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ABSTRACT 

H I L D E B K A N D ,  S. G .  (Ed. 3. 1980. Analysis of environmental 
i s sues  relat,ed t o  small-scale hydroe lec t r ic  developmerit. 
111: Water leve l  f l uc tua t ion .  ORNL/TM-7453. Oak Ridge 
National Laboratory, Oak Ridge, Tennessee. 132  pp.  

This r epor t  i d e n t i f i e s  po ten t i a l  environmental impacts i n  

r e se rvo i r s  and downstream r i v e r  reaches below darns t h a t  may be caused 

by t h e  water level f luc tua t ion  r e s u l t i n g  from development and 

operat ion o f  smal 1 s c a l e  hydroe lec t r ic  p ro jec t s .  (Small scdle  

hydroe lec t r ic  p ro jec t s  a r e  defined a s  e x i s t i n g  dams t h a t  can be 

r e t r o f i t t e d  f o r  hydroe lec t r ic  power generat ion to  a t o t a l  s i t e  

capac i ty  of  ( 2 5  I MW.) 
The impacts discussed wi l l  be of po ten t i a l  concern a t  only those 

small-scale hydroe lec t r ic  p ro jec t s  t h a t  a r e  operated i n  a s t o w  and 

r e l ease  (peaking) mode. Poten t ia l  impacts an physical and chemical 

c h a r a c t e r i s t i c s  in  r e se rvo i r s  r e s u l t i n g  from water level  f l uc tua t ion  

include resuspension and r e d i s t r i b u t i o n  of bank and bed sediment; 

leaching of so luble  organic mat ter  from sediment i n  t he  l i t t o r a l  zone; 

and changes i n  water q u a l i t y  r e s u l t i n g  from changes i n  sediment and 

nut r ien t  t r a p  e f f i c i ency .  Poten t ia l  impacts on r e se rvo i r  b io t a  a s  a 

resul t  o f  water level  f l uc tua t ion  include hab i t a t  des t ruc t ion  and t h e  

r e s u l t i n g  p a r t i a l  o r  t o t a l  l o s s  of aquat ic  spec ies ;  changes i n  h a b i t a t  

q u a l i t y  , which resiil t i n  reduced s tanding crop and production of 

aquat ic  b io t a ;  and poss ib le  s h i f t s  i n  spec ies  d i v e r s i t y .  

The po ten t i a l  physical  e f f e c t s  o f  water leve l  f l uc tua t ion  on 

downstream systems below dams a r e  (1) streambed and bank erosion and 

(2)  water q u a l i t y  problems r e l a t e d  t o  resuspension and r e d i s t r i b u t i o n  

of t hese  mater ia l s .  Poten t ia l  b io logica l  impacts of water level  

f l uc tua t ion  on downstream systems below dams r e s u l t  from changes i n  

cu r ren t  ve loc i ty ,  h a b i t a t  reduct ion,  arid a l t e r a t i o n  i n  food supply. 

These a l t e r a t i o n s ,  e i t h e r  s ing ly  o r  in combination, can adversely 

a f f e c t  aqua t i c  populations below darns, 



] h e  n a t u r e  a n d  potential significance of adverse  impacts 

resulting f r o i i i  water level fluctuation a re  d iscussed .  Recommendations 

f o r  site-specific evaluation of water leve l  fluctuation a t  smal l - sca le  

hydroeleclric p r o j e c t s  a r e  presented. 
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1. INTRODUCTIOK 

In 1.977 the U.S.  Department o f  Energy ( D O E )  i n i t i a t e d  a program 

t o  st irnulate the redevelopment o f  e x i s t i n g  dams f o r  hydroe lec t r ic  

generat ion.  The DOE Sinal l-Scale Hydr.oe1ec.tric: Development Program i s  

d i r ec t ed  toward dam and impoundment systems t h a t  have a poten t ia l  

capaci ty  o f  25 MW o r  l e s s .  Through b o t h  technical  support  and 

f inanc ia l  a s s i s t a n c e ,  the  DOE goal i s  t o  s t imula te  development by the  

publ ic  arid p r i v a t e  s e c t o r  o f  10011 MW o f  capaci.t.y by 1985. The 

Smal I-5cal e Hydroelectric Program i 1 x 1  udes an Envi ronmeiatal ~ ~ ~ ~ r ~ ~ g r ~ ~  

f o r  i den t i fy ing  and analyzing poten t ia l  environmental i s sues  r e l a t ed  

t o  m a l  1- sca l e  hydroe lec t r ic  (SSH) development. This repor t  addresses 

the po ten t i a l  ecological  concerns r e l a t ed  t o  water level f.iiuct.uat.ion 

t h a t  may occur as  a r e s u l t  o f  t h e  operatioti  o f  hydroe lec t r ic  

f a c i l i t i e s  i n  support  o f  the  Environmental Subprogram Plan.  

The mode of operat ion o f  a hydroe lec t r ic  f a c i l i t y  i s  the  prime 

deterniinant o f  t h e  potent ia l  s ign i f i cance  o f  ecological  impacts 

r e l a t ed  t o  water level f l uc tua t ion .  Three general classes of 

operat ion (Linsley and Franzini 19723 can Lie . ident i f ied  f o r  

h,ydroelectric f a c i l i t i e s :  (1) r*uti-of-river~, (2) stdorage, and 

( 3 )  pumped-storage. A s t r i c t  run-of - r iver  f a c i l i t y  genera l ly  has 

extir.emely 1 imi t ed  watev s torage  capaci ty  and only uses normal r i v e r  

f 1 uw Fray hydroel e c t r  i c gene r a t  i 011. S t r i c t  r u n -  o f -  r i ver hydroe 1 ec t r i  c 

operat ion should not increase water level  f l uc tua t ion  laeyond 

f luc tua t ions  already present  i n  the  drainage basin.  However., ~oine 

hydroe lec t r ic  f a c i l i t i e s  c lassed  as run-of-r iver  have enough water 

s torage  capac i ty  (pondage) t o  permit s t o r i n g  water during off-peak 

hours f o r  use during pcak h o u r s  o f  t he  same day. A l imi ted  peaking 

operat ion of t h i s  type wi l l  r e s u l t  i n  some water level  f l u c t u a t i o n  

t h a t  may cause environmental impacts” 

A t r u e  s torage  hydroe lec t r ic  f a c i l i t y  includes a r e se rvo i r  o f  
s u f f i c i e n t  s i z e  t o  permit water s torage  from the  wet season t o  t h e  dry 

season. This s torage  capabi 1 i t y  can provjde  consi s t e n t  f 1 ows f o r  

hydroe lec t r ic  genera t ion ,  which a r e  considerably g r e a t e r  than the  

. -  
- I  
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miniinuin natura1 f l o w s  in  the  basin.  Storage hydroe lec t r ic  systems can 

a1 s o  be operated i n  a peaking mode. Mater level  f l uc tua t ion  w i  1 1  be 

assoc ia ted  with the operatxion o f  s torage  hydroe lec t r ic  f a c i l  i t i e s .  

A puniped-storage f a c i l i t y  includes an upper and a lower 

r e se rvo i r .  Power i s  generated f o r  peak dernalid, bu.t during off-peak 

hours,  secondary power i s  used t o  pump water from the lower r e se rvo i r  

t o  the  upper r e se rvo i r  (Linsley and Franz-ini 1972). Pumped-storage 

opera t i  on can cause considerable  water 1 eve7 f 1 uctuatioil .  

About 5000 e x i s t i n g  dams w i t h i n  the  United S t a t e s  have been 

ide i i t i f ied  a s  having the  po ten t i a l  f o r  addi t iona l  hydroe lec t r ic  

generat ion (1J.S- Army Corps o f  Engineers 1979) .  The percentage o f  

these s i t e s  t h a t  would be developed t o  operate  i n  run-of-r iver  o r  

s torage  mode i s  not known. A t  .those s i t e s  developed in  a s t r i c t  

run-of - r iver  inode, water level  f l uc tua t ion  should not occur.  

Development o f  s i t e s  as s torage  o r  peaking f a c i  1 i t i e s  would cause 

water level  f l  uctiiation and cou ld  cause environmental impacts. 

This repor t  i d e n t i f i e s  and d iscusses  generic ecological  i s sues  

r e l a t ed  t o  water '  level  f l uc tua t ion  in  both r e se rvo i r  ecosystems 

(Sect ions 2 and 3)  and r i v e r i n e  systems below a dam (Sect ions 4 and 

5) .  Physical ~ chemical, and b io logica l  concerns a r e  discussed. 

Section 6 o f f e r s  general guidance f o r  analyzing water level  

f l uc tua t ion  i ssues  on a s i t e - s p e c i f i c  bas i s .  Appendix A presents  a 

q u a n t i t a t i v e  methodology fo r  pred ic t ing  loss  o f  shore zone hab i t a t  i n  

a r e se rvo i r  r e s u l t i n g  from water level  f l uc tua t ion .  

T h i s  r epor t  i s  the t h i r d  in  a s e r i e s  analyzing environmental 

i s sues  r e l a t ed  t o  small-scale hydroe lec t r ic  development. The f i r s t  

repor t  in  the  s e r i e s  (Loar e t  a l .  1980) examines the top ic  of 

dredging. The second repor t  ( H i  1 d e b r a n d  1980) addresses design 

cons idera t ions  f o r  f a c i l i t i e s  t o  pass f i s h  upstream around dams. All 

t h ree  reporsts are ava i l ab le  f o r  purchar;e f r o m  t h e  National Technical 

Information Serv ice ,  IJ. S. Department of Commerce, 5285 Por t  Royal 

Road, Sp r ing f i e ld ,  V i  ryi  rtia. 
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2. IMPACTS OF WATER IEUEI. FLUCTUATION ON PHYSICAL 
AND CHEMICAL CHARACTEKL5TICS OF RESFRVOIRS 

R .  R. Turner 

S e c t i o n  2 p resen ts  and g e n e r i c a l l y  eva lua tes  t h e  p o t e n t i a l  

a b i o t i c  ( i . e . ,  p h y s i c a l  and chemica l )  impacts  o f  wa te r  l e v e l  t l u c t u a -  

t i o n s  on r e s e r v o i r s  (impoundments). P o t e n t i a l  env i ronmenta l  i ssues  

t h a t  may a r i s e  a t  any small h y d r o e l e c t r i c  s i t e  a r e  i d e n t i f i e d  and 

ana lyzed i n  t h e  c o n t e x t  o f  t h e  c o n t r o l l i n g  c h a r a c t e r i s t i c s  and 

v a r i a b l e s  t h a t  de termine  t h e  n a t u r e  and s e v e r i t y  o f  any env i ronmenta l  

impact .  The most i m p o r t a n t  c o n t r o l  1 i n g  c h a r a c t e r i s t i c s  de te rm in ing  

t h e  n a t u r e  and s e v e r i t y  o f  impacts  a r e  (1) t h e  range o f  wa te r  l e v e l  

f l u c t u a t i o n s  and (2 )  impoundment morphology. Appendix A c o n t a i n s  a 

comprehensive and d e t a i l e d  t r e a t m e n t  o f  t h e  geomet r ic  r e l a t i o n s h i p s  

between these v a r i a b l e s  and shou ld  be c o n s u l t e d  as a p r e l u d e  and 

campanion t o  t h i s  s e c t i o n .  The goal  o f  S e c t i o n  2 i s  t o  p r o v i d e  t h e  

p o t e n t i a l  deve loper  o f  a smal l  h y d r o e l e c t r i c  s i t e  w i t h  a conven ien t  

and r a p i d  methodology f o r  i d e n t i f y i n g  p o t e n t i a l  a b i o t i c  env i ronmenta l  

i ssues  t h a t  may a r i s e  a t  t h e  s i t e  because o f  an un favo rab le  

comb ina t ion  o f  p h y s i c a l  and chemical  c h a r a c t e r i s t i c s .  

The p r i m a r y  a b i o t i c  e f f e c t s  o f  wa te r  l e v e l  f l u c t u a t i o n s  w i t h i n  

impoundments n o t  f o r m e r l y  exposed t o  such f l u c t u a t i o n s ,  o r  exposed t o  

d i f f e r e n t  tempora l  p a t t e r n s  and ranges o f  f l u c t u a t i o n s ,  a r e  expected 

t o  i n v o l v e  wa te r  q u a l i t y  and t h e  s t a b i l i t y  o f  s h o r e l i n e  (bdnk) and 

s u b s t r a t e  (bed), 

S p e c i f i c a l l y ,  these e f  fecl,s may be summarized as: 

1. A l t e r a t i o n  o f  t h e  development and p e r s i s t e n c e  o f  
thermal  s t r a t i f i c a t i o n  and a l t e r a t i o n  o f  t h e  wa te r  
qua1it.y parameters t h a t  a r e  coup led  t o  
s t r a t i  f i c a t  i o n .  

2. Resuspension and r e d i s t r i b u t i o n  o f  bed and b a n k  
s u b s t r a t e  m a t e r i a l  s ( so i  1 s and sediments)  w i t h i n  
t h e  new l i t t o r a l  ( o r  shore)  zone d e f i n e d  by  t h e  
wa te r  l e v e l  f l u c t u a t i o n s  imposed by h y d r o e l e c t r i c  
o p e r a t i o n s .  
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3 .  Leaching o f  soluble  matter from subs t r a t e  material  
in  t h e  l i t t o r a l  zone a s  water moves i n t o  and out, 
of  t he  i n t e r s t i c e s  (bank s torage)  o f  t h i s  
subs t r a t e  in  response t o  watpr level f l uc tua t ions .  

4. Changes in  sediment dnd nu t r i en t  r e t en t ion  ( t r a p  
e f f i c i ency)  by the  impoundment, and t h e  r e su l t i ng  
changes in  impoundment water yud l i ty ,  a s  a 
consequence of changes. i n  c i  rculaL i o n  pa t t e rn  and 
hydraulic flushi'ng r a t e  imposed by the  
hydroe lec t r ic  generation. 

Water level f l uc tua t ions  e f f e c t i v e l y  a l t e r  the  s i z e  o f  the  

impoundment 1 i t t o r a l  zone and tempcsrari l y  a1 t e r  the volume o f  

impounded water. A wideried 1 i tLoral  zone provides a l a rge r  surface 

area over which abrasional processes (waves, cu r ren t s ,  and i c e )  may 

operate  and, i n some c i  rcumstance; ~ may increase the  re1 a t i  ve 

importance of bank s torage i n  t he  r e se rvo i r  wat.er balance and water 

qua l i ty .  Volume changes may d i r e c t l y  a f f e c t  the  c i r c u l a t i o n  p a t t e r n ,  

hydraulic e f f i c i ency ,  a.nd thermal regime o f  an impoundment. The 

nature and seve r i ty  of physical and chemical e f f e c t s  r e su l t i ng  from 

water level  f l uc tua t ion  a re  determined by one o r  more of the following 

f ea tu res  (determinant charac te r<  s t i c s )  of an impoundment: morphology, 

geographic locat,ion ( l a t i t u d e  and cl  irnate zone) t r i b u t z r y  hydrology, 

timing and range of  water level f l u c t u a t i o n ,  charac te r  o f  bed and bank 

s u b s t r a t e ,  and wind conditions (speed, d i r e c t i o n ,  and dura t ion) .  

In t h e  following subsect ions,  determinant c h a r a c t e r i s t i c s  (e .g .  ~ 

morpho1 ogy) t h a t  a f f e c t  each impoundment response charactevi  s t i  c 

( e . y . ,  thermal regime) .?re discussed in  the  context o f  the  four 

poten t ia l  a b i o t i c  e f f e c t s  o f  water leve? f luc tua t ions  summari'zsd 

above. I f  poss ib le ,  the  d i r ec t ion  and magnitude of the  changes i n  

impoundment response c h a r a c t e r i s t i c s  engendered by changes in  the  

determinant c h a r a c t e r i s t i c s  a rc  indicated.  With t h i s  approach 

combinat.ions o f  physical featsure., o f  a candidate sinal 1 hydroe lec t r ic  

s i t e  t ha . t  may ejthtlr precl  i.ide, r e s t r i c t ,  o r  encourage developinenb; on 

environmental g.r.ounds can be i d e n t i f i e d .  
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2 . 1  Impacts on Thermal Regime and Cir*culation Pa t te rn  

The thermal regime (conten t  and dis t , r ibu t ion  of heat o r  

temperature s t r u c t u r e )  o f  an irnpoLindment va r i e s  in  response t o  

c i r c u l a t o r y  processes arid seasonal and other. episodic i iiputs and 

out ,p i i t s  of heat .  In some cases ,  the thermal regime o f  impoundments 

may be s i g n i f i c a n t l y  influenced by d.ischarge o f  heated e f f l u e n t s  from 

power p l an t s  (Benedict e t  a l .  1973) o r  o ther  i ndus t r i a l  sources.  The 

po ten t i a l  e f f e c t s  o f  water level f luctuat . ions on thermal regime m u s t  

be evaluated aga ins t  t h i s  background. 

The chief  environmental i s sue  r e l a t ed  t o  the  thermal regime o f  an 

impoundiiient i s  the  water- qual; t,y problems caused by -thermal 

s t r a t i f i c a t i o n  ( i - e .  , low or absent concentrat ions o f  d i sso l ved  oxygen 

and h igh  concentrat ions of  mineral s - - p a r t i c u l a r l y ,  Fe, Mn, NW,, and 

H 2 S - - i n  hypolimnetic water) .  As i n  natural  lakes i n  temperate 

regions,  t he  morphometric p rope r t i e s  of  depth and sur face  area l a rge ly  

determine whether an impoundment w i t h  a s u r f a c e  o u t l e t  w i l l  thermally 

s t r a t i f y .  I f  o the r  f a c t o r s  a r e  equal ,  a deeper,  more she l t e red  (from 

wind f e t ch )  impoundment w i t h  a smaller  sur face  a rea  is  more l i k e l y  t o  

s t r a t t f y  than i s  a shallow, exposed impoundment w i t h  a la rge  surface 

a rea ,  

In  contrast  t o  natural  lakes  w i t h  l o w  hydraul ic  flushiri  

and heat  budgets dominated by d i r e c t  s o l a r  i npu ts ,  the thermal regime 

o f  impoundments w i t h  h i g h  hydraul ic  f lush ing  rates can be dominat,ed by 

t h e  temperature charac te r i  s t i  cs o f  t r i b u t a r y  sLreams (advect ive heat  

i n p u t s )  and by the  circulation pa t t e rns  induced by these  streams 

(Farmack e t  a l .  1979). Seasonally cold inf . luents  (e.  . ~ snow-melt 

waters)  can a c t  t o  prolong overa l l  spr ing  warming of ari impoundment, 

delay developflierat, of s t r a t i f i c a t i o n  i n  t h e  sp r ing ,  and hasten cooling 

and d e s t r a t i f i c a t i o n  i n  t he  f a l l  (Hutchinson 1957). I f  snow-melt. 

waters a r e  n o t  a component o f  t r i b u t a r y  i n f l o w  t o  an impoun 

sp r ing  inflows are  l i k e l y  t o  be warmer- (and l e s s  dense i f  temperature 

i s  greater than 4'C) than most o f  the  cu r ren t ly  pooled water and m3.y 

r e su l t .  i n  f a s t e r  warming of  sur face  water and development o f  
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s t r a t i f i c a t i o n .  Depending on the d e p t h  o f  w i thd rawa l  f rom t h e  

impoundiwnt, warm s p r i n g  i n f l o w  may f l o w  comp le te l y  over  u n d e r l y i n g  

water  l a y e r s ,  wh ich  a r e  c o l d e r  and denser, w i  t A o u t  s i g n i f  i c a r i t  i i i i x i ng  

and c r e a t e  thermal s t r a t i f i c a t i o n ,  which i s  induced almost, e n - t i r e l y  by 

t r i b u t a r y  i n f l o w  ( C h u r c h i l l  1958, Huber e t  a l "  l ' L 7 Z ) .  

Wind v e l o c i t y ,  wind d i r e c t i o n ,  and t h e  f e t c h  ( l e n g t h  o f  water  

sur face  over  which t h e  wind i s  b low ing )  d i r e c t l y  a f f e c t  thermal  

s t r u c t u r e  by t h e  (I.) p h y s i c a l  m i x i n g  o f  s u r f a c e  water  by w i n d - d r i v e n  

waves and c u r r e n t s  arid ( 2 )  convec t i ve  m i x i n g  assoc ia ted  w i t h  

evapora t i ve  and r a d i a t i v e  heat  losses .  Given t h e  same f e t c h  ove r  open 

wa te r ,  h i g h e r  w ind  v e l o c i t i e s  may be expected t o  r e s u l t  i n  g r e a t e r  

thickness of t h e  e p i l i m n i o n  (mixed l a y e r ) .  A lso ,  winds o f  extended 

d u r a t i o n  f r o m  t h e  same d i r e c t i o n  may induce inc reased  m i x i n g  o f  

deeper, c o o l e r  wa te r  i n t o  t h e  e p i l  imnion,  p a r t i c u l a r l y  on t h e  windward 

s i d e  o f  an impoundment. Sur face  water  c o o l i n g  a s s o c i a t e d  w i t h  

evapora t i ve  hea t  l o s s  i s  a f u n c t i o n  o f  a i r  tempera ture ,  water  

tempera ture ,  s o l a r  r a d i a t i o r i ,  r e l a t i v e  humid- i t y ,  and w ind  speed 

(Warnderl i c h  1971). Depending on p r e v a i  1 i ng a i r  and water 

temperatures,  s o l  a r  r a d i a t i o n ,  and h u m i d i t y  , i ncreas i  ng w i  nd speed i s  

expected t o  i nc rease  t h e  r a t e  O F  s u r f a c e  wa te r  c o o l i n g  and also 

i nc rease  t h e  r a t e  o f  c o n v e c t i v e  i i-rixing. 

The range o f  wa te r  l e v e l  f l u c t u a t i o n s  may i n f l u e n c e  thermal  

reg ime,  m a i n l y  by r a i s i n g  and l o w e r i n g  an imag ina ry  h o r i z o n t a l  p lane  

w i t h i n  an impoundment above which w ind  waves can s i g n i f i c a n t l y  mix  t h e  

water  column. I f  t h e  wave h e i g h t ,  l e n g t h ,  and per iod  are  known, t h e  

t h e o r e t i c a l  maxiniurn depth  o f  s i g n - i f i c a n t  i n f l u e n c e  by wind waves and 

t h e  p o s i t i o n  o f  the imag inary  p l a n e  can be c a l c u l a t e d .  G e n e r a l l y ,  

b e l  ow depths approx ima t ing  one- ha1 f t h e  wave I ength,  wave- i nduced 

m i x i n g  i s  min imal  (Chow 1968). T h i s  imag ina ry  p lane ,  o r  "wave base," 

i n t e r s e c t s  t h e  bottoiit, d i v i d i n g  the impoundmen't i n t o  t w o  zclnes, t h e  

relative volumes o f  which depend h i g h l y  on impoundment morphometry. 

In  some s h a l l o w  impoundments, t h e  e l e v a t i o n  o f  t h e  t h e o r e t i c a l  wave 

base may be below t h e  g r e a t e s t  depth  o f  t h e  impenndment, even a t  

maximuin pool e l e v a t i o n ,  and a11 p a r t s  o f  t h e  water  columri would be 
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tt1eoreti ca 

d i me rI s i on s 
occur c o n t  

l y  within range o f  mixing by wind waves of s u f f i c i e n t  

and periocls. This does n o t  iiiiply t h a t  w i n d  waves wil l  

nuously enough t o  maintain complete mix ing  of t h e  enti  re 

water colcinin, or t h a t  o the r  f a c t o r s ,  such a s  sharp changes i n  t h e  

w a t e r  d e n s i t y  versus water depth p ro f - i l e ,  car1 be i g n o w d .  Because 

wave base a t  any given time i s  determined by the proper t ies  o f  the  

ex tan t  wind waves, wave base may be expected t o  vary hour ly ,  daily, 

and seasonal ly  a s  wave p rope r t i e s  vary. Also, sharp clerisj t y  q r a d i e n t . ~  

( e . g .  ~ a t  a thermocline) can r e s t r i c t  e f f e c t i v e  wave m i x i i y  t o  higher  
e leva t ions  than would be predicted from the  pos i t ion  o f  t h e  
t heo re t i ca l  wave base. 

T h e  impoundments of most i n t e r e s t  i n  evaluat ing t h e  e f f e c t s  o f  

water level  f l uc tua t ions  assoc ia ted  with small hydroe lec t r ic  

operat ions are t h o s e  impoundments where some substantial vol WE i s  

e i t h e r  r a r e l y  o r  never  within the  depth range o f  s i g n i f i c a n t  wave 

m-ixing a t  either. maximiim, o r  normal, pool e l eva t ion ,  b u t  i s  brought 

i n t o  range episodically by water level drawdown f o r  hydrae lec t r ic  

generat ion.  Such a s i t u a t i o n  i s  most l i k e l y  t o  occur w i t h  an 

impounded river w i t h  a reasonably wide,  b u t  drowned, f loodplain amd an 

inc ised  former r i v e r  channel I Water level  f l uc tua t ion  m i g h t  De 

l imi ted  t o  e l eva t ions  on the s teeper  va l l ey  s ides  t o  ai/oid expinsing 

t h e  f l a t ,  former f loodpla in  ( s e e  Figure 1.1, b u t  could conceivably 

involve a l l  o f  the water column above t h e  former f loodplain i n  

per iodic  turbulen t  mixing by wind waves. Thermal s t r a t i f i c a t i o n  wn~11d 

probably be confined t o  water occupying the  former r i v e r  channel. 

In the presence of o ther  favorable  f ac to r s ,  a s h i f t  from s t a b l e  

t o  f luc tua t ing  water l e v e l s  could reduce the  tendency f o r  much o f  t h e  

r e se rvo i r  volume t o  become thermally s t r a t i f i e d  and, t hus ,  l e s s  l i k e l y  

t o  experience t h e  water qual i - t y  problems t h a t  of ten  a ~ ~ o ~ ~ ~ ~ ~ y  thermal 

s t r a t i f i c a t i o n .  If the  period a-f maximum windiness does not; coincide 

in  t ime w i t h  t h e  period o f  l i k e l y  development o f  thermal 

s t r a t i f i c a t i o n ,  any b e n e f i t  from more complete wind m;xi~ry w i l l  be 

reduced o r  e l iminated.  S imi l a r ly ,  i f  water level  ~ ~ ~ ~ ~ ~ ~ w n  i s  

inf requent ,  o f  si-iort dura t ion ,  o r  o f  1 imited range, oppor tuni t ies  f o r  

realizing t he  bene f i t s  o f  improved wind mix ing  may be i n s u f f i c i e n t .  



,./ NORMAL POOL LEVEL 

, WAVE BASE 
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F i g u r e  1. T h e o r e t i c a l  cross  s e c t i o n  o f  a r e s e r v o i r  showing how water  

f l u c t u a t i o n  c o u l d  expand t h e  inf1w.nc-e o f  wave mixirig. 
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117 summary, thermal regime and c i r c u l a t i o n  pa t t e rn  i n  a smaiil 

inrpounilment r e t r o f i t t e d  t o  p roduce  hydroe lec t r ic  power a r e  ! i o t  

expected .to be a f f ec t ed  .in a manner l . i k e l y  tr:, lead t u  wat.er qua l i t y  

prmblerns t h a t  were riot previously pu,esent a t  t h e  s . i t e .  In soiiie cases ,  

t h e  probable -improved mixing assoc ia ted  w-s ' th  water level f luc tua t ion  

may reduce the tendericy towards a n d  p e r s i  ster ice o f ,  thermal 

s t r a t i f i c a t i o n .  

2 . 2  Impacts on  Bank and Bed S t a b i l i t y  

S o i l s  and sediments wi-thin the l i t t o r a l  zone o f  an impoundment 

are pe r iod ica l ly  exposed t o  the  e ros ive  forces  o f  wind wave5, 

c u r r e n t s ,  and i c e .  A f t e r  i n i t i a l  exposirre t u  these forces,  the 

textiire (pa r t i c ' l e  s i r e  d i s t r i b u t i o n )  and angle o f  repose (topographic 

prof i  l e )  o f  these  material  s w i  1 I change u n t  i 1 some equ i  1 i br.i urn s t a t e  

i s  e s t ab l i shed  between the ac t ing  forces  and the ava i l ab le  subs t r a t e .  

After  t h i s  equi l ibr ium i s  es t ab l i shed ,  the topographic profile and 

physical cha rac t e r  o f  the  l i t t o r a l  zone wil 1 remain e s s e n t i a l l y  

unchanged, except i n  response t o  a change i n  water 'level o r  the  

occurrence o f  l a rge  storms which may temporarily iricrease the  e ros ive  

forces  appl ied t o  the  l i t t o r a l  zone by waves. 

A common fea tu re  o f  l i t t o r a l  zones t h a t  a r e  i n  e i i i l i b r i u m  i s  the  

para1 le1 development o f  wave-cut t e r r aces  and wave-bui it: t e r r aces .  

Generally,  some 0.f the  bank mater ia l  removed by waves i n  the  process 

o f  t e r r a c e  c u t t i n g  comprises the  mater ia l  o f  the  ad jacent  wave-built 

t e r race .  I f  wave-driven cu r ren t s  ( e .  g .  , lorigshore d r i f t )  o r  t r i b u t a r y  

inflow cu r ren t s  are p re sen t ,  considerable  material  from c u t  t e r r aces  

may comprise submerged of fshore  bars  and s p i t s .  

Impoundments p a r t i c u l a r l y  the  small e r  and more she1 tered ones ~ 

do not usua'l ly possess very h i g h  wave energy, except  perhaps where 

boat t r a f f i c  i s  heavy o r  t h e  wind f e t ch  over. open water .favors good 

wave development. Gradually shoa l ing  bottom contours  may a1 50 

d i s s i p a t e  wave energy before waves reach shore ~ Furthermore, the  
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growth o f  rooted aquat ic  p l an t s  and r ipa r i an  vegetat ion where S tab le  

water l eve l s  e x i s t  may p ro tec t  an otherwise vulnerable shore l ine  from 

the  occasional ly  ene rge t i c  a s s a u l t s  o f  waves and cu r ren t s .  Thus, t he  

c l a s s i c  development o f  wave-cut, and wave-built  t e r r a c e s  may not always 

e x i s t  over t he  e n t i r e  wetted perimeter o f  an impoundment. This lack 

of t e r r a c e  development i s  apparent in  a reas  where water level  does i 7 0 t  

f l u c t u a t e  s i g n i f i c a n t l y  and where the  bank i s  na tu ra l ly  rocky, only 

gradual ly  shoa l ing ,  or otherwise protected a g a i n s i  t he  e ros ive  forces  

o f  waves. 

In a reas  where w a t e r  level  does f l u c t u a t e ,  e spec ia l ly  in  

r e se rvo i r s  where bank mater ia l s  a r e  n o t  very well consol idated ( e . g . ,  

a l l u v i a l  f loodplain d e p o s i t s ) ,  these  mater ia l s  a r e  cont inua l ly  

resuspended and r ed i s t r ibu ted  in  the l i t t o r a l  zone. The ne t  r e s u l t  of 

t h i s  resuspension i s  the  p re fe ren t i a l  removal (winnowing) of the 

f i n e r ,  l e s s  dense p a r t i c l e s  ( s i l t ,  c l a y ,  organic matiter) from the 

l i t t o r a l  zone and redeposi t ion in  deeper and more quiescent  water 

(Hynes 1961, H u n t  and Jones 1.972, Grimas 1962). Complete 105s of 

these  p a r t i c l e s  from the  impoundment i n  the  outflow can a l s o  occur.  

Ihe material  remaining in  the  l i t t o r a l  zone a f t e r  extended exposure t o  

a f luc tua t ing  water level  i s  coarser  i n  p a r t i c l e  s i z e  than would be 

t he  case with a s t a b l e  water l eve l .  

