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1. INTRODUCTION 

I n  1977 the  U.S. Department o f  Energy (DOE) i n i t i a t e d  a  program 

t o  s t imu la te  the redevelopment o f  e x i s t i n g  dams f o r  h y d r o e l e c t r i c  

generat ion.  The DOE Small-Scale Hyd roe lec t r i c  Development Program i s  

d i r e c t e d  toward dam and impoundment systems t h a t  have a  p o t e n t i a l  

capac i ty  o f  25 MW o r  l ess .  Through both  techn ica l  support and 

f i n a n c i a l  ass is tance,  the  DOE goal i s  t o  s t imu la te  development by the  

pub1 i c  and p r i v a t e  sec tor  o f  1000 MW o f  capac i ty  by 1985. The DOE 

Small-Scale Hyd roe lec t r i c  Program inc ludes  an Environmental Subprogram 

f o r  i d e n t i f y i n g  and ana lyz ing  p o t e n t i  a1 environmental issues re1 a ted  

t o  smal l -scale h y d r o e l e c t r i c  (SSH) development. This  r e p o r t  addresses 

the  p o t e n t i a l  eco log i ca l  concerns r e l a t e d  t o  water l e v e l  f l u c t u a t i o n  

t h a t  may occur as a  r e s u l t  o f  t he  opera t ion  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  i n  support o f  the  Environmental Subprogram Plan. 

The mode o f  operat ion, o f  a  h y d r o e l e c t r i c  f a c i l i t y  i s  t he  pr ime 

determinant o f  t he  p o t e n t i a l  s i g n i f i c a n c e  o f  eco log i ca l  impacts 

r e l a t e d  t o  water l e v e l  f l u c t u a t i o n .  Three general c lasses o f  

opera t ion  ( L i n s l e y  and F ranz in i  1972) can be i d e n t i f i e d  f o r  

h y d r o e l e c t r i c  f a c i l i t i e s :  (1) r u n - o f - r i v e r ,  (2) storage, and 

(3) pumped-storage. A s t r i c t  r u n - o f - r i v e r  f a c i l i t y  genera l l y  has 

extremely l i m i t e d  water storage capac i ty  and on l y  uses normal r i v e r  

f l ow  f o r  h y d r o e l e c t r i c  generat ion. ' S t r i c t  r u n - o f - r i v e r  h y d r o e l e c t r i c  

opt!~-dL i UII SIIUU~ d n o t  increase water  1  eve1 f 1 u c t u a t i  on beyond 

f 1  uc tua t ions  a1 ready i n  t he  drainage basin.  However, some 

h y d r o e l e c t r i c  f a c i l i t i e s '  c lassed as r u n - o f - r i v e r  have enough.water  

storage capac i ty  (pondage) t o  pe rm i t  s tor ing water du r ing  o f f -peak  

hours f o r  use d u r i n g  pcak hours o f  t h e  same day. A l i m i t e d  peaking 

opera t ion  of t h i s  type w i l l  r e s u l t  i n  some water l e v e l  f l u c t u a t i o n  

t h a t  may cause environmental impacts. 

A t r u e  storage h y d r o e l e c t r i c  f a c i l i t y  inc ludes  a  r e s e r v o i r  o f  

s u f f i c i e n t  s i z e  t o  pe rm i t  water s torage from the  wet season t o  the  d ry  

season. Ttl'is s torage capabi 1  i ty  can p rov ide  cons i s ten t  f 1  ows f o r  

h y d r o e l e c t r i c  generat ion,  which are  cons iderab ly  g rea te r  than t h e  



minimum na tu ra l  f lows i n  t h e  haqin.  Storaye hydroe lec t r i c  systcms can 

a l s o  be operated i n  a  peaking mode. Water l e v e l  f l ~ ~ c t u a t i o n  w i l l  be 

assoc ia ted  w i t h  the ope ra t i on  o f  s torage h y d r o e l e c t r i c  f a c i  1  i t i e s .  

A pumped-storage f a c i l  i t y  inc ludes  an upper and a  lower 

r e s e r v o i r .  Power i s  generated f o r  peak demand, b u t  du r ing  o f f -peak  

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

t o  t h e  upper r e s e r v o i r  ( L i  n s l  ey and Franzi  n i  1972). Pumped-storage 

ope ra t i on  can cause cons iderab le  water 1  eve1 f 1  uc tua t ion .  

About 5000 e x i s t i n q  dams w i t h i n  the  Ilnit.ed States have been 

i d e n t i f i e d  as having t h e  p o t e n t i a l  f o r  a d d i t i o n a l  hydroe lec t r i c ;  

genera t ion  (U.S. A r m y  Corps o f  Engineers 1979). The percentage o f  

these s i t e s  t h a t  would h~ developed t o  operate i n  r u n - o f - r i v e r  o r  

s torage mode i s  n o t  known. A t  those s i t e s  developed i n  a s t r i c t  

r u n - o f - r i v e r  mode, water l e v e l  f l u c t u a t i o n  should no t  occur.  

Development o f  s i t e s  as storage o r  peaking f a c i l i t i e s  would cause 

water  l e v e l  f l u c t u a t i o n  and cou ld  cause environmental impacts. 

Th i s  r e p o r t  i d e n t i f i e s  and discusses gener ic  eco log i ca l  issc~es 

r e l a t e d  t o  water l e v e l  f l u c t u a t i o n  i n  bo th  r e s e r v o i r  ecosystems 

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

5).  Phys ica l  , chemical , and b i  u l  ogi  c a l  concerns a re  discussed. 

Sect ion  6 o f f e r s  general guidance f o r  ana lyz ing  w a t . ~ r  l e v e l  

t l u c t u a t i o n  issues on a  s i t e - s p e c i f i c  basis .  Appendix A presents a  

q u a n t i t a t i v e  methodology f o r  p r e d i c t i n g  l o s s  o f  shore zone hah i ta t  i n  

a  r e s e r v o i r  r e s u l t i n g  from water l e v e l  f l u c t u a t i o n .  

Th is  r e p o r t  i s  t h e  t h i r d  i n  a  s e r i e s  ana lyz ing  environmental 

~ f p -  1 ssues re1  a ted  t o  small- sca le  h y d r o e l e c t r i c  development. The f i r s t  
5% vrc' r 8  r e p o r t  i n  t he  s e r i e s  (Loar e t  a l .  1980) examines the  t.npic o f  

fly 
dredg i  ng. The second r e p o r t  (3% debrand 1980) addresses design 

, . i~~qb cons ide ra t i ons  for.  f a c i l i t i e s  t o  pass f i s h  upstream around dams. A l l  
p. .4  5 

'4 ,bg t h r e e  r e p o r t s  a re  a v a i l a b l e  f o r  purchase from t h e  Nat iona l  Technical 

6' I n fo rma t ion  Serv ice,  U.S. Department o f  Commerce, 5285 P o r t  Royal 

Road, S p r i n g f i e l d ,  V i r g i n i a  



2. IMPACTS OF WATER LEVEL FLUCTUATION ON PHYSICAL 
AND CHEMICAL CHARACTERISTICS OF RESERVOIRS 

R. R. Turner  

Sec t i on  2 p resen ts  and g e n e r i c a l  l y  eva l  uates t h e  p o t e n t i  a1 

a b i o t i c  ( i . e . ,  p h y s i c a l  and chemica l )  impacts 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 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 smal l  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 

analyzed i n  t h e  c o n t e x t  o f  t h e  c o n t r o l  1  i ng 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  determine t h e  na tu re  and s e v e r i t y  o f  any env i ronmenta l  

impact.  The most impo r tan t  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  de te rm in ing  

t h e  na tu re  and s e v e r i t y  o f  impacts  a re  (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 con ta ins  a  

. . comprehensive and d e t a i l e d  t r ea tmen t  o f  t h e  geometr 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 should be consu l t ed  as a  p re lude  and 

companion t o  t h i s  sec t i on .  The goal  o f  Sec t i on  2 i s  t o  p r o v i d e  t h e  

p o t e n t i a l  developer  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 favorab le  

combinat 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 ima ry  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  temporal  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  water  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  (bank) 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 f e c t s  may be summarized as: 

1. A l t e r a t i o n  o f  t h e  development and pe rs i s tence  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  wate r  
q u a l i t y  parameters t h a t  are coupled 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 bank 
s u b s t r a t e  m a t e r i a l s  ( s o i l 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  
wate 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  
opera t ions .  



3 .  Leaching o f  s o l u b l e  mat te r  froin subs t ra te  ma te r i a l  
i n  t he  1  i t t o r a l  zone as water moves i n t o  and ou t  
o f  t h e  i n t e r s t i c e s  (bank storage) o f  t h i s  
subs t ra te  i n  response t o  water 1  eve1 f 1  uc tua t ions .  

4. Changes i n  sediment and n u t r i e n t  r e t e n t i o n  ( t r a p  
e f f i c i e n c y )  by the  impoundment, and the  r e s u l t i n g  
changes i n  impoundment water q u a l i t y ,  as a  
consequence o f  changes i n  c i r c u l a t i o n  p a t t e r n  and 
h y d r a u l i c  f l u s h i n g  r a t e  imposed by t h e  
h y d r o e l e c t r i c  generat ion.  

Water l e v e l  f 1  i ~ c t u a t i o n s  e'f f e c l i v e l y  a1 t e r  t he  s i z e  o f  the  

impoundment l i t t o r a l  zone and tempora r i l y  a l t e r  t he  volume o f  

impounded water. A widened l i t t o r a l  znnR p r n v i r i ~ s .  a l a r g e r  s i ~ r f a c e  

area over which abrasional  processes (waves, c~.rrrrlnt.s, and i c e )  may 

operate and, i n  some circumstances, may increase the  r e l a t i v e  

importance o f  bank storage i n  the  r e s e r v o i r  water balance and water 

q u a l i t y .  Volume changes may d i r e c t l y  a f f e c t  t he  c i r c u l a t i o n  p a t t e r n ,  

h y d r a u l i c  e f f i c i e n c y ,  and thermal regime o f  an impoundment. The 

nature  and s e v e r i t y  o f  phys i ca l  and chemical e f f e c t s  r e s u l t i n g  from 

water  l e v e l  f l u c t u a t i o n  are  determined by one o r  more o f  the  f o l l o w i n g  

fea tu res  (determinant  c h a r a c t e r i s t i c s )  o f  an impoundment: morphology, 

geographic l o c a t i o n  ( l a t i t u d e  and c l ima te  zone), t r i b u m t a r y  hydrology, 

t i m i n g  and range o f  water l e v e l  f l u c t u a t i o n ,  charac ter  o f  bed and bank 

subs t ra te ,  and wind cond i t i ons  (speed, d i r e c t i o n ,  and dura t ion) .  

I n  t he  f o l l o w i n g  subsect ions, determinant c h a r a c t e r i s t i c s  (e.g. ,  

morphology) t h a t  a f f e c t  each impoundment response c h a r a c t e r i s t i c  

(e. g. , thermal regime) are  discussed i n  the  context. nf t .he  four  

p o t e n t i a l  a b i o t i c  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 .  summarized 

above. I f  poss ib le ,  t he  d i r e c t i o n  and magnitude o f  the  changes i n  

impoundment response c h a r a c t e r i s t i c s  engendered by changes i n  t he  

deteram i nant c h a r a c t e r i s t i c s  a re  ind ica ted .  Wi th t h i s  approach 

combinat ions o f  phys i ca l  fea tures  o f  a  candidate small h y d r o e l e c t r i c  

s i t e  t h a t  may e i t h e r  prec lude,  r e s t r i c t ,  o r  encourage development on 

environmental grounds can be i d e n t i f i e d .  
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2 . 1  Impacts on Thermal Regime and C i r c u l a t i o n  Pa t te rn  

The thermal reg ime .  (content  and d i s t r i b u t i o n  , o f  ,heat o r  

temperature s t r u c t u r e )  o f  an impoundment va r i es  i n  response t o  

c i r c u l a t o r y  processes and seasonal and o the r  ep isod ic  i npu ts  and 

outputs 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  in f luenced by discharge o f  heated e f f l u e n t s  from 

power p l a n t s  (Bemedict e t  a l .  1973) o r  o ther  i n d u s t r i a l  sources. The 

p o t e n t i 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 s  on thermal regime must 

be evaluated aga ins t  t h i s  background. 

The c h i e f  environmental issue r e l a t e d  t o  the  thermal regime o f  an 

impoundment i s  t he  w a t e r - q u a l i t y  problems caused by thermal 

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

and h igh  concentrat ions o f  minera l  s - - p a r t i c u l a r l y ,  Fe, Mn, NH,, and 

H2S--in hypol imnet ic  water).  As i n  na tu ra l  lakes i n  temperate 

regions,  the  morphometric p r o p e r t i e s  o f  depth and sur face area l a r g e l y  

determine whether an impoundment w i t h  a  sur face o u t l e t  w i l l  t he rma l l y  

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

wind f e t c h )  impoundment'with a  smal le r  sur face area i s  more l i k e l y  t o  

s t r a t i f y  than i s  a  shal low, exposed impoundment w i t h  a  l a r g e  sur face 

area. 

I n  con t ras t  t o  na tu ra l  lakes w i t h  low hyd rau l i c  f l u s h i n g  r a t e s  

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

o f  impoundments w i t h  h igh  hyd rau l i c  f l u s h i n g  ra tes  can be dominated by 

the  temperature c h a r a c t e r i s t i c s  o f  t r i b u t a r y  streams (advect ive  heat 

i,nputs) and by the  c i r c u l a t i o n  pa t te rns  induced b y  these streams 

(Carmack e t  a l .  1979). Seasonally c o l d  i n f l u e n t s  (e. g. , snow-melt 

waters) can a c t  t o  p ro long o v e r a l l  sp r i ng  warming o f  an impoundment, 

delay development o f  s t r a t i f i c a t i o n  i n  t he  spr ing,  and hasten c o o l i n g  

and d e s t r a t i f i c a t i o n  i n  t he  fa1 1  (Hutchinson 1957). I f  snow-melt 

waters are  n o t  a  component of t r i b u t a r y  i n f l o w  t o  an impoundment, 

sp r i ng  i n f l o w s  are  l i k e l y  t o  be warmer (and l ess  dense i f  temperature 

i s  g rea te r  than 4OC) than most o f .  t he  c u r r e n t l y  pooled water and may 

r e s u l t  i n  f as te r  warming o f  sur face water and development o f  



s t r a t i f i c a t i o n .  Depending on the  depth o f  withdrawal from the  

impoundment, warm s p r i n g  i n f l o w  may f l o w  completely over under l y ing  

water l a y e r s ,  which a re  co lde r  and denser, w i t h o u t  s i g n i f i c a n t  mix ing  

and c rea te  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  (Churchi 11 1958, Huber e t  a1 . 1972). 

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

sur face over which the  wind i s  blowing) 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 the  (1) phys i ca l  mix ing  o f  sur face water by wind-dr iven 

waves and cu r ren ts  and (2) convect ive mix ing  associated w i t h  

evapora t ive  and r a d i a t i v e  heat  losses.  Given the  same f e t c h  over open 

water ,  h igher  wind v e l o c i t i e s  may be expected t o  r e s u l t  i n  g rea te r  

th ickness  o f  t h e  e p i l i m n i o n  (mixed l aye r ) .  Also, winds o f  extended 

d u r a t i o n  from the  same d i r e c t i o n  may induce increased m ix ing  o f  

deeper, coo le r  water  i n t o  t h e  ep i l imn ion ,  p a r t i c u l a r l y  on the  windward 

s i d e  o f  an impoundment. Surface water  c o o l i n g  associated w i t h  

evapora t ive  heat  l o s s  i s  a  f u n c t i o n  o f  a i r  temperature, water 

temperature, s o l a r  r a d i a t i o n ,  r e l a t i v e  humidi ty ,  and wind speed 

(Wunderl i c h  1971). Depending on preva i  1  i ng a i r  and water 

Lernperatures , So la r  r a d i a t i o n ,  and humi d i  t y  , inc reas ing  w i  nd speed i s  

expected t o  increase t h e  r a t e  o f  sur face water c o o l i n g  and a l s o  

increase t h e  r a t e  o f  convect ive  mix ing.  

The range o f  water  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 

regime, main ly  by r a i  s i  ng and 1  oweri ng an in1ay.i nary h o r i  zonta l  p l  ane 

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

water  column. I f  t h e  wave he igh t ,  l eng th ,  and p e r i o d  are  known, t.he 

t h e o r e t i c a l  maximum 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  t h e  imaginary p lane can be ca lcu la ted .  General ly ,  

below depths approximat ing one-hal f  t he  wave length ,  wave-induced 

m ix ing  i s  minimal (Chow 1968). Th is  imaginary plane, o r  "wave base," 

i n t e r s e c t s  the  bottom, d i v i d i n g  the  impoundment i n t o  two zones, t he  

re1  a t i v e  volumes of which depend h i g h l y  on impoundment morphometry. 

I n  some shal low impoundments, t he  e l e v a t i o n  o f  t he  t h e o r e t i c a l  wave 

base may be below the  g rea tes t  depth o f  t he  impoundment, even a t  

maximum poo l  e l e v a t i o n ,  and a l l  p a r t s  o f  t he  water column would be 
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dimensions and per iods.  This  does n o t  imp ly  t h a t  wind waves w i l l  

. . occur cont inuous ly  enough t o  main ta in  complete mix ing  o f  t he  e n t i  r e  

water column, o r  t h a t  o the r  f a c t o r s ,  such as sharp changes i n  t he  

water  dens i t y  versus water depth p r o f i l e ,  can be ignored. Because 

wave base a t  any g iven t ime i s  determined by the  p r o p e r t i e s  o f  the  

ex tan t  wind waves, wave base may be expected t o  vary  hou r l y ,  d a i l y ,  

and seasonal ly  as wave p r o p e r t i e s  vary. Also, sharp dens i t y  g rad ien ts  

(e..g., a t  a  thermocl ine)  can r e s t r i c t  e f f e c t i v e  wave m ix ing  t o  h igher  . 

e leva t i ons  than would be p r e d i c t e d  from the  p o s i t i o n  o f  t he  

t h e o r e t i c a l  wave base. 

The impoundments o f  most i n t e r e s t  i n  eva lua t i ng  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 s  associated. w i t h  small h y d r o e l e c t r i c  

operat ions are  those impoundments where some subs tan t i a l  volume i s  

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

mix ing  a t  e i t h e r  maximum, o r  normal, pool e leva t i on ,  b u t  i s  brought 

i n t o  range e p i s o d i c a l l y  by water l e v e l  drawdown f o r  h y d r o e l e c t r i c  

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 r i v e r  w i t h  a  reasonably wide, b u t  drowned, f l o o d p l a i n  and an 

i n c i s e d  former r i v e r  channel. Water l e v e l  f l u c t u a t i o n  might  be 

l i m i t e d  t o  e leva t i ons  on the  steeper v a l l e y  sides t o  avo id  exposing 

the  f l a t ,  for.aler f l o o d p l a i n  (see F igure  l), b u t  cou ld  conceivably 

i n v o l v e  a l l  o f  t he  water column above the  former f l o o d p l a i n  i n  

p e r i o d i c  t u r b u l e n t  mix ing  by wind waves. Thermal s t r a t i f i c a t i o n  would 

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

I n  the  presence ,of o the r  favorab le  f a c t o r s ,  a  s h i f t  from s t a b l e  

t o  f l u c t u a t i n g  water l e v e l s  cou ld  reduce the  tendency f o r  much o f  t he  

r e s e r v o i r  volume t o  become the rma l l y  s t r a t i f i e d  and, thus, l e s s  l i k e l y  

t o  experience the  water q u a l i t y  problems t h a t  o f t e n  accompany thermal 

s t r a t i f i c a t i o n .  I f  the  p e r i o d  o f  maximum windiness does n o t  co inc ide  

i n  t ime w i t h  t h e .  p e r i o d  o f  l i k e l y  development of 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 ix ing  w i l l  be 

reduced o r  e l im ina ted.  S i m i l a r l y ,  i f  water l e v e l  drawdown i s  

i n f requen t ,  o f  s h o r t  dura t ion ,  o r  o f  l i m i t e d  range, o p p o r t u n i t i e s  f o r  

r e a l i z i n g  the  b e n e f i t s  o f  improved wind mix ing  may be i n s u f f i c i e n t .  
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Figure  1. Theore t i ca l  cross sec t i on  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  cou ld  expand the  , i n f l u e n c e  o f  wave mixing. 



I n  summary, thermal regime and c i r c u l a t i o n  p a t t e r n  i n  a  small 

impoundment r e t r o f - i  t t e d  t o  pr-oduce h y d r o e l e c t r i c  power a're no t  

, expected t o  .be a f f e c t e d  i n  a  manner 1  i k e l y  t o  lead t o  water qua1 i t y  

problems t h a t  were n o t  p rev ious l y  p resent  a t  t h e  s i t e .  I n  some cases, 

the  probable improved mix ing  associated w i t h  water l e v e l  f l u c t u a t i o n  . 
may reduce the tendency towards, and pers is tence 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 w i t h i n  the  l i t t o r a l  zone o f  an impoundment 

are p e r i o d i c a l l y  exposed t o  the  e ros i ve  forces '  o f  wind waves, 

cu r ren ts ,  and i ce .  A f t e r  i n i t i a l  exposure t o  these forces,  t he  

t e x t u r e  ( p a r t i c l e  s i z e  d i s t r i b u t i o n )  and angle o f  repose ( topographic 

p r o f i l e )  o f  these m a t e r i a l s  w i  11 change u n t i  1  some e q u i l i b r i u m  s t a t e  

i s  es tab l ished between the  a c t i n g  fo rces  and the  a v a i l a b l e  subs t ra te .  

A f t e r  t h i s  e q u i l i b r i u m  i s  es tab l ished,  the  topographic p r o f i l e  and 

phys i ca l  charac ter  o f  t he  l i t t o r a l  zone' w i l l  remain e s s e n t i a l l y  

unchanged, except i n  response t o  a  change i n  water l e v e l  o r  the  

occurrence o f  l a r g e  storms which may tempora r i l y  increase t h e  e ros i ve  

forces app l i ed  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 re  i n  e q u i l i b r i u m  i s  the  

p a r a l l e l  development o f  wave-cut te r races  and wave-bu' i l t  te r races .  

General ly ,  some o f  t he  bank ma te r ia l  removed by waves i n  t he  process 

o f  t e r r a c e  c u t t i n g  comprises the  ma te r ia l  o f  t he  adjacent  wave-bu i l t  

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

i n f  1  ow cu r ren ts  a re  present ,  considerable ma te r i a l  from c u t  t e r races  

may comprise submerged o' f fshore bars and s p i t s .  

Impoundments, p a r t i c u l a r l y  t he  smal l e r  and more she1 t e r e d  ones, 

do n o t  usua l l y  possess very h igh  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 c h  over open water favors  good 

wave development. Gradual ly  shoa l ing  bottom contours may a l s o  

d i s s i p a t e  wave energy be fore  waves reach shore. Furthermore, the  



growth o f  roo ted  aqua t i c  p l a n t s  and r i p a r i a n  vege ta t i on  where s t a b l e  

water  l e v e l s  e x i s t  may p r o t e c t  an otherwise vu lnerab le  sho re l i ne  from 

t h e  occas iona l l y  ene rge t i c  assau l ts  o f  waves and cur ren ts .  Thus, t he  

c l a s s i c  development o f  wave-cut and wave-bu i l t  t e r races  may n o t  always 

e x i s t  over  the  e n t i r e  wet ted  per imeter  o f  an impoundment. This  l a c k  

o f  t e r r a c e  development i s  apparent i n  areas where water l e v e l  does no 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  n a t u r a l l y  rocky, on l y  

g r a d u a l l y  shoal ing,  o r  otherwise p ro tec ted  aga ins t  t he  eros ive  fo rces  

o f  waves. 

I n  areas where water  l e v e l  does f l u c t u a t e ,  e s p e c i a l l y  i n  

r e s e r v o i r s  where bank m a t e r i a l s  a re  no t  very  w e l l  conso l ida ted  (e.g.,  

a1 l u v i a l  f l o o d p l a i n  dcposi t s ) ,  these m a t e r i a l s  are c o n t i n u a l l y  

resuspended and r e d i s t r i b u t e d  i n  t he  l i t t o r a l  zone. The ne t  r e s u l t  o f  

t h i s  resuspension i s  t he  p r e f e r e n t i a l  removal (winnowing) o f  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 mat te r )  from the  

l i t t o r a l  zone and redepos i t i on  i n  deeper and more quiescent water 

(Hynes 1961, Hunt and Jones 1972, Grimas 1962). Complete l o s s  o f  

these p a r t i c l e s  from t h e  impoundment i n  the  o u t f l o w  can a l so  occur. 

The m a t e r i a l  remain ing i n  t he  l i t t o r a l  zone a f t e r  extended exposure t o  

9 f l u c t u a t i n g  water  l eve l  i s  coarser  i n  p a r t i c l e  s i z e  than would be 

t h e  case w i t h  a  s t a b l e  water  l e v e l .  

A1 1 u v i a l  sediments, con ta in ing  very 1 i t t l e  coarse ma te r ia l  t h a t  

can w i ths tand  t h e  e r ~ s i v e  fo rces  o f  waves and cu r ren ts ,  may he 

p e r i o d i c a l l y  exposed by a  f l u c t u a t i n g  water l e v e l .  I n  t h i s  case, 

banks exposed a t  low water  l e v e l s  may be submit ted t o  cont inuous 

undercu t t i ng  and co l lapse,  w i t h  t h e  f i ne -g ra ined  eroded ma te r ia l  

c o n t r i b u t i n g  t o  increased t u r b i d i t y  o f  t he  water column and 

acce le ra ted  sedimentat i  on r a t e  i n  deeper water (Rao and Pal t a  1973, 

Grimas 1362, Grimas 1965). 

As r e s e r v o i r s  age, they  f i l l  w i t h  sediment i n  a  complex manner, 

responding t o  t h e  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  o f  major sediment 

sources ( t r i b u t a r y  i n f  1  ows) and t o  numerous o t h e r  f a c t o r s ,  i n c l  uding 

morphometry, water  1  eve1 , and hydraul  i c  f 1  ushi  ng r a t e .  Because 

i n f l o w i n g  streams depos i t  t h e  b u l k  o f  t h e i r  sediment l oad  near t he  



i n f l o w  p o i n t s  .(Nee1 1963), r e s e r v o i r  volume i s  o f t e n  reduced i n i t i a l l y  

by s i l t a t i o n  near t h e  i n f l o w  ( d e l t a i c  sedimentat ion).  With s t a b l e  

water l e v e l s ,  the  r e s u l t i n g  d e l t a  advances gradua l ly  down the  

l o n g i t u d i n a l  a x i s  o f  t h e  r e s e r v o i r ,  o f t e n  l e a v i n g  behind g r e a t l y  

reduced water depth, except i n  areas where t h e .  h igher  v e l o c i t y  o f  

i n f l o w i n g  t r i b u t a r i e s  mainta ins a  deeper channel o r  network o f  

channels. Imposing water l e v e l  f l u c t u a t i o n s  on an impoundment i n  

which sediments were p rev ious l y  d i s t r i b u t e d  under a  s t a b l e  water  l e v e l  

may lead t o  major r e d i s t r i b u t i o n  o f  d e l t a  sediments near t r i b u t a r y  

in f lows.  Lowering the  water l e v e l  e f f e c t i v e l y  lowers the  l o c a l  

" s t ruc tu ra ' l  base l e v e l  ," def ined as the  depth a t  which eros ion  by 

f l ow ing  water i s  balanced by depos i t ion ,  w i t h  the  consequence t h a t  

p rev ious l y  deposi ted sediments can be resuspended and t ransported.  

