r n ,  u s u a l l y  r e s u l t s  i n  accumulat ion a t  

t h a t  p o i n t .  Turn p o o l s  p r o v i d e  r e s t i n g  areas f o r  f i s h  i n  f ishways.  

Locks and l i f t s ,  un less used w i t h  a crowder,  appear t o  be more 

success fu l  when used w i t h  a s h o r t  f i shway  system t h a t  a l l o w s  t h e  f i s h  
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t o  become accustomed t o  the new environment. Ihe f i s h  seem t n  enter d 
lock inore readi ly  w i t h  t h i s  provision. lh i s  i s  obviated by the  use o f  

a crowder , which i s  u ~ i i a  1 ly nece5;aar.y. 
Some species refuse t o  surface o r  jump  and rnust be accorniriotld 

by underwdter por t s .  Conversely, c e r t a i n  species prefer  :ur-facc pas-  

sage. Jumping a b i l i t y  i s  a design c r i t e r i a  pr in ia r i ly  restric,t&ld t o  
salmonid species.  Design c r i t e r i a  fo r  nonsalmnnids usua l ly  ar'e i n -  
tended t o  discourage " jumping"  because o f  possible i n j u r y  t o  f i s h .  

I f  the  behavior o f  the  spec ies  involved i s  riot known, experiments 
should be conducted t o  deterni i ne the p t 4 t t e r n  o f  movement t o  prevent 
f a i  1 ure because o f  improper location o f  the  in te rna l  passageways o f  
the  system. The possible  re luctance o f  species t o  enter e i t h e r  br ight-  
ened o r  darkened entrance areas  should be determined. Best resul ts 
a r e  sometinies obtained by back1 i q h t i  ny ei;trances t o  darkened areas.  

A t  l o w  head d m s  the f i s h  dre  n o t  l i ke ly  t o  experience ve r t i ca l  
temperature gradients  within a pool severe enough t o  i n h i b i  L t h e i r  
movement. However, ensuring t h a t  t h e  temperature o f  the fishway d i s -  

charge water approximates t h a t  o f  t h e  receiving water o f  t h e  r ive r  a t  
the p o i n t  where the f i s h  en te r  a system w o u l d  be prudent. 

The e x i t  posi t ion o f  any f i s h  passaye device i s  importdnt. I f  i t  

i s  located near an open spi l lway,  the potent ia l  fo r  f i s h  f a l l i n g  back 

can be increased. I f  the 
cifically the  l a t t e r ,  the 
t a t ion  must be corrected.  
dency o f  many anadroinous 
t ion  or from the need f o r  
should be located i n  a y u  
low-velocity f l o w  t o  lead 
t o  en te r  a high-velocity 

f i s h  a re  passed through d l o c k  o r  h o i s t ,  spe- 
oxygen iinhalance t h a t  r e s u l t s  tram t h e i r  ag i -  

Fa1 lback, wh ich  i s  a normal behavior teri- 
i s h  i n  fishway.;, may \*e$uIt  frorn d isor ien ta-  
addi t ional  r e s t ing  time The e x i t ,  t he re fo re ,  
e t  a r ea ,  where the f i s h  can readi ly  f i n d  a 
them upstream. 
low a t  r i g h t  angles t o  the  cur ren t .  

They shuuld n o t  be permitted 

Fish species  may d i f f e r  in  t h e i r  response t o  submerged v ~ r ' r r u s  

surface o r i t  ices i n  a f i shway.  

generdl l y  p re fe r )  submerged o r i f i c e s ,  shad do  n o t  readi ly  accept siich 
passageways; thus,  fishway systems i n  which b o t h  species are preserrt 
require  b o t h  surface and submerged passageways. 

As ail example, a1 though salmon use (and 
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The normal y e a r l y  passage t imes f o r  m i g r a t i n g  f i s h  species a r e  

q e n e r a l l y  w e l l  de f i ned .  

n o t  so  w e l l  de f i ned ,  b u t  i t  i s  g e n e r a l l y  assumed t h a t  f i s h  do n o t  move 

a c t i v e l y  d u r i n g  darkness. I f  o n l y  one species were t o  be passed, t h e  

o p e r a t i o n  o f  f i s h  f a c i l i t i e s  would be r e q u i r e d  o n l y  d u r i n g  t h e  normal 
y e a r l y  passage t imes  o f  t h a t  spec ies.  

o f  seve ra l  spec ies w i t h  d i f f e r e n t  passage t imes ,  t h e  day passage p e r i o d  

mdy be t h e  most i m p o r t a n t  f a c t o r  i n  wa te r  c o n s e r v a t i o n  s t u d i e s .  