- 

A 1  1 uvial  sediments, containing very 1 i t t l e  coarse  material  t h a t  

can withstand the  e ros ive  forces o f  waves and c u r r e n t s ,  may be 

pe r iod ica l ly  exposed by a f luc tua t ing  water l eve l .  In t h i s  case ,  

banks exposed a t  low water l eve l s  may be submitted t o  continuous 

undercutting and co l l apse ,  w i t h  t he  f ine-grained eroded material  

cont r ibu t ing  t o  increased t u r b  i di ty  o f  the water col Limn and 

acce lera ted  sedinientation r a t e  i n  deeper water (Xao and Pal t a  1973, 

Grimas 1962, Grimas 1965). 

As re se rvo i r s  aye,  they f i l l  with sediment i n  a complex manner, 

responding t o  t he  s i t e - s p e c i f i c  s p a t i a l  d i s t r i b u t i o n  of major sediment 

sources ( t r i b u t a r y  i nf 1 ows) and t o  numerous o ther  f a c t o r s ,  i ne1 ucli ng 

morphometry, water l e v e l ,  and hydraulic f lush ing  r a t e ,  Because 

influwing streams depos i t  the b u l k  of t h e i r  sed.irnent load near t h e  
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inflow points (Nee1 19631, reservoir volume i s  often reduced initially 
by siltation near the inflow (deltaic sedimentation], With stable 

water levels, the resulting delta advances gradually down the 

longitudinal axis o f  t he  reservoir, often leaving behind great-ly 

reduced water depth, except, in areas where the higher velocity of  

inflowing tributaries maintains a deeper channel or network of 

channels. Imposing water level fluctuations on an impoundment in 

which sediment.; were previously distributed under a stable water level 
may lead t o  rnajov redistribution of delta sediments near tributary 

inflows. Lowering the water level effectively lowers the local 
"structural base l eve l , "  de f ined  as the depth a t  which erosion by 

flowing water i s  balanced by deposition, with the consequence that 

previously deposited sediments can be resuspended and transported. 

T h u s ,  as demonstrated by Lara (1973),  regular drawdowns o f  a 
reservoi r can profound ly affect t h e  longitudinal and 1 ateral 

distribution o f  sediment. These effects may be beneficial to 
prolonged reservoir 1 i fe time because previously deposited sediments 
can be sluiced out o f  the reservoir, a process that ordinarily 

requires a deep outlet. However, the effects o f  sediment 

redistribution could be deleterious because o f  the excessive 

resuspension of sediments into the water column and the potential 

clogging o f  outlet structures ( e . g . ,  Nolichucky Project [TVA 19781). 

For a surface discharge reservoir subjected to water level 

fluctuations f o r  the first time, the sediment redistribution may 

substantially change the usable water storage (e. g .  , conservation 
storage) below a certain elevation (i.e., below minimum operating 

p o o l ,  but above dead storage). A though these changes may not 

directly affect routine reservoir operations, they could affect 
occasional operations such as f ood control preparation o r  

drought-year f l o w  augmentation. 

In summary, imposing water level fluctuations on an impoundment 
with no previous history o f  such fluctuations may increase erodibility 
of exposed banks (beaches) over the entire wetted perimeter of  an 

impoundment and resuspend and redistribute delta depos i t s .  Both 
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e f f e c t s  can l e a d  t o  i nc reased  t u r b i d i t y  o f  t h e  waLer  column and may 

l e a d  i n  some cases t o  u n d e s i r a b l e  r e d i s t r i b u t i o n  o f  stotdcjc c a p a c i t y  

i n  an impoundinent. 

2 . 3  Impacts  on Leaching o f  Bank %and Bed 

The a l t e r n a t e  i n u n d a t i o n  and dra inage t o  whitch s o i l s  and 

sediments i n  t h e  l i t t o r a l  zone i n  impoundments a re  exposed when water  

l e v e l  f l u c t u a t e s  iiiay l e z d  t o  i nc reased  l e a c h i n g  o f  s o l u b l e  m a t t e r  f rom 

the  exposed s u b s t r a t e .  Sediments o r  s o i  1 s t h a t  a t e  c o n t i n u o u s l y  

inundated  (sa turaLed w i t h  wa te r )  and t h a t  have o rgan ic  m a t t e r  p resen t  

have a s t r o n g  tendency t o  develop anaerob ic  ( c h e m i c a l l y  reduc ing )  

c o n d i t i o n s .  These c o n d i t i o n s  dre h i g h l y  conducive t o  t h e  

s o l u b i  1 i z a t i o n  o f  Some p l a n t  n u t r i e n t s  and meta ls ;  concentrat , ions o f  

these n u t r i e n t s  and meta ls  may inc rease  i n  t h e  i n t e r s t i t i a l  water o f  

f looded s o i l s  and sedii i ierits ( R i t t e n b c r g  e t  ill. 1955, Reddy and P a t r i c k  

1975) .  I n  sha l l ow  water ,  where ae rob ic  ( c h e m i c a l l y  o x i d i z e d )  

c o n d i t i o n s  a r e  l i k e l y  t o  p r e v a i l  i n  t he  water  o v e r l y i n g  f l o o d e d  s o i l s  

and sediments, a sharp g r a d i e n t  i n  t h e  c o n c e n t r a t i o n s  o-f  n u t r i e n t s  and 

meta ls  i s  1 i k e l y  t o  e x i s t  across  t h e  subs t ra te -wa te r  i n t e r f a c e  ( e .  g. , 
Lee 1970). N h e n  t h e  wa.Ler l e v e l  i s  lowered,  some o f  t h e  i n t e r s t i t i a l  

water ,  c o n t a i n i n g  h i g h e r  c o n c e n t r a t i o n s  o f  n u t r i e n t s  and meLals, iriay 

d r a i n  on to  t h e  su r face  o f  t h e  s u b s t r a t e  and e n t e r  t h e  a d j a c e n t  s u r f a c e  

water  body. I f  t h i s  d ra inage water  i s  h i g h l y  e n r i c h e d  i n  s o l u b l e  

p l a n t  n u t r i e n t s  o r  o t h e r  substances t h a t  may be d e l e t e r i o u s  (such as 

heavy me ta l s ) ,  t h e  nearshore water  q u a l i t y  may be adve rse l y  a f f e c t e d .  

Pro longed o r  repeated  exposure o f  f o r m e r l y  inundated  subs t r a t e  by 
wa te r  l e v e l  drawdown f a c i l i t a t e s  more complete d ra inage,  d e s i c c a t i o n ,  

shr inkage,  and c r a c k i n g  o f  t h e  exposed bot tom, e s p e c i a l l y  i f  t h e  

s u b s t r a t e  i s  composed of  cohes ive  mud. Reduced chemical spec ies  i n  

t h e  subs t r a t e  a r e  sub jec ted  t o  o x i d a t i o n  and may become e i t h e r  more o r  

l e s s  s o l u b l e  when r i s i n g  wa te r  l e v e l s  re inunda te  t h e  s u b s t r a t e .  
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Water level drawdown i s  of ten  used i n  natural  lakes t o  he lp  

itnprwve water q u d ?  i t y  and subs t r a t e  s t a b i  1 i ty (Fox e t  a l .  1977) o r  t o  

reduce r iu i  sance a q u a t i c  vegetat ion (Beard 1969 I Beard 1.973 Couke 

1 9 9 ~ ; "  General l y ,  t hese  d r a w d o w n s  span several  months when used t o  

subs tan tAa1 ly dry  and consul i d a t e  the  exposed subs t r a t e  Oi" t o  

comp l e t p l y  des t roy  a q u a t i c  vegetat ion.  These drawdowns appear t o  be 

r imst successful i n  improv ing  w a t e r  qual- i ty  and benthic  habi. tat  i f  

l a rge  areas  o f  mucky lake bo t tom are  exposed by the drawdown. Mater 

level  di-a~downs that, are o f  l i m i t e d  duration and t ha t  expose only 

sandy o r  rocky subs t r a t e  o r  on ly  a small f r a c t i o n  01' the t o t a l  bot totn 

a w a ,  such as occur i r) hydroe lec t r ic  inipoundrnents operated i n  a 

peaking mode, would n o t  be expected t o  subs t an t i a l  l y  i m p r o v e  water 

q u a l i t y  o r  hab i t a t .  Drawdowns may serve i n  some cases t o  con t ro l  

gn-owt.h o f  cer-lain aquat ic  vegetat ion within the 1 i t t o r a l  zone (Sect .  

3)  and may lead t o  a physical ly  firmer subs t r a t e  w i t h i n  t he  . l i t t o r a l  

zone (Sect .  2 . 2 ) .  H O W V E ~ ,  the  per iodic  leaching  of exposed subs t r a t e  

aiid the  dra-inage o f  i n t e r sh i  t i a i  water i n t o  nearshore sur face  water 

a r e  l i k e l y  t o  be the  most important f a c t o r s  f o r  considerat ion when 

irriyociridments are  subjected t o  water level f l uc tua t ions .  

As w i t h  the  physical s7 - t ab i l i t y  o f  bed and bank s u b s t r a t e ,  the  

short-term e f f e c t s  or1 leachirig a f t e r  a change from h i s t o r i c a l l y  s t a b l e  

water 1 evel s t o  f .I uc tua l i  ng 1 evel s should be the  main envi ronniental 

concern. 

drainage and leaching s h o u l d ,  i n  most cases,  r eequ i l ib ra t e  b o t h  

physical l y  and chemically with any imposed pa t t e rn  of regular  water 

level f l uc tua t ion .  Exceptions a r e  l i k e l y  t o  be impoundments t h a t  a r e  

used only seassnal l y  f u r  peak-iny power ( e .  g. , an annual operat ional  

cycle  charac te r ized  by a prolonged period of s t a b l e  water level 

followed by a period of  d a i l y  [ o r  sho r t e r  i n t e r v a l ]  water level  

f 1 sicttrati on). 

F looded  s o i l s  and sediments t h a t  a r e  pe r iod ica l ly  exposed t o  
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2 . 4  Impacts  on Trap  E f f i c i e n c y  f o r  Sediments and N u t r i e n t s  

The a b i l i t y  o f  a r 9 s e r v o i r  t o  t r a p  and r e t a i n  sed'iment, known as 

t h e  " t r a p  e f f i c i e n c y , "  i s  expre;.;ed as t h e  percent,age o f  t o t a l  

i n f l o w i n g  sediiiieni; t h a t  i s  r e t a i n e d  (depos i ted )  i n  t h e  b a s i n .  The 

degree t o  which a r e s e r v o i r  t r a p s  i n f l o w i n g  sediment i s  t he  p r ime  

deier i : l i i lant  o f  t h e  u s e f u l  l i f e  span o f  t he  r e s e r v o i r .  I t  i s  an 

i m p o r t a n t  f a c t o r  a f f e c t i n g  water  q u a l i t y ,  espe< : ia l l y  t u i - b i b i t y ,  bo th  

w i t h i i j  and downstream froi i i  t h e  r e s e r v o i r .  I r o n i c a l l y ,  t.he o f f e c t , i v e  

t r a p p i n g  o f  sedi inei i t  by a r e s e r v o i r  o f t e n  inc reases  e r o s i o n  o f  bank 

and bed sed'merrts downstream from t h e  r e s e r v o i r  (Nee1 1953, Saxtee. 

1977). 

Trap e f f i c i e n c y  f o r  sedinient; v a r i e s  as a f u n c t i o n  o f  

(1) i n f l o w i n g  sediment p a r t i c l e  s i r e ,  (2 )  r e s e r v o i r  capac i ty /annua l  

i n f l o w  r a t i o  ( o f t e n  c a l l e d  i;he C/I r a t i o ,  b u t  a l s o  c a l l e d  t h e  

t h e o r e t i c a l  water renewal t i m e  o r  ti- ie h y d r a u l i c  f l u s h i n g  r a t e ) ,  

(3 )  l o c a t i o n  and o p e r a t i o n  o f  t h e  r e s e r v o i r  o u t l e t ,  (4) r e s e r v o i r  

shape, and ( 5 )  chemical  p r o p e r t i e s  o f  t h e  water  (Ainerican S o c i e t y  o f  

C i v i l  Engineers 1973, Chow 1968). As s t ream f low e n t e r s  a r e s e r v o i r ,  

t h e  c r o s s - s e c t i o n a l  a rea  c f  f l o w  i 5 norbinill l y  i ncreasecl, t hus  rcs luc i  ny 

v e l o c i t y  and dec reas ing  sediment t r a n s p o r t  c a p a c i t y .  Coarse-gra ined 

sediment p a r t i c l e s  a'i-e depos i ted  irnri iediately near  t h e  head o f  the 

backwater,  whereas f i n e r - g r a i n e d  p a r t i c l e s  w i t h  lower  s e t t l i n g  

v e l o c i t i e s  remain i n  suspension u n t i l  they are  deposited o r  c a r r i e d  

o u t  o f  t h e  r e s e r v o i r  i n  t h e  o u t f l o w .  

Sediment Lrap e f f i c i e n c y  depends p r i m a r i l y  on t h e  fa1  1 v e l o c i t y  

o f  t h e  sediment p a r t i c l e s  and t h e  mean f l o w  v e l o c i t y  t h rough  t h e  

r e s e r v o i r .  The f a l l  v e l o c i t y  o f  sediment p a r t i c l e s  i n  water  depends 

017 severa l  f a c t o r s ,  i n c l u d i n g  t h e  s i z e  and shape o f  t h e  p a r t i c l e s  and 

t h e  chemical  compos i t j on  and v i s c o s i t y  o f  t h e  water .  Chemical 

composition o f  wa te r  a f f e c t s  t h e  fa1 1 v e l o c i t y  o f  f i n e - g r a i n e d  

sediments, such as c l a y s  and c o l l o i d s ,  which t e n d  t o  aggregate 

( f l o c c u l a t e )  o r  d i s p e r s e  i n  response t o  t h e  c h a r a c t e r  and q u a n t i t y  o f  

d i s s o l v e d  s o l i d s  i n  t h e  suspending wate;' ( e . g .  , t h e  calciLlm/sod.iuln 
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r a t i  0 ) .  D i  val erit ca t ions  

f l  occul a t i  ng f i ne-grai ned 

ca t ions  (such a s  sodium). 

(such as calcium) a r e  more e f f e c t i v e  in 

sediments ( c l a y s ,  s i l t s )  than a r e  monovalent 

The mean f l o w  ve loc i ty  o f  water t h r o u g h  a r e se rvo i r  depends on  

the  water inflow r a t e ,  ava i l ab le  Storage,  r a t e  of oulflow, and 
sometimes the  r e se rvo i r  morphometry. Flow ve loc i ty  i s  pr-obably the 

s ing le  most important f a c t o r  a f f e c t i n g  sediment t r d p  e t f i c i ency .  

t h a t  can be used to re1 iab ly  es t imate  f l o w  v e l o c i t i e s  through 

r e se rvo i r s  a r e  n o t  usual ly  a v a i l a b l e ,  and actual  ve loc i ty  measurements 

a r e  comparatively r a r e  (Wunderl i c h  and Elder 1973).  Thus, some 

re l a t ed  parameters have been used t o  es t imate  f l o w  v e l o c i t i e s ,  

including the  r e se rvo i r  C/I r a t i o  (Brune 1953) and the  sedimentation 

index ( t h e  r a t i o  of the  period o f  r e t en t ion  t o  t he  theo re t i ca l  mean 

f 1 ow ve loc i ty  through the  r e se rvo i r  [Churchi 11 1948, c i t e d  i n  Rrune 

19531). To obtain the  sedimentation index, t he  period of re ten t ion  i s  

determined by div id ing  r e se rvo i r  capac i ty  a t  mean opera t ing  p o o l  by 
mean d a i l y  i n f l n w  r a t e .  Mean ve loc i ty  i s  estimated by dividing metin 

d a i l y  inflow by the  average c ross -sec t iona l  area o f  t he  r e se rvo i r  

(which can he ca lcu la ted  as  r e se rvo i r  capaci ty  divided by r e se rvo i r  

length a t  mean operat ing pool l e v e l ) .  Dendy (1974) ha5 t r ea t ed  t h e s e  

r e l a t ionsh ips  inore thoroughly and has compared t h e i r  e f f ec t iveness  i n  

p red ic t ing  sediment t r a p  e f f i c i e n c i e s  f o r  small r e se rvo i r s .  

Data 

If  s torage  volume i s  not regulated hy varying water l e v e l ,  b o t h  

the C/I r a t i o  and the  sedimentation index f o r  a given r e se rvo i r  a r e  

determiried e n t i r e l y  by the  water i n f l o w  r a t e .  I f  the  water level i s  

var i ed ,  f o r  example, as  a consequence of  hydroelectric,  seasonal o r  

peaking opera t ions ,  the  C/I r a t i o  and sedimentation index w f l l  a l so  

vary propor t iona l ly .  However, t r a p  e f f i c i ency  f o r  sediment does n o t  

appear t o  vary a s  a simple l i n e a r  funct ion o f  C/I r a t i o  o r  

sedimentation index (Briine 1953) and may exh ib i t  considerable  

v a r i a b i l i t y  a t  low values of the  C/I r a t i o .  A t  l o w  values o f  the  C/I 

r a t i o  ( i . e .  

additional factors  such as  r e se rvo i r  shape and sediment 

c h a r a c t e r i s t i c s  may become more important in determining t r a p  

e f f i c i ency .  

r e se rvo i r s  with extremely h i g h  hydraul ic  f l u s h i n g  r a t e s ) ,  
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M o s t  O Z  t h e  r e l a t i o n s h i p s  between t r a p  e f f i c i e n c y  and r e s e r v o i r  

c h a r a c t e r i s t i c s  have been di.uaived f r om lo i ig-  t e rm average annual 

c o n d i t i o n s  i n  a l a r g e  v a r i e t y  o f  rcservoirs .  I n  c o n s i d e r i n g  the  

p o t e n t i a l  e f f e c t s  o f  wa te r  l e v e l  f l u c t u a l i o n  on t r a p  e f f i c i e n c y  o f  a 

cand ida te  small hydroef e c t r  i c s i  ti!, i nfoi-mat i  on 0i-i t h e  annual ~ and 

s h o r t e r  p e r j o d ,  v a r i a b i l i t y  i n  t r a p  e f f i c i e n c y  fo r -  an i n d i v i d u a l  

r e s e r v o i r  inay he more i m p o r t a n t  t h a n  t h e  average d a t a  f r o m  many 

r e s e r v o i r s .  I n  pa t - t i cc l l a r ,  t h e  a b i l i t y  t o  p r e d i c t  sedimeii t  t r a p  

e f f i c i e n c y ,  g- iven wa te r  i n f l o w  r a t e s ,  sedi i i ient c h a r a c t e r i s t i c s ,  water  

level  f l u c t u a t i 8 n  regime, and l o c a t i o i ~  arid o p e r a t i o n  o f  t h e  r e s e r v o i r  

outlet, ,  would be h e l p f u l .  U n f o r t u n a t e l y ,  o n l y  a few a t tempts  have 

been made t o  ach ieve  such p r e d i c t i v e  c a p a b i l i t y  f o r  i n d i v i d u a l  

r e s e r v o i r s  (Borland 1951,  c i . t o d  i n  Rriine 1953; Rausch and I-iei nemarin 

1!?75), and these  few have been success fu l  i n  p r e d i c t i n g  o n l y  t h e  

d i r e c t i o n ,  n o t  t h e  a b s o l u t e  magnitude, o f  change i n  sediment t r a p  

e f f i c i e n c y  caused by a change i n  one o r  more o f  t h e  de te rm inan t  

v a r i a b l e s .  

G e n e r a l l y ,  i n  i n d i v i d u a l  r e s e r v o i r s  sediment t r a p  e f f i c i e n c y  

decreases w i t h  a (1) decrease i n  water r e t e n t i o n  t i m e  ( e s t i m a t e d  by 

t h e  C/I r a t j o ) ,  ( 2 )  decrease i n  sediment p a r t i c l e  s i z e ,  and ( 3 )  change 

Tr-om su r face -wa te r  t o  deep-water- w i t h d r a w a l .  Imposing !dater 1 eve1 

f l u c t , u a t i o n  on a f o r m e r l y  u n f l u c t u a t e d  r e s e r v o i r  would d f r e c t l y  a f f e c t  

t h e  wa te r  r e t e n t i o n  time as a consequence o f  t h e  changes i n  average 

s t o f a g e  voluine; t h e  o v e r a l l  e f f e c t  would be a probab le  r e d u c t i o n  i n  

sediment t r a p  e f f i c i e n c y .  A lso ,  p e r i o d i c a l l y  l o w e r i n g  t h e  water l e v e l  

inay i n  some c i rcumstances permi t c o a r s e r - y r a i  tied sediments i n  t h e  

t r i b u t a r y  s t ream channels t o  reach,  and be t r a n s p o r t e d  f u r t h e r  i n t o ,  

t h e  r e s e r v o i r  b a s i n  (Sec t .  2 . 3 ) ,  t he reby  i n i t i a l l y  ( d u r i n g  t h e  

r e e q u i l  i b r a t i o n  p e r i o d )  i n c r e a s i n g  t r a p  e f f i c i e n c y .  However, t h i s  

i n c r e a s e  i n  t r a p  e f f i c i e n c y  would a l s o  l e a d  t o  a f a s t e r  l o s s  o f  

r e s e r v o i r  s to rage  c a p a c i t y .  Thus, any apparent  i n c r e a s e  i n  t r a p  

e f f i c i e n c y  r e s u l  t i  ny  f rom t h e  c o a r s e r  sediment i n p u t  may u l  t i r n a t e l y  be 
o f f se t ,  by t h e  decrea5e i n  r e t e n t i o n  t i m e  caused by  t h e  decrease i n  

s to rage  volume. Viewed i n  ano-ther way, t h e  r e d u c t i o n  i n  average 



1 7  

c ross -sec t iona l  area o f  an impoundment caused by water. level  

fluctuations m u s t  nece5sar.i l y  lead t o  higher mean water v e l o c i t y  

t h r o u g h  the r e se rvo i r  and, t hus ,  l e s s  e f f i c i e i i t  t rapping o f  t x Y t a i t 1  

sediment p a r t i c l e  s j z e s .  

The term " t rap ef f ic iency"  has a l s o  been used i n  t h e  cor-i%,ext o f  

n u t r i e n t  re ten t ion  by r e se rvo i r s  (Gly~iph 1.973, Kausch and Shre iber  

1977) .  The e f f i c i e n c y  w i t h  which impoundnaents t rap  inflowing 

nu t r i en t s  i s  an important e n v i  rotwen-tal issue because water q u a l  i t y  
arid p roduc t iv i ty ,  b o t h  within and downstream from impoundnierats, . is 

p a r t l y  de-termined by t r a p  ef.f  ic iency.  Impoundments t r a p  o r  r e t a i n  

nu t r i en t s  by two processes:  (1) sedimentation o f  nutr ient-bear ing 

pat - t . i cu la te  matter and ( 2 )  transformation o f  s o l u b l e  (d . isso1ved)  

nutrient forms t u  p a r t i c ~ i l a t e  f o r m ,  w h i c h  a r e  then subject-. t o  

sedimentxtion. Soluble n u t r i e n t  forms may be converted t o  particulate 

forms by adsorp t ion ,  p r e c i p i t a t i o n ,  o r  uptake and -transformation by 

organisms ( p l a n t s ,  b a c t e r i a ) .  In par%licular ,  photosynthesis by 

aquat ic  p l a n t s ,  which i s  o f t e n  -favoi..ed i n  the  l ake l ike  environaent o f  

impoundments, resml t s  i n  conversion o f  so luble  n u t r i e n t s  t o  

p a r t i c u l a t e  matter (Nee1 1963, Bachman 1978).  In impoundments w i t h  
h i g h  concentrat ions o f  suspended sediment i npu t  from t r i b u t a r y  

streams, a d s o r p t i o n  of dissolved p l an t  nu t r i en t s  on susper~ded 

sediment, which subsequently s e t t l e s ,  can a l s o  be an e f f e c t i v e  

mechanism o f  n u t r i e n t  r e t en t ion  by impoundments (Wang 1974, G i ' l 1  e t  

a1 ~ 1976).  F i  nal l y  , the  chemical t ransformations t h a t  occur n 

hypo1 imnetic waters of s t r a t i f i e d  impoundments d u r i n g  5iinimer. and e a r l y  

fa71, p a r t i c u l a r l y  the s o l u b i l i z a t i o n  o f  i r o n ,  can r e s u l t ,  under some 

circumstances,  i n  s i g n i f i c a n t  removal o f  s o l u b l e  phosphate by 

p r e c i p i t a t i o n  of f e r r i c  phosphate. 

The f a c t o r s  a f f ec t  i g  the nu t r i en t  t r a p  e f f i c i ency  o f  reservoirs 

a r e  less well s tud ied  than t h o s e  a f f e c t i n g  sediment t r ap  e f f i c i ency ,  

However, n u t r i e n t  t r a p  e f f i c i ency  appears t o  vary i n  response t o  the  

same fac tors  t h a t  a f f e c t  sediment t r a p  e f f i c i ency  and i n  response t o  

sediment t r a p  e f f i c i e n c y  i t s e l f  (Prochazkova 19'75, Gil l  e t  a l .  1976, 

Rausch and Schreiber 1977).  Thus any changes i n  w a t e r  r e t en t ion  
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t i m e ,  which i s  t h e  p r imary  de te rm inan t  o f  sediment t r a p  e f r i c i e n c y ,  

induced by water  l e v e l  f l u c t u a t i o n s  w i l l  a l s o  a f f e c t  n u t r i e n t  t r a p  

efficiency. 

S i g n i  i i e a n t l y ,  a l t hough  no i n - t e n s i v e  e f f o r t s  have been d i r e c t e d  

a t  deve lop i r ig  a capatsi 1 i t y  f o r  p r e d i c t i n g  n u t r i e n t  r e t e n t i o n  by 

impoundments, r e t e n t i o n  o f  phosphorus by n a t u r a l  1 akes has been 

e x t e n s i v e l y  s t u d i e d  ( e . g . ,  Ki rch r ie r  and D i l l o n  1975, D i l l o n  1975, 

Chapra 1975, Larsen and Mercier 1976).  Phosphorus has been viewed as 

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

l a k e s  (Vol  l enwe ide r  1968, N a t i o n a l  Academy o f  Science 1969, American 

S o c i e t y  o f  Limnology and Oceanography 191%).  The qcranLi t y  o f  

phosphorus t rapped a n n u a l l y  i n  the  sediments o f  n a t u r a l  l a k e s  i n  

r e l a t i o n  t o  t h e  q u a n t i t y  o f  i n p u t  phosphorus determines t h e  

s t e a d y - s t a t e  c o n c e n t r a t i o n  o f  phosphorus i n  l a k e  water .  Thus, t h i s  

paranieter i s  an i m p o r t a n t  coniponen.t o f  seve ra l  numer ica l  models o f  

lake  e u t r o p h i c a t i o n  (Vo l l enwe ide r  1975, D i l l o n  19-75). Water renewal 

~ ~ n i e ,  i n  v a r i o u s  forms, i s  a p r i n c i p a l  v a r i a b l e  i n  these models. 

U n f o r t u n a t e l y ,  these models have n o t  been v e r y  success fu l  i n  

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

f l u s h i n g  r a t e s ,  b u t  appear t o  be reasonab ly  success fu l  i n  p r e d i c t i n g  

phosphorus c o n c e n t r a t i o n  (Goodwyn 1975, L i n d  1979). L i m i t a t i o n  o f  
p l a n t  g rowth  by low l i g h t  p e n e t r a t i o n  may be a major reason f o r  t h e  

f a i l u r e  o f  these models t o  p r e d i c t  t h e  t r o p h i c  s t a t e  o f  these 

r e s e r v o i r s .  

A: 

Other  f a c t o r s ,  i n  a d d i t i o n  t o  water  renewal t i m e ,  a re  i m p o r t a n t  

i n  de te rm in ing  n u t r i e n t  t r a p  e f f i c i e n c y  o f  impoundments. A s  w i t h  

sediment t r a p  e f f i c i e n c y ,  morphometry and o u t l e t  c h a r a c t e r i s t i c s  may 

De e s p e c i a l l y  i m p o r t a n t ,  a l t hough  1 i t t l e  e m p i r i c a l  s tudy  has been 

conducted on the  e f f e c t s  o f  t hese  f a c t o r s  on n u t r i e n t  r e t e n t i o n .  

Wr igh t  (1967) concluded t h a t  impoundments w i t h  s u r f a c e  wa te r  o u t f l o w  

t e n d  t o  t r a p  n u t r i e n t s ,  whereas impoundments w i  t h  subsur face  o u t f l o w  

tend  t o  " d i s s i p a t e "  n u t r i e n t s .  M a r t i n  and Arneson (1978) presen ted  

da ta  f o r  two impoundments i n  Montana t h a t  s t rong ly  suppor ted  W r i g h t i  s 

e a r l i e r  conc lus ion .  
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I n  summary, t h e  main f a c t o r s  a f f e c t i n g  n u t r i e n t  t r a p  e f f i c i e n c y  

by impoundments appear t o  he wate r  renewal t i m e  ( f l u s h i n g  r a t e )  and 

depth  o f  t h e  o u t l e t .  Thus, n u t r i e n t  r e t e n t i o n  by an impoundment would 

be a f f e c t e d  by impos ing  wa te r  l e v e l  f l u c t u a t i o n s  o n l y  t u  t h e  e x t e n t  

t h a t  wa te r  renewal t i m e  i s  a f f e c t e d .  As w i t h  sediment t r a p  

e f f i c i e n c y ,  impos ing  wa te r  l e v e l  f l u c t u a t i o n s  on a f o r m e r l y  

u n f l u c t u a t e d  r e s e r v o i r  would d i r e c t l y  a f f e c t  wa te r  rTencwal t ime as a 

consequence o f  changes i n  the  average s to rage  volume, The o v e r a l l  

long- te rm e f fec t ;  would p r o b a b l y  he a r e d u c t i o n  i n  n u l r i e n t  t r a p  

e f f i c i e n c y .  





21 

Reservoir ecosysteiiis can be structural l y  sirni-lar t o  lake 

@cosys tenis, regardl o f  bas i" c d i f f e rences  i rl ~ i o ~ p h ~ ~ m e t r y  and w a t e r  

renewal t imes,  i f w a t e r  1 evel f 1 crctunt . ions do n o t  exceed t h o s e  j nduced 

na tu ra l ly .  B o t h  l a k e s  and rpservoi rs  i-aave a Lendency ta s t r a t i f y  i f  
s u f f i c i e n t . l y  deep, ai l  b o t h  have s i m i  1 a r  eco 1 {jg-u"ca'l zone5 t h i . I t  i:an be: 

a f f e c t e d  by wat.er l e v e l  f l u c t u a t a ' o n s .  Acco~'di11g1y, t h e  terms and 

d e f i n i t i o n s  o f  ecnlogical zones developed froiai c l a s s i c a l  s t u d i e s  o f  

lake communit ies have a l s o  been a p p l i e d  t o  reservoirs. The major 

ecologica l  zones d e f i n e d  in i n r b s t  1 imnological -lext,s ( e .  9. Hutchinson 

1967, Rejd 11961, KuLtrier 1953, Welch 1952) c o n s i s t  o f  (I-) the  open 

water area ( l i m n e t i c  o r  p e l a g i c  zone>,  (2) the bo t tom ar"t3d below t h e  

level  o f  1 i g h t  penet ra t ion  (profunda1 o r  bathyl zcjnFi> ~ and ( 3 )  t h e  

bottom area w i t h  I' r i  the 1 evel o f  1 i ght, penet . ra t ion  (1 i t,t,orta7 zone).  