Thus, as demonstrated by Lara (1973), r e g u l a r  drawdowns o f  a  

r e s e r v o i r  can pro found ly  a f f e c t  the  l o n g i t u d i n a l  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  may be b e n e f i c i a l  t o  

prolonged r e s e r v o i r  l i f e  t ime because p r e v i o u s l y  deposi ted sediments 

can be s l u i c e d  ou t  o f  t he  r e s e r v o i r ,  a  process t h a t  o r d i n a r i l y  

requ i res  a  deep o u t l e t .  However, t he  e f f e c t s  o f  ' sediment 

r e d i s t r i b u t i o n  cou ld  be de le te r i ous  because o f  the  excessive 

resuspension o f  sediments i n t o  the  water column and the  p o t e n t i a l  

c logg ing  o f  out le t .  s t r u c t u r e s  (e. g. , No1 ichucky P r o j e c t  [TVA 19781). 

For a  sur face discharge r e s e r v o i r  subjected t o  water l e v e l  

f l u c t u a t i o n s  f o r  t he  f i r s t  t ime, . t h e  sediment r e d i s t r i b u t i o n  may . 

s u b s t a n t i a l l y  change the  usable water s torage (e.g., conservat ion 

storage) below a  c e r t a i n  e l e v a t i o n  (i. e. , below minimum opera t i ng  

poo l ,  b u t  above dead storage).  Although these changes may n o t  

d i r e c t l y  a f f e c t  r o u t i n e  r e s e r v o i r  operat ions,  they cou ld  a f f e c t  

occasional opera t ions  such as f l o o d  c o n t r o l  p repa ra t i on  o r  

drought-year f 1  ow augmentation. 

I n  summary, imposing water l e v e l  f l u c t u a t i o n s  on an impoundment 

w i t h  no prev ious h i s t o r y  o f  such f l u c t u a t i o n s  may increase e r o d i b i l i t y  

of exposed banks (beaches) over the  e n t i r e  wet ted per imeter  o f  an 

impoundment and resuspend and r e d i s t r i b u t e  d e l t a  deposi ts .  Both 



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  wate r  column and may 

l e a d  i n  some cases t o  undes i rab le  r e d i s t r i b u t i o n  o f  s to rage  c a p a c i t y  

i n  an impoundment. 

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  which s o i l s  and 

sediments i n  t t i 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  may l e a d  t o  inc reased  l each ing  o f  s o l u b l e  ma t te r  f rom 

t h e  exposed subs t ra te .  Sediments o r  s o i l s  t h a t  a r e  con t i nuous l y  

inundated  ( s a t u r a t e d  w i t h  wate r )  and t h a t  have o rgan i c  ma t te r  p resen t  

have a  s t r o n g  tendency t o  develop anaerobic  ( chem ica 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  a r e  h i g h l y  conducive t o  t h e  

s o l  u b i  'I 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 ;  concen t ra t i ons  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  wa te r  o f  

f l ooded s o i l s  and sediments ( R i t t e n b e r g  e t  a l .  1955, Reddy and P a t r i c k  

1975). I n  sha l l ow  wate r ,  where ae rob i c  (chemical  l y  ox id i zed )  

c o n d i t i o n s  a re  1 ike l .y  t o  p r e v a i l  i n  t h e  wate r  o v e r l y i n g  f l ooded  s o i l s  

and sediments, a  sharp g r a d i e n t  i n  t h e  concen t ra t i ons  o f  n u t r i e n t s  arid 

meta ls  i s  l i k e l y  t o  e x i s t  across t h e  subs t ra te -wate r  i n t e r f a c e  (e .q . ,  

Lee 1970). When the wate r  l e v e l  i s  lowered, some of t h e  i n t e r s t i t i a l  

wa te r ,  c o n t a i n i n g  h i g h e r  concen t ra t i ons  o f  n u t r i e n t s  and meta ls ,  may 

d r a i n  on to  t he  sur face o f  t h e  s u b s t r a t e  and e n t e r  t h e  ad jacen t  su r f ace  

wate r  body. I f  t h i s  d ra inage  wate r  i s  h i g h l y  en r i ched  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 meta ls ) ,  t h e  nearshore wate r  q u a l i t y  may be adverse ly  a f f e c t e d .  

Pro1 onged o r  repea ted  exposure o f  f o r m e r l y  i nundated subs t ra te  by 

water level drawdown f a c i l i t a t e s  more complete dra inage,  dcs ' i cca t ion ,  

sh r inkage ,  and c r a c k i n g  of  t h e  exposed bottom, 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 cohesive mud. Reduced chemical  spec ies i n  

t h e  s u b s 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 ~ i t . h ~ r  mnre o r  

l e s s  s o l u b l e  when r i s i n g  wate r  l e v e l s  r e i  nundate t h e  subs t ra te .  



Water l eve , .  drawdown i s  o f t e n  used i n  n a t u r a l  l akes  t o  h e l p  

improve wate r  q u a l i t y  and s u b s t r a t e  s t a b i l i t y  (Fox e t  a l .  1977) o r  t o  

reduce nuisance aqua t i c  v e g e t a t i o n  (Beard 1969, Beard 1973, Cooke . 

1 9 8 ~ ) .  Genera l l y ,  these drawdowns span severa l  months when used t o  

s u b s t a n t i a l l y  d r y  and c o n s o l i d a t e  t h e  exposed subs t ra te  o r  t o  

comple te ly  des t roy  aqua t i c  vegetat i ,on.  These drawdowns appear t o  be 

most success fu l  i n  improv ing water  q u a l i t y  and b e n t h i c  h a b i t a t  if 

l a r g e  areas o f  mucky l ake  bot tom a re  exposed by t h e  drawdown. Water 

l e v e l  drawdowns t h a t  a re  o f  l i m i t e d  d u r a t i o n  and t h a t  expose o n l y  

sandy o r  r ocky  subs t ra te  o r  o n l y  a  smal l  f r a c t i o n  o f  t he  t o t a l  bot tom 
, . 

area, such as .  occur  i n  h y d r o e l e c t r i c  impoundments opera ted  i n  a  

peak ing mode, would n o t  be expected t o  s u b s t a n t i a l  l y  improve wate r  

qua1 i ty. o r  . h a b i t a t .  Drawdowns may serve i n  some. cases t o  c o n t r o l  

growth o f  c e r t a i n  aqua t i c  v e g e t a t i o n  w i t h i n  t h e  l i t t o r a l  zone (Sect.  

3 )  and may l e a d  t o  a  p h y s i c a l l y  f i r m e r  s u b s t r a t e  w i t h i n  t h e  l i t t o r a l  

zone (Sect.  2 .2) .  However, t h e  p e r i o d i c  l each ing  o f  exposed s u b s t r a t e  

and t h e  dra inage o f  i n t e r s t i t i a l  water  i n t o  nearshore su r f ace  wate r  

a r e  l i k e l y  t o  be t he  most impo r tan t  f a c t o r s  f o r  c o n s i d e r a t i o n  whe'n 

impoundments a r e  sub jec ted  t o  water  l e v e l  f l u c t u a t i o n s .  

. . As w i t h  t h e  phys i ca l  s t a b i l i t y  o f  bed and bank subs t ra te ,  t h e  

sho r t - t e rm  e f f e c t s  on l each ing  a f t e r  a  change f rom h i s t o r i c a l  l y  s t a b l e  

water  l e v e l s  t o  f l u c t u a t i n g  l e v e l s  should be t h e  main env i ronnlenta l  . 

concern. Flooded s o i l s  and sediments t h a t  a r e  p e r i o d i c a l l y  exposed t o  

dra inage and l each ing  should,  i n  most cases, r e e q u i l i b r a t e  b o t h  

p h y s i c a l l y  and chem ica l l y  w i t h  any imposed p a t t e r n  o f  r e g u l a r  wa te r  

l e v e l  f . l .uc tuat ion.  Except ions a r e  l i k e l y  t o  be impoundments t h a t  a r e  

used o n l y  seasona l l y  f o r  peak ing power (e .g . ,  an annual o p e r a t i o n a l  

c y c l e  c h a r a c t e r i z e d  by a  p ro longed p e r i o d  o f  s t a b l e  wate r  l e v e l  

fo l lowed by a  p e r i o d  o f  d a i l y  [ o r  s h o r t e r  i n t e r v a l ]  wa te r  l e v e l  

f 'I uc tua t i on ) .  



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  of a  r e s e r v o i r  t o  t r a p  and r e t a i n  sediment, known as 

the  " t r a p  e f f i c i e n c y , ' '  i s  expressed as the  percentage o f  t o t a l  

i n f l o w i n g  sediment t h a t  i s  r e t a i n e d  (deposited) i n  t he  basin.  The 

degree t o  which a  r e s e r v o i r  t r aps  i n f l o w i n g  sediment i s  the  pr ime 

determinant  of t he  use fu l  l i f e  span o f  the  r e s e r v o i r .  It i s  an 

impor tan t  f a c t o r  a f f e c t i n g  water q u a l i t y ,  e s p e c i a l l y  t u r b i d i t y ,  bo th  

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

t r a p p i n g  o f  sediment by a  r e s e r v o i r  o f t e n  increases eros ion  o f  bank 

and bed sediments downstream from the  r e s e r v o i r  (Nee1 1963, Baxter  

1977). 

Trap e f f i c i e n c y  f o r  sediment 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 q  sediment p a r t i c l e  s i ze ,  (2) r e s e r v o i r  capacity/annual 

i n f l o w  r a t i o  ( o f t e n  c a l l e d  the  C / I  r a t i o ,  b u t  a l so  c a l l e d  the  

t h e o r e t i c a l  water renewal t ime o r  t he  hyd rau 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 ope ra t i on  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 he  water (American Soc ie ty  o f  

C i v i l  Engineers 1973, Chow 1968). As stream f l o w  enters  a  r e s e r v o i r ,  

t he  c ross-sec t iona l  area o f  f l o w  i s  normal ly  increased, thus reducing 

v e l o c i t y  and decreasing sediment t r a n s p o r t  capac i ty .  Coarse-grained 

sediment p a r t i c l e s  are  deposi ted immediately near t he  head o f  t h e  

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 deposi ted 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  ou t f l ow .  

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

of 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  through the  

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 

on several  f a c t o r s ,  i n c l u d i n q  the  s i z e  and shape o f  t he  p a r t i c l e s  and 

the  chemical composi t ion and v i s c o s i t y  o f  t he  water. Chemical 

composi t i o n  o f  water a f fec ts  the  fa1  1  v e l o c i t y  o f  f i ne -g ra ined  

sediments, such as c lays  and c o l l o i d s ,  which tend  t o  aggregate 

( f l o c c u l a t e )  o r  d isperse  i n  response t o  the  charac ter  and q u a n t i t y  o f  

d i sso l ved  s o l  i d s  i n  t h e  suspending water  (e. g. , t h e  c a l c i  um/sodium 



r a t i o ) .  D i v a l e n t  c a t i o n s  (such as ca lc ium) a r e  more e f f e c t i v e  i n  

f l o c c u l a t i n g  f i n e - g r a i n e d  sediments ( c l ays ,  s i l t s )  than  a r e  monovalent 

c a t i o n s  (such as sodium). 

The mean f l o w  v e l o c i t y  o f  wa te r  th rough  a  r e s e r v o i r  depends on 

t h e  wate r  i n f l o w  r a t e ,  a v a i l a b l e  s to rage ,  r a t e  o f  o u t f l o w ,  and 

sometimes t h e  r e s e r v o i r  morphometry. Flow v e l o c i t y  i s  p robab l y  t h e  

s i n g l e  most impo r tan t  f a c t o r  a f f e c t i n g  sediment t r a p  e f f i c i e n c y .  Data 

t h a t  can be used t o  r e1  i a b l y  es t ima te  f l o w  v e l o c i t i e s  th rough 

r e s e r v o i r s  a r e  n o t  u s u a l l y  a v a i l a b l e ,  and a c t u a l  v e l o c i t y  measurements 

a r e  compara t i ve ly  r a r e  (Wunderl i c h  and E lde r  1973). Thus, some 

r e l a t e d  parameters have been used t o  es t ima te  f l o w  v e l o c i t i e s ,  

i n c l u d i n g  t h e  r e s e r v o i r  C / I  r a t i o  (Brune 1953) and t h e  sed imenta t ion  

index  ( t h e  r a t i o  o f  t h e  p e r i o d  o f  r e t e n t i o n  t o  t h e  t h e o r e t i c a l  mean 

f l o w  v e l o c i t y  th rough  t h e  r e s e r v o i r  [ C h u r c h i l l  1948, c i t e d  i n  Brune 

19531). To o b t a i n  t h e  sed imenta t ion  index,  t h e  p e r i o d  o f  r e t e n t i o n  i s  

determined by d i v i d i n g  r e s e r v o i r  c a p a c i t y  a t  mean o p e r a t i n g  poo l  by 

mean d a i l y  i n f l o w  r a t e .  Mean v e l o c i t y  i s  es t imated  by d i v i d i n g  mean 

d a i l y  i n f l o w  by t h e  average c ross -sec t i ona l  area o f  t h e  r e s e r v o i r  

(which can be c a l c u l a t e d  as r e s e r v o i r  c a p a c i t y  d i v i d e d  by  r e s e r v o i r  

l e n g t h  a t  mean ope ra t i ng  poo l  l e v e l ) .  Dendy (1974) has t r e a t e d  these 

r e l a t i o n s h i p s  more t ho rough l y  and has compared t h e i r  e f f e c t i v e n e s s  i n  

p r e d i c t i n g  sediment t r a p  e f f i c i e n c i e s  f o r  smal l  r e s e r v o i r s .  

I f  s to rage  volume i s  n o t  r e g u l a t e d  by v a r y i n g  wate r  l e v e l ,  b o t h  

t h e  C / I  r a t i o  and t h e  sed imenta t ion  index  f o r  a  g i v e n  r e s e r v o i r  a r e  

determined e n t i r e l y  by t h e  water  i n f l n w  r a t e  I f  t h e  wate r  l e v e l  i s  

v a r i e d ,  f o r  example, as a  consequence o f  h y d r o e l e c t r i c  seasonal o r  

peak ing ope ra t i ons ,  t he  C/I r a t i o  and sed imenta t ion  index  w i l l  a l s o  

vary  p r o p o r t i o n a l l y .  However, t r a p  e t f i c i e n c y  f o r  sediment does n o t  

appear t o  va ry  as a  s imp le  l i n e a r  f u n c t i o n  o f  C / I  r a t i o  o r  

sed imenta t ion  index  (Br-une 1953) and may e x h i b i t  cons ide rab le  

v a r i a b i  1  i t y  a t  low va lues of  t.he C/T r a t i o .  A t  low va lues o f  t h e  C / I  

r a t i o  ( i . e . ,  r e s e r v o i r s  w i t h  ex t reme ly  h i g h  h y d r a u l i c  f l u s h i n g  r a t e s ) ,  

a d d i t i o n a l  f a c t o r s  such as r e s e r v o i r  shape and sediment 

c h a r a c t e r i s t i c s  may become more impo r tan t  i n  det-ermining t r a p  

e f f i c i e n c y .  



Most o: t h e  r e l a t i o n s h i p s  bet-ween 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 der ived from long-term 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  rese rvo i r s .  I n  cons ider ing  the  

p o t e n t i 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  on t r a p  e f f i c i e n c y  o f  a  

candidate small h y d r o e l e c t r i c  s i t e ,  i n fo rma t ion  on the  annual, and 

s h o r t e r  per iod ,  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  f o r  an i n d i v i d u a l  

r e s e r v o i r  may be more impor tan t  than the  average data from many 

r e s e r v o i r s .  I n  p a r t i c u l a r ,  the  a b i l i t y  t o  p r e d i c t  sediment t r a p  

e f f i c i e n c y ,  g iven water i n f l o w  ra tes ,  sediment c h a r a c t e r i s t i c s ,  water 

l e v e l  f l u c t u a t i o n  regime, and l o c a t i o n  and opera t ion  o f  the  r e s e r v o i r  

o u t l e t ,  would be h e l p f u l .  Unfor tunate ly ,  on l y  a  few at.t.empts have 

been rnade t o  achleve such p r e d i c t i v e  capabi 1 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 e d  i n  Brune 1953; Rausch and Heinemann 

1975), and these few have been successfu l  i n  p r e d i c t i n q  on ly  the  

d ' l r e c t l ~ h ,  not  t he  absolute 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  the  determinant 

va r i ab les .  

General 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 ime (est imated by 

the  C / I  r a t i o ) ,  (2 )  decrease i n  sediment. pa r t . i c l e  s i z e ,  and (3)  change 

from sur face-water  t o  deep-water wi thdrawal .  Tmpnsing water l e v e l  

f l u c t u a t i o n  on a  fo rmer l y  un f l uc tua ted  r e s e r v o i r  would d i r e c t l y  a f f e c t  

t he  water  r e t e n t i o n  t ime as a  consequence o f  the  changes i n  average 

storage volume; the  o v e r a l l  e f f e c t  would be a  probable reduc t i on  i n  

sediment t r a p  e f f i c i e n c y .  Also, p e r i o d i c a l l y  lower ing  the  water l e v e l  

may i n  some circumstances pe rm i t  coarser-gra ined sediments i n  t he  

t r i b u t a r y  stream channels t o  reach, and be t ranspor ted  f u r t h e r  i n t n ,  

t he  r e s e r v o i r  b a s i n  (Sect. 2.3), thereby i n i t i a l l y  (du r ing  the  

r e e q u i l i b r a t i o n  pe r iod )  i nc reas ing  e f f i c i e n c y .  However, t h i s  

increase i n  t r a p  e f f i c i e n c y  would a l s o  l ead  t o  a  f a s t e r  l oss  o f  

r e s e r v o i r  s toraye capac i ty .  Thus, any apparent increase i n  t r a p  

e f f i c i e n c y  r e s u l t i n g  from t h e  coarser sediment i n p u t  may u l t i m a t e l y  be 

o f f s e t  by the  decrease i n  r e t e n t i o n  t ime caused by the  decrease i n  

s to rage volume. Viewed i n  another way, t he  reduc t i on  i n  average 



c ross -sec t i ona l  area o f  a n .  impoundment caused by wate r  l e v e l  

f 1  u c t u a t i o n s  must necessar i  l y  1  ead t o  h i ghe r  mean wate r  v e l  o c i  t y  

through t h e  r e s e r v o i r  and, t hus ,  l e s s  e f f i c i e n t  t r a p p i n g  o f  c e r t a i n  

sediment p a r t i c l e  s izes .  

.The term " t r a p  e f f i c i e n c y "  has a l s o  been used i n  t h e  c o n t e x t  o f  

n u t r i e n t  r e t e n t i o n  by r e s e r v o i r s  (Glymph 1973, Rausch and Shre iber  

1977). The e f f i c i e n c y  w i t h  which impoundments t r a p  i n f l o w i  ng 

n u t r i e n t s  i s  an impo r tan t  env i ronmenta l  i s sue  because water  qua1 i t y  

and p r o d u c t i v i t y ,  bo th  w i t h i n  and downstream f rom impoundments, , i s  

p a r t l y  determined by t r a p  e f f i c i e n c y .  Impoundments t r a p  o r  r e t a - i n  

n u t r i e n t s  by two processes: (1) sed imenta t ion  o f  n u t r i e n t - b e a r i n g  

p a r t i c u l a t e  ma t te r  and (2)  t r a n s f o r m a t i o n  o f  s o l u b l e  (d i sso l ved )  

n u t r i e n t  forms t o  p a r t i c u l a t e  forms, which a re  t h e n  s u b j e c t  t o  

sedimentat ion.  So lub le  n u t r i e n t  forms may be conver ted  t o  p a r t i c u l a t e  

forms by adsorp t ion ,  p r e c i p i t a t i o n ,  o r  uptake and t r a n s f o r m a t i o n  by 

organisms ( p l a n t s ,  b a c t e r i a ) .  I n  p a r t i c u l a r ,  pho tosyn thes is  by 

aqua t i c  p l a n t s ,  which i s  o f t e n  favored  i n  t h e  l a k e l i k e  environment o f '  

impoundments, r e s u l t s  i n  convers ion  o f  s o l u b l e  n u t r i e n t s  t o  

. .  p a r t i c u l a t e  ma t te r  (Nee1 1963, Bachman 1978). I n  impoundments w i t h  

h i g h  concen t ra t i ons  o f  suspended sediment i n p u t  f rom t r i b u t a r y  

streams, adso rp t i on  o f  d f s s o l  ved p l a n t  n u t r i e n t s  o n .  suspended 

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

mechanism of n u t r i e n t  r e t e n t i o n  by impoundments (Wang 1974, G i l l  e t  

a1 . 1976). F i n a l  l y ,  t h e  chemical  t r ans fo rma t i ons  t h a t .  occur  i n  

hypo l imne t i c  waters  o f  s t r a t 7 i f i e d  impoundments d u r i n g  summer and e a r l y  

f a l l ,  p a r t i c u l a r l y  t h e  s o l u b i l i z a t i o n  o f  i r o n , . c a n  r e s u l t ,  under some 

c i rcumstances,  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  o f  f e r r i c  phosphate. 

The f a c t o r s  a f f e c t i n g  t h e  n u t r i e n t  t r a p  e f f i c i e n c y  o f  r e s e r v o i r s  

a r e  l e s s  w e l l  s t u d i e d  t han  those  a f f e c t i n g  sediment t r a p  e f f i c i e n c y .  

However, 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  va ry  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  sediment t r a p  e f f i c i e n c y  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 1975, G i l l  e t  a l .  1976, 

Rausch and Schre iber  1977). Thus, ariy changes i n  wate r  r e t e n t i o n  



t ime,  which i s  t he  ,p r imary  detrrm' inant o f  sediment. t r a p  e f f 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  

e f f i c i e n c y .  

S i g n i f i c a n t l y ,  a1 though 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  developing a  c a p a b i l 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 na tu ra l  lakes has been 

e x t e n s i v e l y  s tud ied  (e.g. ,  K i rchner  and D i l l o n  1975, D i l l o n  1975, 

Chapra 1975, Larsen and Merc ie r  1976). Phosphorus has been viewed as 

t h e  key n u t r i e n t  respons ib le  f o r  a ~ c e l e r a t ~ e d  eut,roph-ication o f  na tu ra l  

lakes  (Vo1:l;enweider 1968, Nat iona l  Academy o f  Science 1969, American 
i I 

Soc ie ty  o'f L.imno1ogy and Oceanography 1972). The q u a n t i t y  o,f 

phosphorus t rapped annua l l y  i n  t he  sediments o f  na tu ra l  lakes i n  
I ,  8 

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 the  

s teady-s ta te  concent ra t ion  o f  phosphorus i n  lake  water. Thus, t h i s  

parameter i s  an impor tan t  component o f  several  numerical models o f  

l ake  e u t r o p h i c a t i o n  (Vol lenweider  1975, D i l l o n  1975). Water renewal 

t ime,  i n  var ious  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 very successful  i n  

accu ra te 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  irnpn~~ndments w i t h  h igh  

f 1  ushing rat.es, b u t  appear t o  be reasonably successfu l  i n p r e d i c t i  ny 

phosphorus concen t ra t i on  (Goodwyn 1975, L i n d  1979). l i m i t a t i o n  o f  

p l a n t  growth by low l i g h t  pene t ra t i on  may be a  major reason f o r  the  

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

r e s e r v o i r s .  

Other f a c t o r s ,  i n  a d d i t i o n  t o  water renewal t ime, a re  impor tan t  

i n  de termin 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. As w i t h  

sediment t r a p  e f f i c i ency ,  morphometry and o u t l e t  cha rac te , r i s t i cs  may 

be e s p e c i a l l y  impor tan t ,  a l though l i t t l e  emp i r i ca l  study has been 

conducted on t h e  effecL5 uT these 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  sur face water o u t f l o w  

tend t o  t r a p  n u t r i e n t s ,  whereas impoundments w i t h  subsurface o u t f l o w  

tend t o  " d i s s i p a t e "  nu t r i en t+%.  M a r t i n  and Arneson (1978) presented 

data  f o r  two impoundments i n  Montana t h a t  s t r o n g l y  supported Wr igh t ' s  

e a r l  i e r  conc lus ion .  



I n  summary, the 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  be water renewal t ime ( f l u s h i n g  r a t e )  and 

depth o f  the  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 imposing water l e v e l  f l u c t u a t i o n s  on l y  t o  the  ex ten t  

t h a t  water renewal t ime i s  a f fec ted .  As w i t h  sediment t r a p  

e f f i c i e n c y ,  imposing water l e v e l  f l u c t u a t i o n s  on a  fo rmer ly  

un f l uc tua ted  r e s e r v o i r  would d i r e c t l y  a f f e c t  water renewal t ime  as a  

consequence o f  changes i n  t he  average storage volume. The o v e r a l l  

long-term e f f e c t  would probably be a  reduc t i on  i n  n u t r i e n t  t r a p  

e f f i c i e n c y .  





3. IMPACTS OF WATER LEVEL FLUCTUATIONS ON BIOLOGICAL 
CHARACTERISTICS OF RESERVOIRS 

L. D. Wr i gh t  
A. T. Szluha 

Rese rvo i r  ecosystems can be s t r u c t u r a l l y  s i m i l a r  t o  l a k e  

ecosystems, r ega rd l ess  o f  b a s i c  d i f f e r e n c e s  i n  morphometry and wa te r  

renewal t imes ,  i f  wate r  l e v e l  ' f l u c t u a t i o n s  do n o t  exceed those induced 

n a t u r a l l y .  Both l akes  and r e s e r v o i r s  have a  tendency t o  s t r a t i f y  i f  

s u f f i c i e n t l y  deep, and b o t h  have s i m i l a r  e c o l o g i c a l  zones t h a t  can be 

a f f e c t e d  by wa te r  l e v e l  f l u c t u a t i o n s .  Acco rd i ng l y ,  t h e  terms and 

d e f i n i t i o n s  o f  e c o l o g i c a l  zones developed f rom c l a s s i c a l  s t u d i e s  o f  

l a k e  communit ies have a l s o  been a p p l i e d  t o  , r e s e r v o i r s .  The ma jo r  

e c o l o g i c a l  zones d e f i n e d  i n  most l i m n o l o g i c a l  t e x t s  (e .g . ,  Hutch inson 

1967, Reid  1961, R u t t n e r  1953, Welch 1952) c o n s i s t  o f  (1) t h e  open 

water  area ( l i m n e t i c  o r  p e l a g i c  zone), (2) t h e  bot tom area below t h e  

l e v e l  o f  l i g h t  p e n e t r a t i o n  ( p ro funda l  o r  b a t h y l  zone), 'and (.3) t h e  

bot tom area w i t h i n  t h e  l e v e l  o f  l i g h t  p e n e t r a t i o n  ( l i t t o r a l  zone). 

Whi le  d e f i n i t i o n s  o f  t h e  l i t t o r a l  zone and subzones va ry ,  most 

d e f i n i t i o n s  a re  h i g h l y  i n f l u e n c e d  by  c l a s s i c a l  s t u d i e s  o f  l a kes  w i t h  

shore1 i nes p r o t e c t e d  f rom wi  r ~ d  arid wave a c t i o n  and non f  1  u c t u a t i  ng 

w a t e r - l e v e l  c o n d i t i o n s .  ~ h e s e  c o n d i t i o n s  ;promote h i g h  b i o l o g i c a l ,  

' p r o d u c t i v i t y  i n  t h e  . l i t t o r a l  zone. Thus, t h e  most obv ious e f f e c t  o f  

wa te r  l e v e l  f l u c t u a t i o n  i s  m o d i f i c a t i o n  o f  t h e  l i t t o r a l  zone f rom an 

area suppo r t i ng  l u x u r i a n t  (sometimes nu isance)  v e g e t a t i o n  t o  an area 

o f  ba r ren  s u b s t r a t e  exposed d u r i n g  1  ow wate r  1  eve1 s. 