The t i m e  of passage w i t h i n  a 24-h p e r i o d  i s  

However, w i t h  t h e  o v e r l a p p i n g  

To h e l p  i n  understanding t h e  problem o f  l o c a t i n g  f ishways,  F i g u r e  
6 shows p o s s i b l e  l o c a t i o n s  near a dam w i t h  a power canal  t h a t  t akes  

advantage o f  t h e  stream drop t o  l o c a t e  t h e  power p l a n t  some d i s t a n c e  

downstream f rom t h e  dam. The f i g u r e  a l s o  shows f a c i l i t y  l a y o u t  a t  a 

dam t h a t  has a powerhouse a s s o c i a t e d  w i t h  t h e  dam s t r u c t u r e .  

F i s h  w i l l  come t o  b o t h  t h e  d ischarges f rom t h e  power wheels and 

t h e  s p i l l w a y ,  un less  a s p i l l w a y  can be c r e a t e d  a t  a powerhouse t u  e l i m i -  

na te  s p i l l  over  t h e  dam d u r i n g  upstream m i g r a t i o n  p e r i o d s .  

o f  t h e  power canal  c o n f i g u r a t i o n ,  a minimum o f  two f ishways would be 

r e q u i r e d  un less  t h e  s p i l l  i s  a d j a c e n t  t o  t h e  powerhouse. 

o f  t h e  a s s o c i a t e d  powerhouse and dam, one f i shway  m i g h t  s u f f i c e  w i t h  a 

concen t ra ted  s p i  11 near t h e  powerhouse. Only w i t h  t h e  s p e c i f i c  i n f o r -  

ma t ion  on t h e  r i v e r  d ischarges r e l a t e d  t o  wa te r  use p a t t e r n s ,  can such 
a d e c i s i o n  on numbers be made. 

I n  t h e  ca5e 

I n  t h e  case 

A f i s h  f a c i l i t y  ent rance must be l o c a t e d  i n  an area t h a t  a t t r a c t s  

t h e  f i s h  t o  t h e  ent rance.  Such l o c a t i o n s  a r e  g e n e r a l l y  downstream f rom 

t h e  c r e s t  o f  a h y d r a u l i c  jump o r  upstream from t h e  b o i l  f rom t h e  t u r b i n e .  
Maximum and minimuiii l e v e l s  f o r  f i shway  o p e r a t i o n  should be se t , ,  Lak ing 

i n t o  account a t  l e a s t  t h e  normal f l o o d  l e v e l .  

Entrance a t t r a c t i o n  v e l o c i t i e s  shou ld  be commensurate w i t h  t h e  
f i s h ' s  a b i l i t y  t o  swim and shou ld  n o t  exceed t h e  s u s t a i n e d  speed (see 

S e c t i o n  3),  b u t  may equal as much as t w i c e  t h e  c r u i s i n g  speed. Average 

t r a n s p o r t a t i o n  v e l o c i t i e s  i n  channels l e a d i n g  t o  passageways can equal  

about o n e - h a l f  o f  t h e  c r u i s i n g  speed (see S e c t i o n  3) .  
v e l o c i t i e s  range f rom 121.3 t o  243.8 cm/s ( 4  t o  8 f t / s ) .  

T y p i c a l  en t rance  
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PROPOSED SPILLWAY 
FISH WAY 

- 
HEAD POOL RIVER CHANNEL 

RAPIDS 

REGULATING STILLING POOL - 
POWER PLANT WITH A CANAL 

HEAD POOL 

/DAM 

FLOW d--- -. __ 

RIVER CHANNEL 
RAPIDS 

STILLING POOL 

@ FISHWAY ENTRANCE 
2 FISHWAY EXIT 8 3 POWERHOUSE POWER PLANT AT DAM FACE 
4 TAILRACE 8 5 SCREEN (FOR DOWNSTREAM MIGRANTS) 

Figure 6 .  Schematic r e p r e s e n t a t i o n  o f  typical l o c a t i o n  o f  f i s h  
passage faci  1 i t i e s .  
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To m a i n t a i n  a s u i t a b l e  f ishway p a t t e r n ,  i t  i s  recommended t h a t  

t h e  energy absorbed p e r  pool  does n o t  exceed 4 f t - l b  p e r  c u b i c  . f oo t  o f  

water .  A w e i r  o v e r f l o w  need n o t  be f u l l - w i d t h ,  and an o r i f i c e  s i z e  
may be t a i l o r e d  i n  c ross  s e c t i o n  t o  p e r m i t  passage o f  t h e  maximuni-sized 

f i s h  expected. 