Wh i 1 e de f  i n i  t ioi-ss o f  t h e  1 i t t o r d l  zone and szihrones v a r y ,  most  

d e f i n i t i o n s  are  h igh ly  i n f l u e n c e d  by c la s s j ca l  s. tudies o f  lakes k i i t h  

shore1 -i nes pi-olected frcrrn wind and wave a c t i o n  and nr~nf ' l  u c t u a t i  ng 

wa te x'- 1 e w e 1 h i g 11 t.1 i I) 1 o g i ca 1 

product iv i ty  i n  .the 1 ittsral zone. Thus, the  most obv ious  e f f e c t  of  

water level  fluct.uil.Liori i s  m o d i f i c a t i o n  o f  t h e  littoral zone from an 

a rea  s u p p o r t i n g  l u x u r i a n t  (sometimes nu isanc~_)  vegeta t ion  t o  an a rea  

o f  barren substr.at,e exposed ur.i n g  -1 ow water- 1 eve'l s ~ 

t h e  b i o l o g y  o f  t h e  l i t t o r a l  zone, r i o t  o n l y  because i t  i s  t h e  obvious 

zone af fec ted ,  b u t  a l s o  because t h e  e f f e c t s  are reasonably well 

documented. E f f e c t s  o f  wa te r  level f luc tua t2a i -1~  on other. zones i n  a 

c o n d j t i o n s . The s e co n d i t i o n s promote 

S e c t i o n  3 . 1  emphasizes t h e  e f f e c t s  o f  f l u c t u a t i n g  water levels on 

typical rY?servuir system w i l l  be addr.essed ia1 Sect,. 3.2. Discuss ions  

on impacts o ther  t h a n  those result, . ing from exposure o f  t h e  l i t t o r a l  

area are  mr'e s p ~ ~ ~ r l  a t i  ve beeamse fif the small number o f  avai 1 ab7 e 
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s t u d i e s  d i r e c t l y  addr-essiny those t o p i c s .  However, ou r  s p e c u l a t i o n s  

a re  i n f e r r e d  f rom b a s i c  s t u d i e s  o f  r e s e r v o i r  eco logy  and f i s h e r i e s  

b i o l o g y  and f r o m  t h e  p h y s i c a l  and cheniical e f f e c t s  d iscussed i n  

Sect .  2. 

A d d i t i o n a l  f a c t o r s  a f f e c t i n g  b i o l o g i c a l  response t o  water l e v e l  

f l u c t u a t i o n  a re  t h e  tirnirq and f requency o f  f l u c t u a t i o n s .  Opera t i on  

o f  smal l  h y d r o e l e c t r i c  f a c i l i t i e s  may r e s u l t  i n  a regime o f  d a i l y  

f l u c t u a t i o n s  ~ annual f l u c t u a t i o n s ,  o r  bo th .  The ex. tent  o f  b i o l o g i c a l  

change t h a t  occurs w i l l  depend, i n  p a r t ,  on p r e v i o u s  f l u c t u a t i o n  

l e v e l s  and t i m i n g .  Most s t u d i e s  o f  b i o l o g i c a l  responses t o  wa te r  

l e v e l  f l u c t u a t i o n  have been conducted a t  s i t e s  where seasonal 

f l u c t u a t i o n s  predominate,  a l t hough  the  t i m i n g  o f  h i g h  and low wa te r  

p e r i o d s  has v a r i e d  cons ide rab ly .  R e l a t i v e l y  l i t t l e  i n f o r m a t i o n  has 

been ga thered on t h e  e f f e c t s  o f  more f r e q u e n t  (e .g . ,  d a i l y )  

f l u c t , u a t i o n s ,  D iscuss ions  i n  t h i s  area w i l l  be s p e c u l a t i v e ,  b u t  t h e  

i n f o r m a t i o n  ga ined f rom da ta  on seasonal f l u c t u a t i o n s  w i l l  be 

a p p l i c a b l e .  

3 . 1  Impacts on t h e  L i t t o r a l  Zone 

3 . 1 . 1  C h a r a c t e r i s t i c s  and S i g n i f i c a n c e  o f  L i t t o r a l  Zones __..............̂ .I__ ..............~..I__ ....................... II ~.. 

Welch (1952) d e f i n e s  t h e  l i t t o r a l  zone s imp ly  as t h e  area  

ex tend ing  f rom t h e  w a t e r ' s  edge t o  t h e  l a k w a r d  l i m i t  o f  a q u a t i c  

v e g e t a t i o n .  By i n f e r e n c e ,  i t  i s  t h e  zone where l i g h t  p e n e t r a t i o n  is 

s u f f i c i e n t  f o r  pho tosyn thes i s  o f  beri thic  p l a n t s .  GJithin t h a t  zone a r e  

seve ra l  c h a r a c t e r i s t i c  assemblages o f  a q u a t i c  macrophytes. C l o s e s t  t o  

t h e  shore a re  t h e  s tands of emergent r o o t e d  v e g e t a t i o n .  I n  s l i g h t l y  

deeper waters ,  r a n g i n g  f rom depths o f  about  10 cm t o  2.5 m, p l a n t s  

w i t h  f l o a t i n g  leaves  predominate. From about, 2 . 5 -  t o  6-m depths i s  

t h e  zone o f  t o t a l l y  submerged hydrophytes.  The submerged hydrophytes 

o f t e n  form l a r g e  dense mats i n  l a t e  summer. I n  areas where such 

v e g e t a t i o n  zones e x i s t ,  t h e  s u b s t r a t e  w i l l  o f t e n  c o n t a i n  h igh  levels 
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of organic detr i tcrs  r e s u l t i n g  from dead arid decaying p l an t  inater ia l .  

The macrophytes a l s o  serve as t r a p s  f o r  d e t r i t u s  en ter ing  t h e  lake o r  

r e se rvo i r  from i n f l o w i n g  streams and shore1 ine a r m s .  

Associated w i t h  the  vegetat ion o r  any submersed stor ips dnd l o g s  

i s  a community o f  a t t ached ,  b u t  nonpenetratinq orqan isms,  which i s  

c a l l e d  aufwuchs (Reid 1961) .  T h i s  community i s  c o m p o s d  t ,ypically o f  

an assortment o f  u n i c e l l u l a r  and filamentous algae a5 we11  IS various 

protozoans, bryozoans, and r o t i f e r s .  R e i d ' s  (1.961) d e f i n i t i o n  o f  the 

aufwuchs community a l s o  includes organisms t h a t  move on the  s u b s t r a t e ,  

i r)cl udi ng roundworms, r o t i f e r s  , annel i d  worms ~ crus taceans ,  arid 

i n s e c t s .  Predatory s t a l k i n g  i n s e c t s ,  such as  d ragonf l i c s ,  

damsel f l ies ,  and water bugs a r e  of ten  abundant on and anioricjl t h e  

vegetat ion.  As described by Reid (19611, the  p l a n k t o n  o f  t h e  1 i t t o r a l  

zone i s  t y p i c a l l y  r ich  i n  numbers of spec ies .  P a r t  a t  t h i s  p l a n k t o n  

may c o n s i s t  o f  organisms t h a t  have been d i  sp I aced froin tiiw aufwuchs 

community. Some a lga l  forms may of ten  LJF! more abundant in t h e  

l i t t o r a l  zone than i n  the  l imnet ic  a rea .  The zooplankton of the  

l i t t o r a l  zone includes many forms t h a t  do  not, commonly occur in t h e  

l imnet ic  region, These include mi tes ,  os t racods ,  cyclopaid and 

harpact i  coi d copepods and c e r t a i  n cl adocerans. 

The benthic  fauna assoc ia ted  w i t h  a l i t t o r a l  zone suppor-ting 

aquat ic  vegetat ion i s  genera l ly  d iverse  and abundant. i n  t rop ica l  

Lake Kariba, benthic  biomass of bare mud zones wa.5 estimated t o  

average 380 mg/m2 (dry weight).  W i t h  the  invasion o f  mdcrnphytes, the 

p o p 1  a t ion  dens i ty  of benthic  species  i ncreilsed by 500%. The riumber 

o f  species  a l s o  increased from 30 t o  49 spec ies .  The t o t a l  biomass in 

mud f l a t s  r e su l t ed  dlmost e n t i r e l y  from the  presence of chironomid 

l a rvae ,  whereas the  major faunal biomass i n  Tones w i t h  aqua t ic  p l an t s  

was due t o  groups o the r  than Chironomidae (Mclachlan 1969). 

charac t e r i  s t i c a l  l y  t i  i ghest i n  the  1 i t t o r a l  zone ~ decreasing w i t h  depth 

(Grimas 1962). Phis decrease r e s u l t s  p a r t l y  from substraLe changes 

and the  decreased oxygen l eve l s  t h a t  occcir with increasing depth as a 

r e s u l t  o f  strati f i ca t ion .  

The dens i ty  o f  benthos i n  a nonfluctuat ing lake o r  r e se rvo i r  i s  
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The actual  ex ten t  of the  l i t t o r a l  zone of r e se rvo i r s  and lakes  

depends on t h e  morphology of t he  r e se rvo i r ,  t he  nature  o f  the bottom 

sedirrrent;~, and l i g h t  condi t ions.  The cont r ibu t ion  of t he  l i t t o r a l  

zone t o  t o t a l  p roduct iv i ty  i s  g r e a t e r  i n  c l e a r  r e se rvo i r s ,  which have 

shallow, gent ly  s loping shore1 ine morphonretry compared with tu rb id  

r e se rvo i r s ,  which have l i t t l e  o r  no l i t t o r a l  zone. Whether extensive 

o r  l imi ted ,  the  l i t t o r a l  zone plays an important r o l e  i n  r e se rvo i r  

dynamics. Aquatic p l an t s  a r e  used as a food source by many b i rds  and 

mammals (Sculthorpe 1967) .  

Standi ng crops o f  rooted aquat ic  p l an t s  (macrophytes) vary 

g r e a t l y ,  depending on species  and environmental condi t ions ,  b u t  

commonly range from 500 t o  1500 g/m2 (Boyd 1971) .  The d i g e s t i b i l i t y  

of macrophytes a s  a food source var ies  g r e a t l y ,  with submerged and 

f loa t ing - l ea f  species  having higher n u t r i t i v e  value than more highly 

product ive,  emergent p l an t s  (Boyd 1971) .  Aquatic organisms t h a t  feed 

d i r e c t l y  on aquat ic  p l an t s  include c ray f i sh ,  mollusks, some i n s e c t s ,  

and a few f i s h  such as some carp species  (Berg  1949, Smirnov 1961) .  

Plants  t h a t  a r e  eaten include the  f r a g i l e  and succulent  f r ee - f loa t ing  

p l an t s  and some o f  the  1 i near- leaved subrwr*ged species  (Scul thorpe 

1967) e 

An important secondary funct ion o f  macrophytes i s  the  provisiori 

of support  and s h e l t e r .  The growth o f  at tached algae (per iphyton) ,  

fungi ,  bryozoans, and chironomids on the  stems and leaves o f  p lan t s  

may amount t o  100 t o  500 g dry w t / m z  during some periods of t he  year  

(Westlake 1.966). While periphyton a l s o  grows on s tones ,  l o g s ,  o r  any 

o ther  submerged ma te r i a l ,  the la rge  sur face  area provided by 

vegetat ion g r e a t l y  increases  production. 

She l t e r  afforded by the  l i t t o r a l  zone i s  used by f i s h  as well a s  

inver tebra tes .  T h e  combination o f  high inve r t eb ra t e  production, 

s h e l t e r ,  and warm temperatures probably explains  why most  f i sh  spec ies  

use the l i t t o r a l  zone as  a nursery a rea  (Table I). In the  absence o f  

aquat-ic p l a n t s ,  j uven i l e  f i s h  s t i l l  r e s ide  in  the  l i t t o r a l  zone, u s i n g  

whatever s h e l t e r  ( t r e e  s tumps  o r  a r t i f i c i a l  r e e f )  i s  ava i l ab le .  



Table 1. Trophic p o s i t i o n ,  feeding ,  spawning. and nursery  h a b i t a t s  
o f  f i s h e s  most commonly found i n  r e s e r v o i r  ecosystems 

Optimum Spawning 
S c i e n t i f i c  water temp. Trophic Peedi ng Nursery 

Common name nanie range pos i t i on  h a b i t a t  h a b i t a t  Hab i t a t  Subs t r a t e  

Paddle F ish  

Bowf in  

Gars 

Gizzard shad 

Threadfin 
shad 

Trout 

Pike 

Suckers 

Carp 

Mi n m w s  

Polyodon 
spa thula  

Amia ca lva  -- 

Lepisos te idae  

Dorosoma 
cepedi anum 

- 0. petenense 

Salmonidae 

Esocidae 

Catostomidae 

Cypri nus  ca rp i  o 

Cyprinidae 

Warm 

Cool- 
warm 

Cool- 
wa r m  

Warm 

Warn! 

Co ld  

Cool - 
warm 

Cflol- 
warm 

Cool- 
warm 

Warm 

P i  ank t ivo re ,  
f i 1 t e r  feeder  

P reda to r ,  
omnivore 

P reda to r ,  
n i sc ivo re  

P lank t ivo re ,  
f i i t e r  feeder 

Pl ankt i  vo re ,  
f i l t e r  feeder  

P reda to r ,  
p i s c i vo r e  

P reda to r ,  
pi  s c  i vore 

Omri i vore 

Omnimore 

P lank t ivo re ,  
omni vore 

Limnetic 

L i t t o r a l /  
b c n t h  i c  

L i t t c r a l "  

L imneti ca 

Limnetic" 

Linnet i ca 

Li mnet i ca 

L i t t o r a l /  
benth ic  

L i  t t o r a  1 

L i t t o r a l  

? 

L i t t o r a l  

Li t t c r a l  

L i t t o r a l  

L imwt ic  

Li t t c r a l  

L i t t o r a l  

L i t t o r a l  

L i t t o r a l  

L i t t o r a l  

T r i b u t a r i e s  

Li tt,ora I 

L i t t o r a l /  
t r i  b u t a r i c s  

L i t t o r a l  

L i t t o r a l  

T r i but  a r i e s 

L i t t o r a  1 

T r i b u t a r i e s /  
1 i t t o r a l  

i i  t t o r a  I 

F r ibu ta r i e s /  
1 i t t o r a l  

Gravel shoa ls  

Segeta  t i  on 

Vegetation/ 
gravel 

l n d i  scr i m  i na t e  

Submerged 
oh jec t s  

Clean grave l  

Vege t a  L i on 

Gravel var  i ed 



l a b l e  1 (cont inuedj  

Opti mum 
S c i  en t i  f i c water temp. Trophic Feeding 

Common name name range pnsi t i  on hahi t a  t 

C a t f i z h  I c t a l t i r i dae  Warn 

Eass Serran idae  Warm 

Rock bass Cent rarch idae  Warm 

Sunfishes Cent rarch idae  Warn 

S a q e r  Percidae Cool- 

Wall eye Perci  dae Cool- 

Dru:n Aplodinotus cooi- 

warm 

warm 

grunfiiens warm 
- 

Preda to r ,  L i t t o r a l "  

P reda to r ,  t i  t t o r a l  a 

Preda to r ,  L i  t t o r a l  a 

omnivore 

p i sc ivo re  

omnivore 

P reda to r ,  L i t t o r a l  
OnliliL'ore 

P reda to r ,  L ; t to ra  I /  
pi s c ivo re  ben ttii c 

P reda to r ,  L i t t o r a l /  
benth i c 

P reda to r ,  L i t t o r a l /  
omnivore benih ic  

p i  s c i  yore 

Ekir s e ry 
habi t a t  

L i t t o r a l  

L i t t o r a l  

I i t t o r a l  

L i t t o r a l  

L i t t o r a l  

L i t t o r a  I 

L i i t o r a l /  
be 11 t!i i c 

Spawni nq 
__ 

Subs t r a t e  tlahi t a t  

Cav i t i e s  under L i t t o r a l  
1 ogs 

Gravel (wLi t e  
bass o n l y )  

L i t t o r a l  

L i ttor-a1 Gravel near 
vege ta t ion  

Sand o r  gravel 
near vegeta- 
t i o n  

L i  t t o r a  I 

I r i b u t s r i e s /  Grave 
I i t t o r a l  

T r i b u t a r i e s /  Grave 
I i t t o r a l  

Lirniietic bone 

aThese spec ies  may temporar i ly  chanqe t h c i r  feeding  h a b i t a t s  when t h e  oppor tuni ty  provides  easy prey. 

Source: Carlander (1969 and 1977) ,  P f l i e g e r  (1975) .  

N 
m 
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. 

The successful reproduction of many f i s h  species  in  lakes  and 
r e se rvo i r s  depends on t h e i r  f inding s u i t a b l e  spawning areas  within the  

l i t t o r a l  zone (Table 1). Some f i s h ,  however, a r e  much more s p e c i f i c  

in  t h e i r  requirements than o thers .  For ins tance ,  carp and gizzard 

shad spawn in shallow water ,  b u t  a re  indiscr iminant  as t o  subs t r a t e .  

The shor t  nose gar ,  pikes ,  golden s h i n e r ,  and bigmouth buffalo appear 

t o  require  submerged vegetation ( e i t h e r  aquat ic  o r  t e r r e s t r i a l )  f o r  

spawning (Carlander 1969). Most  cent ra rch ids  b u i l d  nes t s  i n  shallow 

water i n  sand o r  f i n e  g r a v e l  near stumps o r  vegetation clumps. 

Vegetation may be c r i t i c a l  t o  black crappie  spawning (Carlander 1977) .  

Studies  on Eirropean and Russian r e se rvo i r s  a l s o  ind ica te  t h a t  the  

l i t t o r a l  zone i s  the  spawning and feeding area o f  almost all 
commercial f i s h  (Makhotin 1977). 

3 .1 .2  Impacts of Water Level Fluctuat ion on Vegetation 
(and Associated Biota) o f  the  L i t t o r a l  Zone 

The amplitude, frequency, dura t ion ,  and timing o f  water level 

f l uc tua t ions  i n t e r a c t  t o  determine the magnitude o f  vegetation 

reduction in  the l i t t o r a l  zone. Lantz e t  a l .  (1967) found t h a t  90% o r  

mort! of t he  vegetat ion was eliminated by lake drawdown i f  the  drawdown 

l a s t ed  f o r  3 o r  4 months during a winter  or  summer period. Neither a 

s ing le  sho r t  drawdown nor  a spr ing  drawdown was e f f e c t i v e  in 

e l iminat ing vegetat ion.  Quennerstedt (1958) determined t h a t  

inundation o f  emergent species  ( f o r  more than 3 t o  4 weeks) as well a s  

desiccat ion of submergents reduced vegetation zones. He f u r t h e r  

observed t h a t ,  when water level f l uc tua t ions  decreased, some p lan t  

species  expanded t h e i r  d i s t r i b u t i o n .  

Many rooted macrophytes, p a r t i c u l a r l y  emergent o r  f loat ing-leaved 

spec ies ,  can reproduce vegeta t ive ly  by such s t r u c t u r e s  as  rhizomes, 

roo ts tocks ,  o r  tubers  (Schulthorpe 1967).  In some p l a n t s ,  these 

vegetat ive p a r t s  a150 serve t o  allow the  p l an t s  t o  survive periods o f  
drying,  although the ex ten t  and season of des icca t ion  a r e  important 
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f a c t o r s .  Tropical p l an t s  a r e  adapted t o  surviving dry seasons while 

temperate p l an t s  r e l y  on these  s t r u c t u r e s  t o  survive cold w i n t e r s .  

Thus, a drop in  water level  a f t e r  t h e  summer growing season i n  

temperate c l imates  may not prevent redevelopment oP macrophyte beds i n  

t h e  following s p r i n g .  Large seasonal water level  f l uc tua t ions  can be 

expected t o  be more e f f e c t i v e  in  reducing vegeta t ive  growth than 

frequent  sinal 1 f l uc tua t ions .  I-lowever, most. f l u c - h a t i n g  regimes can 

reduce 1 i t t o r a l  vegetat ion.  

The at tached algae and zoopldnkton assoc ia ted  with the  aquat ic  

vegetat ion (and w i  th the  aufwuchs communi t y  1 i vi ng on the  vogetat  ion) ,  

would be reduced by w a t e r  level '  f l uc tua t ion  in  a s i in i la r  manner a s  the 

aquat ic  vegetat ion.  These groups may be ab le  t o  rebui ld  t h e i r  

populations quickly a f t e r  favorable  condi t ions reappear. Many of the 

zooplankton spec ies  can reproduce par thenogenet ical ly  o r  have vest ing 

s tages  o r  both (Pennak 1953). Inundation of any submerged s t r u c t u r e s  

would l i k e l y  be followed within a few weeks by a rapid increase i n  

p lanktonic  forms and p a r t s  of the aufwuchs community. 

3 . 1 . 3  Impacts I-__ o f  Water Level Fluctuat ion on Benthic 
Macroi nver tebra tes  of the  L i t to ra l  Zone 

T h e  inacroi nver tebra tes  commonly assoc ia ted  w i t h  aqua t ic  

vegetat ion and d e t r i t u s  ( inc luding  Diptera ,  Trichoptera ,  Qdonata,  and 

Amphipoda) a r e  the  most severely a f f ec t ed  by water level drawdowns. 

These inver tebra tes  cannot survive des icca t ion  by forming a r e s t ing  

s t age  o r  burrowing. Attempts t o  migrate t o  deeper waters d u r i n g  

drawdowns probably r e s u l t  i n  s i g n i  f i can t  predat ion mortal i t y .  Aggus 

(1979) s t a t e s  t h a t  water level  drawdowns r e s u l t  in  rap id ly  increas ing  

prey a v a i l a b i l i t y  f o r  f i s h .  The low macroinvertebrate d i v e r s i t y  i n  

f l uc tua t ing  r e se rvo i r s ,  noted by several  i nves t iga to r s  ( F i l l i o n  1367, 

Grimas 1962, Kaster and Jacobi 1978, Hruska 1 9 7 3 ) ,  i s  l a rge ly  because 

of the absence of those forms t h a t  r e l y  heavily on the  subs t r a t e  and 

she1 t e r  of fe red  by aquat ic  vegetat ion.  
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Redevelopment u f  hydroe lec t r ic  power generat ion on e x i s t i n g  

r e se rvo i r s  ( i f  the height  o f  the dam i s  increased)  could p o t e n t i a l l y  

r e s u l t  in  an i n i t i a l  increase  in  mean water level  and subsequent water 

level  f l uc tua t ions  about a new mean water l eve l .  Changes in  the  

l i t t o r d l  benthic  fauna o f  such a s i t u a t i o n  have been described by 

Hynes (1961) and  by H u n t  and Jones (1972) .  Ihe water level  i n  Llyn 

Tegid increased by 2 m ,  r e s u l t i n g  i n  a change i n  amplitude f roa  2 t o  

4 .5  rn. Hynes (1961) observed t h a t ,  as  a r e s u l t  of t h i s  new regime, 

the  rocky-sandy 1 i t t o r a l  zone becamp covered w i t h  s i  1 t ,  w h i c h  r e su l t ed  

i n  the  disappearance of  rooted macrophytes and ci d r a s t i c  decredslr i n  

t he  d i v e r s i t y ,  b u t  not, t h e  t o t a l  dens i t y ,  o f  benthos. He observed 

t h a t  sponges, f 1 atworms, 01 iyochae t e s  , leeches,  ydst,ropods, Gdmmarus 

(scuds)  mi tes ,  s t o n e f l i e s ,  mayflier;, and c a d d i s f l i e s  were  almost o r  

completely el iminated.  The l o s s  of t hese  organisms was balanced by a 

gain in  two ol igochaete  spec ies  and several  spec ies  o f  chironomids. 

H u n t  and Jones (1973) a l s o  found t h a t  the dens i ty  o f  benthos i n  Llyn 

Tegid increased from 1504 t o  6488 i ndi vidual s/m2 i n  t h e  preregul a ted  

periods t o  3654 t o  9224 individuals/m2 a f t e r  the  increase  in  both 

wdteu. level  and water level  f l uc tua t ions .  The authors  s t a t e  t h a t  t h i s  

increase  was accounted f o r  by chironomids and 0 1  igochaetes .  The 

increase  in  the number o f  chironomids and ol igochaetes  was a t t r i b u t e d  

t o  the  changes in s u b s t r a t e ,  s p e c i f i c a l l y  t o  the  accumulation of  s i l t  

and subsequent di  sappearance of vascular  macrophytes. 

The organisms t h a t  un iversa l ly  appear t o  be ab le  t o  survive o r  

t ake  advantage of  water level  f l uc tua t ions  a r e  chironomids and 

o I igochaetes.  The abi 1 i t y  of chi ronomids and o l  igochaetes t o  

withstand des icca t ion  of t he  s u b s t r a t e  has been reported by several  

i nves t iga to r s .  Kaster and Jacobi (1978) reported t h a t  la rvae  o f  

Chironomus plumosus were found a c t i v e  a t  a depth of 8 cm i n  subs t r a t e s  

exposed t o  a i r  f o r  2 1  days. No benthos were observed below 9 cm i n  

s u b s t r a t e s  exposed t o  a i r .  However, - C.  plumosus la rvae  were found 

a l i v e  a t  a depth of 15 cm i n  s u b s t r a t e  covered with i c e  remaining from 

the receding water during the  winter. Chironomid tunnels  i n  the  
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subs t r a t e  w i t h  i ce  cover were found  as deep a s  20 cm. Simi lar ly ,  

[..imnodri ~ .................., 1 us specimens were a1 s o  found bur rowing  deeper in  a i  r-exposed 

sedimt.rrt.5, w i t h  smaller individuals  b e i n g  more successful .  Grimas 

(1961) reporLetl t h a t  80% of the  chi ro t lo i i i id  arid ol igochaete  fauna were 

a l i v e  a i t t ? r  th ree  i [ lonths of  exposirre t o  i c e  cover d u r i n g  il winter. 

drawdown in Lake Dulasjon. Kaster and Jacobi (1978) fu r the r  observed 

t h a t  tlhe r a t e  o f  survival  o f  these orgailisins, when exposed t o  a i r ,  was 

hi ghcr 

survi va 

exposed 

deeper. 

Fi 

n orgarlically r ich  sediments than i n  sand and s i l t .  However, 

was higher in sand anu s i l t  than in  organic d e t r i t u s ,  when 

t o  i c e  c o v ~ r ,  because organic dctritus f reezes  f a s t e r  and 

l ion  (1967) reported t h a t  several  organisms were able  t o  

t o l e r a t e  condi t ions o f  exposure d u r i n g  winter drawdowns o f  50 t o  85 

days.  Objects such as  logs ,  roo t s ,  and mats of vegetation she l te red  

inany chironomids and, occas iona l ly ,  Megaloptera,  Plecoptera ,  and 

o l  igochaetes.  Tipul idae larvae were f o u n d  under rocks. Chironomids 

were a l s o  found, a l i v e  in  the  d r i e r ,  hard-packed mud, u n t i l  inundation 

occurred ( u p  t o  85 days). 

Paterson and Fernando (1969) s tudied the  e f f e c t s  o f  des icca t ion  

on benthic organisms in  a small (65-ha),  shallow (rnaxinium depth o f  

3 m )  r eservoi r  in southern O n t a r i o ,  which was e n t i r e l y  drained 

beginning in September and f i l l e d  again the  n e x t  March. 'This schedule 

exposed the  ben thos  t o  des icca t ion  above freezing for  about, 50 days 

and  t o  desiccat ion a t  temperatures below freezing without any i c e  

cover f o r  an addi t ional  1-00 days. During t h i s  100-day p e r i o d ,  the  

subs t r a t e  f r o z e  t o  a depth o f  20 cm, 

Fernando (1969) found t h a t  the  major port ion o f  the  benthic fauna, 

mostly ol igochaetes  and chironomid la rvae ,  was destroyed. In 

coinparing t h e i r  r e s u l t s  with t h a t  of Grimas (1961) ,  who found survival  

of t he  ben.thos t o  be 80%, Paterson and Fernando concluded t h a t  

chironomid and ol igochaete  populations o f  t h e  l i t t o r a l  and shore a rea  

could survive winter drawdown in s i g n i f i c a n t l y  large numbers by 

burrowing in to  the  sediments i f  t h e  exposed area  i s  covered by i ce  o r  

snow. I f  an i c e  o r  snow cover i s  lacking,  organisms t h a t  bu r row i n t o  
the  sediments would s t i l l  d i e  due t o  des icca t ion  o r  f reez ing .  

I n  t h i s  experiment, Paterson and 
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Clams, mussels, and s n a i l s ,  which occupy the  l i t t o r a l  z o n ~ s  o f  

lakes arid r e s e r v o i r s ,  should a lso be able t o  withstand some exposure. 

Several examples o f  survival  o f  clams and mussels, f o r  p e r i o d s  ranginq 

from days up t o  one y e a r ,  were reported by McMahon (197c1). Variation 

was r e l a t e d  t o  spec ies  d i  t f e r ences ,  ve l a t ive  humidity, anu 

t,emperature. Most clams, mussels,  and s n a i l s  a r e  a l s o  capable o f  

burrowing in to  the s u b s t r a t e  t o  avoid des icca t ion  (Pennak 1953). 

B u ~ r o w i n g  mayflies can a l s o  withstand des icca t ion  f o r  a Pew days by 

buvrowi ng. However, Hexagenia species  have been observed t o  dese r t  

t h e i r  burrows and attempt t o  migrate in response t o  exposure o t  the 

subs t r a t e  (Fremling 1960).  

Although several  organisms can survive exposure o f  s u b s t r a t e  

under some condi t ions ,  the  abundance o f  benthic organisms appears t o  

be lower i n  t h e  zone sub jec t  t o  f l uc tua t ion .  Inves t iga t ions  oonduct,ed 

by Grimas (1962) on two r e se rvo i r s  i n  northern Sweden w i t h i n  the  same 

draindge system demonstrated t h a t ,  i n  t he  unregulated 1 ake the 

g r e a t e s t  dens i ty  o f  inver tebra tes  was found i n  t he  0- t o  4-rn depth 

zone. In the regulated lake w i t h  f l uc tua t ions  o f  0 t o  6 m ,  dens i ty  o f  

i nve r t eb ra t e s  was g r e a t e s t  between 6 and IO m .  This pa t t e rn  o f  

highest  d e n s i t i e s  o f  benthos immediately helow the low-water mark has 

been noted by several  i nves t iga to r s  ( F i l l i o n  1967, Neirsall 1952, 

Hruska 1973). Desiccation o f  benthos exposed i n  t he  zone o f  

f luc tua t ion  i s  only one fac tor  cont r ibu t ing  t o  t h i s  d i s t r i b u t i o n  

pa t tp rn .  As discussed i n  Sect.  2 . 1 ,  f a c t o r s  such as wave ac t ion  

resuspend and r e d i s t r i b u t e  s u b s t r a t e  ma te r i a l s ,  and eros ive  forces  may 

cause undercut t ing and collapse o f  banks, Examples o f  such e f f e c t s  on 

benthos a r e  given i n  Cowell and Hudson (1467) and Grimas (1962). Wave 

ac t ion  t r a n s f e r s  the  s i l t ,  c l a y ,  and organic  mat ter  f rom t he  zone of 

f luc tua t ion  t o  t h e  a rea  below the  lower l imi t s  o f  drawdown. Thus, 

organisms t h a t  a r e  bes t  su i t ed  t o  s i l t  and c lay  and organical ly r ich  

subst , ra tes  a r e  ab le  t o  survive o r  even increase  i n  numbers below t h e  

lower drawdown l i m i t s .  