Sec t i on  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  wa te r  l e v e l s  on 

t h e  b i o l o g y  of  t h e  l i t t o r a l  zone, n o t  o n l y  because i t  i s  t h e  obv ious 

zone a f fec ted ,  b u t  a l s o  because t h e  e f f e c t s  a r e  reasonably  w e l l  

documented. 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  on o t h e r  zones i n  a  

t y p i c a l  r e s e r v o i r  system w i l l  be addressed i n  Sect.  3.2. D iscuss ions  

on impacts o t h e r  t h a n  those  r e s u l t i n g  f rom exposure o f  t h e  l i t t o r a l  

area a r e  more s p e c u l a t i v e  because o f  t h e  sma l l  number o f  a v a i l a b l e  



s tud ies  d i r S e c t l y  addressing those top i cs .  However, our speculat ions 

a re  i n f e r r e d  from bas ic  s tud ies  of  r e s e r v o i r  ecology and f i s h e r i e s  

b i o l o g y  and from the  phys i ca l  and chemical e f f e c t s  discussed i n  

Sect. 2. 

Add i t i ona l  f a c t o r s  a f f e c t i n g  h i o l n 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  are the  t i m i n g  and frequency o f  f l u c t u a t i o n s .  Operat ion 

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 1  uc tua t i ons ,  annual f 1  uc tua t i ons ,  o r  both.  The e x t e n t '  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 prev ious f l u c t u a t i o n  

l e v e l s  and t im ing .  Most s tud ies  o f  b i o l o g i c a l  responses t o  water 

1  eve1 f 1  u c t u a t i o n  have been conducted a.L s i t e s  where seasonal 

f l u c t u a t i o n s  predominate, a l though the  t i m i n g  o f  h igh  and low water 

pe r iods  has v a r i e d  considerably.  R e l a t i v e l y  l i t t l e  in fo rmat ion .  has 

been gathered on the  e f f e c t s  o f  more f requent  ( e . .  , d a i l y )  

f l u c t u a t i o n s .  Discussions i n  t h i s  area w i l l  be specu la t ive ,  b u t  the 

i n f o r m a t i o n  gained from data on seasonal f l u c t u a t i o n s  w i l l  be 

appl i cab1 e .  

3 . 1  Impacts an the  LSt to ra  l Lone 

3 .1 .1  C h a r a c t e r i s t i c s  and S ign i f i cance  o f  L i t t o r a l  Zones 

Welch (1952) de f ines  the  l i t t o r a l  zone s imply as the  area 

ex tend ing  from t h e  w a t e r ' s  edge t o  Lhe lakeward l i m i t  o f  aquat ic  

vegeta t ion .  By in fe rence,  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  i s  

s u f f i c i e n t  f o r  photosynthesis  o f  ben th i c  p l a n t s .  W i t h i n  t h a t  zone are  

severa l  c h a r a c t e r i s t i c  assemblages of aquat ic  macrophytes. Closest  t o  

t h e  shore are  t t ~ e  5,Lands o f  emergent roo ted  vegetdt iun.  I n  sllgRtl)/ 

deeper waters, rang ing  from 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, Thc 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 

vege ta t i on  zones e x i s t ,  t he  subs t ra te  w i l l  o f t e n  con ta in  h igh  l e v e l s  



o f  o rgan ic  d e t r i t u s  r e s u l t i n g  f rom dead and decaying p l a n t  m a t e r i a 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  e n t e r i n g  t h e  l ake  o r  

r e s e r v o i r  f rom i n f  1  owing streams and shore1 i ne areas. 

Assoc ia ted w i t h  t he  vegeta ' t ion o r  any submersed s tones and l ogs  

i s  a  community o f  attached., b u t  nonpenet ra t ing  organisms, which i s  

c a l l e d  aufwuchs (Re id  19615:' T h i s  communi t y  i s  composed t y p i c a l  l y  o f  

an assortment o f  u n i c e l l u l a r  and. f i l amentous  a lgae as w e l l  as va r i ous  

protozoans, bryozoans, and r o t i f e r s .  R e i d ' s  (1961) d e f i n i t i o n  o f  t h e  

aufwuchs community a l s o  i nc l udes  organisms t h a t  move on t h e  subs t ra te ,  

i n c l u d i n g  roundworms, r o t i f e r s ,  a n n e l i d  worms, crustaceans,  and . 

i n s e c t s .  Preda to ry  s t a l k i n g  i n s e c t s ,  such as d ragon f l  i e s ,  

d a m s e l f l i e s ,  and water '  bugs a r e  o f t e n  abundant on and among t h e  

vege ta t i on .  As descr ibed  by Re id  (1961), t h e  p l a n k t o n  o f  t h e  l i t t o r a l  

zone i s  t y p i c a l l y  r i c h  i n  numbers o f  spec ies.  P a r t  o f  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 laced  f rom t h e  aufwuchs 

community. Some a l g a l  forms may o f t e n  be more abundant i n  t h e  

l i t t o r a l  zone than  i n  t h e  l ' imne t i c  area. The zooplankton o f  t h e  

l i t t o r a l  zone i nc l udes  many forms t h a t  do n o t  commonly occur  i n  t h e  

1  i m n e t i c  reg ion .  These i n c l u d e  m i t es ,  os t racods ,  c y c l o p o i d  and 

h a r p a c t i c o i d  copepods, and c e r t a i n  c ladocerans.  

The b e n t h i c  fauna assoc ia ted  w i t h  a  l i t t o r a l  zone suppo r t i ng  

aqua t i c  v e g e t a t i o n  i s  g e n e r a l l y  d i v e r s e  and abundant. I n  t r o p i c a l  

Lake Kar iba,  b e n t h i c  biomass o f  bare  mud zones was es t imated  t o  

average 380 mg/m2 ( d r y  we igh t ) .  W i th  t h e  i n v a s i o n  o f  macrophytes, t h e  

p o p u l a t i o n  d e n s i t y  o f  b e n t h i c  spec ies inc reased  by 500%. The number 

o f  spec ies a l s o  inc reased  from 30 t o  49 spec ies.  The t o t a l  biomass i n  

mud f l a t s  r e s u l t e d  a lmost  e n t i r e l y  f rom t h e  presence o f  ch i ronomid  

l a r v a e ,  whereas t h e  major  fauna l  biomass i n  zones w i t h  a q u a t i c  p l a n t s  

was due t o  groups o t h e r  than  Chironomidae (McLachlan 1969), 

The d e n s i t y  o f  benthos i n  a  n o n f l u c t u a t i n g  l a k e  o r  r e s e r v o i r  i s  

c h a r a c t e r i s t i c a l l y  h i g h e s t  i n  t h e  l i t t o r a l  zone, decreas ing w i t h  depth 

(Grimas 1962). Th i s  decrease r e s u l t s  p a r t l y  f rom s u b s t r a t e  changes 

and t h e  decreased oxygen l e v e l s  t h a t  occur  w i t h  i n c r e a s i n g  depth as a  

r e s u l t  o f  s t r a t i f i c a t i o n .  



The ac tua l  e x t e n t  o f  t he  l i t t o r a l  zone o f  r e s e r v o i r s  and lakes 

depends on the  morphology o f  t h e  r e s e r v o i r ,  t h e  na ture  o f  t he  bottom 

sediments, and 1  i g h t  cond i t i ons .  The c o n t r i b u t i o n  o f  the  1  i t t o r a l  

zone t o  t o t a l  p r o d u c t i v i t y  i s  g rea te r  i n  c l e a r  rese rvo i r s ,  which have 

shal low,  g e n t l y  s l o p i n g  sho re l i ne  morphometry compared w i t h  t u r b i d  

r e s e r v o i r s ,  which have l i t t l e  o r  no l i t t o r a l  zone. Whether ex tens ive  

o r  1  i m i t e d ,  t h e  1  i t t o r a l  zone p lays  an important  r o l e  i n  r e s e r v o i r  

dynamics. Aquatic p l a n t s  a re  used as a  food source by many b i r d s  and 

mammal s  (Scul thorpe 1967). 

Standi ng crops of  roo ted  aqirat i  c  p l a n t s  (macrophytes) vary  

g r e a t l y ,  depending on species and environmental cond i t i ons ,  b u t  

commonly rangc from 500 t o  1500 g/m"Ooyd 1371). The d i g e s t i b i l i t y  

o f  macrophytes as a  food source va r ies  g r e a t l y ,  w i t h  submerged and 

f l o a t i n g - l e a f  species having h igher  n u t r i t i v e  value than more h i g h l y  

p roduc t i ve ,  emergent p l a n t s  (Boyd 1971). Aquatic organisms t h a t  feed 

d i r e c t l y  on aqua t i c  p l a n t s  i nc lude  c r a y f i s h ,  mo l l  usks, some insec ts ,  

and a  few f i s h  such a$ some carp species (Rtirg 1.949, ~ m i r n b v  19fi1) 

Plan ts  t h a t  a re  eaten i nc lude  the  f r a g i l e  and succulent  f r e e - f l o a t i n g  

p l  ants and some n f  t.hp 1 i near- 1  eaved submerged species (Scul thorpe 

1967). 

An impor tan t  secondary f u n c t i o n  o f  macrophyt-es i s  t he  p r o v i s i o n  

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

fung i ,  br,yozoans, and c h i r ~ n o m i d s  on the  st.ems and I P ~ V P ~  nf p l a n t s  

may amount t o  100 t o  500 g  d r y  w t /m2  du r ing  some per iods  o f  t he  year  

(Westlake 1966). Whi le per iphy ton  a l s o  grows on stones, logs ,  o r  any 

o t h e r  submerged m a t e r i a l ,  the  l a r g e  sur face area prov ided by 

vege ta t i on  g r e a t l y  increases product ion .  

She l te r  a f f o r d e d  by the  l i t t o r a l  zone i s  used by f i s h  as w e l l  as 

.i rivertebrcltes. The combinat ion o f  h'i 911 .irlver.L;ebrate product ion ,  

s h e l t e r ,  and warm temperatures probably exp la ins  why most f i s h  species 

use t h e  l i t t o r a l  zone as a  nursery  area (Table 1). I n  the absence o f  

aqua t i c  p l a n t s ,  j u v e n i l e  f i s h  s t i l l  r es ide  i n  t he  l i t t o r a l  zone, us ing  

whatever s h e l t e r  ( t r e e  stumps o r  a r t i f i c i a l  r e e f )  i s  a v a i l a b l e .  



Table 1. Troph ic  p o s i t i o n ,  feed ing,  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  .dater temp. Trophic Feeding Nursery 
Common name name range p o s i t i o n  h a b i t a t  . h a b i t a t  H a b i t a t  S t ibs t ra te  

Paddle Fish, Polyodon . Warm P lank t i vo re ,  L imnet ic  
spathu la  f i  1  t e r  feeder 

T r i b u t a r i e s  Gravel  shoals 

Bowf in  Amia ca l va  Cool- Predator ,  L i t t o r a l /  L i t t o r a l  L i t t o r a l  -- Vegetat ion  
warm omnivore ben th i c  

Gars Lep isos te idae Cool- Predator ,  ~ i t t o r a l ~  L i t t o r a l  L i t t o r a l /  Vegeta t ion /  
warm p i s c i v o r e  t r i b u t a r i e s  g rave l  

G izzard  shad ~orosoma Warm P lank t i vo re ,  ~ i n n e t i c ~  L i t t o r a l  L i t t o r a l  I n d i s c r i m i n a t e  
cepedianum f i l t e r  feeder 

Threadf i n  - D. petenense Warm P l a n k t i v o r e ,  ~ i m n e t i c ~  L imnet ic  L i t t o r a l  Submerged 
shad f i 1  t e r  feeder o b j e c t s  

T rou t  ~ a l m o n i d a e  Cold Predator ,  ~ i r n n e t i c ~  L i t t o r a l  T r i b u t a r i e s  Clean g rave l  
p i  s c i  vore 

P ike  Esoc i dae Cool- Predator ,  ~ i m n e t i c ~  L i t t o r a l  L i t t o r a l  Vegeta t ion  
warm p i s c i v o r e  

Suckers Catos tomidae Cool- Omnivore 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 /  Gravel /  
warm ben th i c  1  i t t o r a l  t!ege t a t i  on 

Carp Cypr inus c a r p i o  Cool- Omnimore L i t t o r a l  L i t t o r a l  L i t t o r a l  I n d i s c r i m i n a t e  
warm 

Mi n n o ~ s  Cypr i  n idae Warm P lank t i vo re ,  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 /  Gravel  v a r i e d  
omnivore 1  i t t o r a l  



Table 1 (cont inued)  

Optimum Spawning 
S c i e n t i f i c  water temp. Troph ic  Feeding Nursery 

Jommon name name ra rge  p o s i t i o n  h a b i t a t  h a b i t a t  H a b i ~ a t  Subst ra te  

: a t f i sh  I s t a l u r i d a e  Warm Fredator ,  li t t o r s l a  L i t t o r 3 i  L i t t o r a l  C a v i t i e s  under 
onn ivore  l ogs  

3ass Scrranidae Warm Predator ,  ~i t t o r s l a  L i  t t o r s i  ' L i t t o r a l  Gravel  (wh i t e  
p -  sc i vo re  bass o n l y )  

'lock bass Ccnt rarch idse Warm Predator ,  t i  t t o r s l a  L i t t o r s l  L i t t o r a l  Gravel  near 
onn ivore  vege ta t i on  

j u n f  i shes Canl rarch idse Warm Predator ,  L i t t o r a l  L i t t o r s l  L i t t o r a l  Sand o r  g rave l  
omnivore near vegeta- 

t i o n  

;auger Pcrcidae Cocl-  Predator ,  L i t t o r 3 1 /  L i t t o r 3 1  T r i b u t a r i e s /  Gravel  
wrm p i  sc i vo re  ben tq i c  1  i t t o r a l  

Wal leye Perzidae Cocl- Predator ,  L i t t o r s l /  L i t t o r s l  T r i b u t a r i e s /  Gravel  
wrm p i  sc i vo re  b e n t i i c  l i t t o r a l  

Drum Apl.3di notus Cocl- Predator ,  L i t t o r 3 l /  L i t t o r 3 1 /  Limnet'c None 
grunn iens w r m  omni v'ore b e n t i i c  b e n t i i c  

' ~ h e s e  spec i€s  may tempora r i l y  c h a n w  t h e i r  feed ing b b i t a t s  when the o p ~ o r t u n i t j  p r ~ u i d ? s  easy prey.  

Source: Car lander  (1969 .and 1.977) ,. Pf  1  i e g e r  (1975). 



The successfu l  r ep roduc t i on  o f  many f i s h  species i n  lakes and 

r e s e r v o i r s  depends on t h e i r  f i n d i n g  s u i t a b l e  spawning areas w i t h i n  t he  

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

' i n  t h e i r  requirements than o thers .  For instance,  carp  and g i z z a r d  

shad spawn i n  shal low water,  b u t  a re  i n d i s c r i m i n a n t  as t o  subs t ra te .  

The s h o r t  nose gar ,  p ikes ,  golden sh ine r ,  and bigmouth b u f f a l o  appear 

t o  r e q u i r e  submerged vege ta t i on  ( e i t h e r  aqua t i c  o r  t e r r e s t r i a l )  f o r  

spawning (Carlander 1969). Most cen t ra rch ids  b u i  I d  nests i n  shal low 

water ' i n  sand o r  f i n e  g rave l  near stumps o r  vege ta t i on  clumps. 

Vegetat ion may be c r i t i c a l  t o  b lack  c rapp ie  spawning (Car lander  1977). 

Studies on European and Russian r e s e r v o i r s  a l s o  i n d i c a t e  t h a t  t he  

l i t t o r a l  zone i s  t h e  spawning and feed ing  area o f  almost a l l  

commerci a1 f i s h  (Makhoti n  1977). 

3.1.2 Impacts o f  Water Level F l u c t u a t i o n  on Vegeta t ion  
(and Associated B io ta )  o f  t h e  L i t t o r a l  Zone 

The ampl i tude, f requency, du ra t i on ,  and t i m i n g  o f  water  l e v e l  

f l u c t u a t i o n s  i n t e r a c t  t o  determine the  magnitude o f  vege ta t i on  

r e d u c t i o n  i n  t h e  1 i t t o r a l  ' zone. Lantz e t  a1 . (1967) found t h a t  90% o r  

more o f  t he  vege ta t i on  was e l i m i n a t e d  by l ake  drawdown if t h e  drawdown 
. l a s t e d  f o r  3 o r  4 months d u r i n g  a  w i n t e r  o r  summer per iod .  Ne i the r  a  

s i n g l e  . s h o r t  drawdown nor  a  s p r i n g  drawdown was e f f e c t i v e  i n  

e l i m i n a t i n g  vegetat ion.  ' Quennerst.erlt, (1,958) determined t h a t  

i nunda t i on  o f  emergent-species ( f o r  more than 3 t o  4 weeks) as w e l l  as 

des i cca t i on  o f  submergents reduced vege ta t i on  zones, He f u r t h e r  

observed t h a t ,  when water l e v e l  f'l uctuat ' ions decreased, some p l a n t  

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

Many roo ted  macropkyles, p a r t i c u l a r l y  emergent o r  f l o a t i n g - l e a v e d  

species, can reproduce veget.at.ively by such s t r u c t u r e s  as rhizomes, 

roo ts tocks ,  o r  t u b e r s  (Schul thorpe  1967). I n  some p l a n t s ,  these 

vege ta t i ve  p a r t s  a l s o  serve t o  a l l o w  the  p l a n t s  t o  s u r v i v e  pe r i ods  o f  

dry,ing, a l though t h e  ex ten t  and season o f  des i cca t i on  are  impor tan t  



f a c t o r s .  T rop i ca l  p l a n t s  a re  adapted t o  s u r v i v i n g  d ry  seasons w h i l e  

temperate p l a n t s  r e l y  on these s t r u c t u r e s  t o  su rv i ve  c o l d  w in te rs .  

Thus, a  drop i n  water l e v e l  a f t e r  the  summer growing season i n  

temperate c l ima tes  may n o t  p revent  redevelopment o f  macrophyte beds i n  

t h e  f o l l o w i n g  sp r ing .  Large seasonal water l e v e l  f l u c t u a t i o n s  can b e ,  

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

f requent  small f 1  uc tua t i ons .  However, most f 1  u c t u a t i  ng regimes can 

reduce l i t t o r a l  vegeta t ion .  

The at tached algae and zooplankton associated w i t h  t h e  aquat ic  

vege ta t i on  (and w i t h  t h e  aufwuchs community l i v i n g  nn t . h ~  vegetat ion) ,  - 

would be reduced by water  l e v e l '  f l u c t u a t i o n  i n  a s i m i l a r  manner as the  

aqua t i c  vegeta t ion .  These groups may be ab le  t o  r e b u i l d  t . h ~ i r  

popu la t i ons  q u i c k l y  a f t e r  favorab le  cond i t i ons  reappear. Many o f  t h e  

zooplankton species can reproduce par thenogenet ica l l y  o r  have r e s t i n g  

stages o r  bo th  (Perlnak 1953). Inundat ion  o f  any submerged s t r u c t u r e s  

would l i k e l y  be fo l l owed  w i t h i n  a  few weeks by a  r a p i d  increase i n  

p l a n k t o n i c  forms and p a r t s  o f  the  aufwuchs community 

3 .1 .3 Impacts o f  Water Level F l u c t u a t i o n  on Benth ic  
~ a c r w s  o f  t he  L i t t o r a l  Zone 

The macroinver tebrates commonly associated w i t h  aquat ic  

vege ta t i on  and . d e t r i t u s  ( i n c l u d i n g  D ip te ra ,  Tr ichoptera ,  Odonata, and 

Amphipoda) are the  most severely  a f f e c t e d  by water l e v e l  drawdowns. 

These i nve r teb ra tes  cannot su rv i ve  des i cca t i on  by forming a  r e g t i  ng 

stage o r  burrowing. At.t.empt.s t o  migra te  t o  deeper watcrs du r ing  

drawdowns probably r e s u l t  i n  s i g n i f i c a n t  p reda t i on  mor ta l  i t y .  Aggi~s 

(1Y/9) s ta tes  t h a t  wa te r . l eve1  drawdowns r e s u l t  i n  r a p i d l y  i nc reas ing  

prey  ava i  l a b i  1  i ty  f o r  f i sh .  The low macroinvert 'ebrate d i v e r s i t y  i n  

f luc t .ua t ing  r e s e r v o i r s ,  'noted by several  i n v e s t i g a t o r s  ( F i l l i o n  1967, 

Grimas.1962, Kaster  and Jacobi 1978, Hruska 1973), i s  l a r g e l y  because 

of t h e  absence of  . those forms t h a t  r e l y  h e a v i l y  on the  subs t ra te  and 

she1 t e r  o f f e r e d  by aquat ic  vegetat ion.  , .  



Redevelopment o f  h y d r o e l e c t r i c  power gene ra t i on  on e x i s t i n g  

r e s e r v o i r s  ( i f  t h e  h e i g h t  o f  t h e  dam i s  inc reased)  c o u l d  p o t e n t i a l l y  

r e s u l t  i n  an i n i t i a l  i n c rease  i n  mean wate r  l e v e l  and subsequent wa te r  

l e v e l  f l u c t u a t i o n s  about  a  new mean wate r  l e v e l .  Changes i n  t h e  

l i t t o r a l  b e n t h i c  fauna o f  such a  s i t u a t i o n  have been desc r i bed  by  

Hynes (1961) and by  Hunt and Jones (1972). The wate r  l e v e l  i n  L l y n  

Teg id  inc reased  by  2  m, r e s u l t i n g  i n  a  change i n  amp l i tude  .from 2  t o  

4.5 m. Hynes (1961) observed t h a t ,  as a  r e s u l t  o f  t h i s  new regime, 

t h e  rocky-sandy l i t t o r a l  zone became covered w i t h  s i l t ,  wh ich r e s u l t e d  

i n  t h e  disappearance o f  r o o t e d  macrophytes and a  d r a s t i c  decrease i n  

t h e  d i v e r s i t y ,  b u t  n o t  t h e  t o t a l  d e n s i t y ,  o f  benthos. He observed 

t h a t  sponges, f l a tworms,  o l i gochae tes ,  leeches,  gast ropods,  Gammarus 

' (scuds) m i t es ,  s t o n e f l  i e s ,  may f l  i e s ,  and c a d d i s f l  i e s  were a lmost  o r  

comp le te ly  e l i m i n a t e d .  The l o s s  o f  these  organisms was ba lanced by a  

g a i n  i n  two o l i gochae te  spec ies and severa l  spec ies o f  ch i ronomids.  

Hunt and Jones (1972) a l s o  found t h a t  t h e  d e n s i t y  o f  benthos i n  L l y n  

Teg id  inc reased  f rom I 5 0 4  t o  6488 i nd i v i dua l s /m2  i n  t h e  p r e r e g u l a t e d  

, p e r i o d s  t o  3654 t o  9224 i nd i v i dua l s /m2  a f t e r  t h e  i nc rease  i n  b o t h  

wa te r  l e v e l  and wate r  l e v e l  f l u c t u a t i o n s .  The au thors  s t a t e  t h a t  t h i s  

i nc rease  was accounted f o r  by  ch i ronomids and o l i gochae tes .  The 

i nc rease  i n  t h e  number o f  ch i ronomids and o l i gochae tes  was a t t r i b u t e d  . 

t o  t h e  changes i n  s u b s t r a t e ,  s p e c i f i c a l l y  t o  t h e  accu'mulat ion o f  s i l t  

and subsequent disappearance o f  vascu la r  macrophytes. 

The organisms t h a t  u n i v e r s a l l y  appear t o  be a b l e  t o  s u r v i v e  o r  

t ake  advantage o f  wa t c r  1 c v c l  f 1  u c t u a t i o n s  a re  c h i  ronomi ds and 

01 igochaetes.  The a b i  1  i ty  o f  c h i  ronomids and 01 igochae tes  t o  

w i t h s t a n d  d e s i c c a t i o n  o f  t h e  s u b s t r a t e  has been r e p o r t e d  by seve ra l  

i n v e s t i g a t o r s .  Kas te r  and Jacob i  (1978) r e p o r t e d  t h a t  l a r v a e  o f  

Chironomus plumosus were found a c t i v e  a t  a  dep th  o f  8  cm i n  subs t ra tes  

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

subs t ra tes  exposcd t o  s i r ;  However, - C. plumosus l a r v a e  were found 

a l i v e  a t  a  depth o f  15 cm i n  s u b s t r a t e  covered w i t h  i c e  r ema in i ng  f rom 

t h e  reced ing  wate r  d u r i n g  t h e  w i n t e r .  Chironomid t u n n e l s  i n  t he  



subs t ra te  w i t h  i c e  cover were found as deep as 20 cm. S i m i l a r l y ,  

L imnodr i lus  specimens were a l s o  found burrowing deeper i n  air-exposed 

sediments, w i t h  smal le r  i n d i v i d u a l s  being more successfu1. Grimas 

(1961) repor ted  t h a t  80% o f  the  chironomid and o l igochaete  fauna were 

a1 i v e  a f t e r  t h ree  months o f  exposure t o  i c e  cover du r ing  a  w i n t e r  

drawdown i n  Lake B las jon .  Kaster and Jacobi (1978) f u r t h e r  observed 

t h a t  the  r a t e  o f  s u r v i v a l  o f  these organisms, when.exposed t o  a i r ,  was 

h igher  i n  o r g a n i c a l l y  r i c h  sediments than i n  sand and s i l t .  However, 

s u r v i v a l  was h igher  i n  sand and s i l t  than i n  organic d e t r i t u s ,  when 

exposed t o  i c e  cover,  because organ ic  d e t r i t u s  freezes f a s t e r  and 

deeper. 

F i l l i o n  (1967) repo r ted  t h a t  several organisms were ab le  t o  

t u le rua te  cond l t l ons  o t  exposure du r ing  w i n t e r  drawdowns o f  50 t o  85 

days. Objects such as l ogs ,  r o o t s ,  and mats o f  vegeta t ion  she l te red  

many c h l  r'onomids and, occasional l y ,  Mega10pter.a~ Plecoptera, and 

01 igochaetes. T i p u l  idae l a rvae  were found under rocks. Chi ronomids 

were a l s o  found, a l i v e  i n  t h e  d r i e r ,  hard-packed mud, u n t i l  inundat ion  

occurred (up t o  85 days). 

Paterson and Fernando (1969) s tud ied  the  e f f e c t s  o f  des i cca t i on  

on ben th i c  organisms i n  a  smal l  (65-ha), shal low (maximum depth of 

3 m) r e s e r v o i r  i n  southern Ontar io ,  wh i rh  was e n t i r e l y  dra ined 

beg inn ing  i n  September and f i l l e d  again the  nex t  March. This  schedule 

exposed t h e  benthos t o  des i cca t i on  above f reez ing  f o r  about 50 days 

and t o  des i cca t i on  a t  temperatures below f r e e z i n g  w i thou t  any i c e  

cover  f o r  an add i t i o r i a l  100 days. Dur ing t h i s  100-day per iod ,  the  

subs t ra te  f roze  t o  a  depth of 20 cm. I n  t h i s  experiment, Paterson and 

Fernando (1969) found t h a t  t he  major p o r t i o n  of t.he benth ic  fauna, 

mos t l y  o l igochaetes  and chironomid la rvae,  was des t - rny~ r i  T r l  

comparing t h e i r  r e s u l t s  w i t h  t h a t  of  G r i m a ~  (1961.), who found sur-v i v d l  

o f  t h e  benthos t o  be 80%, Paterson and Fernando concluded t h a t  

ch i ronomid and o l igochaete  popu la t ions  o f  t he  l i t t o r a l  and shore area 

cou ld  su rv i ve  w i n t e r  drawdown i n  s i q n i f i c a n t l y  l a r g e  numbers by 

burrowing i n t o  t h e  sediments if the  exposed area i s  covered by i c e  o r  

snow. I f  an i c e  o r  snow cover i s  l ack ing ,  organisms t h a t  burrow i n t o  

the  sediments would s t i l l  d i e  due t o  des i cca t i on  o r  f reez ing .  