For purposes of des ign,  f i s h  illay be assumed t o  r e q u i r e  2 .5  t o  4 
m i r i  t o  pass 30.5 cm (1 f t )  o f  v e r t i c a l  h e i g h t  i n  a f ishway system. 

G e n e r a l l y ,  i f  a s p i l l w a y  d i scha rge  occurs d u r i n g  a l l  o r  a major  

p a r t  o f  t h e  upst,ream m i g r a t i o n  p e r i o d ,  i f  a dam i s  o f  c o n s i d e r a b l e  

l e n g t h ,  and i f  a powerhouse d i scha rge  occurs a t  t h e  base o f  t h e  dam, 

two f ishways (one on e i t h e r  bank) should be p rov ided .  F i g u r e  6 i l l u s -  

t r a t e s  a c o n d i t i o n  i n  which most o f  t h e  f l o w  would pass th rough  t h e  

powerhouse so t h a t  t h e  f i s h  would be a t t r a c t e d  t o  a s i n g l e  f i shway  i n  

t h e  t a i l r a c e  area. P r o j e c t s  commonly i n c l u d e  a canal  l e a d i n g  t o  a power-. 

house some d i s t a n c e  downstream from t h e  s p i l l w a y  dam. I f  t h e r e  i s  J. 

con t inuous  s p i l l ,  t h e n  f ishways may be needed at, b o t h  t h e  powerhouse 

and t h e  s p i l l w a y  dam. 

One v a r i a t i o n  would be t o  min imize t h e  powerhouse d i scha rge  d u r i n g  

f i s h  m i g r a t i o n  t i m e  and supp ly  one o r  more f ishways a t  t he  s p i l l w a y  

dam. Another v a r i a t i o n  would be t o  p r o v i d e  a r e g u l a t e d  s p i l l w a y  a t  

t h e  powerhouse and a l s o  a f i shway  t h a t  would t,ake advantage o f  the d i s -  

charge from the  t u r b i n e s  and f rom t h e  r e g u l a t e d  s p i l l w a y .  A l l  these 

designs have been used. S i t e - s p e c i f i c  i n f o r m a t i o n  i s  necessary t o  make 

a p roper  d e c i s i o n  as t o  t h e  l o c a t i o n s  and numbers o f  f ishways needed. 

5 .3 .  Check1 i s t  o f  P e r t i n e n t  Design Data 

The reasons f o r  c e r t a i n  e ements i n  t h e  des ign  o f  upstream passage 
f a c i  i t i e s  have been d iscussed i n  Sec t i ons  5 . 1  and 5 . 2 .  We p r e s e n t  

here i n  summary form (Table 4) a c h e c k l i s t  o f  genera l  des ign  c r i t e r i a  

t h a t  can be used f o r  v e r y  e a r l y  des ign  a n a l y s i s .  We emphasize t h a t  
t h i s  c h e c k l i s t  shou ld  __ n o t  r e p l a c e  a d e t a i l e d  s i t e - s p e c i f i c  a n a l y s i s .  

The U.S. F i s h  and W i l d l i f e  Se rv i ce ,  i n  coopera t i on  w i t h  s t a t e  and f i s h e r y  
agencies,  can p r o v i d e  s i t e - s p e c i f i c  des ign  and o p e r a t i o n a l  c r i t e r i a  i f  

a p r o j e c t  l a y o u t  i s  a v a i l a b l e .  
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T a b l e  4, C h e c k i i s t  o f  p e r t i n e n t  d e s i g n  d a t a  
f o r  u p s t r e a m  passage fac i l i t i es  

Des ign  f e a t u r e  Appr-oximate d e s i g n  da ta  

Pool sizes a n d  shapes in f i s h w a y s  See F i g u r e s  1, 2, 3.  

Maximum f l ows  in f i s h w a y s  
( e n e r g y  m u s t  b e  d i ss ipa ted  in 
each pool) 

Resting areas 

0 r. i f i ces - - n u m b e  r a t i  d s i ze 

D r o p  be tween  pocjis 

A v e r a g e  maximum veloc i t ies 
o v e r  w e i r s  o r  t h r o u g h  o r i f i c e s  

E n t r a n c e  ve loc i t ies 

iiVater d e p t h  as a w e i r  measurement  
o v e r  a pool w e i r  

T r a n  s p o r t a t  i o n o r  d i r ec ti o n a I 
f low ve loc i t i es  in f l a t  o r  
d r o w n e d  - o u t  areas o f  ti shways  

Exit locations 

T r a v e l  t ime t h r o u g h  f i s h w a y  

Based o n  e n e r g y  d i ss ipa t i on  o f  
4 i t- lb/s per' c u b i c  foot o f  
w a t e r  in pool, or a maximum 
v e l o c i t y  o f  4 f t / s  in Deni l  
t y p e -  

Assumed to  be veloc i t ies o f  30.5 
cm/s ('I f t / s )  o r  less in pools,  
o r  0.1% of normal  swimming 
speeds.  Deriil r e q u i r e s  
special  r e s t i n g  pools .  