Changes in  t h e  d i s t r i b u t i o n a l  pa t t e rn  o f  macroinvertebrates may 

have far-reaching ramif ica t ions .  Studies  i n  Lake Francis Case (South 
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Dakota) ,  wh ich  opera tes  w i t h  a 5- t o  14-m drawdown annua l l y ,  i n d i c a t e  

t h a t  seve ra l  F-i sh spec ies  ( b l  ueq i  11 , orange spot,ted sunf  i ski, green 

s u n f i s h ,  largemouth bass, b l a c k  b u l l  head, s toneca t ,  and f l a t h e a d  chirb) 

becatire r a r e  (Gassaway 1970) .  Al though t h e  au tho rs  d i d  no'i 

s p e c i f i c a l l y  s t a t e  t h e  reasons f o r  t h i s  d e c l i n e ,  t h e  water  l e v e l  

f l u c t u a t i o n s  and p o s s i b l e  e f f e c t s  on t h e  b e n t h i c  and aufwuchs 

community a r e  a p o s s i b l e  cause. M o s t  o f  these f i s h  a re  known t o  

depend h e a v i l y  on b e n t h i c  i n v e r t e b r a t e s  as a food  source. lsom 

(1971), i n  d e s c r i b i n g  t h e  e f f e c t s  o f  water  s to rage  on benthos i n  t h e  

mainstream r e s e r v o i r s  o f  t h e  Tennes5ee Val  l ey ,  i n d i c a t e d  t h a t  b e n t h i c  

i n v e r t e b r a t e s  were o f  1 i t t l e  impor tance s i n c e  a t r u i i c a t e d  

p l a n k t o n - i o - f i s h  c h a i n  i s  common i n  s to rage  impoundments. The 

secondary e f f e c t  on f i s h  p o p u l a t i o n s  r e s u l t i n g  f rom r e d u c t i o n s  i n  

b e n t h i c  i n v e r t e b r a t e s  caused by water l e v e l  f l u c t u a t i o n  m e r i t s  f u r t h e r  

research .  

3 . 1 . 4  Impacts o f  Water I.evel F l u c t u a t i o n  .~~ ~ ._....__._ on F i s h  . . . . . .. . .. Us ing  t h e  . . . . . .-. 
I 

I. i t t o r a l  Zone 

- 
I he best-documented e f f e c t  o f  waLer 1 ewe1 f 1 u c t u a i i  ons on f i  sh 

p o p u l a t i o n s  r e l a t e s  t o  f i s h  spawning success. I l ' i n a  (1962) 

determined t h a t  t h e  ex t reme ly  l o w  water  l e v e l s  i n  Rybinsk Reservo i r  i n  

t h i .  s p r i n g  o f  1960 exposed a l l  t h e  v e g e t a t i o n  and p r e f e r r e d  spawn ing '  

grounds o f  most spec ies .  Spawning t i m e  was g r e a t l y  p ro longed  f o r  a l l  

spec ies ,  and a g r e a t  p a r t  o f  t h e  brood s t o c k  d i d  n o t  spawn. 

Phytophi  1 i c  spec ies  ( those  t h a t  spawn over  v e g e t a t i o n ) ,  i n c l u d i n g  

w h i t e  bream, bl ue bream, and p i k e ,  were s e v e r e l y  a f f e c t e d .  Poddubny 

(1976) r e p o r t e d  t h a t  Lhe l o s s  0-f eggs l a i d  by p h y t o p h i l i c  spec ies  

( p i k e )  on c e r t a i n  s u b s t r a t e s  was as h i g h  as T O  t o  100% i n  Khakhoysk i i  

Reservo i r .  Egg l o s s  was a t t r i b u t e d  t o  p r e d a t i o n ,  d e s i c c a t i o n ,  and 

s i l t  d e p o s i t s .  Nelson (1978) determined t h a t  t h e  d e c l i n e  o f  n o r t h e r n  

p i k e  and y e l l o w  pe rch  i n  Lake Oahe can be l i n k e d  t o  t h e  r e d u c t i o n  o f  

t h e  v e g e t a t i o n a l  spakrni ng habitat. .  tle f u r t h e r  i n d i c a t e d  t h a t  
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maintenance o f  instream f l o w s  i n  the  t r i b u t a r i e s  was imports-t .to 

sauger and walleye spawning success.  In Lewis and Clark t.ake, more 

than 80% o f  the  v a r i a b i l i t y  i n  year -c lass  s t rength  could be predicted 

from the  change in water level over the spawning groiind, t h e  reservo1^r 

water temperature in June, and the r e se rvo i r  water exchange r a t e  

(Ida1 burg 1.972) . 
The e f f e c t  o f  water level  f l uc tua t ions  on spawn-ing i s  n o t  l imited 

s o l e l y  t o  lack o f  spawning h a b i t a t .  Water level Fluctuations can a l s o  

inf luence temper-ature condi t ions - in  t h e  1 i ttot-a1 zone. Makhoti n 

(19771, discussing f a c t o r s  t h a t  determine spawning e f f i c i e n c y  i n  

Kuybishev Reservoir,  Russia,  noted t h a t  the  water level  regimes 

d i r e c t l y  i n f  11 uence the  temperature condi t ion o f  the water body. 

Inundation o f  shallow areas  d u r i n g  spr ing floods r e s u l t s  in  rap-id 

warming stimul a t i  ng the  spawni ng o- f  phytophi 1 ous f i s h  arid spawni ng 

migrations.  Conversely, d i s rupt ion  o f  water warm-iny pa t t e rns  i n  t he  

spawning grounds and the  absence o f  r e q u i s i t e  substratum lead t o  

1 arge-scal e resorp t ion  of gonads by spawners o r  mortal i t y  of  

f e r t i l i z e d  eggs due t o  detachment. Podduhny (1976) repor t s  tha- t  

st .udies o f  gonadal resorp t ion  i n  phytophi l ic  f i s h e s  i n  Rybjnsk 

Reservoi r have e s t ab l  i shed t h a t  t he  number o f  resorbed gonads depends 

d i r e c t l y  on t h ree  f ac to r s :  (1) the  actual  a rea  o f  spawn.ing ground, 

( 2 )  t he  temperature condi t ions i n  sp r ing ,  and ( 3 )  t h e  number o f  

spawners t h a t  resorbed gonads in the previous year  and released spawn 

i n  the  next. In p a r t i c u l a r l y  unfavorable yea r s ,  the  number o f  f i s h  

resorbing gonads reaches 44% in  bream arid 60% in blue bream. The 

timing and amplitude o f  the f luc tua t ions  a r e  p a r t i c u l a r l y  c r i t i c a l  .in 

determining e f f e c t s  on spawning .  

3 . 1 . 5  - Impact o f  Fluctuat ions on Subs t ra te  S t a b i l i Q  

As discussed i n  Sec t .  2 ,  water level  f l uc tua t ions  may r e s u l t  i n  

iracwased t u r b i d i t y  condi t ions ,  e spec ia l ly  along the shore.  A I  though 

such increases  may be s l i g h t  compared with the  e f f e c t  o f  storm events ,  
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spawning success o f  some spec ies .  A l i t e r a t u r e  review o f  the  e f f e c t s  

o f  suspended s o l i d s  on f i s h  (Muncy e t  a l .  1979) concluded t h a t  

subs tan t ia l  evidence ind ica tes  t h a t  reproductive behavior va r i e s  among 

warmwater f i s h  i n  response t o  suspended s o l i d s  and sediments. Fish 

with coiilplex patterris of reproductive behavior a r e  vulnerable  t o  

in te r fe rence  by suspended s o l i d s  a t  several  c r i t i c a l  behavioral phases 

o f  the  spawning process.  Short-term exposure t o  high l eve l s  o f  

suspended sol ids  probably does not s e r ious ly  impede reproductive 

movements o f  most warmwater f i s h  (Muncy e t  a l .  1979).  1-hus, t u r b i d i t y  

induced by water level f l uc tua t ions  o f  shor t  d!rration would probably 

not i n t e r f e r e  with reproductive behavior. However, Muncy e t  a l .  

(1979)  repor t  t h a t  walleye,  northern p ike ,  and yellow perch do  

sometimes s u f f e r  mortal i ty  a t  na tu ra l ly  occurring concentrat ions of 

suspended s o l i d s .  ILoss o f  spawning hab i t a t  i s  the  primary impact of 

water level  f l uc tua t ions  on these  phytophi l ic  f i s h .  Increased 

t u r b i d i t y  may he j u s t  one of many f ac to r s  t h a t  cause low spawning 

success when the  eggs a re  deposited on inappropriate  subs t r a t e s .  I f  

wa.t.er level  f l uc tua t ions  cont inua l ly  a l t e r  the  s t a b i l i t y  of l i t t o r a l  

s u b s t r a t e s ,  macrophyte colonizat ion on the  subs t r a t e s  may be reduced. 

Ind i r ec t  e f f e c t s  of increased t u r b i d i t y  l e v e l s ,  including decreased 

photosynthesis and adverse e f f e c t s  on zooplankton, may occur i f  t h e  

t u r b i d i t y  increase i s  extensive.  

I n  summary, water level f l uc tua t ions  can be expected t o  a l t e r  t he  

growth of  macrophytes in the  l i t t o r a l  zone. T h i s  may be benef ic ia l  i f  

growth of undesirable  species  i s  re ta rded ,  o r  i t  may be detr imental  i f  

grow-th of a des i r ab le  species  i s  re tarded.  Reduction in  macrophytic 

growth can r e s u l t  in a decreased d i v e r s i t y  and abundance o f  prefer red  

" f i s h  food" organi sms. However, the  abundance o f  burrow: ng benthic  

orgarii sms may ac-tual l y  i ncrease in reservoi r s  sub jec t  t o  water level  

f l uc tua t ion  i f  the s u b s t r a t e  i s  s u i t a b l e .  The most se r ious  e f f e c t  of 

exposure of the l i t l o r a l  zone .is i n  t he  reduct,ion of s u i t a b l e  spawning 

hab i t a t  f o r  f i s h ,  although t h e  reduction i n  food and s h e l t e r  may a l s o  

l i m i t  recrui tment  of young-of-the-year f i s h .  An i n i t i a l  step in  
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determining the po ten t i a l  s ign i f i cance  o f  water level  f l uc tua t ion  a t  

small hydroe lec t r ic  s i t e s  where r e se rvo i r  water l e v e l s  wi l l  f l u c t u a t e  

would involve es t imat ing  the  h a b i t a t  a rea  a f f ec t ed  by such 
f luc tua t ion .  Appendix A d e t a i  1s a q u a n t i t a t i v e  methodology t,o 

es t imate  loss  o f  shore zone h a b i t a t  a rea  a s  a r e s u l t  of reservoir.  

water level  f l uc tua t ion .  

3 . 2  Impacts on Nonl i t t o r a l  Zones 

In t h i s  s ec t ion ,  po ten t i a l  b io logica l  impacts i n  area5 of a 

r e se rvo i r  o the r  than the l i t t o r a l  zone t h a t  r e s u l t  from water 

f luc tua t ion  a r e  presented.  The po ten t i a l  s ign i f i cance  of the impacts 

c l i  scussed a r e  t o  some degree specul a t i  ve. 

3 . 2 . 1  ImDacts Resul t ina from Fluc tua t ina  Water Volume 

Changes i n  the sur face  a rea  arid volume of a body o f  water may 

r e s u l t  i n  an a l t e r e d  car ry ing  capac i ty  f o r  f i s h  (Agyus 1979)" 

Reduct,ions i n  water volume may concent ra te  the f i s h  and sub jec t  t h e  

smaller  and younger ind iv idua ls  t o  increased predat ion and competit ion 

f o r  food. Consequently, f i s h e r i e s  managers have successfu l ly  used 

water leve l  drawdowns as  a means o f  s e l e c t i v e l y  c u l l i n g  excessive prey 

spec ies  (McGammon and von Geldron, J r .  1979; Lantz e t  a l .  1967; 

Bennett 1971). However, the predator  f i she ry  resource i s  enhanced by 

s u c h  drawdowns only i f  drawdowns a r e  conducted once every few years  

(Bennett [1974] recommends once every 3 t o  4 yea r s ,  whereas K e i t h  
[19753 recommends once every 5 t a  10 yea r s ) .  These recommendations 

imply t h a t  more frequent  drawdowns would be detr imental  t o  predators .  

Aggus (1979) s t a t e s  tha t  l a rge  f luc tua t ions  t h a t  occur annually o r  

more f requent ly  c r e a t e  i n s t a b i l i t y  i n  the f i s h  community, r e s u l t i n g  in 

a cons tan t ly  changing s tanding crop. No information i s  ava i l ab le  on 
the e f f e c t s  o f  sinall, b u t  f requent  f luc tua t ions  on predat,ion pressure. 



A t  t h e  l e a s t ,  however, one would expec t  g r e a t e r  p r e d a t i o n  p ressu re  on 

t h e  young-o f -year  f i s h  compared w i t h  nonf  1 u c t u a t i  ng c o n d i t i o n s  because 

they  would r e g u l a r l y  be drawn o u t  o f  p r o t e c t i v e  cover .  

Another  mechanism by which sr i ia l l ,  s h o r e - o r i e n t e d  f i s h  may be 

a f f e c t e d  by water  l e v e l  f l u c t u a t i o n  i s  s t r a n d i n g  i n  temporary wa te r  

pockets ,  which l a t e r  d r y  up. Green s u n f i s h ,  you@ b l u e g i l l s ,  a.nd many 

o f  t h e  i n v e r t e b r a - t e s  t h a t  a t tempt  t o  f o l l o w  t h e  reced ing  water  l i n e  

have been r e p o r t e d  t o  be s u s c e p t i b l e  t o  s t r a n d i n g  (Bennet t  1971). 

Decreasing t h e  volume o f  water  i n  an impoundment may change i t s  

p h y s i c a l  c h a r a c t e r i s t i c s .  S e c t i o n  2 d iscusses  t h e  p o s s i b i l i t y  t h a t ,  

a t  l o w  volume, t h e  t h e r m o c l i n e  may be a l t e r e d  o r  t o t a l  

d e s t r a t i  f i c a t i  on may occur .  A l  though t h e  p rohab i  1 i t y  o f  t h i  s 

s i t u a t i o n  o c c u r r i n g  i s  l o w ,  b i o l o g i c a l  i m p l i c a t i o n s  o f  such an event  

i n c l u d e  inc reased  oxygen l e v e l s  i n  t h e  profunda1 zone, wh ich  c o u l d  

r e s u l t  i n  changes i n  t h e  d i s t r i b u t i o n  and abundance o f  a q u a t i c  b i o t a .  

D e s t r a t i f i c a t i o n  o f  a l a k e  by a e r a t i o n  r e s u l t s  i n  inc reases  i n  t h e  

b e n t h i c  p o p u l a t i o n s  ( W i r t h  e t  a l .  1970). D e s t r a t i f i c a t i o n  i n  t h i s  

case was b e n e f i c i a l  t o  t h e  b e n t h i c  community. 

D e s t r a t i f i c a t i o n  may a l s o  have some adverse e f f e c t s  on t h e  f i s h  

community. I n  genera l  j u v e n i l e  f i s h  have h i g h e r  optimum tempera tures  

than a d u l t  f i s h  of t h e  same species (Coutant, 1.377). Th is  d i f f e r i n g  

thermal  p re fe rence  c o n t r i b u t e s  t o  p o s s i b l e  s e p a r a t i o n  o f  

young-o f - the-year  f i s h  f rom a d u l t s  when s t r a t i f i e d  c o n d i t i o n s  a1 low 

each group t o  f i n d  i t s  p r e f e r r e d  temperature.  D e s t r a t i f  i c a t i o n  may 

b r i n g  d i f f e r e n t  s i z e  groups t o g e t h e r  and thus  r e s u l t  i n  a g r e a t e r  

amount o f  cann iba l i sm.  i lowever, no da ta  a r e  a v a i l a b l e  which would 

d i r e c t l y  i n d i c a t e  t h a t  t h i s  would occur .  I n  a homothermal l a k e  i n  New 

York, w a l l e y e  d i d  c a n n i b a l i z e  t h e i r  young-o f - the-year  h e a v i l y  d u r i n g  

one y e a r  o f  st.udy (Cheval i e r  1973) I whereas o t h e r  s t u d i e s  on w a l l  eye 

have n d i c a t e d  t h a t  cann iba l  ism occurs i n f r e q u e n t l y .  However, o t h e r  

f a c t o r s ,  such as l o w  d e n s i t i e s  o f  t h e  normal p r e y ,  may have 

c o n t r i b u t e d  more s i g n i f i c a n t l y  t o  c a n n i b a l i s t i c  behav io r  t han  t h e  l a c k  
o f s t ra t -i f i c a t  i o 12. 
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3 . 2 . 2  Impacts Resulting .---- from Timing of Water Releases .._I____ -.I- 

Operation o f  small hydroe lec t r ic  operat ions i n  a peaking mode may 

The timing o f  t.he f luc tua t ions  r e s u l t  - i n  d a i l y  f luc tua t ions  o f  water.  

and the  discharge may de.termine the  ex ten t  t o  which f i s h  and 

i nve r t eb ra t e s  a r e  1 o s t  through tu rb i  nes. Cowel 1 and Hudson (1967) 

found t h a t  up  t o  2 4 . 1  metr ic  tons o f  t-lexaypinia (burrowing mayfly) were 

l o s t  through the  turb ines  Q-f Lew-is and Clark Lake between Apr.i1 12 and 

Ju ly  1 when -. I - l e x C ~ n i a  _I were migrating through the water column. 

migration was s t r i c t l y  nocturnal ,  the  losses occurred a t  night .  

Chironomids and ceratopogonids were a1 so  los t .  through turb ines  a t  

night .  The percentage o f  the t o t a l  t-lexagenia population l o s t  through 

the  turb ines  was est imated t o  be 7 t o  10%- The t o t a l  annual loss o f  

chronomids was estimated t o  be near ly  equal in  weight t o  the  loss of 

ll.l Hexagenia mayfl jes  (about 20 metric  t ons ) .  &enson (197.3) reported 

t h a t ,  i n  Lewis  and Clark Lake, chironomids were 3 t o  13 t i m e s  more 

numerous i n  n ight  samples than i n  day samples, arid burrowing nayf l i e s  

were co l l ec t ed  only a t  night .  Thus, peaka'ng during evening hours 

could r e s u l t  i n  d huge loss o f  i nve r t eb ra t e  biomass from a r e se rvo i r ,  

whereas midday peaking rriay have little ef' fecl;  on export  o f  

i nve r t eb ra t e s  f r o m  a reserv0.f r .  Ichthyoplankton were a1 so  l o s t  from 

Lewi CJ and C 1  ark  r e se rvo i r  through the turb ines  (Wal burg 1.971), b u t  

t h i s  loss  occurred a t  a l l  hours and would riot, be p a r t i c u l a r l y  affect.ed 

by t h e  t i m i n g  o f  peaking operat ions.  

Since 

3 . 2 . 3  I m p c t s  Resulting i n  F l u s h i n g  'lime 

Imposing water. level  f l uc tua t ions  on a Formerly unf luc tua t ing  

r e se rvo i r  wi 1 1  d i r e c t l y  a f f e c t  the  water r e t en t ion  t ime, a s  described 

i n  Sect 2 . 1 .  Decreasing the  water. r e t en t ion  time may c r e a t e  cu r ren t  

v e l o c i t i e s  t h a t  small f i s h  a r e  unable t o  resist, o r  avoid. Sn Lewis 

and Clark Lake, where d a t e r  r e t en t ion  time varied from 5 .5  t o  7 . 2  days 

depending on water l e v e l ,  losses o f  young f i s h  from the  reservoii .  were 

extensive.  Estimated peak 24-h l o s ses  were 1 0  mi l l ion  freshwater 



drum, 800,000 ernerald s h i n e r ,  700,000 sauger-wal l e y e ,  and 170,000 

channel c a t f i s h .  Summer s u r v i v a l  o f  age 0 f reshwa te r  d rua  was 

i n v e r s e l y  r e l a t e d  t o  t h e  f l u s h i n g  r a t e  i n  J u l y  and August, when t h e  

c u r r e n t  v e l o c i t i e s  approached 3 t o  5 cm/s i n  t h e  r e s e r v o i r  (Malburg 

1371). 

Water r e t e n t i o n  t ime  i s  an i m p o r t a n t  f a c t o r  d e t e r m i n i n g  t h e  

amount o f  p h y t o p l a n k t o n  and zooplankton produced i n  a r e s e r v o i r .  I n  

s t u d i e s  on the V 1  t a r a  cascade o f  r e s e r v o i r s  i n  Czechoslavak ia,  

S t rask raba  and J a v o r n i c k y  (1973) r e p o r t e d  t h a t  t h e  p r i m a r y  p r o d u c t i o n  

and zooplankton s t a n d i n g  c r o p  i n  r e s e r v o i r s  w i t h  mean r e t e n t i o n  t imes  

above 20 days were comparable w i t h  those  f o r  l akes .  However, i n  

r e s e r v o i r s  w i t h  r e t e n t i o n  t imes  below 3 days, t h e  p r i m a r y  p r o d u c t i o n  

v a r i e d  acco rd ing  t o  whether i n f l o w i n g  wa te r  came f rom t h e  'lower s t r a t a  

o f  an upstream r e s e r v o i r  o r  f rom t h e  s u r f a c e  wa te r  o f  a r i v e r .  In 

e i t h e r  case, however, t h e  zooplankton p r o d u c t i o n  was v e r y  low i n  

r e s e r v o i r s  w i t h  r e t e n t i o n  t imes  l e s s  t h a n  3 days. Zooplankton 

p r o d u c t i o n  i n  Lake Sharpe, one o f  t h e  M i s s o u r i  R i v e r  mainstem 

r e s e r v o i r s ,  was a l s o  found t o  be reduced when r e t e n t i o n  t ime  was 

reduced f rom a range o f  26 t o  50 days t o  1.8 t o  22 days (Benson 1973) .  

The e f f e c t s  were most apparent  on Cyclops and -_ Daphnia, b o t h  i m p o r t a n t  

f i s h  f o o d  organisms. Reproduct ion o f  daphnids i r i  L e w i s  and C l a r k  Lake 

showed a l a r g e  decrease, w i t h  a change o f  mean r e t e n t i o n  t ime  f rom 8.6 

t o  6.7-6.4 days. The somewhat l i m i t e d  d a t a  a v a i l a b l e  i n d i c a t e  t h a t ,  

if h y d r o e l e c t r i c  power g e n e r a t i o n  decreases r e t e n t i o n  t i m e  i n  a 

r e s e r v o i r ,  the p r o d u c t i o n  o f  zooplankton,  i n  p a r t i c u l a r ,  and p r o b a b l y  

t h e  o v e r a l l  p r o d u c t i v i t y  w i  11 be decreased. 

I n  summary, t h e  t ypes  o f  p o t e n t i a l  impacts d i scussed  above a r e  

more s p e c u l a t i v e  and l e s s  we1 1 documented t h a n  t h e  impacts  d i scussed  

f o r  the l i t t o r a l  zone. However, i f  t h e  o p e r a t i o n  o f  a h y d r o e l e c t r i c  

f a c i l i t y  does s i g n i f i c a n t l y  a1 t e r  wate r  volume o r  f l u s h i n g  r a t e ,  sorlie 

o f  the impacts  d i scussed  above c o u l d  a d v e r s e l y  a f f e c t  r e s e r v o i r  

p r o d u c t i v i t y .  
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4. IMPACTS O F  WATER LEVEL tLUCTUATION ON PHYSICAL 
A M I  CHEMICAL CHAKACTEKlSTICS OF R I V k R S  DQWNSTREAM FROM 13AP4S 

T h i s  sec t ion  dea ls  w i t h  the  phys i ca l ,  chemical ,  and biological 

e f f e c t s  o f  water level f l uc tua t ions  in the  l o t i c  environments 

downstream from hydroe lec t r ic  irnpoiindments. More p a r t i c u l a r l y ,  it, 

descr ibes  the potent i  a1 e f f e c t s  o f  t h o s e  v/d t e r  1 evel f 1 uc tua t i ons  t h a t  

occur as a consequence o f  hydropower generation i t i  c3 peaking mode o f  

opera t ion ,  i. e .  ~ t hose  f I uc tuat ions t h a t  a r e  not inherent i t i  the 

natural  ( run -o f - r ive r )  f l o w  from impoundments. 

A 1  though the  ampl i tude o f  hydropower water. level  f l  ucltudtions may 

be equivalent  t o  the  unregulated ampl i tude o f  the  unimpounded stream, 

peaking operat ions usually requi re  a r a t h e r  d r a s t i c  a1 t e r a t  ion in the  

in t e rva l  between major f l u c t u a t i o n s ,  the  r a t e  of change o f  waLer 

l e v e l ,  and the  durat ion o f  a given water level ( s t age  heiqht,) i n  t h e  

downstream channel. l h u s ,  i n  c o n t r a s t  t o  f l uc tua t ions  w i t h i n  

r e se rvo i r s  (Sec t ,  2 ) ,  the e f f e c t s  o f  f luc tua t ions  dawnadream from 

impoundments a r e  r e l a t e d  more t o  the  in t e rva l  between and r a t e  of 

change i n  water level  f l uc tua t ions  than t o  the drnplitudp o f  

f 1 uctuat ion.  Unregulated (i e e .  , unimpounded) streams, especial  l y  the  

small e r  ones,  can be sub jec t  t o  enormous natural  f l  u c t u a t i  orls i ri water 

l e v e l  i n  response t o  rainfall i n  t h e i r  watersheds. 

Nonhydroelectric uses ( e . g .  , f l o o d  con t ro l ,  i r r i g a t i o n )  o f  

impounded streams of ten  reduce the  natural  amp1 i t u d e  o f  water level 

f l uc tua t ions  i n  t a i  lwaters by r e t a in ing  peak flows and augmenting low 

f lows .  Fluctuat ions r e l a t e d  t o  peaking operdtion o r d i n a r i l y  in(-rease 

ampl i tude t o  near t he  natural  (nonfload) range without any 

r e l a t ionsh ip  t o  the  natural  frequency, t iming,  and durat ion o f  t he  

occurrence o f  a par t ic t i  1 a r  water 1 evel i n  the  downstream environment,. 

T h e  primary physical e f f e c t s  o f  water level  f l uc tua t ion  

downstream o f  impoundments operated i n  a peaki ng mode a r e  expected t o  
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i n c l u d e  streambed and bank e r o s i o n  and wa te r  qual  i t y  p roh l  ems re1 a t e d  

t o  resuspens ion  and r e d i s t r i b u t i o n  o f  bank and bed m a t e r i a l s .  

S p e c i f i c a l l y ,  h y d r o e l e c t r i c  ope ra - t i on  o f  a r e s e r v o i r  n o t  p r e v i o u s l y  

used t o  meet  peak power demands may inc rease  e r o s i o n  and downsti-eain 

t r a n s p o r t  o f  streambed and bank t n a t e r i a l s ,  t hus  i n c r e a s i n g  t u r b i d i t y  

and a l t e r - i  ng channel geometry. A1 s o ,  subsequent redzpos i  t i o n  o f  

eroded m a t e r i a l  f u r t h e r  downstreaii i may be d e l e t e r i o u s  t o  b e n t h i c  b i o t a  

(Sec t .  5 )  and may a1 tew. channel geometry by i n f i  11 i n g .  

I n  c o l d e r  r e g i o n s ,  d a i l y  water l e v e l  f l u c t u a t i o n s  can a l s o  keep 

i c e  broken up  f o r  c o n s i d e r a b l e  d i s tances  below impoundments. O f t e n  

t h i s  p h y s i c a l  e f f e c t  may be aiigmented i n  t h e  s t ream reaches 

immedia te ly  be low impoundments by t h e  r e l e a s e  o f  compara t i ve l y  warmer 

r e s e r v o i  r bot tom wa te r ,  which r e t a r d s  i c e  f o r m a t i  on (Nee1 1963).  

4 . 1  Impacts on Streambed and Bank Eros ion  

Changes i n  t h e  r a t e s  o f  e r o s i o n  and sed imen ta t i on  i n  streams 

downstream from dams car1 have f a r - r e a c h i n g  and sometimes c o s i l y  

consequences. Acce le ra ted  r a t e s  o f  e r o s i o n  can undermine b r i d g e  p i e r s  

and abu.tments. Channel deg rada t ion  o f  streail is t h a t  supp ly  water  t o  

communit ies o r  i n d u s t r y  can be s e r i o u s  i f ,  a t  normal f l o w ,  i t  lowers  

t h e  water  l e v e l  below t h e  des ign  l e v e l  o f  i n t a k e  s t r u c t u r e s .  The 

r e c r e a t i o n a l  va lue  o f  some stream reaches may be a f f e c t e d  by l o s s  o f  

beaches and boa t  l and ings  because o f  a c c e l e r a t e d  e r o s i o n  i n  one area  

and excess ive  s i l t a t i o n  i n  another .  Degrada.t;ion o f  a iriain stream 

channel may a l s o  have repercuss ions  on t h e  r a t e s  o f  e r o s i o n  and 

sed imen ta t i on  i n  t r i b u t a r y  streams by 1 ower i  ng t h e  l o c a l  e r o s i o n a l  
base l e v e l  f o r  these srnal J e r  streams. 

The r a t e  c f  e r o s i o n  o f  streambeds and banks depends, among o t h e r  

t h i n g s ,  on complex i n t e r r e l a t i o n s h i p s  o f  s t ream v e l o c i t y ,  wa te r  

q u a l i t y  ( e s p e c i a l l y  suspended sediment c o n c e n t r a t i o n ) ,  channel 

g r a d i e n t ,  t ypes  o f  m a t e r i a l s  composing t h e  streambed and banks, 

channel c o n f i g u r a t i o n ,  and channel a1 ignment. An exhaus t i ve  t rea tmen t  
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of these i n t e r r e l a t i o n s h i p s  i s  beyond the  scope o f  t h i s  docurnen1. 

However, Gottschal k (1968) and Taylor (1978) have provided luc id  

treatments of erosion and sedimentation processes as  they D C , L U ~  

downstream from dams, which can be consul Led f o r  d e t a i l e d  infor*mdlion. 

Where streams have been impounded, t h e  downstream balance between 

erosion and sedimentation i s  of ten  d is rupted ,  w i t h  t h e  rp3u l t  t h a t  

formerly s t a b l e  streambeds arid banks inay begin t o  e rode  and areas  

f u r t h e r  downstrearri w i t h  minimal o r  no sedimentation may b e g i n  t o  f i l l  

w i t h  sediment. 'fhese changes can be a t t r i b u t e d  mainly t o  (1) the 

discharge o f  water from dams with g r e a t l y  reduced sediment load (Sec t .  

2 . 4 )  and ( 2 )  a l t e r e d  p e r i o d i c i t y  and dmplitude o f  water l eve l s  and 

v e l o c i t i e s  i n the  downstream a rea .  

Sediment-free water discharged from a dam can be aggress ively 

e ros ive .  Also,  Sf such water i s  re leased  in  s u f f i c i e n t  quaritit,y i n t o  

a channel with a gradien t  t h a t  has become s t a b i l  i r ed  under p r i o r  

condi t ions  of t he  flow of sediment-laden water ,  a c t i v e  S C O U ~  r;f the  

streambed and bank wil l  begin. T h i s  scour wil I normally begin near 

t he  dam, but  as t h e  channel grad ien t  decreases ,  the  eroding a r m  w i l l  

move downstream. Below 1 arge dams, scuuri  ng may pr0gressi  vely a f f e c t  

many miles o f  streambed and banks (Borland and Mi l le r  1960).  