Clams, mussels, and s n a i l s ,  which occupy t he  l i t t o r a l  zones o f  

lakes and r e s e r v o i r s ,  should a l s o  be ab le  t o  w i t h s t a n d  some exposure. ' 

Several  examples o f  s u r v i v a l  o f  clams and mussels, f o r  pe r i ods  rang ing  

from days up t o  one year ,  were r e p o r t e d  by McMahon (1979). V a r i a t i o n  

was r e l a t e d  t o  species d i f f e r e n c e s ,  r e l a t i v e  hum id i t y ,  and 

temperature.  Most clams, mussels, and s n a i l s  a re  a l s o  capable o f  

bur row ing  i n t o  t h e  s u b s t r a t e  t o  a v o i d  d e s i c c a t i o n  (Pennak 1953). 

Burrowing m a y f l i e s  can a l s o  w i t h s t a n d  d e s i c c a t i o n  f o r  a  few days by 

burrowing.  However, Hexagenia spec ies have been observed t o  d e s e r t  

t h e i r  burrows and a t tempt  t o  m ig ra te  i n  response t o  exposure o f  t h e  

subs t ra te  (Freml i ng 1960). 

A1 though severa l  o rgan i  sms can s u r v i v e  exposure o f  s u b s t r a t e  

under some c o n d i t i o n s ,  t h e  abundance o f  b e n t h i c  organisms appears t o  

be lower  i n  t h e  zone s u b j e c t  t o  f l u c t u a t i o n .  I n v e s t i g a t i o n s  conducted 

by Grimas (1962) on two r e s e r v o i r s  i n  n o r t h e r n  Sweden w i t h i n  t h e  same 

dra inage system demonstrated t h a t ,  i n  t h e  unregu la ted  lake ,  t h e  

g r e a t e s t  d e n s i t y  o f  i n v e r t e b r a t e s  was found i n  t h e  0- t o  4-m depth 

zone. I n  t h e  r e g u l a t e d  l a k e  w i t h  f l u c t u a t i o n s  o f  0  t o  6 m y  d e n s i t y  o f  

i n v e r t e b r a t e s  was g r e a t e s t  between 6 and 10 m. Th i s  p a t t e r n  o f  

h i g h e s t  d e n s i t i e s  o f  benthos immediate ly  below t h e  low-water mark has 

been no ted  by severa l  i n v e s t i g a t o r s  ( F i l l i o n  1967, N u r s a l l  1952, 

Hruska 1973). Des i cca t i on  o f  benthos exposed i n  t h e  zone o f  

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

p a t t e r n .  As d iscussed i n  Sect. 2.1,  f a c t o r s  such as wave a c t i o n  

resuspend and r e d i s t r i b u t e  s u b s t r a t e  m a t e r i a l s ,  and e r o s i v e  f o r c e s  may 

cause u n d e r c u t t i n g  and c o l l a p s e  o f  banks. Examples o f  such e f f e c t s  on 

benthos a r e  g i v e n  i n  Cowell and Hudson (1967) and Grimas (1962). Wave 

a c t i o n  t r a n s f e r s  t h e  s i l t ,  c l a y ,  and o rgan i c  m a t t e r  f rom t h e  zone o f  

f l u c t u a t i o n  t o  t h e  area below t h e  lower  1  i m i t s  o f  drawdown. Thus, 

organisms t h a t  a r e  b e s t  s u i t e d  t o  s i l t  and c l a y  and o r g a n i c a l l y  r i c h  

subs t ra tes  a r e  a b l e  t o  s u r v i v e  o r  even i nc rease  i n  numbers below t h e  

1  ower drawdown 1  i m i  t s .  

Changes i n  t h e  d i s t r i b u t i o n a l  p a t t e r n  o f  macro inver tebra tes  may 

have f a r - r each ing  r a m i f i c a t i o n s .  S tud ies  i n  Lake F ranc i s  Case (South 



Dakota), which operates w i t h  a  6- t o  14-m drawdown annual ly ,  i n d i c a t e  

t h a t  severa l  f i s h  species ( b l u e q i l l ,  orange spot ted  sunf ish,  grPPn 

sun f i sh ,  largemouth bass, b l a c k  bul lhead,  s tonecat ,  and f l a t h e a d  chub) 

became r a r e  (Gassaway 1970). Although the  authors d i d  n o t  

s p e c i f i c a l l y  s t a t e  the  reasons f o r  t h i s  dec l ine ,  t he  water l e v e l  

f l u c t u a t i o n s  and poss ib le  e f f e c t s  on the  benth ic  and aufwuchs 

community a re  a  poss ib le  cause. Most o f  these f i s h  are  known t o  

depend h e a v i l y  on ben th i c  i nve r teb ra tes  as a  food source. Isom 

(1971), i n  desc r ib ing  the  e f f e c t s  o f  water storage on benthos i n  t.he 

mainstream r e s e r v o i r s  o f  t he  T e n n ~ s s ~ ~  Va l l ey ,  i n d i c a t e d  t h a t  benth ic  

i n v e r t e b r a t e s  were o f  l i t t l e  inipor-Lance s ince  a t runcated 

p  l ank ton - to - f  i s h  cha in  i s  common i n  storage impoundments. The 

secondary e f f e c t  on f i s h  popu la t ions  r e s u l t i n g  from reduct ions  i n  

ben th i c  i nve r teb ra tes  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 Level F l u c t u a t i o n  on F i sh  Using t h e  
L i t t o r a l  Zone 

The best-documented e f f e c t  o f  water l e v e l  f l u c t u a t i o n s  on f i s h  

popu la t i ons  r e l a t e s  t.o f i s h  spawning success. I 1  ' i n a  (19G2) 

determined t h a t  t h e  extremely low water  l e v e l s  i n  Rybinsk Reservoi r  i n  

t h e  s p r i n g  o f  1960 exposed a1 1  the vegeta t ion  and p r e f e r r e d  spawning ' 

grounds o f  most species. Spawning t ime was g r e a t l y  prolonged f o r  a l l  

species, and a  g rea t  p a r t  o f  t.he brood s tock  d i d  n o t  spawn. 

P h y t o p h i l i c  species ( those t h a t  spawn over vegeta t ion) ,  i n c l u d i n g  

w h i t e  bream, b lue  bream, and p i ke ,  were severely  a f fec ted .  Poddubriy 

(1976) repor ted  t h a t  t he  l o s s  o f  eggs l a i d  by phy toph i l  ir: species 

(p i ke )  on c e r t a i n  subs t ra tes  was as h igh  as 70 t o  100% i n  Khakhoyskii 

Reservoi r .  Egg 1  oss was a t t r i b u t e d  t o  p redat ion ,  des icca t ion ,  and 

s i l t  depos i ts .  Nelson (1978) determined t h a t  the  d e c l i n e  o f  no r the rn  

p i k e  and y e l l o w  perch i n  Lake Oahe can be l i n k e d  t o  the  reduc t i on  o f  

t h e  vegeta t iona l  spawning h a b i t a t .  He f u r t h e r  i n d i c a t e d  t h a t  



maintenance o f  ins t ream f l ows  i n  t h e  t r i b u t a r i e s  was impo r tan t  t o  

sauger and wa l l eye  spawning success. I n  Lewis and C l a r k  Lake, more 

than  80% o f  t h e  v a r i a b i l i t y  i n  yea r - c l ass  s t r e n g t h  cou ld  be p r e d i c t e d  

' f rom t h e  change i n  water  l e v e l  over  t h e  spawning ground, t h e  r e s e r v o i r  

wa te r  temperature i n  June, and t h e  r e s e r v o i r  water  exchange r a t e .  

(Wal burg  1972).  

The e f f e c t  o f  water  l e v e l  f l u c t u a t i o n s  on spawning i s  n o t  l i m i t e d  

s o l e l y  t o  l a c k  o f  spawning h a b i t a t .  Water l e v e l  f l u c t u a t i o n s  can a l s o  

i n f l u e n c e  temperature c o n d i t i o n s  i n  t h e  l i t t o r a l  zone. Makhot in  

(1977), d i scuss ing  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 Reservo i r ,  Russia, noted t h a t  t h e  wate r  l e v e l  regimes 

d i r e c t l y  i n f  1  uence t h e  temperature c o n d i t i o n  o f  t h e  wate r  body. 

I nunda t i on  o f  sha l low areas d u r i n g  s p r i n g  f l o o d s  r e s u l t s  i n  r a p i d  

warmi ng, s t i m u l a t i n g  t h e  spawning o f  phy toph i  1  ous f i s h  and spawning 

m ig ra t i ons .  Conversely,  d i s r u p t i o n  o f  water  warming p a t t e r n s  i n  t h e  

spawning grounds and t h e  absence o f  r e q u i s i t e  subst ra tum l e a d  t o  

1  arge-sca l  e  r e s o r p t i o n  o f  gonads by spawners o r  mo r ta l  i ty  o f  

f e r t i l i z e d  eggs due t o  detachment. Poddubny (1976) r e p o r t s  t h a t  

s t ud ies  o f  gonadal r e s o r p t i o n  i n  p h y t o p h i l i c  f i s h e s  i n  Rybinsk 

Reservo i r  have e s t a b l i s h e d  t h a t  t h e  number o f  resorbed gonads depends 

d i r e c t l y  on t h r e e  f a c t o r s :  (1) t h e  a c t u a l  area o f  spawning ground, 

(2) t h e  temperature c o n d i t i o n s  i n  sp r i ng ,  and (3)  t h e  number o f  

spawners t h a t  resorbed gonads i n  t h e  p rev ious  yea r  and re l eased  spawn 

i n  t h e  nex t .  I n  p a r t i c u l a r l y  un favorab le  yea rs ,  t h e  number o f  f i s h  

r e s o r b i n g  gonads reaches 44% i n  bream and 60% i n  b l u e  bream. The 

t i m i n g  and ampl i tude  o f  t h e  f l u c t u a t i o n s  a re  p a r t i c u l a r l y  c r i t i c a l  i n  

de te rm in ing  e f f e c t s  on spawning. 

3 .1 .5  Impact o f  F l u c t u a t i o n s  on Subs t ra te  S t a b i l i t y  

As. d iscussed i n  Sect. 2, wa te r  l e v e l  f l u c t u a t i o n s  may' r e s u l t  i n  

inc reased  t u r b i d i t y  c o n d i t i o n s ,  e s p e c i a l l y  a long  t h e  shore. A l though 

such inc reases  may be s l i g h t  compared w i t h  t h e  e f f e c t  o f  s torm events ,  



i t  i s  neve r the less  an added s t r e s s  t h a t  c o u l d  c o n t r i b u t e  t o  t.he poors 

spawning success o f  some species.  A l i t e r a t u r e  rev iew o f  t h e  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  

s u b s t a n t i a l  evidence i n d i c a t e s  t h a t  r e p r o d u c t i v e  behav io r  v a r i e s  among 

warmwater f i s h  i n  response t o  suspended s o l  i d s  and sediments. F i s h  

w i t h  complex p a t t e r n s  o f  r e p r o d u c t i v e  behav io r  a re  vu lne rab le  t o  

i n t e r f e r e n c e  by suspended s o l i d s  a t  severa l  c r i t i c a l  behav io ra l  phases 

o f  t h e  spawning process.  Shor t - te rm exposure t o  h i g h  l e v e l s  o f  

suspended s o l i d s  p robab l y  does n o t  s e r i o u s l y  impede r e p r o d u c t i v e  

movements o f  most warmwater f i s h  (Muncy e t  a l .  1979). Thus, t u r b i d i t y  

induced by water  l e v e l  f l u c t u a t i o n s  o f  s h o r t  d u r a t i o n  would p robab ly  

~ ~ u t  i n t e r f e r e  w i t h  r e p r o d u c t i v e  behav io r .  However, M~rncy e t  a1 . 
(19'19) r e p o r t  t h a t  wa l l eye ,  n o r t h e r n  p i k e ,  and ye1 low perch  do 

sometimes s u f f e r  m o r t a l i t y  a t  n a t u r a l l y  o c c u r r i n g  concen t ra t i ons  o f  

suspehded s o l i d s .  Loss o f  spawning h a b i t a t  i s  t h e  p r ima ry  impact o f  

wa te r  1  eve1 f l u c t u a t i o n s  on these phy toph i  1  i c  f i s h .  Increased 

t u r b i d i t y  may be j u s t  one o f  many f a c t o r s  t h a t  cause low spawning 

success when t h e  eggs a r e  depos i t ed  on i n a p p r o p r i a t e  subs t ra tes .  I f  

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

s u b s t r a t e s ,  macrophyte c o l o n i z a t i o n  on t h e  5 u b s t r a t . e ~  may be reduced. 

I n d i r e c t  e f f e c t s  o f  increaser1 t.1.1rbidity l e v e l s ,  i n c l u d i n g  decreased 

photosyn thes is  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  i ncrease i s  ex tens i ve .  

I n  summary, wa te r  l e v e l  f l u c t u a t i o n s  can be expected t o  a l t e r  t h e  

g rowth  of  macrophytes i n  t h e  l i t t . o ra1  zone. Th i s  may be b e n e f i c i a l  i f  

g rowth  uT ur ldes l rab le  spec ies i s  r e ta rded ,  o r  i t  may be d e t r i m e n t a l  i f  

growth of  a  d e s i r a b l e  spec ies i s  ret.arded. Reduct ion i n  macrophyt ic  

g rowth  can r e s u l t  i n  a  decreased d i v e r s i t y  and abundance o f  p r e f e r r e d  

" f i s h  food"  organisms. However, t h c  ah~. rnd~nce  o f  bur-rowing b e n t h i c  

oryarl isms may a c t u a l l y  i nc rease  i n  r e s e r v o i r s  s u b j e c t  t o  water  l e v e l  

f l u c t u a t i o n  i f  t h e  s u b s t r a t e  i s  s u i t a b l e .  The most se r i ous  e f f e c t  o f  

exposure o f  t he  l i t t o r a l  zone i s  i n  t h e  redl.rct ion o f  ~ ; u i t . a h l c  spawning 

h a b i t a t  f o r  f i s h ,  a l t hough  t h e  r e d u c t i o n  i n  food  and s h e l t e r  may a l s o  

1  i m i  t r e c r u i t m e n t  of young-of - the-year  f i s h .  An i n i t i a l  s t e p  i n  



determin ing the p o t e n t i a l  s i g n i f i c a n c e  o f  water l e v e l  f l u c t u a t i o n  a t  

small h y d r o e l e c t r i c  s i t e s  where r e s e r v o i r  water l e v e l s  w i l l  f l u c t u a t e  

would i n v o l v e  es t ima t ing  t h e  h a b i t a t  area a f f e c t e d  by such 

f l u c t u a t i o n .  Appendix A d e t a i  1s a  q u a n t i t a t i v e  methodology t o  

est imate l oss  o f  shore zone h a b i t a t  area as a  r e s u l t  o f  r e s e r v o i r  

water l e v e l  f 1  uc tua t ion .  

3.2 Impacts on Nonl i t t o r a l  Zones 

I n  t h i s  sec t ion ,  p o t e n t i a l  b i o l o g i c a l  impacts i n  areas o f  a  

r e s e r v o 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 l u c t u a t i o n  are presented. The p o t e n t i a l  s i g n i f i c a n c e  o f  t he  impacts 

discussed are  t o  some degree specu la t ive .  

3.2.1 Impacts Resu l t ing  from F l  u c t u a t i  ng Water Volume 

Changes i n  t h e  sur face area and volume o f  a  body o f  water  may 

r e s u l t  i n  an a l t e r e d  c a r r y i n g  capac i ty  f o r  f i s h  (Aggus 1979). 

Reductions i n  water .volume may concentrate the  f i s h  and sub jec t  t he  

smal le r  and younger i n d i v i d u a l s  t o  increased p reda t i on  and compet i t ion  

f o r  food. Consequently, f i s h e r i e s  managers have success fu l l y  used 

water l e v e 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 

species (McGammon and vor'~ Geldr.urt, Jra. 1979; Lantz e t  a l .  1967; 

Bennett  1971). However, t he  predator  f i s h e r y  resource i s  enhanced by 

such drawdowns on l y  i f  drawdowns a re  conducted once every few years 

(Bennett  [ I9741 recommends once every 3  t o  4  years,  whereas K e i t h  

El9751 recommends once every 5  t o  10 years).  These recommendations 

imp ly  t h a t  more f requent  drawdowns would be det r imenta l  t o  predators.  

Aggus (1979) staLes 'Lhat l a r g e  f l u c t u a t i o n s  t h a t  occur annua l ly  o r  

more f r e q u e n t l y  c rea te  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  i n  

a  cons tan t l y  changing standing crop. No i n fo rma t ion  i s  a v a i l a b l e  on ' 

t he  e f f e c t s  of  smal l ,  b u t  f requent  f l u c t u a t i o n s  on p reda t i on  pressure. 



A t  t h e  l e a s t ,  however, one would expect. g r e a t e r  p r e d a t i o n  p ressure  on 

t h e  young-of -year  f i s h  compared w i t h  nonf luct .uat. ing c o n d i t i o n s  because 

t h e y  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 sma l l ,  sho re -o r i en ted  f i s h  may be 

a f f e c t e d  by  wate r  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 wate r  

pockets ,  which l a t e r  d r y  up. Green s u n f i s h ,  young b l u e g i l l s ,  and 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 - repo r ted  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). 

Decreas ing t h e  valume o f  wa te r  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 .  Sec t i on  2 d iscusses t h e  p o s s i b i l i t y  t h a t ,  

a t  low volume, t h e  t he rmoc l i ne  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 n n  may occur .  A1 though t h e  p robab 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  low, 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  . i nc reased  oxygen 1  eve1 s  i n  t h e  p ro funda l  zone, which 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  aqua 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  lake ,  by a e r a t i o n  r e s u l t s  i n  increases i n  t h e  

b e n t h i c  popu la t i ons  ( 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  

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  ma,y 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 ighe r  optimum temperatures 

t han  adul  t; f i s h  of  t h e  same species (Coutant 1977). Th i s  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  sepa ra t i on  o f  

young-of - the-year  f i s h  from a d u l t s  when s t r a t j f  iecl condi  t,'inns a1 l n w  

each group t o  f i n d  i t s  p r e f e r r e d  temperature.  ~ e s t r a t i f i d 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 oge the r  ancl thus  r e s u l t  i n  a g r e a t e r  

amount of  canniba' l ism. However, no da ta  a re  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,  wa l l eye  d i d  cannibalize t h e i r  young-of - the-year  h e a v i l y  d u r i n g  

one year  nf s tudy  (Chaval jerk 1973), whereas o t h e r  stud. ies uri wa l l eye  

have i n d i c a t e d  t h a t  cann iba l i sm  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 low d e n s i t i e s  o f  t h e  normal p rey ,  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  than  t h e  l a c k  

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



3.2 .2  Impacts R e s u l t i n g  f rom T im ing  o f  Water Releases 

Opera t ion  o f  smal l  h y d r o e l e c t r i c  ope ra t i ons  i n  a  peak ing  mode may 

r e s u l t  i n  d a i l y  f l u c t u a t i o n s  o f  water .  The t i m i n g  o f  t h e  f l u c t u a t i o n s  

and t h e  disch'arge may determine t h e  e x t e n t  t o  which f i s h  and 

i n v e r t e b r a t e s  a re  l o s t  th rough  t u r b i n e s .  Cowel l  and Hudson (1967) 

found t h a t  up t o  2 4 . 1  m e t r i c  t ons  o f  Hexagenia (bur row ing  may f l y )  were 

l o s t  th rough  t h e  t u r b i n e s  o f  Lewis and C l a r k  Lake between A p r i l  12  and 

J u l y  1 when ~ e x a ~ e n i a  were m i g r a t i n g  t h rough  t h e  wate r  column. S ince 

m i g r a t i o n  was s t r i c t l y  n o c t u r n a l ,  t h e  losses  occur red  a t  n i g h t .  

Chironomids and ceratopogonids were a l s o  l o s t  th rough  t u r b i n e s  a t  

n i g h t .  The o f  t h e  t o t a l  Hexagenia l o s t  th rough  

t h e  t u r b i n e s  was es t ima ted  t o  be 7 t o  10%. The t o t a l  annual l o s s  o f  

chronomids was es t ima ted  t o  be n e a r l y  equal  i n  we igh t  t o  t h e  l o s s  o f  

Hexagenia m a y f l i e s  (about  20 m e t r i c  tons) .  Benson (1973) r e p o r t e d  

t h a t ,  i n  Lewis and '  C l a r k  Lake, ch i ronomids were 3  t o  8 t imes  more 

numerous i n  n i g h t  samples t han  i n  day samples,, and bur row ing  m a y f l i e s  

were c o l l e c t e d  o n l y  a t  n i g h t .  Thus, peak ing  d u r i n g  even ing  hours 

c o u l d  r e s u l t  i n  a  huge l o s s  o f  i n v e r t e b r a t e  biomass f rom a  r e s e r v o i r ,  

whereas midday peak ing  may have l i t t l e  e f f e c t  on e x p o r t  o f  

i n v e r t e b r a t e s  f rom a  r e s e r v o i r .  I ch thyop lank ton  were a l s o  l o s t  f rom 

Lewis and C l a r k  r e s e r v o i r  th rough  t h e  t u r b i n e s  (Walburg 1971), b u t  

t h i s  l o s s  occur red  a t  a l l  hours  and would n o t  be p a r t i c u l a r l y  a f f e c t e d  

by  t h e  t i m i n g  o f  peak ing  ope ra t i ons .  

3.2.3 Impacts R e s u l t i n g  f rom Changes i n  F l u s h i n g  Time 

Imposing wate 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 i n g  

r e s e r v o i r  w i l l  d i 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  t ime ,  as desc r i bed  

i n  Sect  2.1. Decreas ing t h e  wate r  r e t e n t i o n  t i m e  may c r e a t e  c u r r e n t  

v e l o c i t i e s  t h a t  smal l  f i s h  a r e  unable  t o  r e s i s t  o r  avo id .  I n  Lewis 

and C l a r k  Lake, where wate r  r e t e n t i o n  t i m e  v a r i e d  f rom 5.5 t o  7.2 days 

depending on wate r  l e v e l ,  l o sses  o f  young f i s h  f rom t h e  r e s e r v o i r  were 

ex tens i ve .  Es t imated  peak 24-h losses  were 10 m i l l i o n  f r eshwa te r  



drum, 800., 000 emerald s h i n e r ,  700, 000 sauger-wal 1  eye, and 170,000 

channel c a t f i s h .  Summer s u r v i v a l  o f  aye 0  f reshwater  drum 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  (Walburg 

1971). 

Water r e t e n t i o n  t ime  i s  an impo r tan t  f a c t o r  de te rm in ing  the  

amount o f  phy top lank ton  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 t h e  V l t a r a  cascade o f  r e s e r v o i r s  i n  Czechoslavakia,  

~ t r a s k r a b a  and Javo rn i cky  (1973) r e p o r t e d  t h a t  t h e  p r ima ry  p r o d u c t i o n  

and zooplankton s tand ing  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 tah  t . h n s ~  f n r  l a k ~ 5  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 ima ry  p r o d u c t i o n  

v a r i e d  accord ing,  t o  whether i n f l o w i n g  wate 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  su r f ace  wate r  o f  a  r i v e r ,  I n  

e i t h e r  case, however, t h e  zooplankton p r o d u c t i o n  was very  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  than  3 days. Zooplankton 

p r o d u c t i o n  i n  Lake Sharpe, one o f  t h e  M issou 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  18  t o  22 days (3enson 1973). 

The e f f e c t s  were most apparent  on Cyc lops 'and  Daphnia, b o t h  impo r tan t  

f i s h  food organisms. Reproduct ion o f  daphnids i n  Lewis and C l a r k  I a k ~  

showed * I d r ~ y e  decraease, w i t h  a change o t  mean r e t e n t i o n  t ime  frnm 8 . 6  
t o  6 .7 -6 .4  days. The somewhat 1  i m i t e d  da ta  a v a i l a b l e  i nd i ca t -e  t.hat, 

if h y d r o e l e c t r i c  power gene ra t i on  decreases r e t e n t i o n  t ime  i n  a 

r e s e r v o i r ,  t h e  p r o d u c t i o n ,  o f  zooplankton, i n  p a r t . i r ~ . ~ l a r ,  and p robab l y  

t h e  o v e r a l l  p r o d u c t i v i t y  wi  11 be decreased. 

I n  summary, t h e  types  o f  p o t e n t i a l  impacts d iscussed above a r e  

n.lur-e s p e c u l a t i v e  and i e s s  weli l  documented than  t h e  impacts d iscussed 

f o r  t he  l i t t o r a l  zone. However, if 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  a l t e r  wa te r  volume o r  f l u s h i n g  r a t e ,  some 

o f  t he  impacts  d iscussed  above c o u l d  adverse ly  a f f e c t  r e s e r v o i r  

p r o d u c t l v ~  ty. 



4. IMPACTS OF WATER LEVEL FLUCTUATION ON PHYSICAL 
AND CHEMICAL CHARACTERISTICS OF R I V E R S  DOWNSTREAM FROM DAMS 

R. R .  Turner 

This  sec t i on  deals w i t h  the  phys i ca l ,  chemical, and b i o l o g 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 s  i n  the  l o t i c  environments 

downstream from h y d r o e l e c t r i c  impoundments. More p a r t i c u l a r l y ,  i t  

describes the  p o t e n t i a l  e f f e c t s  o f  those water l e v e l  f l u c t u a t i o n s  t h a t  

occur as a  consequence o f  hydropower generat ion i n  a  peaking mode o f  

operat ion,  i. e. , those f l u c t u a t i o n s  t h a t  a re  n o t  inherent  i n  t he  

na tu ra l  ( r u n - o f - r i v e r )  f 1  ow from impoundments. 

Although the  ampli tude o f  hydropower water l e v e l  f l u c t u a t i o n s  may 

be equ iva len t  t o  the  unregulated ampli tude of the  unimpounded stream, 

peaking operat ions u s u a l l y  r e q u i r e  a  r a t h e r  d r a s t i c  a l t e r a t i o n  i n  t he  

i n t e r v a l  between major f l u c t u a t i o n s ,  the  r a t e  o f  change o f  water 

l e v e l ,  and the  du ra t i on  o f  a  g iven water l e v e l  (stage he igh t )  i n  t he  

downstream channel. Thus, i n  c o n t r a s t  t o  f l u c t u a t i o n s  w i t h i n  

r e s e r v o i r s  (Sect. 2), the e f f e c t s  o f  f l u c t u a t i o n s  downstream from 

impoundments are  r e l a t e d  more t o  the  i n t e r v a l  between and r a t e  o f  

change i n  water l e v e l  f l u c t u a t i o n s  than t o  t h e  amp1 i t u d e  o f  

f l u c t u a t i o n .  Unregulated ( i . e . ,  unimpounded) streams, e s p e c i a l l y  t he  

smal ler  ones, can be sub jec t  t o  enormous na tu ra l  f l u c t u a t i o n s  i n  water 

l e v e l  i n  rPspnn5P t n  r a i n f a l l  i n  t h e i r  watersheds. 

Nonhydroelect r ic  uses (e. g. , f l o o d  c o n t r o l ,  i r r i g a t i o n )  o f  

impounded streams o f t e n  reduce the  na tu ra l  ampl i tude o f  water l e v e l  

f l u c t u a t i o n s  i n  t a i l w a t e r s  by r e t a i n i n g  peak f lows and augmenting low 

f lows. F luc tua t i ons  r e l a t e d  t o  peaking opera t ion  o r d i n a r i  l y  increase 

ampli tude t o  near t he  na tu ra l  (nonf lood) range w i t h o u t  any 

r e l a t i o n s h i p  t.o t he  na tu ra l  frequency, t im ing ,  and d u r a t i o n  o f  t h c  

occurrence o f  a  p a r t i c u l a r  water 1  eve1 i n  the  downstream environment. 

The pr imary phys i ca 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 o f  impoundments operated i n  a  peaking mode are  expected t o  



i n c l u d e  streambed and bank e ros ion  and 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  o f  bank and bed mat.eria1 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  opera t ion  o f  a  r e s e r v o i r  n o t  p rev ious l y  

used t o  meet peak power demands may increase eros ion  and downstream 

t r a n s p o r t  o f  streambed and bank ma te r ia l  s, thus i nc reas ing  t u r b i d i t y  

and a l t e r i n g  channel geometry. Also, subsequent redepos i t i on  o f  

eroded ma te r ia l  f u r t h e r  downstream may be d e l e t e r i o u s  t o  benth ic  b i o t a  

( sec t .  5)  and may a1 t e r  -channel geometry by i n f i  11 i ng. 