None shown.  I f  used, t h e y  
s h o u l d  be  a s ize t o  al low 
passage o f  maximum-s ized 
f i s h .  

30.5 cm (1 l'tj as shown,  but 
s h o u l d  be t a i l o r e d  to r e q u i r e -  
men ts  of species t o  b e  
passed, o r  s loped fo r  Den i l  
t Y  Pe.  

243.8 cm/s (8 f t / s )  maximum o r  
based on d r o p  p e r  pool .  
Maximum o f  121.9 cm/s 
( 4  f t / s )  in Den i l .  

1 .9  t o  3 .8 cm/s ( 4  t o  8 f t / s )  

15 .2  cm (0 .5  f t )  minimum; 30.5 
cm ( 1  ft) maximum. 

30.5 to 60.9 cm/s ( 1  to 2 f t / s )  

Genera l l y  in low ve loc i t ies of 
30 cm/s (1 f t / s )  o r  less. 
Pos i t i ve  t o w a r d  downs t ream.  

Assume 2.5 t o  4 min p e r  
pool, o r  15  s in a Deni l  
swim sect ion.  Den i l  shou ld  
p r o v i d e  e q u i v a l e n t  t ime in 
r e s t i n g  pool" 



T a b l e  4 ( c o n t i n u e d  j 

Des ign  f e a t u r e  Approx ima te  d e s i g n  da ta  
- 

Space f o r  f i s h  in pool 0.013 rn'/kg ( 0 . 2  f t3 / lb)  o f  f i s h .  

Space in t rapping o r  h o l d i n g  
pool 

Space in l i f t  t a n k s  

Space in f i s h  l ocks  

Est imated passage p e r i o d s  

En t rance  edd ies  

A u x i l i a r y  w a t e r  i n t r o d u c t i o n  
i n t o  f i s h w a y  f o r  e n t r a n c e  
a t t r a c t i o n  o r  t r a n s p o r t a t i o n  
ve loc i t ies  

C o n t r o l  sec t ion  t o  match f o r e b a y  
regu la t i ons  f o r  p o o l - t y p e  
f i s h w a y  

Co l lec t ion  sys tem 

F i s h  l ocks  

0.013 m 3 / k g  ( 0 . 2  f t 3 / l b )  o f  f i s h .  

Rased on  p o u n d s  o f  f i s h  p e r  
m i n u t e  o f  t r a n s f e r  time, o r  
added o x y g e n  in sys tem.  

0.013 rn3/kg (0 .2  f t 3 / l b )  o f  f i s h .  
I f  c r o w d e d  a t  release, based 
o n  k i lograms o f  f i s h  held p e r  
m i n u t e  of  t r a n s f e r  t ime.  

A s s u r n e  603, frorr i  d a y l i g h t  t o  
1 PM; 40% f r o m  1 PM t o  d a r k -  
ness;  night passage may equal  
3 t o  53, of  d a y ' s  t o t a l .  
q u i r e s  p r o j e c t  v e r i f i c a t i o n .  

Re-  

Recommended t h a t  c ross  
v e l o c i t y  n o t  exceed 60.9 
cm/s (2  f t / s )  a t  ze ro  f i s h w a y  
d i s c h a r g e .  Less if small f i s h  
a r e  t o  be passed.  E l iminate 
if poss ib le .  

Ve r t i ca l  v e l o c i t y  o v e r  bo t tom 
d i f f u s i o n  areas - -  7 t o  30.5 
cm/s (0.25 t o  1 . 0  f t / s ) ,  
Ho r i zon  tal ve loc i t ies  o v e r  s ide  
d i f f u s o r  - -  7 t o  30.5 cm/s 
(0.25 to  1 . 0  f t / s ) .  

N o t  d e s c r i b e d  sub jec t  t o  
spec i f i c  s i t e  requ i remen ts  
Des igns  ava i lab le  

See F i g u r e s  4 a n d  5. 