Al te ra t ion  o f  p e r i o d i c i t y ,  du ra t ion ,  and amplitude o f  water 

l e v e l s  and v e l o c i t i e s  i n  streams a s  a consequence o f  rivet- 

impoundment, o r  changes in  the operat ion o f  an e x i s t i n g  impoundment, 

may a1 so profoundly a f f e c t  e ros ion  and sedimentation processes i n  the 

downstream area .  Streamtieds and b a n k s  tend t o  evolve t o  a s t a b l e  

c o n d i t i o n  i n  response t o  t h e  range of hydraul ic  forces  t h a t  a r e  

appl ied.  Mhere the  nature  and s t r eng th  o f  these fo rces  a r e  a l t e r e d ,  

some readjustment of streambeds and banks i s  l i k e l y .  T h u s ,  streambeds 

and channel banks t h a t  a r e  s t ab  le ( n e i t h e r  aggrad i ng nor degradi rig) 

under a regimen o f  unregulated streamf low may become highly unstable  

u n d e r  a reginien o f  regulated flow. I n s t a b i l i t y  may occur as a 

consequence o f  changes in  stream turbulence o r  excessive pore water 

pressure i n  channel banks. Stream turbu 1 ence determi ne5 e r a s  i we 

capac i ty  and i s  p a r t l y  determined by t h e  r a t e  of r i s e  in water l eve l .  
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A r t i f i c i a l l y  c r e a t e d  surges (sudden r i s e s  i n  wa te r  l e v e l ) ,  such as 

those caused by peak ing  o p e r a t i o n  o f  h y d r o e l e c t r i c  f a c i  1 i t i e s ,  may 

g r e a t l y  i nc rease  stream t,urbulence as the  power wave passes a p o i n t  i n  

t h e  s t ream and may a c c e l e r a t e  e r o s i o n  o f  t h e  streambed and banks (Brye 

e t  a l .  1979) .  
.The presence o f  groundwater i n  t h e  banks (bank s to rage)  and 

f l o o d p l a i n s  a d j a c e n t  t o  a channel i n  a l l u v i u m  which c r e a t e s  h i g h  po re  

water  p ressures ,  can s i g n i f i c a n t l y  a f f e c t  t h e  s t a b i l i t y  o f  channel 

banks. Groundwater may e n t e r  banks as a r e s u l t  o f  e l e v a t i o n s  o f  t h e  

a r e a l  water  t a b l e  o r  as a r e s u l t  o f  s t ream water  p e r c o l a t i n g  i n t o  t h e  

bank when t h e  water  l e v e l  i s  h igh .  Seepage o f  bank s to rage  back i n t o  

t h e  stream when water  l e v e l s  a r e  lower  c r e a t e s  c o n d i t i o n s  conducive t o  

collapse and e r o s i o n  o f  t h e  channel bank (Burg i  and Karak i  1971) .  

Rapid and f r e q u e n t  f l u c t u a t i o n s  i n  t h e  s u r f a c e  l e v e l  o f  t h e  stream, 

such as may accompany h y d r o e l e c t r i c  peak ing  o p e r a t i o n s ,  a r e  e s p e c i a l l y  

conducive t o  channel bank e r o s i o n  because s t reamf low may va ry  f r o m  

e s s e n t i a l l y  zero  ( d r y  channe l )  t o  f u l l  d i scha rge  and back t o  ze ro  i n  a 

m a t t e r  o f  hours .  A 1  though n a t u r a l ,  unimpounded streams and streams 

below dams opera ted  i n  r u n - o f - r i v e r  mode may f l u c t u a t e  t h e i r  water  

l e v e l s  ove r  s i m i l a r  ranges i n  response t o  s torm f l o w ,  these n a t u r a l  

f l u c t u a t i o n s  i n  water  l e v e l  a r e  n e i t h e r  as f r e q u e n t  no r  as r a p i d  as 

may occur  below dams opera ted  t o  meet peak power demands. 

Stream channels ,  wh ich  c u t  t h rough  bedrock o r  wh ich  a r e  armored 

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

l a r g e  p a r t i c l e  s i z e  o f  t h e  bank and bed m a t e r i a l s ,  w i l l  l i k e l y  n o t  be 

a f f e c t e d  by a l t e r i n g  t h e  h i s t o r i c a l  p e r i o d i c i t y  and amp l i t ude  o f  water  

l e v e l s  i n  t h e  channel .  Also,  even where t h e  types  o f  m a t e r i a l s  

composing t h e  streambed and banks a r e  s u b j e c t  t o  e r o s i o n  and 

r e d i s t r i b u t i o n ,  any r e c e n t l y  imposed h y d r a u l i c  c o n d i t i o n s  w i l l  

u l t i m a t e l y  l e a d  t o  a new q u a s i - e q u i l i b r i u m  between e r o s i o n  and 

sed imen ta t i on  processes.  The t i m e  r e q u i r e d  for. channel read jus tmen t  

w i l l  be h i g h l y  s i t e - s p e c i f i c  and d i f f i c u l t  t o  p r e d i c t .  Where 

downstream water  l e v e l s  a r e  a l s o  r e g u l a t e d  by  dams o r  o t h e r  

backwa te r -c rea t i ng  c o n d i t i o n s ,  t h e  e f f e c t s  o f  wa te r  l e v e l  f l u c t u a t i o n s  

a r e  more l i k e l y  t o  be o f  t h e  types  desc r ibed  i n  Sect .  2.2.  
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In summary, water level  f l uc tua t ions  below dams converted from 

run-of-r iver  t o  hydroe lec t r ic  peaking operat ion may i n  some 

c i  rcurnstances lead t o  d i s rup t ion  o f  the downstream balance between 

erosion and sedimentation. Formerly s t a b l e  streambeds and banks may 

begin t o  erode,  whereas formerly s i l t - f r e e  stream reaches may suddenly 

be  subject t o  excessive s i l t a t i o n .  These e f f e c t s  may be c h i e f l y  

a t t r i b u t e d  t o  the a l t e r e d  p e r i o d i c i t y ,  dura t ion ,  and amplitude of 

downstream water l e v e l s ,  which force  t h e  stream channel t o  r ead jus t  t o  

the imposed hydraul ic  condi t ions.  
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5 .  IMPACTS OF WATER LEVEL FLUCTUATION 
QN RTd jLOGlCAL CHARACTERISTICS O F  RIVERS BELOW DAMS 

L .  D .  Wright 

A. T.  Szluha 

Tailwaters a r e  defined as  the  por t ion  o f  streams extending from 

beloid dams t o  t h e i r  confluence w i t h  equal o r  l a rge r - s i ze  t r i b u t a r i e s  

o r  t o  the  headwaters o f  o the r  downstream impoundments. The bio logica l  

curnmunity s t r u c t u r e  i n  t a i l w a t e r  s t t - e m s  i s  of t en  a l t e r e d  considerably 

from the  community i n  an unregulated sec t ion  a s  a resu l t  o f  changes in 

physicochemical  c h a r a c t e r i s t i c s  o f  the water dischar9ina from a 

r e se rvo i r .  

A ser ies  o f  papers by Ward (1374, L976a, - 1976b, - 1 9 7 6 ~ )  - and Ward 

and Stanford (1973a, - 1979b) -. provides excel l e n t  r’esearch da ta  and 

l i t e r a t u r e  reviews on the e f f e c t s  o f  dams on stream benthic  

inve r t eb ra t e s .  They found t h a t ,  wi thin temperate regions,  temperature 

and f l o w  regimes a r e  o f t en  t h e  major- f a c t o r s  a f f e c t i n g  benthic  

communi t i e s  below dams. Other f ac to r s  t h a t  determine species-speci f ic  

vesponse. t o  stream regula t ion  include p rope r t i e s  o f  the r e se rvo i r  

( t roph ic  s t a t u s ,  depth r e t en t ion  t ime, temperature p r o f i l e ,  and ex ten t  

o f  drawdown) and c h a r a c t e r i s t i c s  of t he  stream (geochemistry, 

topography, and meteorology of the region under  cons idera t ion) .  

Channel niorpholoyy may a l s o  be of c r i t i c a l  importance, Especial ly  t o  

f i s h .  

l he  properties o f  the  r e se rvo i r  and the loca t ion  o f  the  discharge 

l a rge ly  determine the water q u a l i t y  of t a i l w a t e r  streams. Epilimnetic 

discharge i s  genera l ly  charac te r ized  by r e l a t i v e l y  h igh  d e n s i t i e s  of 

planktonic  organisms, adequate dissolved oxygen, and a pauci ty  of 

dissolved p l a n t  n u t r i e n t s .  During periods o f  r e se rvo i r  

s t r a t i t i c a t i o n ,  a hypolimnetic discharge may c o n t a i n  low dissolved 

oxygen, r e l a t i v e l y  high Concentrations of p l an t  n u t r i e n t s ,  and o the r  

dissolved inorganic s o l i d s  ( i r o n  and manganese), and t h u s  i t  may 
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degrade water qual i t y  in  t a i  lwaters (Krenkel e t  a1 . 1979). Water 

qua l i t y  degradation can a f f e c t  the  b i o t i c  communities in  the receiving 

skrearns, with o r  w i t h o u t  f l uc tua t ing  wa:t.er levels .  

To e s t a b l i s h  a bas i s  f o r  d i s ~ u s s i i ~ g  t a i l w a t e r s  a f fec ted  by 

f luc tua t ing  water l e v e l s ,  t a i lwa te r s  character ized by r e l a t i v e l y  

constant  Flow condi t ions a re  f i r s t  described. A l t h o u g h  t a i lwa te r  

discharges a re  seldom constant  year-round, they may be considerably 

dampened compared w i t h  unregulated streams. la ;  lwaters below dams 

Mith hypo1 imnetic discharges a re  usually character ized by r e l a t i v e l y  

constant  t h e r m a l  condi t  i ons .  Therefore,  water .teinperature may be 

cooler  in  summer and warriier i n  winte i -  compared with t h a t  o f  

unregulated streams. Diurnal f l uc tua t ions  in temperature a re  a l so  

dampened where constant  and medium t o  high discharges a re  maintained. 

Sepsratiilg the e f f e c t s  of f l o ~  constancy from thermal constancy i s  

d i f f i c u l t ,  because they occur together  s o  f requent ly .  O u r  descr ip t ion  

of t a i  litlaters with re1 a t i v e l y  constant  flow w i  1 1  address the  e f f e c t s  

of  thermal constancy as  wel l .  However, in  o u r  discussions o f  e f f e c t s  

of  water leve? f l u c t u a t i o n s ,  o n l y  t h o s e  therinal f ac to r s  t h a t  a r e  

i nf 1 uenced by flow changes w i  1 1  be addressed. 

5 . 1  Biological Coinintrnities o f  Tailwaters Under Relat ively 
Constant Thermal a n d  Flow Regimes 

Revjews of t h e  l i t e r a t u r e  by Ward (1976b) - and Ward a n d  Stanford 

(1979b) - have shown t h a t  macrobenthic d i v e r s i t y  i s  general ly  reduced in 

the  immediate t a i  lwat-ers belOl4 s torage r e se rvo i r s  w i t h  deep release5 

compared with t h a t  of the  stream above the  r e se rvo i r ,  o f  unregulated 

t r i b u t a r i e s  ~ o r  of t a i  lwaters fu r the r  downstream. Various 

inves t iga to r s  have a t t r i b u t e d  the  lower species  d i v e r s i t y  of 

macroinvertcbrates in  t a i lwa te r s  t o  the  seasonal thermal constancy 

below deep re lease  daius (Fraley 1979, Spence and t-lynes 1971a, - Lehmkuh 

1972, Ward 1974).  Ward (197 '6~)  - f u r t h e r  implicated delayed seasonal 

temperature mauimum and diurnal temperature constancy in  the  e f f e c t s  
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on d i v e r s i t y .  tie i d e n t i f i e s  several  e f f e c t s  o f  the a1 te red  thermal 

regime$: (1) thermal s t imul i  e s s e n t i a l  t o  complete the  l i f e  cycle a r e  

lacking,  ( 2 )  niche overlap i s  reduced, ( 3 )  competit ion assoc ia ted  with 

g r e a t e r  product iv i ty  i s  increased,  ( 4 )  major inver-tebrate predators  

a r e  e l imina ted ,  and (5 )  optimal temperatures f o r  growth are  lacking. 

Many f a c t o r s  a55oc i ated w i t h  f 1 ow constancy a r e  favortab1 e t o  

i nver tehra tes  (Ward 1976b; I Ward and Stanford 1979b). - For i tistance, 

increased bank s t a b i l i t y  f a v o r s  the establ ishment  o f  r ipa r i an  

veyeta t i  on. Strearnside vegetat ion provides a1 1 ochthonous organic  

mat te r ,  which i s  of ten  a s i g n i f i c a n t  f ood  source f o r  stream benthos. 

Both d e t r i t i v o r e s  and f i l t e r  feeders  may d i r e c t l y  bene f i t  from such 

input . .  

F l o w  constancy increases  bed s t a b i  1 i t y  and reduces t u r b i d i t y ,  

enhancing the production o f  at tached a lgae  and macrophytes and 

providing addi t iona l  food  and niche d i v e r s i f i c a t i o n  (Ward 1976b, I Ward 

and Stanford 1979b). I For ins tance ,  dense s tands  of Cladophora o f t e n  

i nhab i t  t a i l w a t e r  areas below TVA dams and provide s h e l t e r  for  l a rge  

populations o f  chironomids and  amphipods ( P f i  t z e r  1954) .  Amphipods 

a r e  poorly adapted f o r  wi thstandiny current ,  b u t  t he  cons tan t  flows 

p l u s  she1 t e r  favor  t h e i r  occurrence.  

T h e  negative e f f e c t  o f  seasonal flow constancy i s  t h a t  s i l t a t i o n  

i s  occasional ly  a problem, e spec ia l ly  i f  the  cu r ren t  ve loc i ty  i s  

slower t h a n  normal f o r  t h a t  stream. S i l t  gradual ly  f i l l s  the grave l  

i n t e r s t i c e s ,  severe ly  reducing benthic  h a b i t a t  and destroying spawning 

h a b i t a t  f o r  f i s h .  Stream h a b i t a t s  w i t h  l i t t l e  cobble and l a rge  

amounts o f  sand and s i l t  were found t o  have low benthic  biomass and 

species d i v e r s i t y  by Brusven and Pra ther  (1971). H i  1 senhof f (19? l>  

a t t r i b u t e d  reduct ion i n  species  d i v e r s i t y  below an impoundment t o  a 

combination of n u t r i e n t  , n r j c h m e n L  and increased s i l t a t i o n ,  

Ward (1976b) - summarizes the  benthic  communities commonly found i n  

streams in  which s i l t a t i o n  and w a t e r  q u a l i t y  a r e  not a problem arid i n  

which severe d a i l y  f l u c t u a t i o n s  a r e  absent:  

~ ~ , . ~ ~ , ~  ....... ........ ................ 
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The s t ream below a deep r e l e a s e  dam wiLh a seasona l l y  
cons taEt  d ischarge p a t t e r n  w i l l  l i k e l y  c o n t a i n  dense b e n t h i c  
a lgae and macvophytes and a r i c h  b e n t h i c  fauna w i t h  low 
d i v e r s i t y .  Chi ronomids,  amphipods, o l i g o c h a e t e s  and s n a i l s  
w i l l  ve ry  l i k e l y  be p resen t .  C e r t a i n  m a y f l i e s  may be v e r y  
abundant, but, those u t i  1 i z i n g  h o l d f a s t s  w i  11 be absent .  
S t o n e f l  i e s  w i l l  probab ly  be absent  imi r ied ia ie ly  below .the 
dam. Sur face  r e l e a s e  w i l l  tnodi fy  t h e  fauna somewhat by 
ei ihanci ng f i  1 i e r - f e e d ;  ng benthos.  

Streams w i t h  a reduced bei- i thic d i v e r s i t y  r e s u l t i n g  f r o m  thermal  

constancy a l s o  t e n d  l o  have l e s s  d i v e r s e  f i s h  communit ies. F i s h  a re  

e i t h e r  e l i m i n a t e d  d i r e c t l y  as a r e s u l t  o f  the n e g a t i v e  e f f e c t s  of cool  

summer temperatures on i h c i  r growt.h and reproduc L i  on o r  i i3d i r e c t l y  by 

e l i m i n a t i o n  o f  t h e i r  f ood  resource  (Spence and Hynes 197l.b, ... Holden 

1979). 1-he i n t r o d u c t i o n  o f  coolwater f i s h  ( e . g . ,  ra inbow t r o u t )  f o r  

t h e i r  s p o r t  qua l  i t y  f u r t h e r  has tens  t h e  e l  imi n a t i o n  o f  wzrniwater 

species.  A l though t d i l w a t e r  c o n d i t i o n s  a re  u s u a l l y  n o t  s u i t a b l e  for  

t r o u t  spawning, t h e  p o p u l a t i o n s  a r e  n o r m a l l y  ma in ta ined  by  s tock ing .  

I n  streams c h a r a c t e r i z e d  by f l o w  constancy as  w e l l  as thermal  

constancy,  i nc reased  s i  1 t a t . i o n  i s  o f t e n  t h e  cause o f  reduced trout, 

rep roduc t i on .  

Many f a c t o r s  

f ron i  t h e  darn i t s e  

High d e n s i t i e s  o f  

niigrat ions,  where 

tha t  a f f e c t  f i s h  communit ies i n  t a i l w a t e r s  r e s u l t  

f r a t h e r  than changes i n  f l o w  o r  thermal  regimes. 

f i s h  below dams may be caused by  upstrearrr spawning 

the  dam a c t s  as an e f f e c t i v e  b a r r i e r  f o r  f u r t h e r  

movement. Cond i t i ons  a re  u s u a l l y  n o t  f a v o r a b l e  f o r  f i s h  spawning 

in i rn fd ia te ly  bplow dams; t h e r e r o r e ,  t h e  spawning e f f o r t  o f  these 

spec ies  may be c o n s i d e r a b l y  h i  nde r rd  and wasted. Gas s u p e r s a t u r a t i o n ,  

a ma jor  m o r t a l i t y  f a c t o r  on young salmon and t r o u t  (Holden 1979) ,  i s  

another  problem below l a r g e  clanis. S u p e r s a t u r a t i o n  i s  n o t  as i m p o r t a n t  

below smal l  dams because i t  occiwS o n l y  wlret-r wate r  p lunges t o  d e p t h s  

a t  which i nc reased  h y d r o s t a t i c  p ressu res  i nc rease  s o l u b i l i t y .  
- 
iailwater communit ies be low s u r f a c e  release dariis a r e  a 

combinat ion o f  s t ream and r e s e r v o i r  spec ies  because e f  t h e  f l  ushi r ig  



phytoplankton, zooplankton, and 4enthos and j u v e n i  l e  fâ  s h  from t h e  
r e se rvo i r .  T h e  f lush ing  of j uven i l e  . f i s h  from sur face  r e l ease  

r e se rvo i r s  may be an important source o f  f i s h  recruitment t o  the 

t a i l w a t e r s  (Walburg e t  a l .  1.971). I t  may also be a considerable  food 

resource t h a t  a t t r a c t s  1 arge concent ra t  i o n s  o f  p i  scivnrous f i s h  t.o the 

t a i l w a t e r s .  Walburg e t  a1 . (1971) found t h a t  both the  ConCen'triIt'iOn 

and d i v e r s i t y  o f  f i s h  spec ies  i n  the t a i l w a t e r s  o f  Lewis an 

Lake varied with t h e  season and was r e l a t ed  t o  t h e  seasonal 

a v a i l a b i l i t y  o f  food discharged from the r e se rvo i r  as  well a s  t o  

spawning a c t i v i t i e s  and water temperature.  T h e  phytoplankton and 

zooplankton f lushed from t h e  r e se rvo i r s  may a l s o  s i g n i f i c a n t l y  a f f e c t  

benthic  inve r t eb ra t e s  i n  t a i l w a t e r s .  Fi1- te r - feed ing  caddisflies 

(Tr ichoptera)  and b l a c k f l i e s  (Sirnuliidae) o f t en  develop h i g h  dens. i t ies  

in  areas where plankton concentrat ions a r e  high and  cons tan t  (Ward and 

Stanford 197%). ___ 

5.2  Impacts on Tai lwater  Communities 

Water level  f l u c t u a t i o n s  i n  t a i l w a t e r  streams vary in  amplitude 

and t iming,  depending on the  mode of hydroe lec t r ic  genera t ion ,  t he  

s i z e  o f  t h e  darn, a l t e r n a t i v e  uses of s tored  water ,  and the  r a i n f a l l  

pattern in  the  a rea .  l f  run-of- the-r iver  mode nf operat ion i s  wed ,  

then  f luc tua t ions  depend e n t i r e l y  o n  f a c t o r s  such a s  r a i n f a l l  and 

snowmelt. A peaking mode of operat ion i 17 m a l  1 impoundments normal l y  

requi res  da i  l y  pondage and s torage .  I n  extreme cases ,  1 i t t  le water 

may be re leased  from the  dam during s to rage ,  w h i c h  r e s u l t s  i n  severe 

reduct ions i n  wetted per imeters  of t he  t a i l w a t e r s ,  with only pockets 

o f  water remaining. Iri ? h e >  more common s i t u a t i o n ,  some minimum level  

of discharge i s  maintained f o r  the  t a i l w a t e r  stream. In e i t h e r  case ,  

d a i l y  surges occur a t  l e a s t  once o r  twice a day on week days,  b u t  not 

always on weekends (Krenkel e t  a l .  1979). On l a rge r  multipurpose 

dams, where water i s  used f o r  i r r i g a t i o n  o r  f l o o d  control  as  well as  

power genera t ion ,  t he  seasonal changes i n  water flows may b e  a5 



s i g n i f i c a n t  a s  da i ly  f luc tua t ions  in  a f f e c t i n g  the  stream b io ta .  The 

following discussions ind ica t e  under what type of flow regime the  

information presented has been obtained. 

Water level f 1 uctua.tions a r e  di scussed spec.i f i cal l y  i n t he  

context  of the: r e f f e c t  on t a i  lwater communi t i e s  general ly  described 

i n  t he  previous sec t ion .  The underlying assumption i s  that  

r e t r o f i t t i n g  of hydroelect.r ic power generat ion on small dam wi l l  

impose f luc tua t ing  condi t ions o n  a previously nonfluctuat ing t a i l w a t e r  

environment. l ~ o p i c s  t o  be addressed wi l l  be the  (I.) e f f e c t s  o f  

changes i n  current ve loc i ty ,  ( 2 )  e f f e c t s  o f  h a b i t a t  reduction during 

high o r  low f l o w s ,  ( 3 )  s igni f icance  of t he  unstable  nature  of food 

supply t o  t a i l w a t e r  communities under fluctua.t ing condi t ions ,  and 

( 4 )  recovery poten t ia l  of f l uc tua t ing  t ,ai lwater streams. 

5 . 2 . 1  _I__ Variable ... Current V e l o c i t ,  ... 

Alter ing the  volume o f  discharge changes the  c h a r a c t e r i s t i c s  of a 

stream, including water depth,  wetted perimeter ( t h e  d is tance  measured 

along the  bottom from the water surface on one s ide  t o  the  water 

sur face  on the  o ther  slide), and cur ren t  ve loc i ty .  The r e l a t i v e  

changes in  water depth,  width,  and cu r ren t  ve loc i ty  wi l l  d i f f e r  with 

stream morphology, because these  parameters vary a s  a power o f  the  

discharge in  such a way t h a t  t he  sum of the  exponents equals one 

(I-lynes 1970) .  However, i t  has been shown t h a t ,  with a decrease in  

volume o f  flow, cu r ren t  ve loc i ty  i s  decreased more rap id ly  than the  

depth o r  wet te r  perimeter.  Cur t i s  (1959) observed a 65% decrease in  

mean cu r ren t  v e l o c i t y ,  w i t h  an 80% decrease i n  discharge,  while the 

wetted perimeter and inax-imum depth decreased only 2% and 17% 

respec t ive ly .  Kraf t  (1972) observed t h a t ,  in  a well-defined channel,  

a 90% reduction in  discharge r e su l t ed  in  a decrease in  sur face  a rea  

and mean depth o f  42% and a 75% decrease in  cur ren t  ve loc i ty .  Thus, 

reduction in cur ren t  ve loc i ty  may be the  i n i t i a l  o r  major change 

assoc ia ted  with nondischarge or low discharge periods a t  hydroe lec t r ic  

generat ing s t a t i o n s .  
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Current ve loc i ty  i s  an important f a c t o r  regula t ing  the occurrence 

and  microdis t r ibu t ion  o f  stream-dwell i n g  i nve r t eb ra t e s .  F w d i n q  

adaptat ions and r e sp i r a to ry  s t r u c t u r e s  o f  stream inver tebra tes  a re  

s p e c i f i c a l l y  adapted f o r  c u r r e n t s ,  and some species  a r e  confined t o  

f a i r l y  d e f i n i t e  ranges o f  cur ren t  speed (Hynes 1970, Ward 1976b).  -. 

Thus, one o b v i o u s  e f f e c t  of r a d i c a l l y  changing current, v e l o c i t i e s  i s  

t ha t  those species  l imited t o  narrow ranges wil l  be unable t o  t o l e r a t e  

periods o f  unsui table  cur ren t  ve loc i ty .  I f  h i g h  flows do n o t  

phys ica l ly  remove o r  damage the organisms, then low flows may r e s u l t  

i n  mor ta l i ty  r e s u l t i n g  from i n s u f f i c i e n t  oxygen l eve l s  and food 

a v a i l a b i l i t y  o r  downstream displacement v ia  d r i f t .  

The e f f e c t  of high v e l o c i t i e s  or  sudden increases  i n  ve loc i ty  

have of ten  been observed t o  phys ica l ly  retnove o r  destroy benthos,  b o t h  

i n natural  streams sub jec t  t o  f 1 oodi ng and bel ow power-generati ng 

dams. Br iggs  (1950) reported t h a t  periods of minimum benthic 

production in a free-flowing stream sec t ion  coincided w i t h  the periods 

of g r e a t e s t  f l uc tua t ion  in flows and lowest water temperature. 

Because the  r i f f l e s  were much more a f f ec t ed  than pool a r e a s ,  he 

concluded t h a t  f 1 ush i  ng o u t  the organisms was the primary cause,  with 

low temperatures o f  secondary importance. Powel 1 (1958) noted t h a t  

the severe f lushing ac t ion  of d a i l y  r e l eases  o f  up t o  1850 c f s  
r e su l t ed  i n  mor t a l i t y  o f  organisms l i v i n g  on the  stream subs t r a t e  

below a dam. Mullan e t  a l .  (1976) reported t h a t  the  l imi t ing  e f f e c t  

of  h i g h  water v e l o c i t i e s  on benthos i n  some upper Colorado River 

t a i l w a t e r  a reas  c o u l d  be deduced from t h e  f a c t  t h a t  s l ack  water a reas  

around a dam divers ion tunnel cons i s t en t ly  produced a d iverse  benthic  

community. The ex ten t  of  scouring or f lush ing  t h a t  r e s u l t s  from h f g h  

water flows wi l l  obviously be s i t e - s p e c i f i c ,  depending on amplitudes 

of f l uc tua t ion  and adaptat ions o f  t he  e x i s t i n g  community. I f  

f l uc tua t ions  a r e  introduced t o  a previously n o n f l  uctuilting system, 

however, some removal o f  organisms and erosion of the  streambed can 

always be expected. After  f requent ,  per iodic  f luc tua t ions  a r e  

es tab l  ished,  t h i s  e f f e c t  w i  11 become smal 1 because only small 

organisms t h a t  can t o l e r a t e  the ve loc i ty  va r i a t ions  wi l l  remain. 
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The low flow v e l o c i t i e s  r e su l t i ng  from regulat ion o f  a stream f o r  

power. production may a l s o  adversely a f f e c t  benthic production. 

Trotzky and Gregory (1974) compared the macroinvertebrates o- f  a stream 

sectioiq above a dam, where f luc tua t ions  only occurred seasonal ly ,  wi tti 

the  rnacroi nvertebrates  of a t a i  1 water area bel ow the  dam, where dai l y  

f luc tua t ions  i n  cu r ren t  ve loc i ty  var ied froiii 0.1 t o  0 . 5  m/s. 

the  cur ren t  v e l o c i t i e s  in  the  t a i l w a t e r  during high f l o w  periods were 

simi 1 ar. t o  those i n  the  nor i f  1 uctuat i  r-iy stream s e c t i  o n ,  many 

swif t -water  b e n t h i c  species  f o u n d  upstream were conspicuously absent 

from the  t a i l w a t e r  during low f l o w  periods.  Overall d i v e r s i t y  and 

abundance o f  macroi nvertebrates  was f u r t h e r  reduced because sl owwater  

species  could n o t  invade .the stream because o f  occasional high water 

f l o w s .  Orydnisrns tha.t  were successful in  the  highly f luc tua t ing  

t a i lwa te r s  were behavioral ly  adapted t o  avoid the  f u l l  force of the 

high cu r ren t s ,  y e t  mot*pi-~ological l y  adapted t o  Feed and r e s p i r e  during 

low f l o w s .  

A l t h o u g h  

Fish populations in streams a r e  a1 so  af fecied by f luc tua t ing  

discharges.  Experimental s tud ie s  by McPhee and Brusven (1976) 

demonstrated t h a t  b o t h  decreases and r ap id  increases  in  flow displaced 

f i s h  from t e s t  sec t ions .  F i s h  were displaced more rap id ly  a t  n ight  

t han  during the day. Such reductions in  carrying capaci ty  and 

result .ant displacement o f  f i s h  a re  caused by loss  of s h e l t e r ,  food, 

and a v a i  1 ab1 e space. Frazer (J.972) argues . that  a1 though she1 t e r  i s 

an important deterrni nant o f  f i  sh carrying capinci t y  , car ry ing  capaci ty  

of a u n i t  o f  streambed can be a f fec t ed  by changes in  cur ren t  ve loc i ty  

alone. In support  of h i s  argument, Frazer (1972) mentions s tud ie s  by 

Kalleherg (1358) t h a t  repor t  decrease in  t h e  s i z e  of t e r r i t o r i e s  f o r  

juveni le  salmon and brown t r o u t  as a r e s u l t  of decreased cu r ren t  

ve loc i ty .  I h u s ,  even i f  wetted per i rwter  and average depth o f  a 

stream a r e  n o t  d r a s t i c a l l y  a l t e r e d  by water level f l u c t u a t i o n ,  f i s h  

populations may nevertheless  be reduced as  a r e s u l t  o f  coinpetition f o r  

space during per iods  o f  low cu r ren t  ve loc i ty  caused by f l o w  

reductions.  

- 
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Downstream d i  s p l  acernent v i  a d r i  f t i n response t o  'I ow T I  ows 

appears t o  be an important mechanism cont r ibu t ing  t o  rcdcrctions o f  

benthic  fauna i n  f 1 u c t u a t i  ng systerw- O n c x  i n t,he dr.i f t  , 
i nve r t eb ra t e s  a r e  considerab By more vulnerable  t o  predation..  MacPtwe 

and Brusven (1976) s t a t e d  t h a t  extreme reduct ions i n  f l o w  

s i g n i f i c a n t l y  increased the  amount o f  insect  d r i f t  and t,he r a t e  o f  

inges t ion  o f  d r i f t i n g  organisms by salmon i n  an experirnental d- ivers ion 

channel. Numerous o the r  au tho r s  have c o r i f i  rmed t h a t  i ncreased d r i  f t  

i s  assoc ia ted  with r'educed v e l o c i t i e s  (Gore 1'377, Minshall and Winger 

1968, Raclford arid Hartland-Rowe 19.71, and Armitage 1977). Minshall 

and Winger (1968),  who s tudied  the e f f e c t s  o f  reduction in stream 

discharge on benthic  d r i f t ,  found t h a t  wirtually a l l  bottom-dwelling 

f o r m  were a f f e c t e d .  Entry i n t o  the d r i f t ,  appeared t o  be an a c t i v e  

process ,  occurr ing even during period:; of h i g h  l i g h t  i n t e n s i t y .  They 

noted t h a t  per iodic  reduction o f  water ' levels dur jng  day.ll'ght c o u l d  

increase  the  d r i f t  o f  i nve r t eb ra t e s  during per iods when - f i s h  arc? 

a c t i v e l y  feeding. 

Another i s s u e  r e l a t e d  t o  t he  e f f e c t s  o f  changes i n  current 

velocity i s  the  po ten t i a l  e f f e c . t  on upstream migration and 

reproduct ive siiccess of  - f i s h .  Raymond (1968) found t h a t  t h e  ra te  of 

migration o- f  chinook saltnan was d i r e c t l y  rela-ted t o  r i v e r  f l o w s .  