J n  co lde r  ragions,  d a i l y  w a t e r  l e v e l  f l u c t u a t i o n s  can a l so  keep 

i c e  broken up f o r  cons iderab le  d is tances below impn~rndrn~ntf.. Of ten  

t h i s  phys i ca l  e f f e c t  may be augmented' i n  t h e  stream reaches 

immediately below impoundments b,y the  re lease o f  comparat ive ly  warmer 

r e s e r v o i r  bottom water,  which re ta rds  i c e  fo rmat ion  (Nee1 1963). . 

4 . 1  Impacts on Streambed and Bank Erosion 

Changes i n  the  r a t e s  o f  e ros ion  and sedimentat ion i n  streams 

downstre'am from dam.; can have fa r - reach ing  and sometimes c o s t l y  

uunsequences. Accelerated ra tes  o f  eros.iuri can undermine b r i dge  p i e r s  

and abutments. Channel degradat ion o f  streams t h a t  supply water t o  

communities o r  i n d u s t r y  can be ser ious  i f ,  a t  normal f low,  i.t lowers 

t h e  water  l e v e l  below t h e  design l e v e l  nf i n t a k e  s t ruc tu rcc ,  Thc 

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 boat  1  ar1d.i ngs because o f  acce lera ted  eros ion  ' i n  one. area 

and excessive s i l t a t i o n  i n  another.  Degradat ion o f  a  main stream 

channel may a l so  have repercussions on the  ra tes  o f  e ros ion  and 

sedimentat ion i n  t r i b u t a r y  streams by lower ing  t h e  l o c a l  e ros iona l  

base l e v e l  f o r  these smal le r  streams. 

The r a t e  o f  e ros ion  of streambeds and banks depends, among o ther  

t h i n g s ,  o n .  complex i n t e r r e l a t i o n s h i p s  o f  stream v e l o c i t y ,  water 

qua1 i ty  (especia l  l y  suspended sediment concent ra t ion) ,  channel 

g rad ien t ,  ' types .o f  m a t e r i a l s  composing the  streambed and banks; 

channel c o n f i g u r a t i o n ,  and channel al ignment.  An exhaust ive t reatment  



o f  these i n t e r r e l a t i o n s h i p s  i s  beyond t h e  scope o f  t h i s  document. 

However, Go t t scha l k  (1968) and T a y l o r  (1978) have p rov ided  l u c i d  

t rea tments  o f  e r o s i o n  and sed imenta t ion  processes as they  occur  

downstream f rom dams, which can be consu l t ed  f o r  d e t a i  l e d  i n f o r m a t i o n .  

Where streams have been impounded, t h e  downstream balance between 

e ros ion  and sed imenta t ion  i s  o f t e n  d i s r u p t e d ,  w i t h  t h e  r e s u l t  t h a t  

f o rmer l y  s t a b l e  streambeds and banks may beg in  t o  erode and areas 

f u r t h e r  downstream w i t h  minimal o r  no sed imenta t ion  may beg in  t o  f i l l  

w i t h  sediment. These changes can be a t t r i b u t e d  ma in l y  t o  (1) the  

d ischarge  o f  wa te r  f rom dams w i t h  g r e a t l y  reduced sediment l oad  (Sect.  

2.4) and (2) a l t e r e d  p e r i o d i c i t y  and ampl i tude o f  water  l e v e l s .  and 

v e l o c i t i e s  i n  t h e  downstream area. 

Sediment- free wate r  d ischarged f rom a  dam can be aggress ive ly  

e ros i ve .  A lso ,  i f  such .water i s  r e l eased  i n  s u f f i c i e n t  q u a n t i t y  i n t o  

a  channel w i t h  a  g r a d i e n t  t h a t  has become s t a b i l i z e d  under p r i o r ,  

c o n d i t i o n s  o f  t h e  f l o w  o f  sediment- laden wate r ,  a c t i v e  scour o f  t h e  

streambed and bank w i l l  begin.  Th i s  scour w i l l  no rma l l y  beg in  near 

t h e  dam,,but as .the. channel g r a d i e n t  decreases, t h e  e.roding area w i l l  

move downstream. Below l a r g e  dams, scou r i ng  may p rogress . i ve ly  a f f e c t  

many m i  1  es o f  streambed and banks (Bo r l  and and M i  11 e r  1960). 

A l t e r a t i o n  o f  p e r i o d i c i t y ,  d u r a t i o n ,  and ampl i tude  o f  wa te r  

l e v e l &  and ve loc i t . i es  i n  streams as a  consequence o f  r i v e r  

impoundment, o r  changes i n  t h e  o p e r a t i o n  o f  an e x i s t i n g  impoundment, 

may a l s o  p ro found l y  a f f e c t  e r o s i o n  and sed imenta t ion  processes i n  t h e  

downstream area. Streambeds and banks t end  t o  evo lve  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 o f  h y d r a u l i c  f o r ces  t h a t  a re  , . 

app l ied .  Where t h e  na tu re  and s t r e n g t h  o f  these f o r ces  a re  a l t e r e d ,  

some, read jus tment  o f  streambeds and banks i s  1  i ke l y .  Thus, streambeds 

and channel banks t h a t  a r e  stab1 e  ( n e i t h e r  aggradi  ng no r  degrading)  

under a  regimen o f  unregu la ted  s t reamf  1 ow may become h i g h l y  uns tab le  

under a regSmen o f  r e g u l a t e d  f l ow .  I n s t a b i l i t y  may occur  as a  

consequence o f  changes i n  stream tu rbu lence  o r  excess ive pore  w a t e r  

p ressure  i n  channel banks. Stream tu rbu lence  determines e r o s i v e  

c a p a c i t y  and i s  p a r t l y  determined by t h e  r a t e  o f  r i s e  i n  water  l e v e l .  



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  wate 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 tu rbu lence  as t h e  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 he  banks (bank s to rage)  and 

f l o o d p l a i n s  ad jacen t  t o  a  channel i n  a l l u v i u m  which c rea tes  h i g h  pore  

wa te r  . 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  1  i ty  o f  channe.1 

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  wa te r  t a b l e  o r  as a . r e s u l t  o f  stream water  pe rcn la t - i ng  i n t o  t h e  

bank when t h e  wa te r  l e v e l  i s  h iqh . .  Seepage o f  bank s to rage  back i n t o  

t h e  s t ream when wate r  l e v e l s  a re  lower  c rea tes  cond i t ians  c n n r l ~ ~ c i v ~  t,n 

c o l l a p s e  and e r o s i o n  o f  t h e  channel bank (Burg i  and Karak i  1971). 

Rapid and f requent  f l u c t u a t i o n s  i n  t h e  su r f ace  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 opera t ions ,  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 rom 

e s s e n t i a l l y  ze ro  ( d r y  channel )  t o  f u l l  d i scharge  and back t o  zero  i n  a  

m a t t e r  o f  hours. A l 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  wa te r  

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 ow ,  these n a t u r a l  

f l u c t u a t i o n s  i n  wate r  l e v e l  a re  n e i t h e r  as f r equen t  n o r  as r a p i d  as 

may occur  below dams opera ted  t o  meet peak power. demands. 

Stream channels ,  which c u t  th rough  bedrock o r  which 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 ec ted  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 ampl i tude  o f  wa te r  

l e v e l s  i n  t he  channel.  A lso ,  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 hydrau 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 imenta t ion  processes. The t ime  r e q u i r e d  f o r  channel read jus tment  

w.i 11 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  water  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 i bed  i n  Sect.  2.2. 



I n  summary, wa te r  l e v e l  f l u c t u a t i o n s  below dams. conver ted  from 

r u n - o f - r i v e r  t o  h y d r o e l e c t r i c  peak ing  o p e r a t i o n  may i n  some 

circumstances l e a d  t o  d i s r u p t i o n  o f  t h e  downstream balance between 

e ros ion  and sedimentat ion.  Former ly  s t a b l e  streambeds and banks may 

beg in  t o  erode, whereas f o rmer l y  s i l t - f r e e  stream reaches may suddenly 

be s u b j e c t  t o  excess ive 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  t h e  a l t e r e d  p e r i o d i c i t y ,  d u r a t i o n ,  and ampl i tude  o f  

downstream water  l e v e l s ,  which f o r c e  t h e  stream channel t o  r e a d j u s t  t o  

t h e  imposed h y d r a u l i c  c o n d i t i o n s .  
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.5 .  IMPACTS OF WATER LEVEL FLUCTUATION 
ON BIOLOGICAL CHARACTERISTICS OF R I V E R S  BELOW DAMS 

L. D. Wr igh t  

A. T. Szluha 

T a i l w a t e r s  a r e  de f ined  as t h e  p o r t i o n  o f  streams ex tend ing  from 

below dams t o  t h e i r  con f luence  w i t h  equal o r  l a r g e r - s i z e  t r i b u t a r i e s  

o r  t o  t h e  headwaters of o t h e r  downstream impoundments. The b i o l o g i c a l  

community s t r u c t u r e  i n  t a i  l w a t e r  streams i s  o f t e n  a1 t e r e d  cons ide rab l y  

from t h e  community i n  an unregu la ted  s e c t i o n  as a  r e s u l t  o f  changes i n  

physicochemical  c h a r a c t e r i s t i c s  o f  t h e  wate r  d i scha rg ing  from a  

r e s e r v o i  r. 

A s e r i e s  o f  papers by Ward (1974, 1976a, - 1976b, - 197.6~)  - and Ward 

and S tan fo rd  (1979a, - 1979b) - p rov ides  e x c e l l e n t  research  da ta  and 

l i t e r a t u r e  rev iews on t h e  e f f e c t s  o f  dams on stream b e n t h i c  

i n v e r t e b r a t e s .  They found t h a t ,  w i t h i n  temperate reg ions ,  temperature 

and f l o w  regimes a re  o f t e n  t h e  major  f a c t o r s  a f f e c t i n g  b e n t h i c  

communit ies below dams. Other  f a c t o r s  t h a t  determine s p e c i e s - s p e c i f i c  

response t o  stream r e g u l a t i o n  i n c l u d e  p r o p e r t i e s  o f  t h e  r e s e r v o i r  

( t r o p h i c  s t a t u s ,  depth r e t e n t i o n  t ime,  temperature p r o f i l e ,  and e x t e n t  

o f  drawdown) and c h a r a c t e r i s t i c s  o f  t h e  stream (geochemist ry  ,. 

topography, and meteorology o f  t h e  r e g i o n  under cons ide ra t i on ) .  

Channel morphology may a l s o  be o f  c r i t i c a l  importance, e s p e c i a l l y  t o  

f i s h .  

The p r o p e r t i e s  o f  t h e  r e s e r v o i r  and t h e  l o c a t i o n  o f  t h e  d ischarge  

l a r g e l y  determine t h e  wate r  q u a l i t y  o f  t a i l w a t e r  streams. E p i l i m n e t i c  

d ischarge  i s  gene ra l l y  c h a r a c t e r i z e d  by r e 1  a t i v e l y  h i g h  d e n s i t i e s  o f  

p l a n k t o n i c  o r yan i  sms, adequate d i s s o l v e d  oxygen, and a  p a u c i t y  o f  

d i  s s o l  ved p l a n t  nut . r i  en t s ,  Du r i ng  pe r i ods  o f  ' r c s c r v o i  r 

s t r a t i f i c a t i o n ,  a  hypo l imne t i c  d ischarge  may c o n t a i n  low d i s s o l v e d  

oxygen, r e l a t i v e l y  h i g h  concen t ra t i ons  o f  p l a n t  n u t r i e n t s ,  and o t h e r  

d i s s o l v e d  i n o r g a n i c  s o l i d s  ( i r o n  and manganese), and t hus  i t  may 



degrade wate r  q u a l i t y  i n  t a i l w a t e r s  (Krenkel  el; a l .  1979). Water 

q u a l i t y  degrada t ion  can a f f e c t  t h e  b i o t i c  communit ies i n  t h e  r e c e i v i n g  

streams, w i t h  o r  w i t h o u t  f l u c t u a t i n g  wate r  l e v e l s .  

To e s t a b l i s h  a  b a s i s  f o r  d i s c u s s i n g  t a i l w a t e r s  a f f e c t e d  by 

f l u c t u a t i n g  wa te r  l e v e l s ,  t a i l w a t e r s  c h a r a c t e r i z e d  by r e l a t i v e l y  

c o n s t a n t  f l o w  c o n d i t i o n s  a r e  f i r s t  descr ibed.  A l though t a i l w a t e r  

d ischarges  a re  seldom cons tan t  year- round,  they  may be cons ide rab l y  

dampened compared w i t h  unregu la ted  streams. T a i l w a t e r s  below dams 

w i t h  hypo l imne t i c  d ischarges  a re  u s u a l l y  cha rac te r i zed  hy r p l a t . i v p l y  

cons tan t  thermal  c o n d i t i o n s .  Thrr .efore,  water  temperature may be 

c o o l e r  i n  summer and warmer i n  wint.er compared w i t h  t h a t  o f  

un regu la ted  streams. D i u r n a l  f 1 uct.1.lat.i ons i n  temperature a re  a1 so 

dampened where cons tan t  and medium t o  h i g h  d ischarges a r e  mainta ined.  

Sepa ra t i ng  t h e  e f f e c t s  o f  f l o w  constancy f rom thermal  constancy i s  

d i l f i c u l t ,  because t h e y  occur  t oge the r  so f r e q u e n t l y .  Our d e s c r i p t i o n  

o f  t a i l w a t e r s  w i t h  r e l a t i v e l y  cons tan t  f l o w  w i l l  address t h e  e f f e c t s  

o f  thermal  constancy as w e l l .  However, i n  our  d iscuss ions  o f  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 ,  o n l y  those thermal f a c t o r s  t h a t  a re  

i n f  1  uenced by f l o w  changes w i  11 be addressed. 

5 . 1  B i o ' l o g i c a l  Communities o f ,Ta . i lwa te rs  Under R e l a t i v e l y  . . ... . 

Constant Thermal 'and Flow Regimes 

Reviews o f  t h e  l i t e r a t u r e  by ward (1976b) and Ward and S tan fo rd  - 
(1979b) - have shown t h a t  macrobenthic d i v e r s i t y  i s  g e n e r a l l y  reduced i n  

t h e  immediate t a i l w a t e r s  below s to rage  r e s e r v o i r s  w i t h .  deep re leases  

compared w i t h  t h a t  o f  t h e  stream above t h e  r e s e r v o i r ,  o f  unregu la ted  

t r i b u t a r i e s ,  o r  o f  t a i l w a t e r s  f u r t h e r  downstream. V a r i n ~ l s  

i n v e s t i g a t o r s  have a t t r i b u t e d  t h e  lower  spec ies d i v e r s i t y  o f  

macro i  nve r teb ra tes  i n  t a i  l w a t e r s  t o  t h e  seasonal thermal  constancy 

below deep re l ease  dams ( F r a l e y  1979, Spence and Hynes 1971a, Lehmkuhl - 
1972, Ward 1974).. Ward ( 1 9 7 6 ~ )  - f u r t h e r  i m p l i c a t e d  de layed seasonal 

temperature maximum and d i u r n a l  temperature constancy i n  t h e  e f f e c t s  



on d i v e r s i t y .  He i d e n t i f i e s  severa l  e f f e c t s  o f  t he  a l t e r e d  thermal 

regimes: (1) thermal s t i m u l i  e s s e n t i a l  t o  complete t h e  l i f e  c y c l e  a re  

l a c k i n g ,  (2 )  n iche  ove r l ap  i s  reduced, (3 )  c o m p e t i t i o n  assoc ia ted  w i t h  

g r e a t e r  p r o d u c t i v i t y  i s  increased,  (4 )  major  i n v e r t e b r a t e  p reda to rs  

a re  e l im ina ted ,  and ( 5 )  op t ima l  temperatures f o r  growth a re  l a c k i n g .  

Many f a c t o r s  assoc ia ted  w i t h  f l o w  constancy a re  f a v o r a b l e  t o  

i n v e r t e b r a t e s  (Ward 1976b; - Ward and S tan fo rd  1979b). For  ins tance ,  

inc reased  bank s t a b i l i t y  f avo rs  t h e  es tab l i shment  o f  r i p a r i a n  

vege ta t ion .  Streamside v e g e t a t i o n  .p rov ides  a1 lochthonous o r g a n i c  

ma t te r ,  which i s  o f t e n  a  s i g n i f i c a n t  food 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  b e n e f i t  f rom such 

i n p u t .  

Flow constancy increases bed s t a b i l i t y  and reduces t u r b i d i t y ,  

enhancing t h e  p r o d u c t i o n  o f  a t tached  a lgae and '  macrophytes and 

p r o v i d i n g  a d d i t i o n a l  food and n iche  d i v e r s i f i c a t i o n  (Ward,1976b, - Ward 

and Stanford 1979b). - For i ns tance ,  dense stands o f  Cladophora o f t e n  

i n h a b i t  t a i l w a t e r  areas below TVA dams and p r o v i d e  s h e l t e r  f o r  l a r g e  

popu la t i ons  o f  c h i  ronomids and amphipods ( P f i  t z e r  1954). Amphipods 

a r e  p o o r l y  adapted f o r  w i t h s t a n d i n g  c u r r e n t ,  b u t  t h e  cons tan t  f 1  ows 

p l u s  s h e l t e r  favor  t h e i r  occurrence. 

The nega t i ve  e f f e c t  o f  seasonal f l o w  constancy i s  t h a t  s i l t a t i o n  

i s  o c c a s i o n a l l y  a  problem, e s p e c i a l l y  i f  t h e  c u r r e n t  v e l o c i t y  i s  

s lower  than  normal f o r  t h a t  stream. S i l t  g r a d u a l l y  f i l l s  t h e  g rave l  

i r i l e r s t i c e s ,  seve re l y  reduc ing  b e n t h i c  h a b i t a t  and d e s t r o y i n g  spawning 

llalsi t d L  Turo 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 r g e  

amounts o f  sand and s i l t  were found t o  have low b e n t h i c  biomass and 

species d i v e r s i t y  by Brusven and P ra the r  (1971). H i  1  senhof f  (1971) 

a t t r i b u t e d  r e d u c t i o n  i n  spec ies d i v e r s i t y  below an impoundment t o  a  

combi n a t i o n  of  n u t r i e n t  enr ichment  and inc reased  s i  1  t a t i o n .  

Ward (1976b) - summarizes t h e  b e n t h i c  communit ies commonly found i n  

streams i n  which s ' i l t a t i o n  and wate r  q u a l i t y  a r e  n o t  a  problem and 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:  



The stream below a deep re lease dam w i t h  a seasonal ly  
cons tant  d ischarge p a t t e r n  w i l l  l i k e l y  con ta in  dense benth ic  
a lgae and macrophytes and a r i c h  benth ic  fauna w i t h  low 
d i v e r s i t y .  Chi ronomids, amphipods, 01 igochaetes and snai 1 s  
w i l l  very 1 i k e l y  be present .  Ce r ta in  may f l i es  may be very 
abundant, b u t  those u t i l i z i n g  ho ld fas ts  w i l l  be absent. 
S t o n e f l i e s  w i l l  p robab ly  be. absent immediately below the  
dam. Surface re lease w i l l  modify t he  fauna somewhat by 
enhancing f i  1 t e r - f e e d i n g  benthos. 

Streams w i t h  a reduced bent'hic d i v e r s i t y  r e s u l t i n g  from thermal 

constancy a' lso tend  t o  have 'less d i ve rse  f i s h  communities. F i s h  are  

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  of t he  negat ive e f f e c t s  o f  c o o l .  

summer temperatures on t h e i r  growth and reproduct ion  o r  i n d 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  food resource (Spence and Hynes 1971b, - Holden 

1979). The i n t r o d u c t i o n  o f  coolwater f i s h  (e.g.,  rainbow t r o u t )  f o r  

t h e i r  s p o r t  q u a l i t y  f u r t h e r  hastens the  e l i m i n a t i o n  o f  warmwater 

species. Although t a i l w a t e r  cond i t i ons  a re  u s u a l l y  n o t  s u i t a b l e  f o r  

t r o u t  spawning, t h e  popu la t ions  are  no rma l l y  maintained by stock ing.  

I n  streams cha rac te r i zed  by f l o w  constancy as w e l l  as thermal 

constancy, increased s i l t a t i o n  i s  o f t e n  the  'cause o f  reduced t r o u t  

reproduct ion .  

Many fac to rs  t h a t  a f f e c t  f i s h  communities' i n  t a i l w a t e r s  r e s u l t  

~ ~ . U I I I  the dam ltse.17 r a the r  than changes I n  t low o r  thermal regimes. 

High d e n s i t i e s  o f  f i s h  below dams may be caused by upstream spawning 

m ig ra t i ons ,  where t h e  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. Condi t ions are  u s u a l l y  not. f a v n r a h l ~  f o r  f i s h  spawninq 

immediately below dams; t he re fo re ,  the  spawning e f f o r t  o f  these 

species may be cons iderab ly  hindered and wasted. Gas supersa tura t ion ,  

a major 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  dams. Supersaturat ion i s  n o t  as impor tan t  

below smal l  dams because i t  occurs o n l y  when water plunges t o  depths 

a t  which increased h y d r o s t a t i c  pressures increase s o l u b i l i t y .  

" ra i lwa te r  communities below sur face re lease dams are  a 

combinat ion o f  stream and r e s e r v o i r  species because o f  t he  f 1 ushing 



phy top lank ton ,  zooplankton,  and benthos and j u v e n i l e  f i s h  from t h e  

r e s e r v o i r .  The f l u s h i n g  o f  j u v e n i l e  f i s h  f rom su r face  re l ease  

r e s e r v o i r s  may be an impo r tan t  source o f  f i s h  r e c r u i t m e n t  t o  t h e  

t a i l w a t e r s  (Walburg e t  a l .  1971). I t  may a l s o  be a  cons iderab le  food  

resource t h a t  a t t r a c t s  l a r g e  concen t ra t i ons  o f  p i s c i v o r o u s  f i s h  t o  t h e  

t a i l w a t e r s .  Walburg e t  a l .  (1971) found t h a t  b o t h  t h e  c o n c e n t r a t i o n  

and d i v e r s i t y  o f  f i s h  spec ies i n  t h e  t a i l w a t e r s  o f  Lewis and C l a r k  

Lake v a r i e d  w i t h  t h e  season and was r e l a t e d  t o  t h e  seasonal 

a v a i l a b i l i t y  o f  food  d ischarged f rom t h e  r e s e r v o i r  as w e l l  as t o  

spawning a c t i v i t i e s  and water  temperature.  The phy top lank ton  and 

zooplankton f l u s h e d  f rom t h e  r e s e r v o 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  

ben th i c  i n v e r t e b r a t e s  i n  t a i l w a t e r s . '  F i l t e r - f e e d i n g  c a d d i s f l i e s  

(T r i chop te ra )  and b l a c k f l i e s  (S imu l i i dae )  o f t e n  develop h i g h  d e n s i t i e s  

i n  areas where p l a n k t o n  concen t ra t i ons  a r e  h i g h  and cons tan t  (Ward and 

S tan fo rd  1979a). - 

5.2  Impacts on Ta i  1  wate r  Communities 

Water l e v e l  f 1  u c t u a t i o n s  i n  t a i  l w a t e r  streams vary  i n  amp1 i tude 

and t i m i n g ,  depending on t h e  mode o f  h y d r o e l e c t r i c  genera t ion ,  t h e  

s i z e  of t h e  dam, a l t e r n a t i v e  uses o f  s t o r e d  water ,  and t h e  r a i n f a l l  

p a t t e r n  i n  t h e  area. I f  r u n - o f - t h e - r i v e r  mode o f  o p e r a t i o n  i s  used, 

then  f l u c t u a t i o n s  depend e n t i r e l y  on f a c t o r s  such as r a i n f a l l  and 

snowmelt. A pedkilly wude o f  o p e r a t i o n  i n  sma l'l impoundments no rma l l y  

r e q u i r e s  d a i l y  pondage and s torage.  I n  extreme cases, l i t t l e  wa te r  

may be re l eased  f rom t h e  dam d u r i n g  s to rage ,  which r e s u l t s  i n  severe 

reduc t i ons  i n  we t t ed  pe r ime te rs  o f  t h e  t a i  l w a t e r s ,  w i t h '  o n l y  pockets  

o f  wa te r  remaining. I 'n t h e  more common,s i tuat ion,  some minimum l e v e l  

o f  d ischarge  i s  ma in ta ined  f o r  t h e  ta i1wate. r  stream. I n  e i t h e r  case, 

d a i l y  surges occur  a t  l e a s t  once o r  t w i c e  a  day on week days, b u t  n o t  

always on weekends (Krenkel  e t  a l .  1979). On ' l a r g e r  mu l t i pu rpose  

dams, where wate r  i s  used f o r  i r r i g a t i o n  o r  f l o o d  c o n t r o l  as w e l l  as 

power genera t ion ,  t h e  seasonal changes i n  wate r  f l ows  may be as 



s i g n i f i c a n t  as d a i l y  f l u c t u a t i o n s  i n  a f f e c t i n g  t h ~  s t r ~ a m  bi0t.a. The 

f o l l o w i n g  d iscussions i n d i c a t e  under what type of f l o w  regime t.he 

i n f o r m a t i o n  presented has been obtained. 

Water l e v e l  f l u c t u a t i o n s  a re  discussed s p e c i f i c a l l y  i n  ' the  

con tex t  o f  t h e i r  e f f e c t  on t a i l w a t e r  communities genera l l y  described 

i n  t h e  prev ious  sec t ion .  The under ly ing  assumption i s  t h a t  ' 

r e t r o f i t t i n g  o f  h y d r o e l e c t r i c  power generat ion on small dams w i l l  

impose f l u c t u a t i n g  cond i t i ons  on a  p rev ious l y  n o n f l u c t u a t i n g  t a i l w a t e r  
, o  . 

environment. Topics t o  be addressed w i l l  he the  (1) e f f e c t s  o f  

changes i n  c u r r e n t  v e l o c i t y ,  (2)  e f f e c t s  o f  h a b i t a t  reduc t i on  du r ing  

h i g h  o r  low f lows,  (3) s i g n i f i c a n c e  o f  t he  unstable nature o f  food 

supply t o  t a i  l w a t e r  communities under f l u c t u a t i n g  cond i t i ons ,  and 

(4) recovery p o t e n t i a l  o f  f l u c t u a t i n g  t a i l w a t e r  streams. 

A1 t e r i n g  the  volume o f  discharge changes the  c h a r a c t e r i s t i c s  o f  a  

stream, i n c l u d i n g  water depth, wet ted per imeter  ( t he  d i s t . a n c ~  rn~aq~ i red  

a long the  bottom from the  water sur face on one s ide  t o  the  water 

sur face on the o the r  s ide) ,  and c u r r e n t  v e l o c i t y .  The r e l a t i v e  

changes i n  water depth, w id th ,  and c u r r e n t  v e l o c i t y  w i l l  d i f f e r  w i t h  

stream morphology, because these parameters vary as a  power o f  the 

d ischarge i n  such a  way t h a t .  the  sum o f  t he  exponents equals one 

'(Hynes 1970). However, i.t has been shown t h a t ,  w i t h  a decrease i n  

volume o f  f low,  c u r r e n t .  v e l o c i t y  i s  decreased more r a p i d l y  than the  

depth o r  we t te r  per imeter .  C u r t i s  (1959) observed a  65% decrease i n  

mean c u r r e n t  v e l o c i t y ,  w i t h  an 80% decrease i n  discharge, w h i l e  the  

wet;.L;ed per imeter  and maximum depth decreaseel on ly  2l% and 17% 

r e s p e c t i v e l y .  K r a f t  (1972) observed t h a t ,  i n  a  we' l l -def ined channel, 

a  90% reduc t i on  i n  d ischarge r e s u l t e d  i n  a decrease i n  sur face area 

and.mean ,depth o f  42% and a  75% decrease i n  c u r r e n t  v e l o c i t y .  Thus, 

r e d u c t i o n  i n  c u r r e n t  v e l o c i t y  may be the  i n i t i a l .  o r  major change 

assoc ia ted  w i t h  nondischarge o r  low discharge per iods a t  h y d r o e l e c t r i c  

genera t ing  s ta t i ons .  