See F i g u r e  4 a n d  d e s c r i p t i o n  
in l e x t .  

F i sh  l i f t s  See F i g u r e  5 a n d  d e s c r i p t i o n  
in t e x t .  
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T a b l e  4 ( c o n t i n u e d )  

Des ign  f e a t u r e  A p p r o x i m a t e  d e s i g n  da ta  

Source  of  a u x i l i a r y  water  s u p p l y  G r a v i t y  ( w i t h  e n e r g y  d i s -  
s ipa to rs ) ,  pumps  o r  special 
t u r b i n e s  I) 

Fish c o u n t i n g  a n d / o r  t r a p p i n g  fac i l i t i es  May b e  r e q u i r e d ;  no rma l l y  
p laced a t  ups t ream e n d  of 
f i s h  passage Fac i l i t y .  
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6. BASIC COST CONSIDERATIONS 

by  
M i l o  C. B e l l  and Eugene P. Richey 

The c o s t  o f  c o n s t r u c t i n g  and o p e r a t i n g  s i m i l a r  upstream f i s h  f a c i l i -  

t i e s  f o r  smal l  s c a l e  h y d r o e l e c t r i c  p l a n t s  w i l l  v a r y  f rom p ro jec t ,  t o  

p r o j e c t .  A complete c o s t  e s t i m a t e  shou ld  i n c l u d e  a l l  t h e  development, 

eng inee r ing ,  des ign,  c o n s t r u c t i o n ,  and o p e r a t i o n  c o s t s ,  which w i l l  v a r y  

w i t h  t h e  comp lex i t y  o f  t h e  s i t e ' s  geometry and t h e  s i t e  requi rements.  

A v a i l a b i l i t y  o f  l a b o r  and m a t e r i a l s  and t h e  go ing  r a t e s  f o r  these v a r y  

r e g i o n a l  ly .  Another  reason f o r  c o s t  d i f f e r e n t i a l  between s i t e s  r e s u l t s  

f rom t h e  cho ice  o f  m a t e r i a l s  s p e c i f i e d  t o  s a t i s f y  t h e  des ignated  l i f e  

o f  a s t r u c t u r e .  Other  ma jor  f a c t o r s  a r e  adverse weather and t h e  need 

f o r  ma jor  f l o o d  p r o t e c t i o n  d u r i n g  c o n s t r u c t i o n .  Unknowns a r e  t h e  founda- 

t i o n  m a t e r i a l s ,  t h e  ease o f  access t o  a s i t e ,  env i ronmenta l  c o n s t r a i n t s ,  

and p o s s i b l e  l osses  o f  power, a l l  o f  which may a f f e c t  t h e  t o t a l  c o s t  

u f  t h e  p r o j e c t ,  e i t h e r  advantageously  o r  adve rse l y .  The c o s t  i n f o r m a t i o n  

presented  below rep resen ts  ranges f rom two sources- -Mi lo  B e l l  and Eugene 

Richey [ c o n t r i b u t o r s  t o  t h i s  document and Ben R izzo  o f  t h e  U.S. F i s h  

and W i l d l i f e  Se rv i ce ,  Boston O f f i c e  (persona l  communication)]. 

6.1. U n i t  Costs f o r  Upstream Passage F a c i l i t i e s  

A g e n e r a l i z e d  approach f o r  e s t i m a t i n g  u n i t  c o s t  o f  f i s h  passage 

f a c i l i t i e s  o f  a s c a l e  a p p r o p r i a t e  f o r  smal l  h y d r o e l e c t r i c  p l a n t s  can 

be based on e i t h e r  c o s t  p e r  poo l  o r  c o s t  p e r  u n i t  o f  h e i g h t  r e q u i r e d  

f o r  passage (see S e c t i o n  5).  

t o  $20,000 p e r  poo l  i s  suggested, based on t h e  s i z e  o f  PO015 shown i n  

F igu res  1-3. T h i s  u n i t  c o s t  e s t i m a t e  assumes t h a t :  

f o r  f i shway systems, a c o s t  range o f  $8000 

1. Normal s i t e  access i s  a v a i l a b l e  so t h a t  no e x t e n s i v e  
road  work i s  necessary. 

2. No major  movement o f  overburden i s  r e q u i r e d .  

3. No unusual l a n d s l i d e  o r  f l o o d  c o n t r o l  work i s  r e q u i r e d .  
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I f  a 30.5-cm ( l - f t )  drop between p o o l s  i s  permissible,  t h i s  range 
of $8000-$20,000 t r a n s l a t e s  t o  the cos t  pe'r 30.5 cm (1 f t )  of e levat ion.  
I f  a drop per pool o f  l e s s  than 30 .5  cm (1 f t )  i s  required,  the cost  
per 30.5 cn (1 f t }  of height would increase.  