Fraser  (1.972) s t a t e s  t h a t :  

Migrations o f  f i s h  are  a f f e c t e d  by t he  ariiount o f  dischctrye 
i n  a number of ways. Discharge can cau5e migrations t o  
commence, ci-eate b a r r i e r s  a t  h igh  Q P  low flows, cause 
de l ays ,  d i s r u p t  normal rout ing ,  and change t h e  speed of 
t r a v e l .  Ihe r c l e  o f  discharge in  inducing m i g r a t i o n s  o f  
f i s h  i s  important i n  many species and may vary b, atween 
species and between streams f o r  t h e  Same spec ies .  Most, b u t  
not a l l 3  salmon migrat ions occur a t  times o f  the year  w h e n  
inc-reasing o r  seasonal ly  high d i scha rge  can be expected. 

Several examples p r s v i  ded by Fraser (19721 demor1strat.e t h a t  reduced 

f 1 ow d e l  ays both u p s  twam and downstream migration. 

g iven o f  t h e  e f f e c t  of d a i l y  f luc tua t ions  on migrat ion;  however, one 

No i ndi  cat{ on was 
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can reasonab ly  conclude t h a t  such f l u c t u a t i o n s  may a t  l e a s t  de lay  

m i g r a t i o n s  i f  stream depth  remains s u f f i c i e n t  f o r  movement. F raser  

(1972) a l s o  suggests t h a t  stream v e l o c i t y  i s  i m p o r t a n t  t o  success fu l  

spawning and s u r v i v a l  o f  eggs and f ry .  Salmon and s tee lhead  have 

r a t h e r  narrow t o 1  erance t o  v e l o c i t y  and depth  when choosi  ny spawning 

s i t e s .  The v e l o c i t y  o f  i n t r a g r a v e l  f l o w ,  wh ich  i s  determined by 

su r face  f l o w ,  i s  i m p o r t a n t  t o  t h e  s u r v i v a l  o f  salmon eggs. Severa l  

s t u d i e s  c i t e d  by F rase r  (1972) i n d i c a t e  a s t r o n g  r e l a t i o n s h i p  between 

d i scha rge  and r e p r o d u c t i v e  success i n  salmon. A 1  though salmon 

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

s i t e s  i n  t h e  U n i t e d  S t a t e s ,  ot;her f i s h  t h a t  make upstream spawning 

runs  and t h a t  r e q u i r e  we1 1 -ae ra ted  g r a v e l s  may be s i m i  l a r l y  a f f e c t e d .  

5 .2 .2  Unstab le  H a b i t a t  .._...... ~ 

Large r e d u c t i o n s  i n  c u r r e n t  v e l o c i t y  a r e  a l s o  no rma l l y  assoc ia ted  

w i t h  r e d u c t i o n s  i n  we t ted  p e r i m e t e r ,  depth,  arid s u b s t r a t e  area. I n  

c i rcumstances o f  ex t remely  r a p i d  f l o w  r e d u c t i o n s ,  s t r a n d i n g  and 

d e s i c c a t i o n  o f  b o t h  i n v e r t e b r a t e s  and f i s h  may occur .  Kroger  (1973) 

found 55 s t randed s c u l p i n s  i n  t h r e e  0.84 m2 areas o f  exposed r i f f l e  

a f t e r  a f l o w  r e d u c t i o n  o f  2.8 t o  0 .3  m3/s w i t h i n  5 min. Fur thermore,  

a7 1 the i i iacroi n v e r t e b r a t e s  p r e s e n t  i n  t h e  exposed r i  f f l  e were 1 e f t  

s t randed.  Powel l  (1958) r e p o r t s  s i m i l a r  obse rva t i ons  f o r  t h e  B lue  

R i v e r ,  where water  depths va ry  d a i l y  (up t o  1 . 2  t o  1 . 5  111 w i t h i n  l e s s  

than  1 min) below Green Mounta in Dam. Powell  (1958) found s t randed 

t r o u t  a.nd dace as w e l l  as s c u l p i n s .  Many i n s e c t s  were des t royed  by 

d e s i c c a t i o n ,  and s - t o n e f l i e s  were consumed by b i r d s  d u r i n g  a t tempts  t o  

m i g r a t e  toward  t h e  water .  

l o s s  d i r e c t l y  below dams. F l u c t u a t i o n s  t e n d  t o  be dampened 

downstream, (Powel 1 1958) even i n  these extreme cases and are n o t  as 

severe below a l l  h y d r o e l e c t r i c  g e n e r a t i n g  s t a t i o n s .  The e f f e c t  o f  

s t r a n d i n g  and d e s i c c a t i o n  i s  t h e  r e d u c t i o n  o f  b e n t h i c  and f i s h  

communi t i e s  i n  t h e  areas a f f e c t e d  most h e a v i l y .  F requen t l y ,  extreme 

f l u c t u a t i o n s  w i l l  p r o h i b i t  development o f  an adapted comniuni'ty. 

These a r e  extreme examples o f  r a p i d  h a b i t a t  
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Stream communities t h a t  a r c  exposed d a i l y  t o  moderate water level  

f l u c t u a t i o n s  a r e  inhabi ted by spec ies  t h a t  can t o l e r a t e  unstable  

condi t ions.  A d i s t i n c t i v e  " i n t e r t i d a l "  o r  f l uc tua t ion  zone has 

developed below a hydroe lec t r ic  darn on the Goni-iecticcit River t h a t  has 

regular  d i e l  va r i a t ions  in  discharge (F isher  and LaVoy 1972). 
Chironomids and o l  iyochaetes predominate i n  t he  dri?aS sub jec t  t o  

g r e a t e s t  exposure, whereas unionid mussels predominate in  the l e a s t  

exposed s i t e s .  T h e  pe r s i s t ence  of chirotionlids i n  f l uc tua t ing  zones 

has been noted by other  i nves t iga to r s  (Ward 1976b, I Covich e l  a l .  

1975).  Chironomids can apparent ly  survive periods of des icca t ion  

b e t t e r  than many o the r  i nve r t eb ra t e s  (Sec t -  3 . 1 ) .  Nilsen and Larimore 

(1973) a1 s o  observed t h a t  chironomids, 01 igochaetes, hydropsyc-ti i d  
l a rvae ,  and elmid larvae survive f o r  long periods in logs deposited on 

the  f loodpla ins  o f  streams. Although the  survival  o f  chironom~ds and 

ol igochaetes i n  f l u c t u a t i n g  zones may moderate the  reductiun o f  

benthic  biomass i n  s t reams,  t h e  overal 1 food resource f o r  benthic  

feeding f i s h  may be reduced as a result o f  reduct ions in  l a rge r  prey 

organisms (mayfl ies  and s t o n e f l i e s ) .  

Reduced population numbers, biomass, and d i v e r s i t y  a r e  of ten  

reported i n  streams where f l u c t u a t i n g  condi t ions result  i n  

considerable  h a b i t a t  exposure. Both Fisher  and LaVoy (1972) and 

Covich e t  a l .  (1978) report t h a t  a reas  subject t o  the g r e a t w t  exposure 

a r e  charac te r ized  by lower d i v e r s i t y ,  derisi t y ,  and hiornass o f  herrthic 

organisms. The d i v e r s i t y  o f  benthic  organisms i s  almost always lower 

i n  t a i l w a t e r s  below dams t h a t  experience water level  f l u c t u a t i o n s  than 

i n  unregulated stream reaches.  Howevpr, the t o t a l  dens i ty  o f  benth ic ,  

organisms i s  sometimes increased i n  f l u c t u a t i n g  t a i lwa tx r s  ( P f i t z e r  

1954, Ward 1976b, - Ward and Stanford 1976b). - rhese appear t o  he  

s i t u a t i o n s  where regula t ion  reduces the  high flows assoc ia ted  with 

s p r i  ng runoff i n unregulated streams and dai l y  f 1 ow f 1 u c t u a t i  or15 ;are 

r e l a t i v e l y  moderate. Based on t h e  ava i l ab le  l i t e r a t u r e ,  however, 

tiiodification of a nonf luc tua t ing ,  o r  moderately f l u c t u a t i n g ,  t a i l w a t e r  

t o  one experiencing l a rge  d a i l y  f luc tua t ions  would b e  expected t o  

r e s u l t  i n  both reduced dens i ty  and d i v e r s i t y  o f  benthic  inve r t eb ra t e s .  
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5 . 2 . 3  Variable Food Resource ......._I 11-11 __...............- II 

Fluctuat ing discharges from hydroe lec t r ic  dams c r e a t e  an unstable  

food supply i n  t a i lwa te r  areas  (8rmitage 1376, Ward 1975).  Rapid flow 

f luc tua t ions  el iminatp accumulations of leaf  l i t t e r  and provide an 

in t e rmi t t en t  source of plankton f o r  f i l t e r - f c c b i n y  organisms. The 

reservoi r  zooplankton i n  t a i  lwaters  ha5 been found t o  

a dam (Ward 1975) .  Fluctuat ing discharge r a t e s  of 

pers  i s tence o f  

vary with the 

condi t ions wou 

as  food and 

d be expected t o  e l  minate most spec ies  t h a t  use leaves 

reduce populations o f  species  t h a t  use organic 

p a r t i c u l a t e s  as wel l .  Ward (1976h) - noted t h a t ,  in  a l l  cases  where 

s tanding crop increased below dams, the flow had become constant  with 

regula t ion .  Decreases i n  s tanding crop were assoc ia ted  w i t h  a l l  cases  

i n  which f luc tua t ing  o r  low flow condi t ions were reported (Ward 

197Qb). - Fluctuat ion in  the  food resource f o r  plankton feeders  may 

adversely a f f e c t  some spec ie s ,  even under condi t ions where ve loc i ty  

and h a b i t a t  changes a r e  r e l a t i v e l y  mild. 

5 . 2 . 4  Recoverv Potent ia l  

The recovery po ten t i a l  of t a i l w a t e r  a reas  i s  l i r n i t d  i f  

f l uc tua t ions  occur da i ly .  However, i f  f l uc tua t ions  a r e  stopped f o r  

periods of time and i f  extreme f luc tud t ions  t h a t  cause scouring o r  

des icca t ion  a r e  reduced o r  e l  imi nated,  some recovery can occur. The 

f a s t e s t  source f o r  normal stream recovery i s  downstream d r i f t .  Waters 

(1965) reported downstream d r i f t  o f  up t o  22 g/d during the summer. 

However, downstream d r i f t  i s  not l i k e l y  t o  quickly repspul.ate 

t a i l w a t e r  a reas  because stream-adapted organisms a r e  an unl ike ly  o r  

r a r e  component of r e se rvo i r  discharge water.  

quickly by d r i f t  only i f  t r i b u t a r y  streams e n t e r  the t a i l w a t e r  a rea  

d i r e c t l y .  Upstream mating f l i g h t s  by a d u l t s  would be t h e  most l i k e l y  

source o f  i n sec t  fauna recrui tment  t u  the  t a i l w a t e r  areas.  Upstream 

migration o f  i n sec t  nyriiphs may occur i n  some cases Hayden and 

Reyopulatjon would occur 



C1 i f f o r d  (1974) reported seasonal upstream migrations of a mayfly 

nymph (Leptophlebia c iq ida )  toward marsh a reas .  The p a r t i c u l a r  

spec ies  discussed was not. well adapted t o  lo- t ic  condi t ions and would 

not be expected - in  t a i l w a t e r s ,  bu t  t h i s  behavior may a ' l s ~  Q C C U ~  in  

o ther  spec ie s .  Organisms ( s u c h  as c ray f  -i 511) wcbul d migrate upstream. 

Mussels may slowly repopulate  upstream a reas  by tvansport o f  l a rva l  

s tages  on host  f i s h  spec ies  i f  the f i s h  migrate upst.ream. 

In summary, the e f f e c t  o f  subjec t ing  a nonfluctuat ing t a i l w a t e r  

t o  f l u c t u a t i n g  condi t ions  wi l l  be c l o s e l y  co r re l a t ed  t o  the  amplitude 

and r a p i d i t y  of t he  f luc tua t ions .  The g r e a t e r  t he  amplitude and the 

more quickly f l o w  increases  and reduct ions occur, the inore extreme the 

reduct ions i n  benthic  and f i s h  biomass, d i v e r s i t y ,  and dens i ty  wi l l  

be .  Moderately f l u c t u a t i n g  t a i  lwaters  o r  t a i  lwater-s f u r t h e r  

downstream wi l l  develop a cornimunity charac te r ized  by spec ies  t h a t  can 

t o l e r a t e  exposirre t o  a i r .  If  water f l o w  f luc tua t ions  result  i n  

decreased s i l t a t i o n ,  habitat;  d i v e r s i t y  wi l l  possibly j nc rease  and 

o f f s e t  ~ o n i e  e f f e c t s  o f  unstable  h a b i t a t  and food supply. O u r  r e v i e w  

o f  the 1 i teratiire suggests  t h a t  opera t i  on o f  a small - s c a l e  

hydroe lec t r ic  f a c i l i t y  i n  a peaking made may decrease t he  product iv i ty  

o f  a t a i l w a t e r  f o r  a l imi ted  dist.at?ce downstream. 
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6 . 0  SUMMARY A N D  RECOMMENDATIONS 

-. 

Potent ia l  environmental impacts t h a t  can occur because of water 

level  f l uc tua t ion  a t  small s c a l e  hydroe lec t r ic  s i t e s  a r e  presented iii 

t h i s  repor t .  These po ten t i a l  impacts a r e  n o t  o f  concern a t  

run-of - r iver  p ro jec t s .  T h e  po ten t i a l  s ign i f i cance  o f  these  impacts i s  

a d i r e c t  funct ion o f  the mode o f  operat ion o f  the  s inal l -scale  

hydroe lec t r ic  f a c i l i t y  ( s t o r e  and r e l e a s e ,  peaking),  t he  magnitude and 

timing of f l u c t u a t i o n ,  and the  s i t e - s p e c i f i c  environmental s e t t i n g .  

A l s o ,  most of t he  information reviewed i n  t h i s  repor t  comes f r o m  

s tud ie s  of dam and impoundment systems t h a t  a r e  much l a rge r  than 

typ ica l  small-  s c a l e  hydroe lec t r ic  p ro jec t s .  However, becduse 

hydroe lec t r ic  p ro jec t s  a r e  c l a s s i f i e d  a5 "small-scale"  based on a 

capac i ty  r a t i n g  (525  MW), i t  i s  d i f f i c u l t  t o  genera l ize  about s i r e .  

Because capac i ty  of a hydroe lec t r ic  f a c i l i t y  i s  a funct ion o f  
ava i l ab le  flow and ava i l ab le  head, a considerable  s i z e  range i s  

poss ib le  f o r  a p r o j e c t  r a t ed  a t  1 2 5  MW. Acknowledging these  

c o n s t r a i n t s ,  p o t e n t i a l l y  s i g n i f i c a n t  environmental i s sues  r e s u l t i n g  

from water level  f l uc tua t ion  a r e  summarized below. 

6 . 1  Physical and Chemical Impacts 

T h e  p o t e n t i a l l y  s i g n i f i c a n t  physical  and chemical impacts o f  

water level  f l uc tua t ions  i n  r e se rvo i r s  not exposed t o  such 

f 1 uctuat ions before ,  o r  exposed t o  d i f f e r e n t  temporal pa t t e rns  and 

ranges of f l u c t u a t i o n s ,  a r e  expected t o  involve sho re l ine  s u b s t r a t e  

s t a b i l i t y  and water qua l i t y .  These e f f e c t s  may be s p e c i f i c a l l y  

summarized as:  

1. Resuspension and r e d i s t r i b u t i o n  o f  bed and bank 
sediment . 

2. Leaching o f  so luble  mat ter  from sediment i n  the  
l i t t o r a l  zone a s  water moves i n t o  and out  of the 
i n t e r s t i c e s  (bank s to rage )  i n  response t o  water level  
f 1 uc t ua t i ons . 
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3 .  Changes in  ( a >  sediment and nu t r i en t  re ten t ion  ( t r a p  
e f f i c i ency)  of  the  impoirndmrnt because o f  hydro-imposed 
changes i n  c i r c u l a t i o n  pa l t e rns  a n d  hydraulic 
pff ic iency and ( b )  water q u a l i t y .  which i s  coupled t o  
c i r c u l a t i o n  pa t te rn  and hydrdul ic  e f f i c i ency .  

When water level f l  uctuates  because o f  hydro-peak’ng opera t ions ,  

poorly consolidated bank and subs t r a t e  mater ia l s  wi l l  be cont inua l ly  

resuspended diid r ed i s t r ibu ted .  The tiel r e s u l t  o f  t h i s  resuspension i s  

the p re fe ren t i a l  removal of  the  f i n e r ,  l e s s  dense p a r t i c l e s  ( s i l t ,  

c l ay ,  organic inatier)  froiii the  l i t t o r a l  zone and redeposi t ion in 

deeper and more quiescent  water o r  complete loss  from t h e  reservoi r  in 

the outflow. T h e  material  remaining i n  the  l i t t o r a l  zone a f t e r  

extended exposure t o  a f luc tua t ing  w a t e r  level i s ,  t he re fo re ,  of  

coarser  p a r t i c l e  s i z e  Ltian material  remaining a f t e r  exposure t o  a 

s t a b l e  water l eve l .  

Alluvium, when exposed pe r iod ica l ly  t o  a f l uc tua t ing  water l e v e l ,  

w i  1 1  occasional ly  contain very 1 i t t l e  coarse material  t h a t  can 

withstand the  Ei-os ion forces  associated with waves and cur ren ts .  

Therefore,  banks exposed at, low water l eve l s  may be subjected t o  

continuous undercutting d n d  col 1 apse. The eroded material  can 

cont r ibu te  t o  increased t u r b i d i t y  o f  t h e  water column and acce lera ted  

sedimentation in  deeper water.  

Regular r e se rvo i r  drawdowns can a l s o  have profound e f f e c t s  on the  

longi tudinal  and l a t e r a l  d i s t r i b u t i o n  o f  sediment. These e f f e c t s  iiiay 

soinetimes be benef ic ia l  in  the context of prolonged r e se rvo i r  l i f e  

because sediments deposited previously might be s lu iced  o u t  of the  

r e se rvo i r ,  which o rd ina r i ly  requires  a deep o u t l e t ,  or the  e f f e c t s  ox.;; 
he de le t e r ious  in the  context  o f  the excessive resuspension o f  

sediments i n t o .  t h e  water column and t h e  potent ia l  clogging of o u t l e t  

s t ruc tu res .  

The a l t e r n a t e  inundation and drainage t o  which s o i l s  and 

sediments in the l i t t o r a l  zone a r e  exposed when water l eve l s  f l u c t u a t e  

inay lead t o  increased leaching of soluble  matter from the  exposed 

subs t r a t e .  In shallow water ,  where aerobic  (chemically oxidized) 
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condi t ions  a r e  1 i kely t o  prevai 1 in the water overlying flooded soi 1s 

and sediinents, a 51-\arp gradient, i n  the  concentrat ions o f  nu t r i en t s  and 

inetal s i c: 1 i kely .to e x i s t  across the  subst.rate-water i n t e r f ace .  When 

the wat.er level  i s  lowered, some p a r t  o f  t h e  i n t e r s t i t i a l  water 

containing higher concentrat ions o f  n u t r i e n t s  and metals may dra in  

o n t o  the  sur face  of  the  s u b s t r a t e  o r  e n t e r  t he  adjacent  sur face  water 

body. I f  t h i s  drainage water i s  highly enriched i n  soluble  p l an t  

n u t r i e n t s  o r  de l e t e r ious  substances such as heavy rnet.als, the 

near-shore water quality may be adversely a f f ec t ed .  

The r e s e r v o i r ' s  a b i l - i t y  t o  t r a p  and r e t a i n  sediment i s  known as 

the  " t r a p  e f f i c i ency"  and i s  expressed as the percentage o f  the  t o t a l  

inflow-ing sediment t h a t  i 5  deposited in  the basin. The degree t o  

which r e se rvo i r  t r aps  inflowing sediment i s  the prime determinant o f  

the tiseful l i f e span  o f  the  r e se rvo i r  and i s  an important f a c t o r  

a f f e c t i n g  r e se rvo i r  and downstream water qual i t y  ( e spec ia l ly  

t u r b i d i t y ) .  Genera? l y ,  sediment t r d p  e f f i c i ency  decreases w.ith (1) a 

alecrease in water re tent ior i  t ime,  ( 2 )  a decrease i n  sediment p a r t i c l e  

s i z e ,  and ( 3 )  a change from surface-water withdrawal to deepwa te r  

withdrawal. Imposing water level  f l uc tua t ions  on a r e se rvo i r  would 

directly a f f e c t  the  water r e t en t ion  time a s  a r e s u l t  o f  the  changes i n  

average s torage  volume. The overal-l e f fec t .  expected would be a 
orobable reduction i n  sediment t r a p  e f f i c i ency .  A l s o ,  the  per iodic  

lowering o f  water level  may allow coarser-grained sediments t o  reach, 

and be t ranspor ted  f a r t h e r  i n t o ,  the r e se rvo i r  bas in ,  thereby 

i n i t i a l l y  increas ing  t h e  t r ap  e f f i c i ency .  However, the l a t t e r  e f f e c t  

would a l s o  lead t o  a f a s t e r  loss of r e se rvo i r  s torage  capaci ty .  T h u s ,  

any apparent increase i n  t r a p  e f f i c i ency  r e s u l t i n g  from the  input o f  

coarser  sediment rnay ul t imate ly  be o f f s e t  by the decrease in  r e t en t ion  

time caused by the  decrease i n  s torage  volume. 

The term " t r a p  e f f ic iency ' '  has a l s o  been used i n  t he  context  of 

n u t r i e n t  r e t en t ion  by r e s e r v o i r s ,  The e f f i c i ency  w i t h  which 

impoundments t r a p  inflowing n u t r i e n t s  i s  an important environmental 

i s sue  because water qual i ty and p roduc t iv i ty ,  w i t h i n  and downstream 

from impoundments, i s  p a r t i a l l y  determa'ned by t r a p  e f f i c i ency .  
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N u t r i e n t  t r a p  e f f i c i e n c y  appears t o  v a r y  i n  response t o  t h e  same 

f a c t o r s  t h a t  a f f e c t  t h e  t r a p  e f f i c i e n c y  f o r  sediment. Thus, any 

s i g n i f i c a n t  change i n  water  r e t e n t i o n  t ime ,  which i s  t h e  p r imary  

determinant, o f  sediment, t r a p  e f f i c i e n c y ,  w i  11 a l s o  a f f e c t  nu t , r ien t  

t r a p  e f f i c i e n c y .  

The p r i m a r y  p h y s i c a l  e f f e c t s  o f  water  l e v e l  f l u c t u a t i o n  

downstream from impoundment,s a r e  streambed and bank e r o s i o n  and water  

q u a l i t y  problems r e l a t e d  t o  resuspens ion  arid r e d i s t r i b u t i o n  o f  these 

m a t e r i a l s .  t - ros ion  and downstrearn t r a n s p o r t  o f  Lhese m a t e r i a l s  may 

inc rease ,  r e s u l t i n g  i n  i nc reased  t u r b i d i t y ,  decreased bank s t a b i l i t y ,  

and a1 t e r a t i o n s  t o  channel geometry. P o t e n t i a l  i n d i r e c t  e f f e c t s  o f  

inc reased e r o s i o n  i n c l u d e  t h e  undermin ing  o f  p i e r s  and abutments and a 

decrease i n  b i o l o g i c a l  p r o d u c t i v i t y .  

6 . 2  B i o l o g i c a l  Impacts 

The e f f e c t s  o f  water  l e v e l  f l u c t u a t i o n  on r e s e r v o i r  b i o t a  a re ,  i n  

p a r t ,  a r e s u l t  o f  changes i n  t h e  p h y s i c a l  and chemical  env i ronment  

d iscussed above. General e f f e c t s  o f  water  l e v e l  f l u c t u a t i o n s  on 

r e s e r v o i r  b i o t a  i n c l u d e  (I) h a b i t a t  d e s t r u c t i o n  r e s u l t i n g  i n  p a r t i a l  

o r  t o t a l  l o s s  o f  organisms, (2 )  changes i n  h a b i t a t  q u a l i t y  r e s u l t i n g  

i n  reduced s t a n d i n g  c rop  and p r o d u c t i o n ,  and (3 )  s h i f t s  i n  spec ies  

d i v e r s i t y .  

The impor tance o f  t h e  l i t t o r a l  and shore zone t o  b i o l o g i c a l  

p r o d u c t i o n  i n  l akes  i s  wel l  e s t a b l i i h e d .  I n  genera l ,  a l i t t o r a l  zone 

w i t h  a q u a t i c  macrophytes may have h i g h e r  p r o d u c t i v i t y  and spec ies  

d i v e r s i t y  t han  a shore zone w i t h o u t  a q u a t i c  macrophytes. 

Water l e v e l  f l u c t u a t i o n  imposed on t h e  l i t t o r a l  o r  shore zone o f  

a r e s e r v o i r  can change spec ies  d i v e r s i t y ,  e l i m i n a t i n g  spec ies  t h a t  a r e  

unable t o  m i g r a t e ,  a e s t i v a t e ,  o r  r a p i d l y  r e c o l o n i z e  t h e  drawdown zone. 

L i t t o r a l  b e n t h i c  i n v e r t e b r a t e s  s t randed above reced ing  wa te r  f o r  more 

than  a few hours may be l o s t .  However, ch i ronomid  l a r v a e  and 

o l i g o c h a e t e s  a re  a b l e  t o  r e t r e a t  deeper- - in to  t h e  s u b s t r a t e  and s u r v i v e  



f o r  periods ranging from days t o  months .  Benthic inve r t eb ra t e  

populations t h a t  recolonize the  l i t t o r a l  zone on r i s i n g  water l eve l s  

may be l e s s  d iverse  b u t  possibly more abundant than populations o f  

undisturbed systems. 

W i t h  few except ions,  most r e se rvo i r  f i s h  a r e  c lose ly  associated 

w i t h  the  l i t t o r a l  and shore zones o f  r e se rvo i r s  f o r  some p a r t  of t h e i r  

l i f e  cycle .  S p e c i f i c a l l y ,  spawning, incubat ion,  and hatching of eggs,  

and development of l a rvae ,  pos t la rvae ,  and juveni les  occur i n  shallow 

l i t t o r a l  and shore zones. The basic  requirements f o r  successful 

spawning, development , and growth a re  adequate spawning h a b i t a t ,  

s t a b l e  water l e v e l ,  and adequate food supply. Water level f l uc tua t ion  

can s i g n i f i c a n t l y  a f f e c t  a l l  these  requirements. 

Water level  f l uc tua t ion  probably wi l l  n o t  d i r e c t l y  a f f e c t  aquat ic  

spec ies  i n  t he  deep, open-water a reas  o f  r e se rvo i r s .  However, drops 

in water level  a r e  u l t imate ly  r e f l e c t e d  i n  increased discharge from 

the  r e se rvo i r .  Thus, planktonic  spec ies  (a lgae and zooplankton) , 
e a r l y  l i f e  h i s to ry  s tages  of f i s h ,  and some benthic inver tebra te  

species  could p o t e n t i a l l y  be l o s t  from the  r e se rvo i r  ecosystem as  a 

r e s u l t  o f  water level  f l uc tua t ion .  Such losses  could adversely a f f e c t  

r e se rvo i r  f o o d  webs and product iv i ty .  

Poten t ia l  impacts on biological  communities in t a i lwa te r s  below 

dams because of water level  f l uc tua t ion  a r e  the  r e s u l t  o f  changes i n  

cu r ren t  ve loc i ty ,  Iiabi t a t  reduct ion,  and a1 t e r a t i o n  i n  food supply. 

Current ve loc i ty  i s  one of the  most important f a c t o r s  regulat ing 

occurrence of stream-dwel 1 i ng i nve r t eb ra t e s .  Changes i n  cur ren t  

ve loc i ty  because o f  water level  f l uc tua t ion  can cause changes i n  

abundance and community s t r u c t u r e  o f  benthic inve r t eb ra t e s .  Sudden 

increases  i n  cu r ren t  ve loc i ty  can phys ica l ly  scour benthic  

inver tebra tes  from the  s u b s t r a t e ,  causing d i r e c t  mor ta l i ty  o r  

downstream displacement. 

Water level  f l uc tua t ion  and flow va r i a t ion  can reduce abundance 

and d i v e r s i t y  o f  the  f i s h  community in t a i l w a t e r s .  Migration o f  f i s h  

species  can be a f fec t ed  by flow f luc tua t ion .  Discharge regime can 

i n i t i a t e  migrat ion,  pose a b a r r i e r  t o  migrat ion,  delay migration, o r  

a l t e r  the  speed o f  migration. 
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Reductiolis in cu r ren t  ve loc i ty  and f l o ~  a r e  norinally assoc ia ted  

with a reduction in the  wetted perimeter o f  a t a i lwa te r .  Reductions 

in wetted perirrieter ( ava i l ab le  h a b i t a t )  can d i r e c t l y  reduce densi t y  

and d i v e r s i t y  o f  b io t a  and ca.use morta l i ty  by s t randing  organisms in  

an unfavorable hab i t a t .  Fluctuat ing discharges froin hydroe lec t r ic  

i n s t a l l a t i o n s  may a l s o  c r e a t e  an unstable  food supply below darns, 

causing indirect ,  e f f e c t s  on overa l l  biological  product iv i ty .  

The e f f e c t  of f l uc tua t ing  water l eve l s  on biological  comrnun-jties 

of t a i lwa te r s  wil l  l i k e l y  be most severe fo r  high ampl-itude 

f l  uctuat ions t h a t  occur rap id ly .  Moderately f luc tua t ing  t a i  lwaters 

wil l  be charac te r ized  by the  presence o f  spec ies  t h a t  can t o l e r a t e  

these  condi t ions.  

6 . 3  Recommendati oris 

1 he i nformaLi on reviewed i t i  t h i  s repor t  provides background 

inaterial t h a t  can be used t o  evaliuate the  poten t ia l  s ign i f i cance  o f  

impacts r e s u l t i n g  from water level f l uc tua t ion  a t  smal l - sca le  

hydroe lec t r ic  s i t e s .  The following progression o f  s i t e - s p e c i f i c  

ana lys i s  o f  t h i s  i s sue  i s  recommended a t  e x i s t i n g  dams t h a t  a r e  being 

considered foi- small-scale hydroe lec t r ic  development and t h a t  w i l l  

include water level  f l uc tua t ion  a s  p a r t  of the  operat ion of t he  

hydroe lec t r ic  f a c i l i t y :  

1. Estimate the  inagiii t u d e  and frequency of f luc tua t ions  
r e s u l t i n g  from f a c i l i t y  operat ion.  

2. Consult w i t h  s t a t e  natural  resource agencies ,  regional 
o f f i c e s  of t he  U . S .  F i s h  and Wildlife Service ,  the  
Federal Energy Regulatory Commission, and l o c a l  
agencies wi th exper t i  se o r  i n t e r e s t  re1 a t i  ng t o  
environmental impacts of water level f l uc tua t ion .  
Ind iv idua ls  i n  t hese  yroups  who have s p e c i f i c  knowledge 
concerning the p a r t i c u l a r  s i t e  should be contacted.  
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3 .  Determine, t h r o u g h  these i n i t i a l  con tac t s ,  the  level o f  
e f f o r t  and s p e c i f i c  expe r t i s e  required t o  asses s  the 
po ten t i a l  adverse environmental impacts r e su l t i ng  frrarii 
t he  proposed water level  f l uc tua t ion .  

4. Initiate appropr ia te  s i t e - s p e c i f i c  s tud ie s  t o  determine 
the  s ign i f i cance  o f  impacts u.esul t i n g  from proposed 
water 1 eve1 f 1 uc tua t i  o m .  

5 .  Include the  r e s u l t s  o f  s i t e - s p e c i f i c  s tud ie s  and plans 
f o r  minimizing o r  mi t iga t ing  adverse environmental 
impacts as  p a r t  o f  the  l i cense  app1ic:ation t o  the 
Federal Energy K e y 1  a tory  Comrni s s i  on. 