Cur ren t  v e l o c i t y  i s  an impo r tan t  f a c t o r  r e g u l a t i n g  t h e  occurrence 

and . m i c rod i  s t r i  b u t i  on o f  stream-dwel 1 i ng i nve r teb ra tes .  Feedi ng 

adapta t ions  and r e s p i r a t o r y  s t r u c t u r e s  o f  stream i n v e r t e b r a t e s  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 spec ies a re  con f i ned  t o  

f a i  r l y  de f  i n i  t e  ranges o f  c u r r e n t  speed (Hynes 1970, Ward 197613). - 

Thus, one obvious e f f e c t  o f  r a d i c a l l y  changing c u r r e n t  v e l o c i t i e s  i s  

t h a t  those species l i m i t e d  t o  narrow ranges w i l l  be unable t o  t o l e r a t e  

pe r i ods  o f  u n s u i t a b l e  c u r r e n t  v e l o c i t y .  I f  h i g h  f lows  do n o t  

p h y s i c a l l y  remove o r  damage t h e  organisms, then  low f lows  may r e s u l t  

i n  m o r t a l i t y  r e s u l t i n g  from i n s u f f i c i e n t  oxygen l e v e l s  and food  

a v a i l a b i l i t y  o r  downstream d isp lacement  v i a  d r i f t .  

The e f f e c t  o f  h i gh  v e l o c i t i e s  o r  sudden increases i n  v e l o c i t y  

have o f t e n  been observed t o  p h y s i c a l l y  remove o r  des t roy  benthos, b o t h  

i n  n a t u r a l  streams s u b j e c t  t o  f l o o d i n g  and below power-generat ing 

dams. B r i ggs  (1950) r epo r ted  t h a t  pe r i ods  o f  minimum b e n t h i c  

p r o d u c t i o n  i n  a  f r e e - f l o w i n g  stream s e c t i o n  co inc ided  w i t h  t h e  pe r i ods  

o f  g r e a t e s t  f l u c t u a t i o n  i n  f l ows  and lowes t  wa te r  temperature.  

Because t he  r i f f l e s  were much more a f f e c t e d  than, pool  areas, he 

concluded t h a t  f l u s h i n g  o u t  t h e  organisms was t h e  p r ima ry  cause, w i t h  

low temperatures o f  secondary importance. Powel 1  (1958) no ted  that .  

t h e  severe f l u s h i n g  a c t i o n  o f  d a i l y  r e l eases  o f  up t o  1850 c f s  

r e s u l t e d  i n  m o r t a l i t y  o f  organisms l i v i n g  on t h e  stream s u b s t r a t e  

below a  dam. Mu l l an  e t  a l .  (1976) r e p o r t e d  t h a t  t h e  l i m i t i n g  e f f e c t  

of h i g h  wa te r  v e l o c i t i e s  on benthos i n  some upper Colorado R i v e r  

t a l l w a t e r  areas c o u l d  be deduced f rom t h e  f a c t  t h a t  s l a c k  wate r  areas 

around a  dam d i v e r s i o n  tunne l  c o n s i s t e n t l y  produced a  d i v e r s e  b e n t h i c  

community. The e x t e n t  of scour ing  o r  f l u s h i n g  t h a t  r e s u l t s  f rom h i g h  

wate r  f l ows  w i l l  obv ious l y  be s i t e - s p e c i f i c ,  depending on ampl i tudes 

of f l u c t u a t i o n  and adapta t ions  of  t h e  e x i s t i n g  community. I f  

f 1  u c t u a t i o n s  a r e  i n t r oduced  t o  a  p r e v i o u s l y  nonf  1  u c t u a t i  ng system, 

however, some removal o f  organisms and e r o s i o n  o f  t h e  streambed can 

always be expected. A f t e r  f r equen t ,  p e r i o d i c  f l u c t u a t i o n s  a r e  

es tab l i shed ,  t h i s  e f f e c t  w i l l  become smal l  because o n l y  smal l  

organisms t h a t  can t o l e r a t e  t h e  v e l o c i t y  v a r i a t i o n s  w i l l  remain. 



The low f l o w  v e l o c i t i e s  r e s u l t i n g  from r e g u l a t i o n  o f  a  stream f o r  

power p roduc t i on  may a l s o  adversely  a f f e c t  benth ic  product ion.  

Tro tzky  and Gregory (1974) compared the  macroinver tebrates o f  a  stream 

s e c t i o n  above a  dam, where f l u c t u a t i o n s  on l y  occurred seasonal ly,  w i t h  

the  macroinver tebrates o f  a  t a i l w a t e r  area below the  dam, where d a i l y  

f l u c t u a t i o n s  i n  c u r r e n t  v e l o c i t y  v a r i e d  from 0 . 1  t o  0.5 m/s.' Although 

t h e  c u r r e n t  v e l o c i t i e s  i n  t he  t a i l w a t e r  du r ing  h igh  f l o w  per iods  were 

s i m i l a r  t o  those i n  the  n o n f l u c t u a t i n g  stream sec t ion ,  many 

s w i f t - w a t e r  benth ic  species found upstream were conspicuously absent 

from t h e  t a i l w a t e r  d u r i n g  low f l o w  per iods.  Overa l l  diversi ty  and 

abundance o f  macroinver tebrates was f u r t h e r  reduced because slow-water 

species cou ld  n o t  .invade t h e  stream because o f  occasional h igh  water 

f lows.  Organisms t h a t  were successful  i n  the  h i g h l y  . f l u c t u a t i n g  

t a i l w a t e r s  were b e h a v i o r a l l y  adapted t o  avo id  the  f u l l  f o rce  o f  t he  

h i g h  cu r ren ts ,  y e t  morpho log ica l l y  adapted t o  feed and r e s p i r e  du r ing  

low f lows.  

F i s h  popu la t ions  i n  streams are  a l s o  a f f e c t e d  by f l u c t u a t i n g  

discharges. Experimental  s tud ies  by McPhee and Brusven (1976) 

demonstrated t h a t  bo th  decreases and r a p i d  increases i n  f l ow  d isp laced 

f i s h  from t e s t  sec t ions .  F i s h  were d isp laced more r a p i d l y  a t  n i g h t  

than d u r i n g  the  day. Such reduct ions  i n  c a r r y i n g  capac i t y  and 

r e s u l t a n t  displacement o f  f i s h  a re  caused by l o s s  o f  s h e l t e r ,  food, 

and a v a i l a b l e  space. Frazer  (1972) argues t h a t ,  a1 though she1 t e r  i s  

an impor tan t  determinant o f  f i s h  c a r r y i n g  capac i ty ,  c a r r y i n g  capac i ty  

o f  a  u n i t  o f  streambed can be a f f e c t e d  by changes i n  c u r r e n t  v e l o c i t y  

alone. I n  support o f  h i s  argument, Frazer  .(1972) mentions s tud ies  by 

KalJeberg (1958) t h a t  r e p o r t  a  decrease i n  the  s i z e  o f  t e r r i t o r i e s  f o r  

j u v e n i l e  salmon and brown . t r o u t  as a  r e s u l t  o f  decreased cu r ren t  

v e l o c i t y .  Thus, even i f  wetted persirneter* and average depth o f  a 

stream a re  no t  d r a s t i c a l l y  a l t e r e d  by water l e v e l  f l u c t u a t i o n ,  f i s h  

popu la t i ons  may never theless be reduced as a  r e s u l t  o f  compet i t ion  f o r  

space d u r i n g  pe r iods  o f  low c u r r e n t  v e l o c i t y  caused by f l o w  

reduct ions .  



Downstream displacement v i a  d r i f t  i n  response t o  low f lows 

appears t o  be an important  mechanism c o n t r i b u t i n g  t o  reduc t ions  o f  

benth ic  fauna i n  f l u c t u a t i n g  systems. Once i n  the  d r i f t ,  

i nve r teb ra tes  are  considerably more vu lnerab le  t o  p redat ion .  MacPhee 

and Brusven (1976) s ta ted  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  i n s e c t  d r i f t  and the  r a t e  o f  

i n g e s t i o n  o f  d r i f t i n g  organisms .by salmon i n  an experimental  d i v e r s i o n  

channel. Numerous o ther  authors have conf  i rmed t h a t  increased d r i f t  

i s  associated w i t h  reduced v e l o c i t i e s  (Gore 1977, Minsha l l  and Winger 

1968, Radford and Hartland-Rowe 1971, and Armitage 1977). Minsha l l  

and Winger (19681, who s tud ied  the  e f f e c t s  o f  reduc t i on  i n  stream 

d i  scharge on benth ic  d r i f t  , found t h a t  v i r t u a l  l y  a1 1  bottom-dwel 1  i ng 

forms were a f fec ted .  Ent ry  i n t o  the  d r i f t  appeared t o  be an a c t i v e  

process, occu r r i ng  even du r ing  per iods  o f  h igh  l i g h t  i n t e n s i t y .  They 

noted t h a t  p e r i o d i c  reduc t ion  o f  water l e v e l s  dur ing d a y l i g h t  cou ld  

increase the  d r i f t  o f  i nve r teb ra tes  du r ing  per iods when f i s h  a re  

a c t i v e l y  feeding. 

Another issue r e l a t e d  t o  the  e f f e c t s  o f  changes i n  c u r r e n t  

v e l o c i t y  i s  the  p o t e n t i a l  e f f e c t  on upstream mig ra t i on  and 

reproduct ive  success o f  f i s h .  Raymond (1968) found t h a t  t h e  r a t e  o f  

m ig ra t i on  o f  chinook salmon was d i r e c t l y  r e l a t e d  t o  r i v e r  f lows. 

Fraser  (1972) s t a t e s  t.hat: 

M igra t ions  o f  f i s h  are  a f f e c t e d  by the  amount o f  discharge 
i n  a nclmh~r o f  ways. Dischargc can cause rn ig ra t i o r~s  ,Lu 
commence, c rea te  b a r r i e r s  a t  h igh  o r  low f lows,  cause 
delays, d i s r u p t  normal r o u t i n g ,  and change the  speed o f  
t r a v e l .  The r o l e  of .d ischarge i n  induc ing  migra t ions  o f  
f i s h  i s  important  i n  many species and may vary between 
species and between streams f o r  t he  same species. Most, b u t  
n o t  a l l ,  salmon migra t ions  occur a t  t imes o f  the  year  when 
inc reas ing  o r  seasonal ly h igh  discharge can be expected. 

Several examples prov ided by Fraser (1972) demonstrate t h a t  reduced 

f l o w  delays bo th  upstream and downstream migra t ion .  No i n d i c a t i o n  was 

g iven o f  the,  e f f e c t  o f  d a i l y  f l u c t u a t i o n s  on migra t ion ;  however, one 



can reasonably  conc lude 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  s t ream 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  impo r tan t  t o  success fu l  

spawning and s u r v i v a l  o f  eggs and fry. Salmon and s tee lhead  have 

r a t h e r  narrow t o l e r a n c e  t o  v e l o c i t y  and depth when choosing 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 ow ,  which i s  determined by 

su r f ace  f l o w ,  i s  impo r tan t  t o  t he  s u r v i v a l  o f  salmon eggs. Several  

s t u d i e s  c i t e d  by Fraser  (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  scharge and r e p r o d u c t i  ve success i n salmon. A1 though salmon 

s u r v i v a l  j s  r e l e v a n t  a t  on'ly a  few smal l  h y d r o e l e c t r i c  gene ra t i ng  

s i t e s  i n  t h e  ~ n i  t e d  S ta tes ,  o t h e r  f i s h '  t h a t  make upstream spawning 

runs  and t h a t  r e q u i r e  w e l l - a e r a t e d  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 Uns tab le  H a b i t a t  

Large reduc t i ons  i n  c u r r e n t  v e l o c i t v  a r e  a l s o  norma l l y  assoc ia ted  

w i t h  r e d u c t i o n s  i n  we t t ed  pe r ime te r ,  depth,  and s u b s t r a t e  area. I n  

c i rcumstances o f  ex t reme ly  r a p i d  f l o w  reduc t i ons ,  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 m%reas 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 m i  n. Furthermore, 
a l l  t h e  macro inver tebra tes  p resen t  i n  the exposed r i f f l e  were l e f t  

s t randed.  Powel l  (1958) r e p o r t s  s i m i l a r  observa t ions  f o r  t h e  B lue  

R i ve r ,  where wate r  depths v a r y  d a i l y  (up t o  1 . 2  t o  1 . 5  m w i t h i n  l e s s  

t han  1 min)  below Green Mountain Dam. Powel 1  (1958) found s t randed 

t r o u t  and dace as w e l l  as scu lp i ns .  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 .  These are extrenie exarl~p l e s  u l  r.cr1.r i d  i LdL  

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 end  t o  be dampened 

downstream, (Powel l  1958) even i n  these  extreme cases, and a r e  n o t  as  

severe below a l l  h y d r o e l e c t r i c  gene ra t i ng  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 heav i  ly .  F requent 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 community. 



Stream communit ies t h a t  a r e  exposed d a i l y  t o  moderate wate r  l e v e l  

f l u c t u a t i o n s  a re  i n h a b i t e d  by  spec ies t h a t  can t o l e r a t e  uns tab le  

c o n d i t i o n s .  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 u c t u a t i o n  zone has 

developed below a  h y d r o e l e c t r i c  dam on t he  CO-nnec t i cu t  R i v e r  t h a t  has 

r e g u l a r  d i e 1  v a r i a t i o n s  i n  d ischarge  (F i she r  and LaVoy 1972). 

~ h i r o n o m i d s  and 01 igochaetes predominate . i n  t h e  areas s u b j e c t  t o  

g r e a t e s t  exposure, whereas u n i o n i  d mussel s  predomi na te  i n  t h e  1  eas t  

exposed s i t e s ,  The p e r s i s t e n c e  o f  c h i  ronomids i n  f 1 u c t u a t i  ng zones 

has been noted by o t h e r  i n v e s t i g a t o r s  (Ward 1976b, - Covich e t  ' a l .  

1978). Chironomids can appa ren t l y  s u r v i v e  pe r i ods  o f  d e s i c c a t i o n  

b e t t e r  than  many o t h e r  i n v e r t e b r a t e s  (Sect.  3 .1) .  N i l s e n  and Lar imore 

(1973) a l s o  observed t h a t  ch i ronomids,  o l igochaetes ,  hydropsychid 

l a r vae ,  and e l m i d  l a r v a e  s u r v i v e  f o r  l o n g  pe r i ods  i n  l o g s  depos i ted  on 

t h e  f l o o d p l a i n s  o f  streams. A l t hough , t he  s u r v i v a l  o f  ch i ronomids and 

o l i gochae tes  i n  f l u c t u a t i n g  zones may moderate t h e  r e d u c t i o n  o f  

b e n t h i c  biomass i n  streams, t h e  o v e r a l l  food  resource  f o r  b e n t h i c  

f eed ing  f i s h  may be reduced as a r e s u l t  o f  ' r e d u c t i o n s  i n  l a r g e r  p rey  

organisms (mayf l  i e s  and s tone f  1  i e s ) .  

Reduced p o p u l a t i o n  numbers, biomass, and d i v e r s i t y  a re  o f t e n  

r e p o r t e d  i n  streams where f l u c t u a t i n g  c o n d i t i o n s  r e s u l t  i n  

cons ide rab le  h a b i t a t  exposure. Bo th    is her and LaVoy (1972) and 

Covich e t  a1 . (1978) r e p o r t  t h a t  'areas s u b j e c t  t o  t h e  g r e a t e s t  exposure 

a r e  c h a r a c t e r i z e d  by lower  d i v e r s i t y  , d e n s i t y  , and biomass o f  b e n t h i c  

organisms. The d i v e r s i t y  of  b e n t h i c  organisms i s  a lmost  always lower  

I n  t a i l w a t e r s  below dams t h a t  exper ience wate r  l e v e l  f l u c t u a t i o n s  than  

i n  unregu la ted  stream reaches. However, t h e  t o t a l  d'ensi t y  o f  b e n t h i c ,  

organisms i s  sometimes inc reased  ' i n  f l u c t u a t i n g  t a i  l w a t e r s .  ( P f i t z e r  

1954, Ward 1976b, - Ward and S tan fo rd  1976b). These appear t o  be - 
s i t u a t i o n s  where r e g u l a t i o n .  reduces t h e  h i g h  f l ows  assoc ia ted  w i t h  

s p r i n g  r u n o f f  i n  unregu1,ated streams and d a i  l y  f 1  ow f 1  u c t u a t i o n s  a r e  

r e l a t i v e l y  moderate. Based on t h e  a v a i l a b l e  1  i t e r a t u r e ,  .however, 

m o d i f i c a t i o n  o f  a  n o n f l u c t u a t i n g ,  o r  moderate ly  f l u c t u a t i n g ,  t a i l w a t e r  

t o  one -  expe r i enc ing  l a r g e  d a i l y .  f l u c t u a t i o n s  would be expected t o  

r e s u l t  i n  b o t h  reduced d e n s i t y  and d i v e r s i t y  o f  b e n t h i c  i n v e r t e b r a t e s .  



5 .2 .3  Var iab le  Food Resource 

F l u c t u a t i n g  discharges from h y d r o e l e c t r i c  dams c rea te  an unstable 

food supply i n  t a i l w a t e r  areas (Armitage 1976, Ward 1975). Rapid f l o w  

f l u c t u a t i o n s  e l  im ina te  accumulations o f  l e a f  1  i t t e r  and prov ide  an 

i n t e r m i t t e n t  source o f  p lank ton  f o r  f i  1  t e r - f e e d i  ng organisms. The 

pe rs i s tence  o f  r e s e r v o i r  zooplankton i n  t a i l w a t e r s  has been found t o  

vary  w i t h  the  d ischarge r a t e s .  o f  a  dam (Ward 1975). F l u c t u a t i n g  

c o n d i t i o n s  would be expected t o  e l i m i n a t e  most species t h a t  use leaves 

as food and reduce popu la t ions  o f  species t h a t  use organic 

p a r t i c u l a t e s  as w e l l .  Ward (1976b) - noted t h a t ,  i n  a l l  cases where 

s tand ing  crop increased below dams, t he  f l o w  had become constant  w i t h  

r e g u l a t i o n .  Decreases i n  s tand ing  crop were associated w i t h  a l l  cases 

i n  which f l u c t u a t i n g  o r  low f l o w  cond i t i ons  were repor ted  (Ward 

1976b). - F l u c t u a t i o n  i n  t he  food resource f o r  p lank ton  feeders may 

adverse ly  a f f e c t  some species, even under cond i t i ons  where v e l o c i t y  

and h a b i t a t  changes are  re1  a t  i ve ly  m i  1  d. 

5.2.4 Kecovery Po ten t i  a l 

The recovery p o t e n t i a l  o f  t a i l w a t e r  areas . i s  l i m i t e d  i f  

f l u c t u a t i o n s  occur d a i l y .  However, i f  f l u c t u a t i o n s  are  stopped f o r  

pe r iods  o f  t ime and i f  extreme f l u c t u a t i o n s  t h a t  cause scour ing o r  

d e s i c c a t i o n  are reduced o r  e l im ina ted,  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 

(1966) repor ted  downstream d r i f t  o f  up t o  22 g/d du r ing  the  summer. 

However, downstream d r i f t  i s  n o t  1  i k e l y  t o  q u i c k l y  repopulate 

t a i l w a t e r  areas because stream-adapted organisms are  an u n l i k e l y  o r  

r a r e  component o f  r e s e r v o i r  discharge water. Repopulat ion would occur 

q u i c k l y  by d r i f t  o n l y  i f  t r i b u t a r y  streams en te r  t he  t a i l w a t e r  area 

d i r e c t l y .  Upstream mat ing f l i g h t s  by a d u l t s  would be the  most 1  i k e l y  

source o f  i n s e c t  fauna rec ru i tmen t  t o  t he  t a i l w a t e r  areas. Upstream' 

m i g r a t i o n  o f  i n s e c t  nymphs may occur i n  some cases. Hayden and 



C l i f f o r d  ( 1 9 7 4 ) r e p o r t e d  seasonal upstream m i g r a t i o n s  o f  a  may f l y  

nymph (Lep toph leb ia  cupida)  toward marsh areas. The p a r t i c u l a r  

species d iscussed was n o t  w e l l  adapted t o  l o t i c  c o n d i t i o n s  and would 

n o t  be expected i n  t a i l w a t e r s ,  b u t  t h i s  behav io r  may a l s o  occur  i n  

o t h e r  spec ies.  Organi sms (such as c r a y f i s h )  would m i  g r a t e  upstream. 

Mussels may s l o w l y  r epopu la te  upstream areas by t r a n s p o r t  o f  l a r v a l  

stages on h o s t  f i s h  species i f  t h e  f i s h  m ig ra te  upstream. 

I n  summary, t h e  e f f e c t  o f  s u b j e c t i n g  a'  n o n f l u c t u a t i n g  t a i  l w a t e r  

t o  f l u c t u a t i n g  c o n d i t i o n s  w i l l  be c l o s e l y  c o r r e l a t e d  t o  t h e  ampl i tude  

and r a p i d i t y  o f  t he  f l u c t u a t i o n s .  The g r e a t e r  t h e  ampl i tude  and t h e  

more q u i c k l y  f l o w  increases and reduc t i ons  occur ,  t h e  more extreme t h e  

reduc t i ons  i n  b e n t h i c  and f i s h  biomass, d i v e r s i t y ,  and d e n s i t y  w i l l  

be. Moderate ly  f 1  u c t u a t i  ng t a i  1  waters  o r  t a i  1  waters  f u r t h e r  

downstream w i l l  develop a  community c h a r a c t e r i z e d  by spec ies t h a t  can 

t o l e r a t e  exposure t o  a i r .  I f  water  f l o w  f l u c t u a t i o n s  r e s u l t  i n  

decreased s i l t a t i o n ,  h a b i t a t  d i v e r s i t y  w i l l  p o s s i b l y  inc rease  and 

o f f s e t  some e f f e c t s  o f  uns tab le  h a b i t a t  and food  supply.  Our rev iew 

of t h e  l i t e r a t u r e  suggests t h a t  o p e r a t i o n  o f  a  s m a l l - s c a l e  

h y d r o e l e c t r i c  f a c i l i t y  i n  a  peak ing mode may decrease t h e  p r o d u c t i v i t y  

o f  a  t a i  l w a t e r  f o r  a  1  i m i t e d  d i s tance  downstream. 
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6 .0  SUMMARY AND RECOMMENDATIONS 

P o t e n t i a l  env i ronmenta l  impacts t h a t  can occur  because o f  water  

l e v e l  f l u c t u a t i o n  a t  smal l  s ca le  h y d r o e l e c t r i c  s i t e s  a re  p resen ted  i n  

t h i s  r e p o r t .  These p o t e n t i a l  impacts a re  n o t  o f  concern a t  

r u n - o f - r i v e r  p r o j e c t s .  The p o t e n t i a l  s i g n i f i c a n c e  o f  these impacts i s  

a  d i r e c t  f u n c t i o n  o f  t h e  mode o f  o p e r a t i o n  o f  t h e  smal l -sca. le  

h y d r o e l e c t r i c  f a c i l i t y  ( s t o r e  and re l ease ,  peak ing) ,  t h e  magnitude and 

t i m i n g  o f  f l u c t u a t i o n ,  and t h e  s i t e - s p e c i f i c  env i ronmenta l  s e t t i n g .  

A lso,  most o f  t h e  i n f o r m a t i o n  rev iewed i n  t h i s  r e p o r t  comes f rom 

s tud ies  o f  dam and impoundment systems t h a t  a r e  much l a r g e r  than  

t y p i c a l  sma l l -  s ca le  h y d r o e l e c t r i c  p r o j e c t s .  However, because 

h y d r o e l e c t r i c  p r o j e c t s  a re  c l a s s i f i e d  as "sma l l -  sca le "  based on a  

c a p a c i t y  r a t i n g  ($25 MW), i t  i s  d i f f i c u l t  t o  g e n e r a l i z e  about s i ze .  

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

a v a i l a b l e  f l o w  and a v a i l a b l e  head, a  cons ide rab le  s i z e  range i s  

p o s s i b l e  f o r  a  p r o j e c t  r a t e d  a t  525 MW. Acknowledging these 

c o n s t r a i n t s ,  p o t e n t i  a1 l y  s i g n i f i c a n t  env i ronmenta l  i ssues  r e s u l t i n g  

from water  l e v e l  f l u c t u a t i o n  a re  summarized below. 

6 . 1  Phys ica l  and Chemical Impacts . 

The p o t e n t i a l l y  s i g n i f i c a n t  p h y s i c a l  and chemical  impacts  o f  

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  not, exposed t o  such 

f l  u c t u a t l o n s  be fo re ,  o r  exposed t o  d i f f e r e n t  temporal  p a t t e r n s  and 

ranges o f  f 1  u c t u a t i  ons , a r e  expected t o  i n v o l v e  shore1 i ne s u b s t r a t e  

s t a b i l i t y  and wate r  q u a 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  n f  hed and hank 
sediment. 

2. Leaching o f  s o l u b l e  m a t t e r  f rom sediment . in  t h e  
. . l i t t o r a l  zone as wate r  moves i n t o  and o u t  o f  th'e 

i n t e r s t i c e s  (bank s to rage)  -in response t o  wate r  1eve.l 
f 1  uc tua t i ons .  



3. Changes i n  (a)  sediment. and n u t r i e n t  ret.ent. ion ( t r a p  
e f f i c i e n c y )  of  t h e  impoundment because o f  hydro-imposed 
changes i n  c i r c u l a t i o n  pat.t.erns and hydra11 l  i c  
e f f i c i e n c y  and (b)  wa te r  q u a l i t y ,  which. i s  coupled t o  
c i r c u l a t i o n  p a t t e r n  and h y d r a u l i c  e f f i c i e n c y .  

When wate r  l e v e l  f l u c t u a t e s  because o f  hydro-peaking ope ra t i ons ,  

p o o r l y  conso l i da ted  bank and s u b s t r a t e  m a t e r i a l s  w i l l  be c o n t i n u a l l y  

resuspended and r e d i s t r i b u t e d .  The n e t  r e s u l t  o f  t h i s  resuspension i s  

t h e  p r e f e r e n t i a l  removal o f  t h e  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 ,  o rgan i c  m a t t e r )  f rom t h e  l i t t o r a l  zone and r e d e p o s i t i o n  i n  

deeper and more qu iescen t  water  o r  complete l o s s  from t h e  r e s e r v o i r  i n  

the o u t f l o w .  The m a t e r i a l  remain ing i n  t h e  l i t t o r a l  zone a f t e r  

eXT.ehded exposure t o  a  t l u c t u a t i n g  water  l e v e l  i s ,  t h e r e f o r e ,  o f  

coa rse r  p a r t i c l e  s i z e  than  m a t e r i a l  rema in ing  a f t e r  exposure t o  a  

s t a b l e  water  l e v e l .  

A l luv ium,  when exposed p e r i o d i c a l l y  t o  a  f l u c t u a t i n g  water l e v e l ,  

w i l l  o c c a s i o n a l l y  c o n t a i n  v e r y  l i t t l e  coarse m a t e r i a l  t h a t  can 

w i t h s t a n d  t h e  e r o s i o n  f o r ces  assoc ia ted  w i t h  waves and c u r r e n t s .  

There fo re ,  banks exposed a t  low wate r  l e v e l s  may be sub jec ted  t o  

con t inuous  u n d e r c u t t i n g  and co l l apse .  The eroded m a t e r i a l  can 

c o n t r i b u t e  t o  i nc reased  t u r b i d i t y  o f  t h e  wate r  column and acce le ra ted  

sed imenta t ion  i n  deeper water .  