This general cos t  range can be applied t o  any of the th ree  fishway 
pa t te rns  shown (Figures 1 t o  3). The pool  and weir fishway and the  
Deiiil fishway general ly  require  some type o f  upstream control f o r  modest 
pool regulat ion.  I f  the pro jec t  were t o  be considered a major storage 
p ro jec t ,  with a widely f luc tua t ing  forebay water level (beyond 1 . 5  m), 
then addi t ional  expenditures would be required for  flow regulat ion control .  

The estimated un i t  cos t  f o r  a f i s h  lock system (Figure 4) can range 
from $7000 t o  $30,0011 per 30.5 ciii (1. f t )  o f  height required.  The estiiiiated 
un i t  cost  of a f i s h  l i f t  system (Figure 5 )  can range from $5800 t o  $30,000 
per 30.5 cm (1 f t ) .  

For heads l e s s  than 7 . 5  m (25 f t ) ,  f i s h  locks and l i f t s  a r e  generally 
more expensive than fishways in New England. 

I f  unusual construct ion o r  design requi reiiients a r e  necessary, an 
addi t ional  20% of un i t  cos t s  estimated f o r  fishways, f i s h  locks,  and 
f i s h  l i f t s  may be incurred. 

6.2. Cos t  of Supplying ,4t t ract ion Water 

Ihe pool  and weir ,  ve r t i ca l  s l o t ,  and &ni l  pa t te rns  (Figures 1 
t h r o u g h  3) require  augmented water f o r  a t t r a c t i o n  and a s imi la r  type 
of entrance.  Although the s t ruc tu ra l  cos t  can be assuined t o  be included 
in the above c o s t s ,  the cos t  of providing the  water w i l l  vary,  depending 
O i i  whcttier i t  i s  t u  be supplied by gravi ty  o r  pumping. lhe  cos t  of 
supplying water by gravi ty  i s  derived from the  loss  iii power value incur-  
red by not passing t h i s  water through the  generdtinq system. 
assume 0 . 2 8  m3/s (10  f t 3 / s )  of a t t r a c t i o n  water i s  t o  be supplied from 
the  forebdy by gravi ty  cat 305 cm (10 f L )  o f  head for 90 ddys and power 
valued a t  $0.05/kWh, a power value 1 O S S  of $900 would be incurred. 

I f  we 

I f  the  same 0 .28  rn"/s (10 f t 3 / s )  a t t r a c t i o n  water i s  noL supplied 
from the forebay by g rav i ty ,  b u t  m u s t  be pumped t o  a level of 122  crn 
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( 4  f t )  above the t a i lwa te r  l e v e l ,  the  value o f  the power needed t o  r u n  
t,he pumps f o r  90 days i s  estimated t o  be $450. However, added t o  t h i s  
cos t  would be the cos t  of pumping equipment. 
expense would add about $677/year, t o  the est imate  o f  pumping a t t r a c t i o n  
water (20-year. wri teoff  f o r  equipment). Therefore, the annual cos t  
for. pumping a t t r a c t i o n  water under these conditions would be $1127 per 
0 . 2 8  m3/s (10 f t 3 / s ) .  

We est imate  tha t  t h i s  

From t h i s  comparison, we est imate  t h a t ,  f o r  heads of 3.05 m (10 
f t )  o r  l e s s ,  a t t r a c t i o n  water can be supplied by gravi ty  supply from 
t h e  forebay. For f a c i l i t i e s  with a head above 4.6 m (15 t t ) ,  we e s t i -  
mate i t  would be cheaper t o  supply a t t r a c t i o n  water by pumping. 
New England, most a t t r a c t i o n  water systems a r e  grav i ty  suppl ies  including 
heads up t o  1 9 . 2  111 (63 f t) .  

In 

6 . 3 .  Operating and Maintenance Cost 

There a r e  annual operating and maintenance (0 + M) cos ts  on an 
annual bas i s  f o r  any f i s h  passage f a c i l i t y .  The fishway systems (Figures 
1 t o  3)  have an estimated annual O + M cos t  of 2 t o  3% o f  u n i t  cos t .  
F i s h  lock annual 0 + M costs are  estimated t o  be 1 t o  5% o f  uni t  c o s t ,  
whereas annual 0 + M cos ts  f o r  a f i s h  l i f t  system a r e  estimated t o  be 
2 t,o 14% of  u n i t  cos t .  
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7. SUMMARY 

This report analyzes basic design considerations for facilities 
that are appropriate to pass fish upstream around small dams that may 
be retrofitted to produce hydroelectricity in the capacity range of 25 
MW or less (small scale hydroelectric facilities). Summarized below 
are the major observations and results o f  this analysis. 