The fundamental premise embodied i n  these recommendations i s  t ha t  

the po ten t i a l  adverse impacts r e s u l t i n g  from water level  f l uc tua t ion  

a r e  s i t e - s p e c i f i c .  Therefore,  it i s  c ruc ia l  t o  f i r s t  determine 

whether water level f l uc tua t ion  i s  p o t e n t i a l l y  a significant i s sue  a t  

the s i t e .  The appropr ia te  e f f o r t  and expe r t i s e  can then be secuved t o  

quant i fy  the  adverse impact. This  suggested approach i s  s p e c i f i c a l l y  

recommended i n  t h e  Council on Environmental Qual i ty  guide l ines  f o r  

implementation o f  the NEPA (National Environmental Policy Act) process 

(Counci 1 on Environmental Qual i t y  1978). 
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1. BACKGROUND AND INTRODUCTION 

R i  dye 

Simon 

Knoxv 

h i s  appendix was prepared based on a subcontract report  t o  Oak 
National Laboratory ( O R N L / U T  7647) by Dr. Bruce Tschantz and Mr. 

Tam, Civil Engineering Department, University of Tennessee, 

l l e ,  Tennessee. 

The construction of impoundments converts free-flowing streams t o  

reservoir  syst.ems for f l o o d  control I hydroelectric generation, 

r-ecreation, f l o w  augmentation, and other uses. The change from 

free-flowing streams t o  reservoirs  can cause major changes in the 

aquatic environment. Water level f luctuat ion in reservoirs can a l s o  

r e s u l t  from hydroelectric power generation. The various operating 

modes o f  hydroelectric dams r e s u l t  i n  a variety o f  potent ia l  water 

level f luc tua t ion  regimes. Fluctuations may sometimes be m a l l  i f  the 

power f a c i l i t y  operates in a run-of-the-river mode. However, i f  the 

f a c i l i t y  i s  operated i n  a peaking mode, water release and power 

generation may concentrate i n  c e r t a i n  periods resul t ing i n  a 

s i g n i f i c a n t  d rop  of water. level .  

level may be restored by pondage. Shore areas exposed and inundated 

in t h i s  sequence may reduce the potential  for biological productivity 

in the reservoir  ecosystem. 

Between periods o f  generation, water 

Impacts of water level f luctuat ions resu l t ing  f rom various 

management and use pract ices  can cause adverse impacts on the aquatic 

communities o f  reservoirs  t h a t  depend on shore zone habi ta t  f o r  some 

par t  of t h e i r  l i f e  cycle.  The growing demand f o r  water a l locat ions 

f o r  d i f f e r e n t  uses will  increase the impacts of water level 

f luctuat ions.  To achieve a balance between reservoir  uses t h a t  cause 

water level f luctuat ions and optimum biological production in 

reservoi rs ,  the proportional loss o f  shore zone habi ta t s  resul t ing 

from water level f luctuat ion must be determined. 



2. PURPOSE AND A P P L I C A T I O N  O F  WORK 

The purpose o f  the mathematical  models developed i n  t h i s  appendix 

i s  t o  es t ima te  t h e  bot tom area t h a t  becomes exposed ( o r  inundated)  

w i t h  a c e r t a i n  drop ( o r  r i s e )  i n  r e s e r v o i r  s u r f a c e  l e v e l .  

Because t h e  e x t e n t  o f  p r i m a r y  p r o d u c t i o n  i n  t h e  l i t t o r a l  o r  shore 

zone i s  p a r t l y  a f u n c t i o n  o f  l i g h t  p e n e t r a t i o n ,  t h e  e x t e n t  o f  t h i s  

l i t t o r a l  zone can be es t ima ted  by depth i n f o r m a t i o n .  By s imple 

c a l c u l a t i o n s ,  p a r t s  o f  t h e  l i t t o r a l  a q u a t i c  h a b i t a t s  l o s t  by water  

l e v e l  f l u c t u a t i o n s  can be e a s i l y  determined. Because t h e  range o f  

water  l e v e l  f l u c t u a t i o n s  depends on the t y p e  o f  water  a l l o c a t i o n  and 

use, i t s  e x t e n t  can be p r o j e c t e d ,  and m i t i g a t i o n  p l a n s  can be i n c l u d e d  

i n  r e s e r v o i r  management schemes i f  t h e  p r e d i c t e d  impacts on t h e  

b i o l o g i c a l  communit ies a re  judged unacceptable.  

A l though t h e  concep t ion  and development o f  t h i s  methodology was 

t h e  r e s u l t  o f  an e f f o r t  t o  q u a n t i f y  t h e  impacts o f  water  l e v e l  

f l u c t u a t i o n s  assoc ia ted  w i t h  h y d r o e l e c t r i c  g e n e r a t i o n  a t  e x i s t i n g  

dams, use o f  t h i s  model i s  n o t  r e s t r i c t e d  t o  r e s e r v o i r s  used o n l y  f o r  

h y d r o e l e c t r i c  genera t i on .  

To analyze t h e  b i o l o g i c a l  impacts i n  t h e  l i t t o r a l  zone r e s u l t i n g  

f r o m  water  l e v e l  f l u c t u a t i o n s  i n  r e s e r v o i r s ,  t h e  f o l l o w i n g  i n f o r m a t i o n  

must be determined. 

1. E x t e n t  o f  water  l e v e l  f l u c t u a t i o n .  

2. E x t e n t  o f  t h e  l i t t o r a l  o r  shore zone o f  t h e  
r e s e r v o i r  impacted by f 1 u c t u a t i o n .  

3. Measure o f  r e l a t i v e  b i o l o g i c a l  importance of  t h e  
l i t t o r a l  o r  shore zones a f f e c t e d  t o  t h e  o v e r a l l  
r e s e r v o i r  ecosystem. 

T h i s  i n f o r m a t i o n  would p r o v i d e  a r e f e r e n c e  p o i n t  t o  e s t a b l i s h  t h e  

magnitude, f requency,  and t i m e  o f  y e a r  o f  water  l e v e l  f l u c t u a t i o n s  

t h a t  a re  most compat ib le  w i t h  competing uses o f  t h e  r e s e r v o i r .  



3 .  EASIS FOR MOOEL DEVELOPMENT 

Two principal model approaches have been developed f o r  estimating 

shoreline area exposure ( o r  inundation) in response t o  water level 

f 1 uctuations t h a t  could he encountered on  reservoirs  d u r i n q  small 

hydroelectric plant  operation. The type and a v a i l a b i l i t y  o f  

topographic and reservoir  data can vary s igni f icant ly  from s i t e  t o  

s i t e  and, therefore ,  two b a s i c  approaches a re  needed. Idea l ly ,  Lo 

estimate shorel i ne area increase or decrease resul t i  ng From reservoi r 

level f luc tua t ion ,  accurate shorel i n @  (hank) s lope and shore1 ine 

length i 
Usual l y ,  

adequate 

For  

appendix 

iputs a re  required f o r  a l l  expected pool level conditions. 

standard 1: 24000 scale  20- f t contour USGS Quadrangle maps 

y serve t h i s  need i f  the reservoir  shoreline i s  a lso  shown. 

c l a s s i f i c a t i o n  and model development p u r p ~ s ~ s  in t h i s  

an array o f  data conditions,  arranged in descendinq cprdeu. o f  

data a v a i l a b i l i t y ,  may ac tua l ly  O C C U I -  a t  reservoir  s i t e s  (Table 1). 

The two inodel approaches considered include (1) a simple estimate 

method and (2)  a three-dimensional analyt ical  geometric method. B o t h  

models w i l l  produce estimates o f  shoreline area change w i t h  i n p u t s  o f  

water level f luc tua t ion  and s p e c i f i c  reservoir  c h a r a c t e r i s t i c s .  

3 . 1  Simple Model 

The simple model concept i s  based on summing successive 

rectangular s t r ips  around the reservoir  shore1 ine. Each successive 

s t r i p  area (AA) i s  defined i n  terms o f  the average local shoreline 

s lope  ( S  z tan 6 )  and water l e v e l  f luctuat ion (AH) a l o n g  a uniform 

shoreline ( A L ) ,  a s  shown in F ig .  1. 

The t o t a l  change i n  shoreline area resu l t ing  from water level 

f luctuat ion i s  det,ermined by summing AA f o r  n shore length increments 

around the reservoir  perimeter, o r  
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Table 1. Possible reservoir data conditions 

................... ......... .- .. 

Comments Case Topographic contour map Reservoir surface area 

I (Ideal) Available for determin- Pool surface shown on 
ing representative topographic map for 
shoreline slopes at determining shoreline 
reservoir pool level. length. 
Contours shown above 
and below water 
surface. 

I1 

I11 

Contour map available, Pool surface shown on 
topographic map for 
determining shoreline 

but shown only ( A )  
above or ( 6 )  below 
water surface. length (same as Case I). 

Intermittent valley or Poo l  surface showi: on 
transverse cross topographic map for 
sections available at determining shoreline 
known distances up- length (same as Case I) 
stream from dam. 

I V  One valley or trans- Pool surface shown on 
verse cross section topographic map for 
available (e.g., at determining shoreline 
dam section only). length (same as Case I) 

V Cross section of val- None. 
ley at dam only. 

Two data alternatives 
to reservoir area map 
are equally accepta- 
ble: 

1. Reservoir photo- 
graph o f  known scale, 
showing pool surface 
area. 

data along longitu- 
dinal axis of res2r- 
voir, upstream from 
dam (continuous pro- 
file or intermittent 
elevations). 

2. Surface elevation 

Shoreline slopes 
determined from known 
contour information 
would need to be 
extrapolated (A) below 
or (B) above water 
surface. 

A. Shoreline slope 
determi nation 1 imi t.ed 
to cross-section 
points only. 

but acceptable, alter- 
native would be the 
situation where the 
depth of water and 
reservoir width a r e  
known at intermittent 
distances upstream 
from dam. 

B. A less desirable, 

General approximation 
results for regular 
shoreline only. 
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S, = tan e , ,  

S2 = tan & ,  

A A =  
3 

f i g .  1. Simple model development conf igu ra t ion  o f  a r e s e r v o i r  t o  

e s t ima te  shore a rea  change r e s u l t i n g  from water level  

f 1 uc tua t  ion.  
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n A L .  

i=l Si2 
T o t a l  Area = AH 2 --- Y 

where 

T h i s  approach assumes t h a t  0, O2 ( F i g .  1). Note t h a t  shore area i s  

exposed when t h e  water  l e v e l  lowers,  but, i s  inundated when t h e  l e v e l  

r i s e s .  

A computer program has been developed f o r  t l i i s  s imple model. 

Based on t h i s  approach, [ a b l e  2 has  been developed, which g i ves  shore 

area change (hec ta res )  p e r  u n i t  s l - t u r ~  1 ength ( k i  1 ometers) f o r  

r e p r e s e n t a t i v e  ranges o f  average sho re  s lope  and wa te r  l e v e l  

f l u c t u a t i o n  (meters) .  

t h e  t a b l e  arid niodel. 

S e c t i o n  I V  o f  t h i s  appendix e x p l a i n s  t h e  use o f  

3 . 2  M o d i f i e d  Simple Model 

Reservo i r  shore1 i nes a r e  o f t e n  h i g h l y  i r r e g u l a r  and va ry  

s i g n i f i c a n t l y  i n  s lope  from one s e c t i o n  t o  ano the r ,  caus ing  a 

d i s t o r t i o n  i n  t h e  assumed r e c t a n g u l a r  s t r i p  i n  t h e  s imp le  model. For  

t h i s  reason, the  incrementa l  shore area AA i s  rep resen ted  by  a 

t r a p e z o i d  c o n f i g u r a t i o n  as shown i n  F ig .  2 .  

For t h i s  case t h e  incrementa l  shore a rea  change L A ,  r e s u l t i n g  

f 1 u c t u a t i  on, i s  

/ 7.- 
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f i g .  2. Modified simple model development canfiguration o f  a 

reservoir to estimate shore area change resulting from 
w a t e r  level fluctuation. 



and t h e  t o t a l  change f o r  t h e  r e s e r v o i r  i s  

n 
T o t a l  Area E 2 AAi 

i -1 

0 ,  and O2 i n  t h i s  approach a r e  n o t  assumed equal .  I n p u t s  t o  t h i s  

model i n c l u d e  average (mid-depth) increnienta l  shore l eng ths  AL,  

s e c t i o n  s lopes S ,  and S,, and water  l e v e l  f l u c t u a t i o n  AH. A computer 

program has been developed f o r  t h e  m o d i f i e d  s imple model. Sec t i ons  3 

and 4 o f  t h i s  appendix d e s c r i b e  a p p l i c a t i o n  and use o f  t h e  n i o d i f i e d  

s i i i ip le model. 

3 . 3  Geometr ical  Model 

S i t u a t i o n s  may a r i s e  where topograph ic  con tou r  maps t o  determine 

shore s lopes a r e  u n a v a i l a b l e  f o r  t h e  reservo i r - .  I n  these cases, shore 

area changes cannot be es t ima ted  f rom t h e  s imp le  o r  rnod i f i ed  s imple 

models. However, i f  r e s e r v o i r  o r  r i v e r  c r o s s - s e c t i o n  area i n f o r m a t i o n  

i s  a v a i l a b l e  (1) a t  t h e  dam o r  (2 )  a t  t h e  darn and o t h e r  upstream 

p o i n t s ,  a geomet r i ca l  model can be developed f o r  app rox ima t ing  t h e  

a c t u a l  r e s e r v o i r  c o n d i t i o n s ,  a l l o w i n g  c e r t a i n  assumptions. The 

f o l l o w i n g  assumptions a r e  made: 

1. The r e s e r v o i r  rep resen ts  a s i n g l e  stream Cor stem) 
hav ing l i t t l e  o r  no s h o r e l i n e  i r r e g u l a r i t y  as shown 
i n  F i g .  3. 

2. The l a t e r a l  r e s e r v o i r  c r o s s - s e c t i o n  c o n f i g u r a t i o n  
o f  t h e  rese l - vo i r  bed (e .g , ,  s e c t i o n  x-x) ,  as shown 
i n  Fig.  3, i s  p a r a b o l i c .  

3. The r e s e r v o i r  c r o s s - s e c t i o n  c o n f i g u r a t i o n  i s  
changing gradual  l y  and 1 i n e a r l y  upstream a l o n g  t h e  
bed. 

4. The l o n g i t u d i n a l  stream bed s l o p e  Sb i s  cons tan t .  

5. The water  s u r f a c e  s lope  i s  always l e s s  than  t h e  
r i v e r  bed s lope,  as i s  t h e  case i n  most r e s e r v o i r s .  
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- NOT TO SCALE - 

Y 

I 
SECTION x - x 

- -.. . REACH II 

REACH I 

Fig. 3 .  Geometrical model development conf igu ra t ion  o f  a r e s e r v o i r  

t o  e s t ima te  shore a rea  change r e s u l t i n g  from water leve l  

f l u c t u a t i o n .  
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A t h r e e - d i m e n s i o n a l  e q u a t i o n  used t o  d e s c r i b e  t h e  r e s e r v o i r  

channe l  i s :  

where c o o r d i n a t e s  x ,  y ,  arid z a r e  d e f i n e d  i n  F i g .  3 ;  S i s  t h e  channe l  

bed s l o p e ;  and A and B a r e  c h a r a c t e r i s t i c  i n p u t  pa ramote rs  t h a t  

d e s c r i b e  t h e  r e s e r v o i r  bed c o n f i g u r a t i o n .  A and B a r e  d e f i n e d  as 

f o l l o w s :  

b 

w h ~ r e  xl, y , ,  and 0 i s  a r e s e r v o i r  c o o r d i n a k  p o i n t  a t  t h e  v e r t i c a l  

channe l  c r o s s - s e c t i o n  a l o n g  t h e  z - a x i s ,  t a k e n  d t  t h e  dam, and xg ,  y, ,  

and 12 i s  a second p o i n t ,  l o c a t e d  z2 d i s t a n c e  ups t ream f rom z1 = 0. 

An i n t e g r a l  i s  deve loped  f o r  d e f i n i n g  t h e  subinerged p o r t i o n  o f  

t h e  r e s e r v o i r  b o t t o m  a rea :  

Submerged Bottom Area = 
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B x 2+ s la - 11 L 

dX 9 

3 

where the Z-integration was performed using Forniula 132, page 317 o f  

the C K C  tables (14th ed.) .  WTRL represents the water level elevation 

a t  the downstream section, and HL i s  water surface slope (may be zero 

f o r  " f l a t "  reservoir surface).  G(x)  i s  defined according t o :  

1 -+ (Bx2 + Sb - HL) 
4B2 fz 

CG(x11 = 

The upper and lower bounds in the double integral correspond t o  the 

edges of the water surface in the X -  and Z-directions. Since t h e  

lower bound in the X-direction i s  -4Wm instead o f  0 ,  a factor  o f  2 

i s  in t roduced.  



The equa t ion  can be so l ved  by numerical  a n a l y s i s  u s i n g  a d i g i t a l  

computer. I f  t h e  water l e v e l  f l i uc tua tes  f rom an i n i t i a l  e l e v a t i o n ,  

(‘sJTRL)l, t o  another  e l e v a t i o n ,  (WTRL),, shore area change can be 

d e f i n e d  by computi ng t h e  d i f f e r e n c e  between t h e  subsneryed bot tom 

areas. 

The above model can be used t o  determine shore area change f o r  

two possible r e s e r v o i r  c o n d i t i o n s :  

1. K u n - o f - r i v e r .  

2. Reservo i r  p o o l .  

A r u n - o f - r i v e r  c o n d i t i o n  i s  c h a r a c t e r i z e d  by reach I i n  f i g .  3.  A 

resei-voir, pool c o n d i t i o n  i s  rep resen ted  by reach 11,  where t h e  

o p p o s i t e  s h o r e l i n e s  converge upstream. 

A geometr ica l  coii iputer model i s  developed t o  s o l v e  e i t h e r  

r e s e r v o i r  c o n d i t i o n .  The geomet r i ca l  model produces a parabol  i c  o r  

r e g u l a r  s h o r e l i n e  c o n f i g u r a t i o n ,  from which s h o r e l i n e  area change i s  

determined. However, i f  t h e  a c t u a l  s h o r e l i n e  i s  known t o  be 

s i g n i  f i c a n t l y  i r r e g u l a r 9  and t h e r e f o r e  l o n g e r ,  t h e  computer model 

would underest imate the  shore area change. To compensate f o r  t h i s  

known c o n d i t i o n ,  an adjustment  i s  recommended. The computer model 

w i l l  a u t o m a t i c a l l y  adjust .  t h e  shore area change when t h e  a c t u a l  t o t a l  

s h o r e l i n e  l e n g t h  i s  known and i s  i n c l u d e d  as i n p u t  data.  

3 .4  Model Choice 

l h e  cho ice  o f  model f o r  d e t e r m i n i n g  change o f  shore area from 

water  l e v e l  f l u c t u a t i o n  depends on the  d a t a  c o n d i t i o n s ,  l e v e l  o f  

p r e c i s i o n  needed, and a v a i l a b l e  t i m e  and money f o r  computat ion.  

R e f e r r i n g  t o  t h e  f i v e  r e s e r v o i r  da ta  cases i n  Table 1, t h e  f o l l o w i n g  

model uses a re  recommended f o r  b e s t  r e s u l t s :  
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Reservoir da ta  --- condi t ion Recommended model Comments 

Case I 1. Modified simple Most p r e c i s e ,  b u t  
Regular o r  i r r e g u l a r  requi res  computer 
shorel  irie sol  u t  ion. 

Case I1  
Regular o r  i r r e g u l a r  
sho re l ine  

Case 111 
Regu'l a r  o r  i rreyul a r  
shorel i ne 

Case IV 
Regular o r  i r r e g u l a r  
shorel  ine  

2 .  Simple Produces s l i g h t l y  
1 ess  prec i s i o n  
(lower a r e a s ) ,  b u t  
Table 11 or computer 
can be used f o r  
501 u t i o n .  

1. Modified simple ( see  Case 1) 

2. Simple ( see  Case I )  

1. Modified simple ( see  Case I )  

2. Simple 

1. Simple 

2.  Geometrical 

Case V 1. Geometrical 
Regular o r  i rregul a r  
shorel  ine 

( s e e  Case 1) 

Assume s i n g l e  
constant  c ross -  
s ec t ion  f o r  run-of- 
r i v e r  condi t ions 
only;  water sur face  
s lope i s  approxi- 
mately p a r a l l e l  t o  
r i v e r  bed s lope.  

Recommended f o r  
reservoi  r cond i t ion  
only,  b u t  a l s o  
f e a s i b l e  for r u n -  
o f - r i v e r .  

Run-of-river o r  
r e se rvo i r  condi t ion 
where ' l i t t l e  geo- 
metr ic  da ta  i s  
avai 1 ab1 e ;  approxi - 
mation only.  
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4. GENERAL PROCEOURES AND L I M I r A T l O N S  FOR MODEL USES 

l h i s  s e c t i o n  i n t r o d u c e s  t h e  p rocedure  f o r  model use. A l l  

computer model5 deve loped a r e  w r i t t e n  i n  F o r t r a n .  r o  make t t w  tiiodels 

c o m p a t i b l e  t o  m e t r i c  and E n g l i s h  u n i t s ,  u n i t s  i n  t h e  models a r e  l e f t  

t o  t h e  d i s c r e t i o n  o f  t h e  a n a l y s t .  However, u n i t s  o f  i n p u t s  must be 

c o n s i s t e n t  when u s i n g  t h e  models.  The u n i t  o f  o u t p u t  cor responds t o  

t h e  u n i t  o f  input,  F o r  example, i f  t h e  i n p u t  o f  l e n g t h  i s  i n  f e e t ,  

a l l  o t h e r  i n p u t s  o f  l e n g t h  must, be i n  f e e t .  

t h e n  be f e e t  f o r  l e n g t h  and square f e e t  f o r  a rea .  

Cor respond ing  o u t p u t  w i l l  

4. 1 Simple  Model 

I h e  s i m p l e  and t h e  m o d i f i e d  s i m p l e  models r e q u i r e  an i n i t i a l  

common p rocedure .  A r e s e r v o i r  s h o r e l  i n e  boundary i i iust be d e f i n e d  f rom 

a c o n t o u r  map ( a  1:24OOO s c a l e  quad map i s  s u f f i c i e n t ) .  The d e f i n e d  

s h o r e l i n e  i s  d i v i d e d  i n t o  equa l  i n t e r v a l s  o f  a maximum o f  2000 f t  ( o r  

600 m). The l a s t  i n t e r v a l  s e c t i o n  l e n g t h  may, however, be s h o r t e r  

t h a n  t h e  o t h e r  l e n g t h s .  Shore bank S l o p e 5  a r e  measured a t  each 

i n t e r v a l  mark [ n o t e  t h a t  t h e r e  must be ( n + l )  i n t e r v a l  marks f o r  

n i n t e r v a l s  o r  s e c t i o n s ] .  

Table 2,  des igned f o r  m e t r i c  l e n q t h s ,  can be used f o r  a f a s t  

e s t i m a t i o n  o f  t h e  shore  a r e a  r e s u l t i n g  f rom w a t e r  l e v e l  f l u c t u a t i o n .  

An o v e r a l l  average shore  bank s l o p e  i s  computed f r o m  t h e  measirred bank 

s lopes  a t  i n t e r v a l  marks. A c o r r e s p o n d i n g  s h o r e l i n e  a r e a  v a l u e  i n  

h e c t a r e s  p e r  k i  l on ie te r  s h o r e l  i ne l e n g t h  can be ob.tained f rom Tab1 e 2 

w i t h  i n p u t s  o f  t h e  average shore  s l o p e  and t h e  expec ted  w a t e r  l e v e l  

f l u c t u a t i o n  i n  meters .  The product, 0.f t h e  T a b l e  2 u n i t  s h o r e l i n e  a rea  

v a l u e  and .the a c t u a l  s h o r e l i n e  l e n g t h  i n  k i l o m e t e r s  i s  t h e  e s t i m a t i o n  

o f  t h e  t o t a l  sho re  a r e a  r e s u l t i n g  f rom t h e  w a t e r  . f l u c t u a t i o n .  

A more p r e c i s e ,  b u t  t ime-consuming, a l t e r n a t i v e  t o  u s i n g  T a b l e  2 

wou ld  be t o  sum up i n c r e m e n t a l  shore  s lopes  and r e s u l t a n t  a reas .  A 

computet. model,  u s i n g  t h i s  i n c r e m e n t a l  method, i s  s e t  up f o r  a more 

p r e c i s e  e s t i m a t i o n  ( F i g .  4) .  S e c t i o n  3 d e s c r i b e s  t h e  b a s i s  o f  t h e  
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SIMPLE MODEL 

DIMENSION SLOPE( 501) ,Sl..ENG( 500) 
R E A D (  5,510) WTRL 
READ( 5,520) NUM,SLEN ,SLNL 
DO 10 I=l,NUM+l 
READ (5,51O)SLOPE( I )  
SLENG( I )=SLEN 

WRITE( 6,610)WTRL 
IF(SLNL .NE.O.)SLENG(NUM)=SLNL 
S H L E N = O .  0 
T A R E A z O  .O 
DO 50 I:=l,NUM 

A R E A = S L E N G (  I)*WTRI..*( (l+AS**2. )*.*.5)/AS 
SHLEN=SLENG( I ) +SHL E N  
TAR EA= AR EA+TA R EA 
WRITE(6,620)1 ,SLENG( I )  , A S , A R E A  

bJRITE(6,630)SHLEN,TAREA 

10 CONT I N U  E 

,r\S=(SLOPE( I)+SLOPE( I + 1 )  )/2. 

50 CONT I N U  E 

510 FORMAT( F10.6) 
5 20 FORMAT( I3,2X, 2F10.2) 
6 10 FORMAP( ' WATER L E V E L  FLUCTUATION = I  , F 6 . 2 , / / ,  

1 4X,'SECTION',9X,'LENGTi-l',7X,'AVERAGE SLOPE',lZX, 
2 'AREA',/) 

6 20 
630 FORMAT(//,2X, 'SHORE L E N G T H - '  ,F13.2,15X, 

FORMAT ( 6X, I 3  7 X , F 10.2 ,9X, F 10.6,6X, F 15 (. 2 ) 

I 'SHORE A R E A  = ' , F 1 5 . 2 )  
STOP 
END 

F ig .  4. Computer program for- s i m p l e  model t o  e s t i m a t e  shore area 

change in a reservoir resulting from water level fluctuation. 
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s imp le  model. The i n p u t  format  f o r  t h e  computer method s o l u t i o n  o f  t h e  

s imp le  model i s  shown i n  Table 3 .  

Table 3. I n p u t  format  f o r  s imp le  (and m o d i f i e d  s imp le )  model 

. - - ~  
Card No. V a r i a b l e s  Format, 

1 Expected wa te r  l e v e l  f l u c t u a t i o n  F10.6 
2 Number o f  s e c t i o n s  o r  i n t e r v a l s ,  13, ZX,  Fl.0.2, 

s e c t i o n  l e n g t h ,  l a s t  s e c t i o n  l e n g t h  F10.2 

3 t o  (n+3) Shore (bank) s lopes a t  i n t e r v a l  marks: 
no te  t h a t  t,here a r e  n + l  shore s lope  F10.6 
i n p u t  cards f o r  n s e c t i o n s  

4.2 M o d i f i e d  Simple Model 

S e c t i o n  3 d e s c r i b e s  t h e  b a s i s  o f  t h e  m o d i f i e d  s imp le  model. i h i s  

model uses t h e  same b a s i c  approach as the  s imp le  model excep t  f o r  t h e  

d i f f e r e n t  method o f  comput ing t h e  shore area.  S h o r e l i n e  boundary 

i r i t e r v a l  s for.  o b t a i n i n g  shore 51 opes a r e  determined as t h e  i n i t i  a1 

procedure o f  t h e  s imp le  model. F i g u r e  5 presen ts  t h e  coniputer program 

o f  t h e  m o d i f i e d  s imp le  model. The i n p u t  f o rma t  i s  t h e  same as f o r  t h e  

s imp le  model (Table 3 ) .  

The m o d i f i e d  s imp le  mudel i s  t h e  most p r e c i s @  method t o  e s t i m a t e  

t h e  shore area exposure. However, more d e t a i l e d  i n f o r m a t i o n  i s  

r e q u i r e d .  

4.3 Geometr ica l  Model 

As i n d i c a t e d  i n  t h e  development and d e s c r i p t i o n  o f  t h e  

geomet r i ca l  model i n  S e c t i o n  3, two c r o s s - s e c t i o n s  a r e  r e q u i r e d  i n  t h e  

computer model. A computer model program o f  t h e  geomet r i ca l  model i s  

shown i n  F ig .  6. For  r u n - o f - r i v e r  c o n d i t i o n s ,  these two  i n p u t  
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M O D I F I E D  S I M P L E  MODEL 

D IMENSION SLOPE(SO1)  ,SLENG( 500) ,AS( 501) 
READ( 5,510) NTRL 
READ( 5 , 520) NUM,SLEN ,SLNL 
DO 10 i = l , N U M - t l  
READ( 5,51O)SLOPE( I) 
AS ( I ) =WTRL*( ( 1. +SLOPE ( I ) * * Z  . )** . 5  ) /SLOPE(  I ) 
SLENG( i )=SLEN 

10 CONTINUE 
WRITE(  6 ,S IO)WTRL 
I F (  SLNL.NE.0 .  )SLENG( NIJM)=SLNL 
SHLEN=O. 0 
TAREA=O. 0 
DO 50 I=1,NUM 

AREA=SLENG( I ) * A S L  
SHLEN=SLENG( I ) + S H L E N  
TAREA=AREA+TAREA 
WRITE(  6,620) I ,SLENG( I) ,ASL,AREA 

WRITE ( 6 , 630) SHL EN , TAREA 

FORMAT ( I3 , 2X ,2F 90.2 

ASL= ( AS ( I )-+AS ( I+I ) )/2 . 