Regular r e s e r v o i r  drawdowns can a l s o  have p ro found  e f f e c t s  on t h e  

l o n g i t u d i n a l  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  may 

sometimes be b e n e f i c i a l  i n  t h e  c o n t e x t  o f  pro longed r e s e r v o i r  l i f e  

because sediments depos i t ed  p r e v i o u s l y  m igh t  be s l u i c e d  o u t  o f  t h e  

r e s e r v o i r ,  which o r d i n a r i l y  r e q u i r e s  a  deep o u t l e t ,  o r  t h e  e f f e c t s  m q l  

be d e l e t e r i o u s  i n  t h e  c o n t e x t  o f  t h e  excess ive resuspension o f  

sediments i n t o  the  wate r  column and t h e  pot.ent.ia1 cloggin9 o f  o u t l e t  

s t r u c l u r e s .  

The a l t e r n a t e  i n u n d a t i o n  and d ra inage  t o  .which s o i l s  and 

sediments i n  t h e  l i t t o r a l  zone a r e  exposed when wate r  l e v e l s  f l u c t u a t e  

may l e a d  t o  inc 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 t h e  exposed 

subs t ra te .  I n  sha l l ow  water ,  where ae rob i c  ( chem ica l l y  ox i d i zed )  



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 h e  wate r  o v e r l y i n g  f looded s o i l s  

and sediments, a  sharp g r a d i e n t  i n  t h e  concen t ra t i ons  o f  n u t r i e n t s  and 

meta ls  i s  l i k e l y  t o  e x i s t  across t h e  subs t ra te -wate r  i n t e r f a c e .  When 

the  wate r  l e v e l  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  wa te r  

c o n t a i n i n g  h i ghe r  concen t ra t i ons  o f  n u t r i e n t s  and meta ls  may d r a i n  

onto t h e  su r f ace  o f  t h e  s u b s t r a t e  o r  e n t e r  t h e  ad jacen t  su r f ace  wate r  

body. I f  t h i s  dra inage wate r  i s  h i g h l y  en r i ched  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  d e l e t e r i o u s  substances such as heavy meta ls ,  t h e  

near-shore water  q u a l i t y  may be adverse ly  a f f e c t e d .  

The r e s e r v o i r ' s  a b i  1  i t y  t o  t r a p  and r e t a i n  sediment i s  known as 

t h e  " t r a p  e f f i c i e n c y ' '  and i s  expressed as t h e  percentage o f  t he  t o t a l  

i n f l o w i n g  sediment t h a t  i s  depos i ted  i n  t he  bas in .  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 h e  pr ime de te rminan t  o f  

t h e  u s e f u l  l i f e s p a n  o f  t h e  r e s e r v o i r  and i s  an impo r tan t  f a c t o r  

a f f e c t i n g  r e s e r v o i r  and downstream water  q u a l i t y  ( e s p e c i a l l y  

t u r b i d i t y ) .  Genera l l y ,  sediment t r a p  e f f i c i e n c y  decreases w i t h  (1) a  

decrease i n  wate r  r e t e n t i o n  t ime ,  (2)  a  decrease i n  sediment p a r t i c l e  

s i ze ,  and (3)  a  change f rom sur face-wate r  w i thdrawa l  t o  deep-water 

w i thdrawa l  . Imposing wate r  l e v e l  f 1  u c t u a t i o n s  on a  r e s e r v o i r  would 

d i r e c t l y  a f f e c t  t h e  water  r e t e n t i o n  t ime  as a  r e s u l t  o f  t h e  changes i n  

average s to rage  volume. The o v e r a l l  e f f e c t  expected would be a  

p robab 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 ,  t h e  p e r i o d i c  

' lowering o f  wa te r  l e v e l  may a l l o w  coarser -g ra ined  sediments t o  reach, 

and be t r a n s p o r t e d  f a r t h e r  i n t o ,  t h e  r e s e r v o i r  bas in ,  thereby  

i n i t i a l l y  i n c r e a s i n g  t h e  t r a p  e f f i c i e n c y .  However, t h e  l a t t e r  e f f e c t  

would a l s o  l ead  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  capac i t y .  Thus, 

any .appa ren t  inc rease  i n  t r a p  e f f i c i e n c y  r e s u l t i n g  f rom t h e  i n p u t  o f  

coarser  sediment may u l t i m a t e l y  be o f f s e t  by t h e  decrease i n  r e t e n t i o n  

t ime  caused by  t h e  decrease i n  s to rage  volume. 

The term " t r a p  e f f i c i e n c y "  has a l s o  been used i n  t h e  c o n t e x t  o f  

n u t r i e n t  r e t e n t i o n  by r e s e r v o i r s .  The e f f i c i e n c y  w i t h  which 

impoundments t r a p  i n f l o w i n g  n u t r i e n t s  i s  an impo r tan t  env i ronmenta l  

i s sue  because wate r  qua1 i t y  and p r o d u c t i v i t y  , w i t h i n  and downstream 

from impoundments, i s  p a r t i a l l y  determined by t r a p  e f f i c i e n c y .  



N u t r i e n t  t rap .  e f f i c i e n c y  appears t o  vary  i n  response t o  the  same 

f a c t o r s  t h a t  a f f e c t  t he  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  t 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  pr imary 

determi narit o f  sediment t r a p  e f f i c i e n c y ,  w i  11 al'so a f f e c t  n u t r i e n t  

t r a p  e f f i c i e n c y .  

The pr imary  phys i ca 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 impoundments are  streambed and bank eros ion  and 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  o f  these 

ma te r i  a1 s. Eros ion  and downstream t r a n s p o r t  o f  these mater i  a1 s  may 

increase,  r e s u l t i n g  i n  increased t u r b i d i t y ,  decreased bank s t a b i l i t y ,  

and a l 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  

increased e ros ion  i nc lude  t h e  undermining o f  , p ie rs  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 fec ts  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  are, i n  

p a r t ,  a  r e s u l t  of changes i.n t he  phys i ca l  and chemical environment 

discussed above. General e t fecLs  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 nc lude  (1) 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 oss  o f  organisms, (2) changes i n  hah i ta t .  qrtal it.y r e s u l t i n g  

i n  reduced s tand ing  c rop  and product.ion, and (3) s h i f t s  i n  species 

d i v e r s i t y .  

The importance o f  t he  l i t t o r a l  and shore irnne b i o l o g i c a l  

p roduc t i on  i n  lakes  i s  w e l l  e ~ t a b l i ~ h e d .  I n  qeneral ,  a  l i t t o r a l  zone 

w i t h  aquat ic  macrophytes may have h igher  p r o d u c t i v i t y  and specips 

d i v e r s i t y  than a  shore zone w i thou t  aquat ic  macrophytes. 

Water l e v e l  f l u c t u a t i o n  imposed on the  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 species d i v e r s i t y ,  e l i m i n a t i n g  species t h a t  a re  

unable t o  migrate,  a e s t i v a t e ,  o r  r a p i d l y  reco lon i ze  the  drawdown zone. 

L i t t o r a l  benth ic  i nve r teb ra tes  stranded above receding water f o r  more 

ttlarl a  few hours may be l o s t .  However, chironomid l a rvae  and 

o l igochaetes  a r e  ab le  t o  r e t r e a t  deeper i n t o  t h e  subs t ra te  and su rv i ve  



f o r  pe r i ods  rang ing  from days t o  months. Ben th ic  i n v e r t e b r a t e  

popu la t i ons  t h a t  r e c o l o n i z e  t h e  l i t t o r a l  zone on r i s i n g  wate r  l e v e l s  

may be l e s s  d i v e r s e  b u t  p o s s i b l y  more abundant than  popu la t i ons  o f  

und is tu rbed  systems. 

Wi th  few excep t ions ,  most r e s e r v o i r  f i s h  a r e  c l o s e l y  assoc ia ted  

w i t h  t h e  l i t t o r a l  and shore zones o f  r e s e r v o i r s  f o r  some p a r t  o f  t h e i r  

1  i f e  cyc le .  S p e c i f i c a l l y ,  spawning, i ncuba t i on ,  and ha t ch ing  o f  eggs, 

and development o f  l a r vae ,  pos t l a r vae ,  and j u v e n i l e s  occur  i n  sha l low 

l i t t o r a l  and shore zones. The b a s i c  requi rements f o r  success fu l  

spawning, development, and growth a r e  adequate spawning h a b i t a t ,  
. . 

s t a b l e  wate r  l e v e l ,  and adequate food  supply .  Water l e v e l  f l u c t u a t i o n  

can s i g n i f i c a n t l y  a f f e c t  a l l  these requi rements.  

Water l e v e l  f l u c t u a t i o n  p robab l y  w i l l  n o t  d i r e c t l y  a f f e c t  aqua t i c  

spec ies i n  t h e  deep, open-water areas o f  reservo i rs . .  However, drops 

i n  wate r  l e v e l  a r e  u l t i m a t e l y  r e f l e c t e d  i n  inc reased  d ischarge  f rom 

t h e  r e s e r v o i r .  Thus, p l a n k t o n i c  spec ies (a lgae and zooplankton) ,  

e a r l y  l i f e  h i s t o r y  stages o f  f i s h ,  and some b e n t h i c  i n v e r t e b r a t e  

spec ies c o u l d  p o t e n t i a l l y  be l o s t  f rom t h e  r e s e r v o i r  ecosystem as a  

r e s u l t  o f  water  l e v e l  f l u c t u a t i o n .  Such losses  cou ld  adverse ly  a f f e c t  

r e s e r v o i r  food  webs and p r o d u c t i v i t y .  

P o t e n t i a l  impacts on b i o l o g i c a l  communit ies i n  t a i l w a t e r s  below 

dams because o f  wa te r  l e v e l  f l u c t u a t i o n  a r e  t h e  r e s u l t  o f  changes i n  

c u r r e n t  v e l o c i t y ,  hab i LaL reduc t i on ,  and a1 t e r a t i o n  i n  food  supp ly. 

Cu r ren t  v e l o c i t y  i s  one o f  t h e  most impo r tan t  f a c t o r s  r e g u l a t i n g  

occurrence o f  s t ream-dwe l l ing  i n v e r t e b r a t e s .  Changes i n  c u r r e n t  

v e l o c i t y  because o f  wa te r  l e v e l  f l u c t u a t i o n  can cause changes i n  

abundance and community s t r u c t u r e  o f  b e n t h i c  i n v e r t e b r a t e s .  Sudden 

inc reases  i n  c u r r e n t  v e l o c i t y  can p h y s i c a l l y  scour  b e n t h i c  

i n v e r t e b r a t e s  f rom t h e  subs t ra te ,  caus ing d i r e c t  m o r t a l i t y  o r  

downstream displacement.. 

Water l e v e l  f l u c t u a t i o n  and f l o w  v a r i a t i o n  can reduce abundance 

and d i v e r s i t y  - o f  t h e  f i s h  community i n  t a i l w a t e r s .  M ig ra t i .on  o f  f i s h  

spec ies can be a f f e c t e d  by f l o w  f l u c t u a t i o n .  Discharge regime can 

i n i t i a t e  m i g r a t i o n ,  pose a  b a r r i e r  t o  m i g r a t i o n ,  de lay  m i g r a t i o n ,  o r  

a l t e r  t h e  speed o f  m ig ra t i on .  



Reductions i n  c u r r e n t  v e l o c i t y  and f l o w  are  normal ly  associated 

w i t h  a  reduc t i on  i n  t h e  wet ted per imeter  o f  a  t a i l w a t e r .  Reductions 

i n  wet ted per imeter  ( a v a i l a b l e  h a b i t a t )  can d i r e c t l y  reduce dens i t y  

and d i v e r s i t y  o f  b i o t a  and cause m o r t a l i t y  by s t rand ing  organisms i n  

an unfavorable h a b i t a t .  F l u c t u a t i n g  discharges from h y d r o e l e c t r i c  

i n s t a l ' l a t i o n s  may a l s o  c rea te  an unstable food supply below dams, 

causing i n d i r e c t  e f f e c t s  on o v e r a l l  b i o l o g i c a l  p r o d u c t i v i t y .  

The e f f e c t  o f  f l u c t u a t i n g  water l e v e l s  on b i o l o g i c a l  commun?'ties 

o f  t a i l w a t e r s  w i l l  1  i k e l y  be most severe f o r  h igh  ampli tude 

t"l uc tua t i ons  t h a t  occur r a p i d l y .  Moderately f l u c t u a t i n g  t a i  lwaters  

w i l l  be cha rac te r i zed  by the  presence o f  species t h a t  can t o l e r a t e  

thcsc cond i t i ons .  

The i n fo rma t ion  reviewed i n  t h i s  r e p o r t  prov ides background 

m a t e r i a l  t h a t  can be used t o  evaluate t h e  p o t e n t i a l  s i g n i f i c a n c e  n f  

impacts r e s u l t i n g  from water  1,evel f l u c t u a t i o n  a t  smal l- scale 

h y d r o e l e c t r i c  s i t e s .  The f o l l o w i n g  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 ssue i s  recommended a t  e x i s t i n g  dams t h a t  a re  be ing  

considered f o r  smal l -scale h y d r o e l e c t r i c  development and t h a t  w i l l  

i nc lude  water l e v e l  f ' l u c t u a t i o n  as p a r t  o f  t he  opera t ion  o f  t h e  

I.1ydr.ue1 ec t r  Ic 'Pac 11 I ty: 

1. Estimate t h e  magnitude and frequency o f  f l u c t u a t i o n s  
r e s u l t i n g  from f a c i l i t y  opera t ion .  

2. Consult  w i t h  s t a t e  na tu ra l  resource agencies, reg iona l  
o f f i c e s  o f  t he  U . S .  Fib11 drld Wild1 i r e  Serevice,  l h e  
Federal Energy Rcgulatory Cnmmissinn, and l o c a l  
agencies w i t h  expe r t i se  o r  i n t e r e s t  r e l a t i n g  t o  
environmental impacts o f  water l e v e l  f l u c t u a t i o n .  
I n d i v i d u a l s  i n  these groups 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. 



3. Determine, th rough  these i n i t i a l  con tac ts ,  t h e  l e v e l  o f  
e f f o r t  and s p e c i f i c  e x p e r t i s e  r e q u i r e d  t o  assess t h e  
p o t e n t i a l  adverse env i ronmenta l  impacts r e s u l t i n g  f rom 
t h e  proposed wate r  l e v e l  f l u c t u a t i o n .  

4. I n i t i a t e  a p p r o p r i a t e  s i t e - s p e c i f i c  s t u d i e s  t o  determine 
t h e  s i g n i f i c a n c e  o f  impacts r e s u l t i n g  f rom proposed 
water  l e v e l  f l u c t u a t i o n s .  

5. I n c l u d e  t h e  r e s u l t s  o f  s i t e - s p e c i f i c  s t u d i e s  and p lans  
f o r  m in im iz i ng  o r  m i t i g a t i n g  adverse env i ronmenta l  
impacts as p a r t  o f  t h e  l i c e n s e  a p p l i c a t i o n  t o  t h e  
Federal  Energy Regu la to ry  Commi ss ion .  

The fundamental premise embodied i n  these recommendations i s  t h a t  

t h e  p o t e n t i a l  adverse impacts r e s u l t i n g  f rom water  l e v e l  f l u c t u a t i o n  

a r e  s i t e - s p e c i f i c .  Therefore,  -it i s  c r u c i a l  t o  f i r s t  determine - 
whether water  l e v e l  f l u c t u a t i o n  i s  p o t e n t i a l l y  a  s i g n i f i c a n t  i s sue  a t  

t h e  s i t e .  The a p p r o p r i a t e  e f f o r t  and e x p e r t i s e  can t hen  be secured t o  

q u a n t i f y  t h e  adverse impact.  Th i s  suggested approach i s  spec i  f i c a l  l y  

recommended i n  t h e  Counci l  on Environmental  Q u a l i t y  g u i d e l i n e s  f o r  

implementat ion o f  t he  NEPA (Nat iona l  Environmental  P o l i c y  Ac t )  process 

(Counci 1  on Envi  ronmental Qua1 i t y  1978). 
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1. BACKGROUND AND INTRODUCTION 

This appendix was prepared based on a  subcontract  r e p o r t  t o  Oak 

Ridge Nat iona l  Laboratory (ORNL/UT 7647) by D r .  Bruce Tschantz and M r .  

Simon Tam, C i v i l  Engineering Department, U n i v e r s i t y  o f  Tennessee, 

Knoxv i l l e ,  Tennessee. 

The cons t ruc t i on  o f  impoundments conver ts  f r e e - f l o w i n g  streams t o  

r e s e r v o i r  systems f o r  f l o o d  c o n t r o l ,  h y d r o e l e c t r i c  generat ion,  

rec rea t i on ,  f l o w  augmentation, and o ther  uses. The change from 

f ree - f l ow ing  streams t o  r e s e r v o i r s  can cause major changes i n  t he  

aquat ic  environment. Water l e v e l  f l u c t u a t i o n  i n  r e s e r v o i r s  can a l so  

r e s u l t  from h y d r o e l e c t r i c  power generat ion.  The var ious  opera t ing  

modes o f  h y d r o e l e c t r i c  dams r e s u l t  i n  a  v a r i e t y  o f  p o t e n t i a l  water 

l e v e l  f l u c t u a t i o n  regimes. F luc tua t i ons  may sometimes be small i f  the  

power f a c i l i t y  operates i n  a  run -o f - the - r i ve r  mode. However, i f  the  

f a c i l i t y  i s  operated i n  a  peaking mode, water re lease and power 

generat ion may concentrate i n  c e r t a i n  per iods  r e s u l t i n g  i n  a  

s i g n i f i c a n t  drop o f  water l e v e l .  Between per iods  o f  generat ion,  water 

l e v e l  may be re.stored by pondage. Shore areas exposed and inundated 

i n  t h i s  sequence may reduce the  p o t e n t i a l  f o r  b i o l o g i c a l  p r o d u c t i v i t y  

i n  t he  r e s e r v o i r  ecosystem. 

Impacts o f  water l e v e l  f l u c t u a t i o n s  r e s u l t i n g  from var ious  

management and use p rac t i ces  can cause adverse impacts on the  aquat ic  

communities o f  r e s e r v o i r s  t h a t  depend on shore zone h a b i t a t  f o r  some 

p a r t  o f  t h e i r  l i f e  cyc le.  The growing demand f o r  water a l l o c a t i o n s  

f o r  d i f f e r e n t  uses w i l l  increase the  impacts o f  water l e v e l  

f l u c t u a t i o n s .  To achieve a  balance between r e s e r v o i r  uses t h a t  cause 

water l e v e l  f l u c t u a t i o n s  and optimum b i o l o g i c a l  p roduct ion  i n  

rese rvo i r s ,  the  p ropo r t i ona l  1  oss o f  shore zone h a b i t a t s  r e s u l t i n g  

from water l e v e l  f l u c t u a t i o n  must be determined. 



2. PURPOSE AND APPLICATION OF WORK 

The purpose o f  t h e  mathematical models developed i n  t h i s  appendix 

i s  t o  est imate t h e  bottom 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  sur face l e v e l .  

Because t h e  e x t e n t  o f  p r imary  product ion  i n  the  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  pene t ra t i on ,  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 est imated by depth in fo rmat ion .  By simple 

c a l c u l a t i ~ n s ,  p a r t s  o f  t . h ~  1 i t . t o r a l  aquat ic  h a b i t a t s  l o s t  by w a t e r  

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 the  range o f  

water  l e v e l  f l u c t u a t i o n s  depends on t h e  type o f  water a1 l o c a t i o n  and 
use, i t s  ex ten t  can be p ro jec ted ,  and m i t i g a t i o n  p lans can be inc luded 

i n  r e s e r v o i r  management schemes i f  the  p r e d i c t e d  impacts on the  

b i o l o g i c a l  communities a re  judged unacceptable. 

Although t h e  concept 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  the  impacts o f  water l e v e l  

f l u c t u a t i o n s  associated w i t h  h y d r o e l e c t r i c  generat ion 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  

hydroel  e c t r i  c qenera t i  on. 

To analyze t h e  b i o l o g i c a l  impacts i n  the l i t t o r a l  zone r e s u l t i n g  

frorn water  l e v e l  f l u c t u a t i o n s  i n  rese rvo i r s ,  t he  f o l l o w i n g  i n fo rma t ion  

must be determined. 

1. Extent  o f  water l e v e l  f l u c t u a t i o n .  

2. Ex ten t  o f  t he  l i t t o r a l  nr  shore zone o f  t he  
r e s e r v o i r  impacted by f l  uc tua t ion .  

3. Measure o f  r e l a t i v e  b i o l o g i c a l  , importance o f  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  the  o v e r a l l  
r e s e r v o i r  ecosystem. 

Th is  i n fo rma t ion  would p rov ide  a  reference p o i n t  t o  e s t a b l i s h  the  

magnitude, frequency, and t ime  o f  year  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 compatible w i t h  competing uses o f  t he  r e s e r v o i r .  



A- 9 

3. BASIS FOR MODEL DEVELOPMENT 

Two p r i n c i p a l  model approaches have been developed f o r  e s t i m a t i n g  

s h o r e l i n e  area exposure ( o r . i n u n d a t i o n )  i n  response t o  wate r  l e v e l  

f l u c t u a t i o n s  t h a t  c o u l d  be encountered on r e s e r v o i r s  d u r i n g  smal l  

h y d r o e l e c t r i c  p l a n t  opera t ion .  The t ype  and ava i  l a b i  1  i t y  o f  

topograph ic  and r e s e r v o i r  da ta  can v a r y  s i g n i f i c a n t l y  f rom s i t e  t o  

s i t e  and, t h e r e f o r e ,  two b a s i c  approaches a r e  needed. I d e a l l y ,  t o  

es t ima te  s h o r e l i n e  area inc rease  o r  decrease r e s u l t i n g  f rom r e s e r v o i r  

l e v e l  f l u c t u a t i o n ,  accura te  s h o r e l i n e  (bank) s lope  and s h o r e l i n e  

l e n g t h  i n p u t s  a r e  r e q u i r e d  f o r  a l l  expected poo l  l e v e l  c o n d i t i o n s .  

Usual l y ,  s tandard  1: 24000 sca le  2 0 - f t  con tour  USGS Quadrangle maps 

adequate ly  serve t h i s  need i f  t h e  r e s e r v o i r  shore l  i n e  i s  a1 so shown. 

For c l a s s i f i c a t i o n  and model development purposes i n  t h i s  

appendix, an a r r a y  o f  da ta  c o n d i t i o n s ,  ar ranged i n  descending o r d e r  o f  

da ta  a v a i l a b i l i t y ,  may a c t u a l l y  occur  a t  r e s e r v o i r  s i t e s  (Table 1). 

The two model approaches cons idered  i n c l u d e  (1) a  s imp le  es t ima te  

method and (2) a  three-d imensional  a n a l y t i c a l  geometr ic  method. Bo th  

models w i l l  produce es t imates  o f  s h o r e l i n e  area change w i t h  i n p u t s  o f  

water  l e v e l  f l u c t u a t i o n  and s p e c i f i c  r e s e r v o i r  c h a r a c t e r i s t i c s .  

3 . 1  Simple Model 

The s imple model concept i s  based on summing success ive 

r e c t a n g u l a r  s t r i p s  around t h e  r e s e r v o i r  sho re l i ne .  Each success ive 

s t r i p  area (AA) i s  de f i ned  i n  terms o f  t h e  average l o c a l  shore l  i n e  

s lope  ( 5  E t a n  8)  and wate r  l e v e l  f l u c t u a t i o n  (AH) a long  a  un i f o rm  

s h o r e l i n e  (AL), as shown i n  F ig .  1. 

The t o t a l  change i n  shore l  i n e  area r e s u l t i n g  f rom water  l e v e l  

f l u c t u a t i o n  i s  determined by summing AA f o r  n  shore l e n g t h  increments 

around t h e  r e s e r v o i r  pe r ime te r ,  or  



Table 1. Possible teservoir data conditions 

Case Topographic c o n t o ~ r ~ m a p  keservoir surface area Comments 
~ -~ 

I (Ideal) Available for determin- Pool surface shown on Two data alternatives 
ing representative topographic map for to reservoir area map 
shoreline slopes at determining shorqline are equal 1 y accepta- 
reservoir pool level. length. ble: 
Contours $ h w n  above 1. Reservoir photo- 
and below water graph of known. scale, 
curtace. shnwing pool surface 

area .  
2. Surface elevation 

flat.* alnng 1nngit.tl- 
dinal axis of reser- 
v o i r ,  npstre$m frnm 
dam (continuous pro- 
f i 1 e or intermittent 
elevations). 

Contour map avai 'I ab l e, Pbbl surface sr~own on Shor.el irle slopes 
but shown only (A) topographic map for .determined from known 
above or ( B )  below determining snoreline contour information 
water surface. lengtn (same. as ,Case I). would need to be 

extrapolated (A) below 
. or ( 0 )  above wjrt-er 

surfacc, 

Intermittent val ley or Pool surface showa on A. Shoreline slope 
. tr~ii~vei'se CI'OII topographle map f o r  dctcrminaliurl limited 

sections available at determining shore1 ine to cross-section 
known distances up- length (same as Case I). points only. 
stream from dam. 8. A less desirable, 

. .  . bbt acceptable, alter- 

11bLtve would be the 
situation where the 
depth of water and 
reservoir,width are 
known at intermittent 
distances upstream 
from dam. 

011r val ley ors Li.dllc- Puul Su~'fhie shown on 
verse cross section topographic map for 
available (e.g.. at determining shoreline 
dam section only). length (same as Case I). ' 

Cross section of val- None 
ley at dam only. 

General approximati on 
results for regular 
E I I U I ~ Y ~  ~ I I Y  ~ 1 1 1 y .  



WHERE S = S1 + S2, 
2 

S1 = tan 8, , 

S2 = tan e 2 ,  

Fig. 1. 'Simple model development configuration of a reservoir t o  
estimate shore area change resulting from water level 
fluctuation. 



n ALi 
To ta l  Area = AH . 2 7 

where 

1 (1 + ji2)* g (1 + tan2 6)' = - 
cos 6 

l h i s  approach assumes t h a t  0, r O2 (Fig. 1). Note t h a t  shore area i s  

exposed when t h e  water l e v e l  lowers, b u t  i s  inundated when the  l e v e l  

r i  c c ~  

A computer program has Isee~.~ develuprd ,for t h i s  slfnple mode I .  
Based on t h i s  approach, Table 2 has been developed, which g ives shore 

area change (hectares)  pe r  unit .  shnre l r lngth (k i lometers )  f o r  

rep resen ta t i ve  ranges o f  average shore slope and water l e v e l  

f l u c t u a t i o n  (meters). Sec t ion  I V  o f  t h i s  appendix exp la ins  the  use o f  

t he  t a b l e  and model. 

3.2 Mod i f i ed  Simple Model 

Reservo i r  shore1 ines  are  o f t e n  h i g h l y  i r r e g u l a r  and vary 

s i g n l T i c a n t l y  i n  slope from one sec t i on  t o  another,  causing a  

d i s t o r t i o n  i n  t h e  assumed rec tangu lar  s t r i p  i n  t he  simple model. For 

t h i s  reason, t h e  incremental shore area AA i s  represented 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  incremental shore area change AA, r e s u l t i n g  

f rom a  water  l e v e l  f l u c t u a t i o n ,  i s  



F i g .  2 .  Modified simple node1 development configuration of a 
reservoir  t o  est imate shore area change resu l t ing  from 
water 1 eve1 f luctuat ion.  



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  
To ta l  Area E 1 aAi 

i =l 

0, and O2 i n  t h i s  approach are n o t  assumed equal. I npu ts  t o  t h i s  

model i n c l  ude average (mid-depth) incremental shore 1  engths AL, 

s e c t i o n  slopes S, and S Z ,  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  mod i f ied  simple model. Sect ions 3 

and 4 o f  t h i s  appendix descr ibe a p p l i c a t i o n  and use o f  t he  mod i f ied  

s imple model. 