1. The possible requirement of f i s h  passage facilities at 
small scale hydroelectric projects may be a factor in 
the overall feasibility of developing projects on a 
site-specific basis. 

2. The primary determinants of whether fish passage 
facilities may be required at a given site are the 
species of f i s h  inhabiting or using the stream or 
river and the availability of suitable spawning habi- 
tat upstream from the dam site. 
agencies should be consulted for specific guidance. 

State and Federal 

3. There is a high probability o f  passage facilities 
being required for fish species whose life history 
includes upstream migration for spawning activity 
(e.g., salmon, steelhead trout, resident trout and 
char, American shad, and striped bass). 

4. Information on general life history and geographic 
distribution for fish species potentially requiring 
passage is presented in Section 2. 

5. Important biological factors that are necessary t o  

consider when designing fish passage facilities include 
gas bubble disease; fish swimming speed as related t o  
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f i s h  l e n g t h ,  temperature,  oxygen c o n c e n t r a t i o n ,  and 

presence o f  t o x i c  substances; oxygen consumption o f  

f i s h  r e l a t e d  t o  f i s h  s i z e ,  temperature,  swimming speed, 

and t o x i c  substances; f i s h  jumping a b i l i t y ;  and f i s h  

behav io r .  

6. Gas bubble d isease occurs a t  s u p e r s a t u r a t i o n  l e v e l s  o f  

about 115%, b u t  by moving i n t o  deeper depths,  a f i s h  

can a v o i d  t h e  d isease as a r e s u l t  o f  t h e  i nc reased  

s o l u b i l i t y  o f  gases w i t h  i nc reased  p ressu re .  

example, s u p e r s a t u r a t i o n  o f  125% can be reduced t o  

100% by moving 2 .5  in below t h e  su r face .  

For  

7 .  The maximum speed a f i s h  can swim i s  t h e  b u r s t  speed, 

which i s  up t o  8 body lengt,hs/s. T h i s  speed can be 

ma in ta ined  f o r  o n l y  a few seconds. 

8. '[he s u s t a i n a b l e  maximum  deed, or c r i t i c a l  speed, i s  

g e n e r a l l y  about 4 t o  5 body l eng ths /s  and can be 

ma in ta ined  f o r  a f e w  minutes o r  hours. Ihe c r i t i c a l  

speed increases w i t h  body 1 ength and teniperature and 

decreases w i t h  t he  presence o f  t o x i c  substances and 

w i t h  a r e d u c t i o n  i n  oxygen below t h e  s a t u r a t i o n  l e v e l .  

9. The normal swimming speed o f  a f i s h  i s  between 1 and 3 

body l e n g t h s / s ,  and t y p i c a l  l y  swimming speeds g r e a t e r  t han  

3 body l eng ths /s  a r e  p r e v a l e n t  d u r i n g  f e e d i n g  a c t i v i t y .  

10.  Oxygen consumption i n  f i s h  i nc reases  w i t h  swimitlir,g 

speed and temperature.  A t o x i c  substance 1 i ke copper,  

which impacts b iochemical  processes, w i l l  i nc rease  

t h e  r e s p i r a t i o n  r a t e ,  and a substance l i k e  pulpwood 

f i b e r ,  which damages t h e  g i l l s ,  w i l l  decrease the 
r e s p i r a t i o n  r a t e .  
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11. I n  schools ,  t h e  d i s t a n c e  between f i s h  i s  about two t o  

t h r e e  t imes t h e  body l eng th .  

12. Feeding and s c h o o l i n g  behav io r  depend on l i g h t  

c o n d i t i o n s .  G e n e r a l l y ,  f i s h  school  i n  t h e  day arid 

d i s p e r s e  i n t o  loose groups a t  n i g h t .  Young f i s h  a r e  

o f t e n  a t t r a c t e d  t o  l i g h t ,  and a d u l t  f i s h  a r e  g e n e r a l l y  

r e p e l l e d  by l i g h t .  

dusk and a t  n i g h t .  