50 CONTINUE 

5 10 FORMAT( F 1 0 . 6 )  
5 20 
6 10 FORMAT( '  WATER LEVEL F?UC.TUATiON =',F6.2,//, 

1 4 X , ' S E C T I O N ' , 9 X , ' b E N G T H ' , 7 X Y ' A V E R A G E  W I D T H ' , 1 2 X ,  
2 ' A R E A ' , / )  

6 20 
630 FOKMAT(//,ZX, 'SHORE LENGTH='  , F 1 O . 2 , 1 S X y  

FORMAT( 6 X  , I 3 , 7 X  ,F10 .2 ,9X  ,F10 .6 ,6X  ,F15.2)  

1 'SHORE AREA:.' ,FlS.Z) 
STOP 
END 

F i g .  5 .  Computer program f o r  m o d i f i e d  simple model used t o  estimate 

skiore area  change i n  a reservoir resulting from w a t e r  level 

fluctuation. 
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GEOMETRICAL IfIODEL 

5 

10 

20 
30 

40 

50 
60 

REAL L E V E L 1  , L E V E L 2  
REAL !. , K 
REAQ(5,5) TYPE 
FOP.MAT( A3 ) 
READ ( 5 , l O j  DATUM 
FCRMAT( F10.4 j 
REPU (5,20) t.LEVI,Wl,Sl 
READ (5,?0) BS,L,ilL 
PEAD (5,ZO) ELEV2 ,bQ,S7. 
READ (5 ,30 )  I . E V E L 1 ,  L E V E L 2  
READ (5,l.O) iLlNE 
FORMAT( 3FlO .la) 
FORMAT( 2F1.0.4) 
X1=!.11/2. 
X3--W?/2. 
!dTR!. 1 LEV EL 1 -DATU!! 
WTRL2-L EV E1.2 - DATUM 
IF(TYPE.F.4. ' R U N ' ) G C l  TO 50 
MRITE (6,40) 
FORMAT( 29X. ' RESERVOIR C-iiORL.INI1' ,/// ) 
GO TO 200 
URITE(6 ,SO)  
FORMAr(27X, ' R U N - O F - R I V E R  SH0;IELINE' , / / / )  
GO TO 305, 

200 CALL CiiARA (ELEVl,DATlJM,Xl,SZ,0,O,A) 
CALL LHARR ( E L E V 2  ,OATUN, X2 52 L ,RS ,A,B j 
WRITE(6,70) A,a,B5,IiL 

7 0 FO;li4AT( 27X, 'CRANNE!. CHARACTERISTICS: ? / ,  

1 17X,'A -',F15.12,5X,'B ~ ' , F l 5 . J . 2 , / ,  
2 GX,'STREAM SLOPE =',F6.3,3%, 
3 ' idATER SLOPE ='>F6.4) 

CALL S H O L I R  :A,B ,BS,HL,iJTRI.1 ,WTRLZ,SHLENG) 
I F ( B . E Q . 0 . )  GO TO 210 
C A L L  AREA 1 ( A ,  3 BS , t4L , WTRLl , WTRL.2 ,AREA) 
GO -ro 500 
GO ro 500 

2 10 C A L L  AREA2 ($4, BS , !iL, WTRL 1 LdTRL.1 , A R E A )  

F i g .  6 .  CornpLiiler program f o r  qeornetric niudel used t,o e s t i m a t e  shore 

area change i n  a reservoir resulting from water level  

f 1 LIC t ua t, i on. 
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300 CALL  CHARA(ELiVl,DATUM,Xl,Sl,O,O,A) 
C A L L  CHARR( E L E V 2  ,DA l  UM,X2 ,S2 ,L ,BS ,A,B) 
WRITE(  6 , 7 0 1  A,B ,BS,HL 
y i = (  HL*I.)+wTRL.I-(Bs*L) 
YZ=(  HL*L)+WTRLZ-(BS*L) 
ADA=A+( B*L ) 
C A L L  S H O L I N (  A,B ,8S ,HL,WTRLl  ,WTRL2,DSHO1) 
C A L L  SHOL I N ( ADA, B ,BS , H L  ,Y 1, Y 2, DSH02  ) 
SHI.ENG=DSHOl-DSH02 

C A L L  AREAl(A,H,BS,HL,WTRLl,WTRLZ,D5Al) 
C A L L  A R E A l (  ADA ,B ,BS ,HL ,Y1 ,Y2 ,DSA2) 

GO TO 500 

C A L L  AREA2(  ADA,BS ,HL , Y 1  ,Y2 ,DSA2)  

IF(B.EQ.O) GO TO 310 

AREAZDSAl -  DSAP 

310 C A L L  AREA2( A,BS,HL,WTRLl  , Y T R L Z , D S A l )  

AREAZDSAl -  DSA? 

500 N R I T E ( 6 , S O )  WTRLl ,WTRL2 
80 FORFL4T(/ ,27X, 'WATEK L E V E L  F L U C T U A T I O N : '  ,/, 

1 5X, 'F4INIMUM WATER L E V E L  = '  , F 1 0 . 4 , 5 X ,  
2 'MAXIMUM 'AATER L E V E L  = ' ,F10 .4 , / / )  

5 2 0  FORMAT(7X, 'S IMULATED SHORELINE A R E A ' ,  
W R I T E (  6 , 5 2 0 ) A R E A  

1 ' EXPOSURE = '  , F 1 5 . 2 )  
IF(SLINE.NE.O.) GO ro 550 
K=1.0 

FORMAT ( 1 4 X ,  ' S I Y U L A T E D  SHORELINE L E N G I H  = ' , F15.2 ,/ , 
510 WRITE(  6 , 5 4 O ) S H L E N G , S L I N E  ,K,AREA 
540 

1 1 7 X , ' A C T U A L  SHGRELINE LENGTH =',F15.2,/, 
2 2 4 X , ' A D J U S T I N G  FACTOR = '  , 5 X , F 1 0 . 5 , / / / ,  
3 8X, 'AD, I I ISTED SHORELINE AREA EXPOSURE = '  ,F15.2) 

GO TO 9 9 9  

AREA=AREA*K 
GO TO 5 1 0  

END 

SUB ROUT1 NE C H A W (  ELEV ,DATUM .X ,SI L , BS ,A)  

550 K=SLINE/SHLENG 

9 9 9  STOP 

t * * * * * * * * * * * *st * * * * * * * t t * * f * * f * * * * * * * *X*** * * * * * * * * * * *~ '~  *S** 

REAL L 
I F ( E L E V . E Q . 0 . )  GO TO 10 
I F ( X . E Q . O . )  GO TO 20 
A=( ELEV-DATUb1- (6SPL) ) / (  X**2. ) 
RETURN 

10 A = ( S / X ) / 2  

20 
RETURN 
A=( S * T .  ) /  (4.  * (  ELEV-DATUM- ( B S * L )  ) ) 
RETURN 
END 

F ig .  G (cont inued)  
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S U B R O U T I N E  CHARB ( ELEV ,DATUM,X , S , L ,8S ,A,B) 
REAL L 
I F ( E L E V . E Q . 0 )  GO T O  10 
I F ( X . E Q . O . )  GO TO 20 

RETURN 
B = (  ELE'J -DATUM-JBS*L)-  (A*(X**Z. ) ) ) /  ( L * (  X**2. ) ) 

10 

20 

B=(  I S / (  2 .  *X) ) - A ) / L  

E=( ( (S**2. ) /  ( 4 .  *( ELEV-DATUM- ( B S * L )  ) ) ) 
RETURN 

1 - A ) / L  
RE7 URN 
END 

S U C R O U T I  NE A R E A 1  (A, B , S , HI-, Y 1, Y2 , A R E A )  
D I M E N S I O N  Xl(5Ol) ,X2( 501) , F N l (  501) ,FN2(501) 
CALL FlJNCT ( FN1 ,Xl, 4,B ,S ,HL ,Y 1)  
CALL I N T E G R  ( F U 1  ,X1 ,ARl) 
CALL FUNCT (FN2 , X 2 , A , B  ,S , H L , Y 2 )  
CALL I N T E G R  (TNZ,XZ,ARZ) 

RFTURN 

**X*************************~***~****************************** 

AREA=ARP-AR! 

END 

S U B R O U T I N E  FUNCT ( Y  , X , A , 3 , 5 , H L , Y l )  
D I H E K I O N  X (  501) ,Y (501) 
DIMENSION G2(501),G(501),H(SOl) , H 2 ( 5 0 1 )  ,5QR(513!) 
D I M E N S I O N  S Q R O (  501) , FNl (501)  ,FN2( 501) . F N 3 (  5 0 1 )  ,FN4( 501) 
X (  501)=Y l/A)**O. 5 
C=X(501)/503. 

* * X * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ~ * * * * * * * * * * * ~ * * ~ * * ~ * * * ~ * * * * *  

EO IO J=500,1,-1 
X (  J)=X( J+1) -D 

10 C O N T I N U E  
DO 20 I=1.50! 
G2( I ) = ( l . t ( ! V  

1 (4.  *(  5**2. ) * ( X  
G( I )=G2( I )**O 
H(I)=((YlA*(X 

1 - + ( A + B )  

1 

20 

X (  I )  **2. )tS)**2. ) /  
I )**2. ) ) 

I ) * * 2 .  ) ) / ( I ? * (  % (  I ) **2.  ) t S - H L )  
5 

= H ( I ) * * Z ,  

I ) = (  G2 ( I )+ (  A / B  ) **2. 
)=H( I ) * 5 Q R (  I )  

) =  (G2 ( I ) + W  ( I )  ) **o. 

)=G2( I ) * A L U G (  ( H (  I ) +  

H 2 ( I )  
S Q R (  I 
S Q R O (  
F N l (  I 
FN2( I 

FN3( I .  
F N 4 (  I)=G2( I ) * A L O G (  ( ( A / B ) + S Q R O (  I))/G( I) 1 
C O N T I N U E  
RETURN 
END 

G ( I ) )  

Y(I)=ABS(E3)*X(I)*(FYl(I)tFNZ(I)-FN3( l ) - F N 4 ( 1 ) )  

Fig.  6 (cont inued)  
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kVEN=O. 0 
D O 1 0  1=2.498,2 
EVEN=EVEN+Y( I )  
ODD=ODD+Y (Ii-1) 

AREA=(  H / 3 .  ) * (  Y ( 1)+4. * (  EVEN+Y (500) )+2.*ODD+Y ( 5 0 1 ) )  
AREA=2.*AREA 
RETURN 
END 

SUBROUTINE AREA2 ( A,S, H I  ,Y 1 ,Y2 ,AREA) 

X 1 (  501)=( Y l / A ) * * O .  5 
X 2  ( 501 ) = ( Y 2 / A )  **0 .5 

10 CONTINUE 

***+******+a**a*********.k***+a-******.*k*.k*****t*********+**.k**-k;t 

3 IME NS I ON FFI 1 ( 50 1 ) , F N 2  ( 50 1 ) , X 1 ( 50 1 ) , X 2  ( 50 1 ) 

50 

60 

70 

H l = X 1 ( 5 0 1 ) / 5 0 0 . 0  
H 2 = X 2 (  501 ) / 5 0 0 . 0  
DO 50 i=500,1,-1 
X 1 (  1)='(1( 1+1 ) - H 1  
X 2 (  I ) = X Z ( I + l ) - H 2  
CON r I NUE 
DO 60 J=1.501 
F N ~ (  J ) = (  (1 .+s**z. +( 2. * A * x ~ (  J ) )**2. )**. 5 )  

1 *(  Y 1 - A + (  X 1  (J ) **2. ) ) / ( S - H L )  

1 *( Y Z - A * ( X Z (  J )**2.) ) / (  S - H L )  
FN2( J ) = (  ( 1 .+S**Z.i-( 2 .  *A*X2(  3 ) )**2. ) *-k. 5 )  

CONTINUE 
O D D 1 = 0 . 0  
ODD2=0 .0  
E V E N l = O . O  
EVEN2=0.0 
DO 70 K=2.398,2 
EVEN 1= E V E N l + F N I  ( K ) 
EVEPQ=EVENZ+FNZ ( K )  
O D O l = O D D 1 + F N l (  K + 1 )  
ODD 2 = OD 02 + FN 2 ( K+ 1 ) 
CONTINUE 
A R l = (  H1/3.0)*( F N 1 (  1 )+4. *( E V E N 1  

A R Z = ( H 2 / 3 . 0 ) * ( F N Z (  1)+4.*( EVEN2 
1 +FN1(500))+2,*0DDl+FN1(501)) 

1 +FN2 ( 500) ) +2.  *ODD2+FN2 ( 5 0 1  ) ) 
AREA= ( A R Z -  A R 1  ) *2. 
RETURN 
END 

F i g .  6 ( con t inued)  
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SIJBROUTINE SHULIN( A , B  ,S , H L  ,Y1 , Y Z  , S i l O L E N )  
DIMEWCION '~(SOl) ,X(501) ,F1(501) ,F2(5Oi)  , Z ( 5 0 l )  
Y O = ( Y 2 + Y 1 ) / 2 .  
x (  501) s( Y o i A j * * o .  5 
0-X( 501)/500. " 

X (  I ) = X (  1tl)-D 
DO 10 1 ~ 5 0 0 , 1 , - 1  

10 C O N T I N U E  
00 20 I=1.501 
F l (  I)=B*( X (  I)**?. )+S-HL 
F2( I)=fO-(A*(X(i)**2.)) 
Z! I)=2. *( A*X( I )*F1( I )+B*X( 1 )*U( i ) ) / F l (  I )  **2. ) 
Y ( I ) = (  1. +7( I )  **2- )**O. 5 

CALL I N T i G R ( Y , X , S t I O L E ? i )  
RETURN 
E N D  

20 CONTINUE 

F ig .  6 (cont inued) 
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c ross  s e c t i o n s  should be a t  b o t h  ends o f  the r i v e r .  For  a s ing le  

stream rese rvo i r  (pool  condi t ion) ,  o n p  input c ross  sec t ion  should be 

determined a t  the  dam s i t e  of the S ~ I W ~ ,  and another cross  sec t ion  

should be defined a t  a dis tance  a b o u t  one-half the  resprvoi r  length 

upstream from the darn, b u t  never Inure than two-thirds o f  the  reservoi r  

length.  In some cases ,  i f  only a s ing le  c ross  sec t ion  a t  the  dam i s  

a v a i l a b l e ,  use of the  input format given in s tpp 5b o f  Table 4 

automatically ad jus t s  f o r  t h i s  condi t ion.  

The geometrical model has an advantage i n  the a b i l i t y  t o  es t imate  

shore area even though l imited da ta  a re  ava i l ab le .  However, t h i s  

model i s  constructed f o r  r e se rvo i r s  with no o r  only s l i g h t  shorelirie 

i r r e g u l d r i t y ,  and the model i s  n o t  recommended f o r  r e se rvo i r s  with 

" i r e g u l a r i t y  fac tors"  g rea t e r  than 3 . 0 .  I r r eyu la r i  ty  f ac to r  F i s  

defined as  the r a t i o  o f  the  actual  shore l ine  length t o  the  main stream 

length in  a r e se rvo i r .  

5. A P P L T C A l I O N  EXAMPLES 

This sec t ion  demonstrates the use of each model and compares 

r e s u l t s  f o r  four  se lec ted  r e se rvo i r s .  A l t h o u g h  a l l  four  r e se rvo i r s  

represent  a Case I condition (Table l), appl ica t ions  of t h e  

geometrical model a r e  performed t o  demonstrate the  use o f  the  

geometrical model. The four  r e se rvo i r s  se lec ted  f o r  ana lys i s  and 

t h e i r  general c h a r a c t e r i s t i c s  a r e  as  follows: 

Reservoir 

De rwe n t 

I _ ~  .---.I__ 

Normandy ( p a r t  of 
the  r e se rvo i r )  

Nottely 

Ocoee #2 

Type 

Reservoir pool 

Reservoir pool  

Reservoir pool  

Run-of- r i  ver 

Shore1 i ne 
configurat ion _._ Contour map ~- sca l e  

Regular 1" = I krn 

S1 igh t ly  1: 12000; 
i rregul a r  (1" = 1000 f t )  

I rregul a r  1: 24000; 
(1" = 2000 f t )  

Kegul a r  1: 24000 
(1" = 2000 f t )  
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Table 4. I n p u t  f o rma t  f o r  geometr ic  model 

Card No. Var i a b l  es Format 

1 R e s e r v o i r  t y p e  R u n - o f - r i v e r  o r  
r e s e r v o i r  

2 E l e v a t i o n  o f  dam base, DATUM F10.4 

3 Cross -sec t i on  d a t a  a t  t h e  dam: e l e v a t i o n  F10.4, F10.4 ,  
o f  a p o i n t ,  ELkV1 ;  w i d t h  o f  t h e  r e s e r v o i r  F10.4 
a t  t h e  p o i n t ,  W 1 ;  shore s lope  at t h e  
p o i n t ,  S I  ( input,  o n l y  i f  e l e v a t i o n  o r  
w i d t h  i s  n o t  a v a i l a b l e )  

4 Stream bed s l o p e ,  Sb o r  B S ; a  dist,ana:e 
between the c ross  s e c t i o n  a t  t h e  dam and F10.4 
t h e  o t h e r  c r o s s  s e c t i o n  upstream, L 
( i n p u t  1.0 i f  o n l y  c ross  s e c t i o n  da ta  a t  
t.hr? dam i s  a v a i l a b l e ) ;  water  surface 
s lope ,  HL ( l e s s  t h a n  t h e  stream bed 

F10.4, F10.4, 

s 1 ope) 

5 a Two cross s e c t i o n s  F10.4,  F10.4,  
E l e v a t i o n  o f  a p o i n t ,  E L E U 2 ;  w i d t h  o f  FLU. 4 
t h e  w s e r v o i r  a t  t h e  p a i n t  W2; shore 
s l o p e  a t  t h e  point . ,  S 2 ,  ( i n p u t  o n l y  i f  
e l e u a t i o r i  o f  w i d t h  i s  n o t  a v a i l a b l e )  

b Only one c r o s s  s e c t i o n  
El .EV1 + Sb ( o r  GS) ,  W 1 ,  S1 ( i n p u t  o n l y  i f  
e l e v a t i o n  o r  w i d t h  i s  n o t  a v a i l a b l e )  

5 Expected minimurn wa te r  l e v e l  e l e v a t i o n ,  F10.4, F10.4, 
WTRLL; expected maximum water  l e v e l  
e l e v a t i o n ,  WTRLZ 

7 A c t u a l  s h o r e l i n e  l e n g t h ,  S L I N E  ( i n p u t  F10.4 
0.0 i f  n o t  a v a i l a b l e )  

aBS used t o  r e p r e s e n t  bed s lope  term, Sb, i n  computer model. 



Exaciple 1: Derwent  ( R e s e r v o i r )  ( F i g .  7 )  

Data t o n d i t i o n :  Case I ( l a b l e  1) 
Method: S imp le  model u s i n g  l a b l o  7 s o l u t i o n .  

40 s e c t i o n s  

Natcr f l u c t u a t i o n  = 1 . 3  m (down) 
Average sho re  s l o p e  - 0.10  
Stlore 1 ength - 12,000 m 

- 3 316 sho re  a r p a  
km shore  l e n g t h  From f a b l e  2,  -- 

Total shore  a rea  - 3 . 3 1 6  x llooO ~ - 39 .791  h e c t a r e s  = 397,920 in2 1000 

- Example ....... .~ 2: Normandy Lake ( R e s e r v o i r )  ( F i g .  8 )  

Da ta  c o n d i t i o n .  Case I (Tab le  1) 

Method: Simple model and m o d i f i e d  s i m p l e  model ( F i g s .  1 and 2 )  
I n p u t  d a t a  ( l e n g t h s  i n  f l ) :  

L a s t  
S p c t  i o n  1 e n g i h  . S e c t i o n  - -. .... .- . i n t e r v a l s  . ~ 

Water l e v e l  f l u c .  5 . 0  
No. o f  s e c t i o n s  4 1  
Shore s l o p e s :  0 .3  

0 . 3  
0 . 3  
0 . 3  
0 . 2  
0 . 2 5  
0 . 3  
0 . 3  
0.01 
0.20 
0 . 2 5  
0 . 3  
0 . 3  
0 . 3  
0 . 2 5  
0 . 3  
0 . 2 5  
0.2 
0.2 

1000.0 1.000. 0 
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k i g .  7. Map o f  Derwent Reservoir used f o r  a p p l i c a t i o n  examples 

(Sect ion 5) f o r  p r e d i c t i n g  shore area change. 
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F ig .  a.  Map o f  Normandy Reservo i r  used f o r  a p p l i c a t i o n  examples 

( S e c t i o n  5) f o r  p r e d i c t i n g  s h o r e  a r e a  change. 
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0 .01  
0.02 
0 .01  
0 . 0 3  
0 . 1  
0 . 3  
0 . 3  
0 . 2 5  
13.25 
0 . 1  
0 .03  
0 . 1  
0 . 1 5  
0 . 0 5  
0 . 0 8  
0 .06  
0.02 
0 . 3  
0 . 1 5  
0 .25  
0 . 1  
0 .15  
0 . 1 5  

Example 2: Simple  model method o u t p u t  (shore l e n g t h  i n  f t ,  share  

area i n  f t2): 

Sect ion  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
1.4 
15 
16 
1 7  
18 

Length 

1000.00 
1000.00 
1000.00 
1000.00 
1000.00 
1000.00 
1000.00 
1000.00 
1000 I 00 
1000.00 
1000.00 
1000.00 
1000.00 
1000.00 
1000.00 
1000.00 
1000.00 
1000.00 

Average s l o p e  

0.300000 
0.300000 
0.30GGOO 
0.25OOOO 
0.225000 
0.275000 
0.300000 
0.155000 
0.10500O 
0.225000 
0.275000 
0.30000O 
0.300000 
0.275000 
0.275000 
0.27500O 
0.225000 
0.200000 

Area 

17400.51 
17400.51 
17400.51 
20615 53 
22777.78 
18856.79 
17400.51 
32643.26 
47880.83 
22777.78 
18856.79 
17400.51 
17400.51 
18856.79 
18856.79 
18856.79 
22777.70 
25495.10 
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S e c t i o n  

19 
20 
21  
22 
23 
24 
25 
26 
27 
28 
23 
30 
3 1  
32 
33 
34 
35 
36 
37 
38 
39 
40 
4 1  

Leng th  

1000.00 
1000. 00 
1000.00 
1000.00 
lOOO.00 
1000.00 
1000.00 
1000.00 
1000.00 
1000.00 
1000.00 
1000.00 
1000.00 
1000.00  
1000.00 
1000.00 
1000.00 
1000.00 
1000.00 
1000.00  
1000.00 
1000.00 
1000.00 

Shore l e n g l t i  = 41000.00 

.__- Average slope __ Area 

- - 

0.105000 
0 . 0  15000 
0.  0 15uoo 
0.020000 
O"O65OUO 
0.200000 
0.3000OO 
0.275000 
0.250000 
0.1/5000 
0.065000 
0.065000 
0.125000 
0.1O0000 
0.065000 
0.070000 
0.040000 
0.150000 
0.  ?25000 
0.200000 
0.175000 
0.125000 
0.150000 

Shore a r e a  

47880 ~ 83 
333370.82 
33337u. 82 
250049.9'3 

25495.10 
11400.51 

20615.53 
?9005.63 

77085.40 
40311 29 
50249.38 
77085.40 
71603 36 

115099.96 
31641.4/ 

25495.10 
29005.63 
40311.29 
33 /Ob. ?5 

1 m a 5 . 4 0  

18856.19 

77085.40 

22777.78 

2248250.20 

Water l e v e l  f l u c t u a t i o n  = 5.00  

~. Example ............. 2 :  (Con t inued)  

M o d i f i e d  s i m p l e  model o u t p u t  ( s h o r e  l e n g t h  i n  f t ,  sho re  a r e a  i n  f t 2 ) :  

S e c t i o n  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

Le ng t tl -. .............. 

1000.00 
1000.00  
1000.00  
1000 .00  
1000.00 
1000 .00  
1000.00  
1000.00 
1000.00  
1000.00  
1000.00  
1000.00 

A v e r r -  w i d t h 

17.400511 
I?. 400511 
17.400511 
21.447804 
23.055313 
19.008019 
17.400511 

262.760050 
23.055313 
19.008019 
17. 40051.1. 

258.712750 

Area ______ 

17400.51 
17400.51 
17400.51 
21447.80 
230%. 31 
19008.02 
17400.51 

258712.75 
262760.05 

23055.31 
19008.02 
11400.51 
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Sect ion Length 

1 3  
14 
15  
16 
17 
18 
19 
20 
2 1  
22 
23 
24 
25 
26 
27 
28 
29 
30 
31  
32 
33 
34 
35 
36 
37 
38 
39 
40 
41  

1000" 00 
1000.00 
1000.00 
1000.00 
1000.00 
1000.00 
1000 e 00 
1000 I 00 
1000.00 
1000.00 
1000.00 
1000.00 
1000.00 
1000.00 
1000.00 
1000.00 
1000.00 
1000.00 
1000.00 
1000" 00 
1000.00 
1000.00 
1000.00 
1000.00 
1000.00 
1000.00 
1000.00 
1000.00 
1000.00 

Shore length  = 41000.00 

Average -I-- width 

1 7 .  400511 
19.0081019 
19.008019 
19.008019 
23,055313 
25.495097 

262.760050 
375 ~ 037490 
375.037490 
333" 383320 
108.495510 

33.824944 
17.400511 
19 I 0080 19 
20.615528 
35.432453 

108.4C35510 
108.495510 
41.977812 
66.915584 
81.412300 
73.091439 

166.766600 
133.725250 

25.553379 
27.160887 
35.432453 
41.977812 
33.706247 

Area 

11400.51 
19008.07 
L90U8.07 
UOQ8.02  
23055.31 
254'35 1 10 

262760.05 
375037.50 
375037.50 
333383 * 32 
108495.51 

33824.94 
l740O.51 
l9008.02 
2Q615,53 
35432.53 

108495.51 
108495.51 
41977.81 
66915.58 
81412,30 
73091% 44 

166766.60 
133725.25 

25553.38 
27160 I 89 
35432.45 
41977.81 
337116.25 

Shore a rea  = 3362730.80 

Water leve l  f l u c t u a t i o n  = 5.00 

Example - 3: Ocoee #2 Dam ( r u n - o f - r i v e r )  (F ig .  9 )  

Data condi t ion :  Case I (used as Case IV here ,  Table 1) 
Method: Geonietrical model (F ig .  6 )  
Input  da t a  ( l eng th  i n  f t ) ,  Tab le  4: 
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OCOEE NO. 2 DAM 

DAM 

Fig .  9. Map of Ocoee No. 2 Reservoir used  in application examples 
(Section 5) for p r e d i c t i n g  shore area change. 
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Ru n-0 f - R i ve I- 

o. 00 

0.0155 

45.00 
54800.0 

600.0 
26400.0 
50"  0 
SO. 00 

.5333 

.0150 

.8636 

Geometr ica l  mode1 o u t p u t  ( l e n g t h  .in f t ,  area i n  f t 2 )  

Run-of -River  Shore1 i n e  

Channel c h a r a c t e r i  s t i  cs: 

A = 0.000888833330 t3 = 0.000OO0620574 

Stream slope = 0.GL55 Water s lope  = 0.0150 

Water l e v e l  f l u c t u a t i o n :  

Minimum water. l e v e l  = 45.0000 Maximum water  l e v e l  = 50.0000 

S imu la ted  s l ~ r e l  i r ie  area exposure = 417130.91 

Simulated s h o r e l i n e  l e n g t h  = 52805.09 

Ac tua l  s h o r e l i n e  l e n g t h  = 54800.00 

A d j u s t i n g  f a c t o r  = 1.03778 

Ad jus ted  shore1 i ne area exposure = 432880.56 

Example 4: Derwen-t (Reservo i r )  ( F i g .  7)  

Data c o n d i t i o n :  Case I (used as Case I V  here,  Table 1) 
Method: Geometr ica l  model ( F i g .  6 )  
I n p u t  d a t a  ( l e n g t h  i n  m )  ( l a b l e  4): 



0.00 
30.0 900.0 
0.0057 2500.0 
30.0 GOO. 0 
26.  7 30.0 
12000.0 

0 . 0  

Geomet r i ca l  iiiodel o u t p u t  ( l e n g t h  i o  in, a r e a  i n  m 2 )  

R e s e r v o i r  shore1 i n e  

Channel c h a r a c t e r i s t i c s :  

A = 0.000148148150 8 - 0.000000010741 

Stream s l o p e  - 0 . 0 0 5 1  Water s l o p e  = 0.0000 

Water l e v e l  f l u c t u a t i o n :  

Minimum w a t e r  l e v e l  = 26.  l0OG Maximum w a t e r  l e v e l  - 30.0000 

S i m u l a t e d  s h o r e l i n e  a r e a  exposure  - 457215.78 

S i m u l a t e d  s h o w l i n e  l e n g t h  = 10018.28 

A c t u a l  s h o r e l i n e  l e n g t h  - 12000.00 

A d j u s t i n g  f a c t o r  = 1.19781 

A d j u s t e d  S h o r e l i n e  Area Exposure - 54 /65? .62  

I n  a d d i t i o n  t o  L h r  exanrplc work shown above, s i i np le  model ,  

m o d i f i p d  s i t np le  model,  and g e o m e t r i c a l  models were a p p l i e d  t o  a l l  f o u r  

s e l e c t e d  r e s e r v o i r s  e x c e p t  N o t t e l y  Lake ( F i g .  10) ~ where t h e  

g e o m e t r i c a l  model cant io t  be a p p l i e d  because o f  t h e  h i g h  s h o r e l i n e  

i r r e g u l d r i t y  c o n f i g u r a t i o n .  The r e s u l t s  o f  d i f f e r p n t  models app l  i e d  

t o  t h e s e  f o u r  s e l e c t e d  r e s e r v o i r s  a r e  t a b u l a t e d  i n  T a b l e  5 f o r  

compar ison.  
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l a b l e  5. Comparison o f  inode1 L J S ~  resul ts  f o r  f o u r  reservoirs 

- 

Model used 
x___--. -. . . I _I ._ __.__. .- 

Reservoir S imple  Mod f i e d 5 i nip 1 e Geomr t r  i I: s. I 

De rwe T! t 416,313 m2( a)  525,487 m3 547,658 

No rma ndy 2,248,750 f t7 3,162,731 f t2  2,497,488 f i 2  

Nottely 13,518,715 f t2 15,622,420 f t2 h 

Ocoee No. 2 625,425 f t2  541,266 f t? 432,890 f t2 

397,920 m2 u s i n g  Table 2 
a 

Geonietr ical  model not, applied s i n c e  i r r e g u l a r i t y  f a c t o r ,  F, i s  
greater than 3 .0 .  

b 

Based on t h e  r e s u l t s ,  t h e  m o d i f i e d  sirnpl? model general ly  g i v e s  h igher  
estimates on shore  a r m  exposure. Ciowever, fr'oni the d i s c u s s i o n  

present& i n  Section 3 ,  this i s  to be expected when compared w i t h  the  

"simple" mudel approximation. NoLe tha t  t h e  geomptrical model 

p red ic t s  shore a rea  cha:iye w i t h i n  about o n e - t h i r d  of  the  "true" valiee 

as assumed f r o m  t h e  modified sinple approach. 
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6 .  GLOSSARY OF TERMS 

Symbo 1 Meaning 

. . . . . . . . . . . . . . . .  A Reservoir character! s t i  I: pararnet~r 
used i n  geometr-ical mcidel 

B . . . . . . . . . . . . . . . .  R e s e r v o i r  c h a r a c t e r i s t i c  parmieier 
used i n  geomet r i ca l  model 

AL . . . . . . . . . . . . . . . .  Increment o f  shore l e n g t h  

S 2 ,  Si . . . . . . . . . . . .  Local shore o r  bank s l o p e ,  dy/dx 
- 
S . . . . . . . . . . . . . . . .  Average shore s l o p e ,  e i t h e r  within 

hl. o r  f o r  e n t i r e  reservoir :;hare 

n . . . . . . . . . . . . . . . .  Number o f  ill. inc remen ts  

85,  Sb  . . . . . . . . . . . . . .  I. .ongitudinal or' strearllbed slrjpe, 
dy/dx ; i n t e r c  han 

W1'RL . . . . . . . . . . . . . . .  Water level  e l eva t ion ,  usual 1y taken 
t o  be a t  dam. Subscript .s  I ,  2 
refer to i r i i t i a l  and f i n a l  cand i -  
t i o n s ,  respectively.  

WL . . . . . . . . . . . . . . . .  Hydraul i c  grade 1 i ne 01" 1 OPQ i t u d i  na l  
water surface slope o f  r c s e r v i ~ i r  
(assumed < Sb)  

developing geometrical model 
referenced at, t-jottorn cr:nt,ex-l i n e  
o f  dam; x = width; y depth ;  
z = upstream d i s t a n c e ,  si ihsc-. i ipt 
i r'efers t o  downstream c r o - ; ~  
sec  t i  nn 

x ,  y, z . . . . . . . . . . . . .  Cartesian coordinates used i n  

L . . . . . . . . . . . . . . . .  Distance ( reach)  a l o n g  z ,  b e t w ~ e n  
dam and upstream cross s e c t i o n s  
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W . . . . . . . . . . . . . . . .  Width o f  reservoir a t  prescribed 
p o i n t  or cross section 

F . . . . . . . . . . . . . . . .  Reservoir shoreline i r regular i ty  
factor, ratio o f  iiieasured shore- 
l ine length o f  main channel 
reservoir length 

0 ,  $ 0 2  . . . . . . . . . . . . . .  The a n g l e  o f  r i s e  o f  the shoreline 
from t h e  horizontal 
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