A d u l t  f i s h  f e e d  p redominan t l y  a t  

13. Three b a s i c  types o f  f a c i l i t i e s  are a p p r o p r i a t e  f o r  
pass ing  f i s h  upstream around smal l  s c a l e  h y d r o e l e c t r i c  

f a c i l i t i e s  ( f i shways ,  f i s h  l o c k s ,  f i s h  l i f t s ) .  In  t h e  

Nor theas t  Region, t he  U.S .  F i s h  and W i l d l i f e  Se rv i ce  i n  

c o n j u n c t i o n  w i t h  s t a t e  agencies p rov ides  des ign,  

o p e r a t i o n ,  and f l o w  c r i t e r i a  for .  f i s h  passage 

f a c i  1 i t i e s .  

14. S e c t i o n  4 g e n e r a l l y  descr- ibes t h e  t h r e e  t ypes  o f  upstream 

f i s h  passage s t r u c t u r e s  and genera l  dimensions suggested. 

15. The swimming a b i l i t y  o f  f i s h  species r e q u i r i n g  passage 

i s  one o f  t h e  most i m p o r t a n t  des ign  c o n s i d e r a t i o n s  f o r  

f i s h  passage s t r u c t u r e s .  Swimming a b i l i t y  d i c t a t e s  

a t t r a c t i o n  v e l o c i t i e s ,  wa te r  v e l o c i t i e s  i n  r e s t i  rig 

areas,  and t h e  s i z e  of s t r u c t u r e s  r e q u i r e d .  

16. S i t e - s p e c i f i c  f a c t o r s  t h a t  can a l t e r  t h e  swimming 
a b i l i t y  o f  f i s h  must be known and i n c l u d e d  i n  v e l o c i t y  

c o n s i d e r a t i o n s  (e.g. ,  wa te r  q u a l i t y  and temperature) .  

17. Behavior  o f  f i s h  species t o  be passed must be known be- 

cause s p e c i e s - s p e c i f i c  behav io r  may a f f e c t  t he  e f f i c i e n c y  

o f  passage. 
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18. 

19. 

20. 

21.  

22. 

23. 

24. 

The l o a d i n g  r a t e  and h o i s t i n g  t imes f o r  f i s h  l ocks  and 

1 i f t s  iilust. he a d j u s t e d  Lo mai ntal: n adequate d i s s o l v e d  

oxygen 1 eve1 s .  

Regardless o f  t h e  t y p e  o f  passage f a c i l i t y  used, 

a t t r a c t i o n  water  must be a v a i l a b l e  t o  encourage t h e  

f i s h  t o  l eave  t h e  normal r i v e r  f l o w  and e n t e r  t h e  

dev i  ce. 

Care fu l  a t t e n t i o n  should be Given t o  Lhe des ign  o f  

ent rance and e x i t  p o s i t i o n  o f  a passage s t r u c t u r e ,  

because these components can a f f e c t  t h e  o v e r a l l  

e f f i c i e n c y  o f  t h e  system. 

Some b a s i c  comparat ive c o s t  c o n s i d e r a t i o n s  f o r  upstream 
passage a r e  g i v e n  i n  S e c t i o n  6. 

U n i t  c o s t  f u r  f ishways a p p r o p r i a t p  f o r  smal l  hydro- 

e l e c t r i c  f a c i l i t i e s  a r e  es t ima ted  t o  range from $8000 

t o  $20,000 p e r  30.5 cm (1 f t ) ,  o f  h e i g h t  r e q u i r e d  f o r  

passage. Opera t i on  and maintenance c o s t s  f o r  f ishways 

a r e  e s t i m a t e d  t o  be 2 t o  3% o f  t o t a l  u n i t  c o s t s  

annual l y .  

U n i t  c o s t s  f o r  f i s h  l o c k s  a p p r o p r i a t e  f o r  smal l  hyciro- 

e l e c t r i c  f a c i l i t i e s  a r e  e s t i m a t e d  t o  range from $7000 

t o  $30,000 p e r  30.5 cm (1 f t ) ,  w i t h  annual o p e r a t i o n  and 
maintenance es t ima ted  a t  1 t o  5% o f  t o t a l  u n i t  c o s t .  

U n i t  c o s t s  f o r  f i s h  l i f t s  a r e  es t ima ted  t o  be $5800 t o  

$30,000 p e r  30.5 crn (1 f t ) ,  w i t h  annual o p e r a t i o n  and maintenance 
c o s t s  es t ima ted  a t  1 t o  14% o f  t o t a l  u n i t  cos t .  
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25. The c o s t s  assoc ia ted  w i t h  s u p p l y i n g  a t t r a c t i o n  wate r  

depend on whether t h e  water w i l l  be s u p p l i e d  by g r a v i t y  

o r  pumping. 
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