3 : 3  Geu~netr>. i~gl Model 

S i t u a t i o n s  may a r i s e  where topographic. c.ant.ni~r map< t o  determine 

shore slopes a r e  unava i l ab le  f o r  the  rese rvo i r .  I n  these cases, shore 

area changes cannot be est imated from the  simple o r  mod i f ied  simple 

models. However, i f  r e s e r v o i r  o r  r i v e r  c ross-sec t ion  area i n fo rma t ion  

i s  a v a i l a b l e  (1) a t  t he  dam o r  (2) a t  t h e  dam and o the r  upstream 

p o i n t s ,  a geometr ical  model can be developed f o r  approximating the  

ac tua l  r e s e r v o i r  cond i t i ons  , a1 1  ow< ng c e r t a i n  'assumptions. The 

f o l  1 owing assumptions a re  made: 

1. The r e s e r v o i r  represents a  s i n g l e  stream ( o r  stem) 
having l i t t l e  o r  no sho re l i ne  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  cv-oss-secti on c o n f i g u r a t i o n  
o f  t h e  r e s e r v o i r  bed ( e . g . ,  sec t i on  x-x) ,  as shown 
i n  F ig .  3, i s  pa rabo l i c .  

3. The r e s e r v o i r  c ross-sec t ion  c o n f i g u r a t i o n  i s  
changi ng gradudl l y  arid 1 i near l y  upstream a1 ong the  
bed. 

4.. The l o n g i t u d i n a l  stream bed slope Sb i s  constant .  

5. I he water  sur face slope (HL) i s  always l ess  than 
the  r i v e r  bed s lope (HL < Sb), as i s  t he  case i n  
most rese rvo i r s .  



- NOT TO SCALE - 

SECTION x - x 

REACH ll 

REACH l 

I 
SLOPE = HL 

F i g .  3. Geomet r i ca l  model developme'nt c o n f i g u r a t i o n  o f  a  r e s e r v o i r  

t o  e s t i m a t e  sho re  a r e a  change 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 .  



A th ree-d imens iona l  equa t i on  used t o  desc r i be  t he  r e s e r v o i r  

channel i s :  

where c o o r d i n a t e s  x ,  y ,  and z  a r e  d e f i n e d  i n  F i g .  3 ;  Sh i s  t he  channel 

bed s lope ;  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  parameters 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 re  d e f i n e d  as 

f o l  lnws: 

where x, ,  y , ,  and 0 i s  a  r e s e r v o i r  c o o r d i n a t e  p o i n t  a t  t h e  v e r t i c a l  

channel  c r o s s - s e c t i o n  a l ong  t he  z - a x i s ,  taken a t  t h e  dam, and x2 ,  y 2 ,  

and z2 i s  a  second p o i n t ,  l o c a t e d  z3 d i k t a n c e  upstream from z !  = 0, 

An i n t e g r a l  i s  developed f o r  d e f i n i n g  t h e  sublneryed 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  area; 

Submerged Bottom Area = J x J d m  z dzdx 



where the  Z - i n t e g r a t i o n  was performed us ing  Formula 132, page 317 o f  

the  CRC t ab les  (14th ed.). WTRL represents the  water l e v e l  e l e v a t i o n  

a t  t he  downstream sec t ion ,  and HL i s  water sur face s lope (may be zero 

f o r  " f l a t "  r e s e r v o i r  surface).  G(x) i s  de f ined according t o :  

The upper and lower bounds i n  t h e  double i n t e g r a l  correspond t o  the  

edges of the  water s ~ l r f a c ~ !  i n  t.he X -  and Z -d i rec t i ons .  Since t h e  

lower bound i n  the  X -d i rec t i on  i s  -&= ins tead  o f  0, a f a c t o r  o f  2  

i s  introduced. 



The equat ion  can be solved by numerical ana lys i s  us ing  a d i g i t a l  

computer. I f  t h e  water l e v e l  f luc t t ra tes  from an i n i t i a l  e leva t i on ,  

(WTRL)l, t o  another e l e v a t i o n ,  (WTRL)2, shore area change can be 

de f i ned  by computing t h e  d i f f e r e n c e  between the  submerged bottom 

areas. 

The above model can be used t o  determine shore area change f o r  

two p o s s i b l e  r e s e r v o i r  cond i t ions :  

1. Run-of- r iver .  

2. Reservoi r  poo l .  

A r u n - o f - r i v e r  c o n d i t i o n  i s  charac ter ized by reach I i n  F ig .  3. A 

r e s e r v o i r  pool c o n d i t i o n  i s  represented by reach 11, where the  

oppos i te  shore l ines  converge upstream. 

A geometr ica l  computer model i s  developed t o  solve e i t h e r  

r e s e r v o i r  cond i t i on .  The geometr ica l  model produces a  parabol i c  o r  

r e g u l a r  sho re l i ne  c o n f i g u r a t i o n ,  from which sho re l i ne  area change i s  

determined. However, i f  the  ac tua l  sho re l i ne  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 ,  and the re fo re  1  onger, the  computer model 

would underest imate t h e  shore area change. To compensate f o r  t h i s  

known cond i t i on ,  an adjustment i s  recommended. The computer model 

w i l l  au tomat i ca l l y  a d j u s t  t h e  shore area change when the  ac tua l  t o t a l  

s h o r e l i n e  l eng th  i s  known and i s  inc luded as i n p u t  data. 

3.4 Model Choice 

The choice o f  model f o r  determin ing 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  data cond i t ions ,  l e v e l  o f  

p r e c i s i o n  needed, and ava i  lab1 e  t ime and money f o r  computation. 

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  data cases i n  Table 1, the f o l l o w i n g  

model uses are recommended Tor bes t  r c s u l  t s :  



Reservoir data condition* 

Case I 
Regular or  i r regu la r  
shorel i  ne 

Case I1  
Regular or  i r regu la r  
shorel ine 

Case I11 
Regular o r  i r r e g t ~ l a r  
shorel ine 

Case IV 
Regular or  i r regu la r  
shorel i  ne. 

Case V 
Regular or  i r regu la r  
shorel ine 

Recommended model 

1. Modified simple 

2.  Simple 

1. Modified simple 

2. Simple 

1. Modified simple 

2. Simple 

1. Simple 

2. Geometrical 

1. Geometrical 

Comments 

Most p rec i se ,  but 
requires computer 
solution.  

Produces s l i g h t l y  
l e s s  precision 
(lower a reas ) ,  but 
Table 2 or  computer 
can be used f o r  
solution.  

(see Case I )  

(see Case I )  

(see  Case I )  

(see Case I )  

Assume s ing le  
constant cross- 
section fo r  run-of- 
r i ve r  conditions 
only; water. surface 
slope i s  approxi- 
mately para1 1 el  t o  
r i ve r  bed slope. 

Recommended fo r  
reservoir  condition 
o,nly, b u t  a l s o  
feas ib le  fo r  run- 
o f - r iver .  

.Run-of-ri ver or  
reservoir  condition 
where 1 i t t l e  geo- 
metric data i s  
ava i lab le ;  approxi- 
mation only. 

*See Table 1. 



4. GENERAL PROCEDURES AND LIMITATIONS TOR MODEL USES 

Th is  s e c t i o n  in t roduces t h e  procedure f o r  model use. A l l  

computer models developed a re  w r i t t e n  i n  For t ran .  To make the  models 

compat ib le t o  m e t r i c  and Eng l ish  u n i t s ,  u n i t s  i n  t he  models a re  l e f t  

t o  t h e  d i s c r e t i o n  o f  t h e  ana lys 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 us ing  t h e  models. The u n i t  of ou tpu t  corresponds t o  

t h e  u n i t  o f  i n p u t .  For example, i f  the  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 the r  i npu ts  o f  l e n g t h  must be i n  f e e t .  Corresponding output  w i l l  

then be f e e t  f o r  l e n g t h  and square f e e t  f o r  area. 

4 . 1  Simple Model 

The simple and t h e  mod i f ied  simple models r e q u i r e  an i n i t i a l  

common procedure. A r e s e r v o i r  sho re l i ne  boundary must be de f ined from 

a  contour  map (a 1: 24000 sca le  quad map i s  s u f f i c i e n t ) .  The def ined 

s h o r e l i n e  i s  d i v i d e d  i n t o  equal i n t e r v a l s  o f  a  maximum o f  2000 f t  ( o r  

600 in). The l a s t  i n t e r v a l  sec t i on  l e n g t h  may, however, be sho r te r  

than t h e  ,nt.her len&hs. S h n r ~  hank q l n p ~ q  a r e  m~asrrrprl s t  csch 

i n t e r v a l  mark [no te  t h a t  t he re  must be (n+ l )  i n t e r v a l  marks f o r  

r i  iriLersval s  or sec t ions ] .  

Table 2, designed f o r  m e t r i c  lengths ,  can be used f o r  a  f a s t  

es t ima t ion  o f  t h e  shore area r e s u l t i n g  from water 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 slope i s  computed from the  measured bank 

slopes a t  i n t e r v a l  marks. A curresponding sho re l i ne  area value i n  

hectares pe r  k i l ome te r  sho re l i ne  l eng th  can be obta ined from Table 2  

w i t h  i n p u t s  o f  t h e  average shore s lope and the  expected water l e v e l  

f l u c t u a t i o n  i n  meters. The product  o f  t he  Table 2 u n i t  sho re l i ne  area 

value and the  ac tua l  sho re l i ne  length  i n  k i  lometers i s  t h e  es t in ia t ion  

o f  t h e  t o t a l  shore area r e s u l t i n g  from the  water f l u c t u a t i o n .  

A more p rec i se ,  b u t  time-consuming, a l t e r n a t i v e  t o  us ing  Table 2  

would be t o  sum up incremental shore slopes and r e s u l t a n t  areas. A 

computer model , us ing  t h i s  incremental method, i s  s e t  up f o r  a  more 

p r e c i s e  es t ima t ion  (F ig.  4). Sect ion 3 describes the  bas is  o f  t h e  



Table 2. Estimated reservoir shore area af fected by water Irvel f l u c t ~ ~ a t i o n s  
based on simple model discussed i n  tex t .  

Shnrel irle area (ha)/Slto~-cl ine length (km)  

Water 
l eve l  Average reservoir shore slnpe 
Fluct .  -- 
(m) 0.01 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0 . 4 ~  0.45 0.50 0.60 0.70 0.80 0.911 1.00 2.00 4.00 6.00 8.00 10.011 

0.015 
0.030 
0.045 
0.060 
0.075 
0.090 
0.105 
0.120 
0.135 
0.149 
0.164 
0.179 
0.194 
0.209 
0.224 
0.239 
0.254 
0.269 
0.284 
0.299 
0.314 
0.329 
0.344 
0.359 
0.374 
0.389 
0.404 
0.419 
0.434 
0.448 
0.463 
0.478 
0.493 
0.508 
0.523 
0.538 
0.553 
0.568 
0.583 
0.598 
0.613 
0.628 
0.643 
0.658 
0.673 
0.688 
0.703 
0.718 
0.732 
II. 141 



* 
* 
* 
* S I M P L E  MODEL 

* 
DIMENSION S L O P E ( 5 0 1 )  ,SLENG(500 )  
~ t A ~ ( 5 , 5 1 0 )  WTRL 
READ(5 ,520 )  NUM,SCEN,SLNL 
DO 10 I = l , N U M + l  
READ ( 5 , 5 1 O ) S t O P E ( I )  
SLENG( I ) ~ S L E N  

10 CONT I NUE 
WRITE(6 ,610 )WTRL  
IF(SLNL.NE.O. )SLENG(NUM)=SLNL 
SI I L E N ~ I .  o 
TAREA=O .O 
DO 5 0  I = l , N U M  
AS=(SLOPE(  I )+SLOPE( I + 1 )  ) / 2 .  
AREA=SLENG( I )*WTRL*( ( 1+AS**2. ) **. 5 ) / A S  
SHLEN=SLENG( I )+SHLEN 
TAREA= AREA+TAREA 

I 

WKI'1 k ( b  ,62U) 1 ,sLENG( 1 ) ,HS,AWEA 
5 0 CONTINUE 

WRITE(6 ,630)SHLEN,TAREA 
5 1 0  -FORMAT(F lO.G)  
5 2 0  FORMAT( I3 ,2X,2F10.2 )  
6 10 FORMAT( WATER LEVEL FLUCTUATION = , ~ 6 . 2 , / / ,  

1 4XY'SECTION',9X,'.LENGTH',7X,'AVERAGE SLOPE1,12X,  
2 ' A R E A 1 , / )  

6 2 0  FORMAT(6X,I3,7~,F10.2,9X,F10.6,6X,F15.2) 
63 0 FORMAT(/ /  ,2X, 'SHORE LENGTH= ' ,F13 .2 ,15X,  

1 'SHORE AREA = ' , F 1 5 . 2 )  
STOP 
END 

F i g .  4. Computer program f o r  s imp le  model t o  es t ima te  shore area 

change i n  a  r e s e r v o i r  r e s u l t i n g  f rom water  l e v e l  f l u c t u a t i o n .  
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simple model. The i n p u t  format  f o r  t he  computer method s o l u t i o n  o f  t h e  

simp,le model i s  shown i n  Table 3. 

Table 3. input format  f o r  simdle (and modi f ied  simple) model 

Card 'No. Var iab les  Format 

1 Expected water l e v e l  f l u c t u a t i o n  F10.6 

2  Number o f  sec t ions  o r  i n t e r v a l s ,  13, 2X, F10.2, 
sec t i on  length ,  l a s t  sec t i on  l e n g t h  F10.2 

3  t o  (n+3) Shore (bank) slopes a t  i n t e r v a l  marks: 
note t h a t  t he re  are  n + l  shore slope F10.6 
i n p u t  cards f o r  n  sec t ions  

4.2 Mod i f ied  Simple Model 

Sect ion 3  describes the  bas is  o f  t he  mod i f ied  simple model. This  

model uses the  same bas ic  approach as the  simple model except f o r  t h e  

d i f f e r e n t  method o f  computing the  shore area. Shorel ine boundary 

i n t e r v a l s  f o r  o b t a i n i n g  shore slopes are  determined as the  i n i t i a l  

procedure o f  t he  simple model. F igure  5 presents the  computer program 

o f  t he  mod i f ied  simple model. The i n p u t  format  i s  t he  same as f o r  t h e  

simple model (Table 3). 

The modi f ied  simple model i s  t he  most p rec i se  method t o  est imate 

the  shore area exposure. However, more d e t a i l e d  i n fo rma t ion  i s  

requi red.  

4.3 Geometrical Model 

As i n d i c a t e d  i n  t he  development and d e s c r i p t i o n  o f  t he  
\ geometr ical  model i n  Sect ion 3, two cross-sect ions are  requ i red  i n  t h e  

computer model. A computer model program o f  t he  geometr ical  model i s  

shown i n  Fig. 6. For r u n - o f - r i v e r  cond i t i ons ,  these two i n p u t  



M O D I F I E D  S I M P L E  MODEL 

D I M E N S I O N  SLOPE( 501 ) , S L E N G ( 5 0 0 )  ,AS( 5 0 1  ) 
R E A D ( 5 , 5 1 0 )  CITRL 
R E A D ( 5 , 5 2 0 )  NUM,SLEN,SLNL 
DO 10 I = l , N U M + l  
K ~ A D I  S,SIU)SLOPL~ i ) 
AS( I ) . - IJTRL*(  ( 1  . + S L O P E ( I ) * * ~ .  ) * * . ~ ) / s L o P E ( I )  
SLENG( I ) = S L E N  
CONTI  NUE 
W R I T E ( 6 , 6 1 0 ) W T R L  
IF(SLNL. N E .  0. )SLENG(NUM)=SLNL 
SHLEN=O .O 
TAREA=O. 0 
DO 5 0  I = I , N U M  
A S L = ( A S (  I ) + A S (  1 + 1 ) ) / 2 .  
AREA=SLENG( I ) * A S L  
SHI,EN=SI.ENG( 1 ) t S H I  FN 
TAREA=AREA+TAREA 
W R I T E ( 6 , 6 2 0 ) 1  ,SLENG( I) ,ASL,AREA 
CONT I NU E 
WRITE(6 ,630)SHLEN,TAREA 
FORMAT(F1O . 6 )  
FORMAT( I 3 , 2 X  , 2 F 1 0 . 2 )  

2 ' A R E A 1 , / )  
6 2 0  FORMAT(6X,  I 3 , 7 X  , F 1 0 . 2 , 3 X  , F 1 U U 6 , 6 X  , F l S .  2 )  
6 3 0  FORMAT(/ /  ,2X ,  'SHORE LENGTH= ' , F 1 0 . 2 , 1 5 X ,  

1 'SHORE A R E A = ' , F 1 5 . 2 )  
STOP 
END 

I 

F i g .  5. Computer- p rogram f o r  m o d i f i e d  s i m p l e  model used t o  es t ima te  

shore  a r e a  change i n  a  r e s e r v o i r  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 .  



GEOMETRICAL MODEL, 

REAL L E V E L l . L E V E L 2  
REAL L,K 
READ(5.51 TYPE 

5 FORMAT i ~ 3  ) 
READ ( 5 . 1 0 )  DATUM 

10 FCRMAT(F10.4 )  
REAO ( 5 . 2 0 )  E L E V l , W l , S l  
READ ( 5 , 2 0 )  BS.L,HL 
READ ( 5 , 2 0 )  ELEV2,!d2,S2 
READ ( 5 . 3 0 )  LEVEL1,  L E V E L 2  
REAO ( 5 . 1 0 )  S L l N E  

2 0  FORMAT(3F10.4 )  
3 0  FORMAT(2F10.4 )  

Wl=W1!2. 
X2=W2/2.  
WTRLl=LEVEL l -DATUM 
WTRL2zLEVELL-DATUM 
I F ( T Y P E . E Q .  ' R U N a ) G O  TO 5 0  
WRITE ( 6 , 4 0 1  

4 0  FORMAT(29X. 'RESERVOIR SHORL:NE1 , / / / )  
GO TO 2 0 0  

5 0  W R I T E ( 6 . 6 0 )  
6 0  FORMAT(27X. 'RUN-OF-RIVER SHORELINE '  . / / / I  .. . . . 

GO TO 3 0 0  . ............................................................. 
2 0 0  CALL CHARA (ELEVl.DATUM,Xl,Sl.O,O,A) 

CALL CHARR (ELEV2,3ATUM,X2,S2,L,BS,A,B) 
W R I T E ( 6 , 7 0 )  A,a;BS,HL 

7 0  FORMAT(27X, 'CHANNEL CHARACTERISTICS : ' ,/, 
1 1 7 X , ' A  = ' , F 1 5 . 1 2 , 5 X , ' B  = ' , F 1 5 . 1 2 . / ,  
2 ,6X, 'STREAM SLOPE z 1 , F 6 . 4 , 4 X ,  
3 'WATER SLOPE = ' , F 6 . 4 )  

CALL SHr)! : N (A ,B  ,BS ,HL ,!dTRLl ,WTRL2,'SHLENG) 
IF(B.EQ.O.) GO TO 2 1 0  
CALL UHW l(A,B,SS,HL,WTRL1,WTRL2,AREA) 
GO TO 5 0 0  

2 1 0  CALL AREA2(A,BS ,HL,WTRLl , WTRL2,AREA) 
GO TO 5 0 0  

F i g .  6. Computer program f o r  geometr ic  model used t o  es t ima te  shore 

area change i n  a r e s e r v o i r  r e s u l t i n g  f rom water  l e v e l  

f l u c t u a t i o n .  



3 0 0  CALL C H A R A ( E L E V ~  ,DATUM,X~ ,s i  ,o,o,A) . . 
CALL CHARR(ELEV~,DATUM,X~,S~,L,BS,A,B) 
WRITE(6 ,70)  A,B,BS,HL 
Y ~ S ( H L * L ) + W T R L ~ - ( B S * L )  
Y ~ = ( H L * L ) + w T R L ~ - ( B S * L )  
ADA=A+(B*L) 
CALL SHOLIN(A,B,BS,HL,WTRLl ,WTRL2,DSHOl) 
CALL SHOLIN(ADA,B,BS,HL,Yl,Y2,DSH02) 
SHLENGzDSHOl-DSH02 
I F ( B . E Q . 0 )  GO TO 3 1 0  
CALL A R E A l  A,B,BS ,HL,WTRLl ,WTRL2 , D S A l )  
CALL A R E A l  ADA,B,BS,HL,Yl ,YZ,DSA2) 

GO TO 50Q 

I 
AREAaD381aD3A2 

3 1 0  CALL BREB2(A,BS,HL,WTRLl ,NTRLZ , D s A ~ )  
CALL AREAZ(ADA,BS,HL,Y l ,Y2,USA2).  
AREA=DSAl-OSA2 
GO TO 5 0 0  

A ~ I C ~ * L ~ ? ? I ~ * ~ * * * * * ~ ~ ~ ~ * H I I , ~ ~ ~ ~ I ~ ~ ; ~ ; ~ ~ C ~ A A A A A I ~ A A A A A A A A A A A ~ A ~ A A A A A A A ' ~ A ~ ~ ~ A  

500 w ~ i f ~ ( 6 , a d )  WTRL1 ,WTRL2 
80 FORMAT(/ , 2 7 ~ ,  'WATER LEVEL FLUCTUATION: . / ,  

1 S X .  'M INIMUM WATER LEVEL = ' ,F lO.J .SX,  
2 'MAXIMUM WATER LEVEL = '  ,F10 .4 , / / )  

bJRITE(6.520)AREA 
5 2 0  FORMAT(7X, ' SIMULATED SHORELINE AREA' , 

1 ' EXPOSURE = '  , F 1 5 . 2 )  
I F ( S L I N E . N E . 0 . )  GO TO 5 5 0  
K = l . O  

5 1 0  WRITE(6,540)SHLEhG,SLINC1 ,i(,AREA 
5 9 0  FORMAT( 14X, '  SIMULATED SHORELINE LENGTH = '  ,F15.2, / ,  

1 17X, 'ACTUAL SHORELINE LENGTH = ' , F 1 5 . 2 , / ,  
2 2ax.  'ADJUSTING FACTOR = I  ,~X,FIO. 5,j//, 
3 OX, ' ADJUSTED SHORELINE AREA EXPOSURE = '  ,F15.2) 

6 0  TO 399 
550 K=SLINE/SHLENG 

AREA=AREA*K 
GO TO 5 1 0  

999 STOP 
END ............................................................... 
SUBROUTINE CHARA(ELEV,DATUM,X,S ,L,BS,A) 
REAL L 

A=(ELEV-DATUM-(Bs*L))/(X**Z .)  
RETURN 

10 A = ( S / X ) / Z  
RETURN 

2 0 A=(Sw*2. ) / ( 4 . w ( t ~ ~ V - ~ ~ - ~ ~ )  J )  
RE'I'URN 
END 

F,ig. 6 ( con t i nued )  



-- - ............................................................... 

SUBROUTINE CHARB(ELEV,DATUM,X ,S,L,BS,A,B) 
REAL L 
I F ( E L E V . E Q . 0 )  GO TO 10 
I F ( X . E Q . 0 . )  GO TO 2 0  
B=(ELEV-DATUM-(BS*L)-(A*(X**2. ) )  ) / ( L * ( X * * Z .  ) )  
RETURN 

1 0  B = ( ( S / ( Z . * X ) ) - A ) / L  
RETURN 

2 0  B=(((S**2.)/(4.*(ELEV-DATUM-(BS*L)))) 
1 - A ) / L  

RETURN 
END ............................................................... 
SUBROUTINE AREAl(A,B,S,HL,Yl.Y2,AREA) 
DIMENSION X l ( 5 0 1 )  , X 2 ( 5 0 1 )  , F N 1 ( 5 0 1 )  , F N 2 ( 5 0 1 )  
CALL FUNCT ( F N ~ , x ~ , A , B . s , H L , Y ~ )  
CALL INTEGR ( F N 1  ,X1 , A R l )  
CALL FUNCT (FN2,X2,A,B,S,HL,Y2) 
CALL INTEGR ( F N 2  ,X2 .AR2) 
AREAzARZ-AR1 
RETURN 
EN0 ............................................................... 
SUBROUTINE FUNCT (Y ,X,A,B,S,HL,Yl) 
DIMENSION X ( S 0 1 )  . ~ ( 5 0 1 )  
DIMENSION G 2 ( 5 0 1 )  ,G(501),H(501) , H 2 ( 5 0 1 )  ,SOR(S01) 
DIMENSION SQRO(501)  , F N 1 ( 5 0 1 ) ,  F N Z ( 5 0 1 )  , ~ ~ 3 ( 5 0 1 )  , F N 4 ( 5 0 1 )  
X ( S O l ) = Y l / A ) * * O .  5 
D=X(5011/5:3. 
DO 10 J=500,1 , -1  
X ( J ) = X ( J + l ) - D  

10 CONTINUE 
DO 2 0  1.1.501 
GZ(I)=(l.+!B*(X(I)**2.)+S)**Z. ) /  

1 ( 4 . * ( B * * Z . ) * ( X ( 1 ) * * 2 .  ) )  
G ( I ) = G Z i I ) * * O . . S  
Hll,=r(YlA*(X(I)**2.))/(B*(X(I)**2. + S - H L ) )  

1 + ( A / B )  
HZ! L I = H ( I ! * * ~ .  
S Q R ( I ) = ( G 2 (  I ) + H 2 ( 1 )  )**O.5 
S Q R O ( I ) = ( G 2 (  I ) + ( A / B ) * * ? .  ) * * 0 . 5  
F N l ( I ) = H ( I ) * S Q R ( I )  
FN2(I)=GZ(I)*ALOG((H(I)+SQR(I))/ 

1 G ( I ) )  
FN3( I )=A*SQRO( I ) / B  
FN~(I)=G~(I)*ALOG(((A/B)+SQRO(I))/G( I ) )  
Y(I)=AEs(B)*x(I)*(FN~(~)+FN~(I)-FN~(I)-F~4(1)) 

2 0  CONTINUE 
RETURN 
END 

F i g .  6 ( con t inued)  



SUBROUTINE INTEGR ( Y  ,X,AREA) 
DIMENSION Y ( 5 0 1 )  , X ( 5 0 1 )  
H = X ( 5 0 1 ) / 5 0 0 . 0  
ODD-0.0 
EVEN=O. 0 
DO10 I * ? . 4 9 0 + 2  
EVEN=EVEN+Y( ! ) 
ODD=ODDIY(I  1 1 )  
CONTINUE 
A R E A = ( H / ~ . ) * ( Y ( ~ ) + ~ . * ( E V E N + Y  (500))+2.*ODD+Y ( 5 0 1 ) )  ' 

AREA=2.*AREA 
RCTURN 
END ............................................................... 

, SUBROUTINE AREA2(A,S,HL9Y1,Y2,AREA) 
DIMENSION ~ ~ l ( 5 0 1 )  , F ~ 2 ( 5 0 1 ) , X 1 ( 5 0 1 )  , X 2 ( 5 0 1 )  

# l = X 1 ( 5 8 1 ) / 5 0 0 . 0  
H 2 = X 2 ( 5 0 1 ) / 5 0 0 . 0  
DO 5 0  I = 5 0 0 , 1 , - 1  
A l [  l j a ~ l ( l + l ) - ~ ~  
X P ( I ) = X Z ( I + l ) - H Z  

5 0  CONTINUE 

AREA=( ARE-AR1)+2. 
RETURN 
END 

F i g .  6 (con t inued)  



............................................................... 
SUBROUTINE SHOLIN(A,B,S,HL,Y~,Y~,SHOLEN) 
OIMEN5ION ~(501),X(501),F1(501),F2(501),2(501) 
YO=(Y2+Y1)/2. 
~(501)=(~O/A)**0.5 
D=X(501)/500. + 

DO 10 I=500,1.-1 
X( I)=X(I+l)-D 

10 CONTINUE 
00 20 I=1.501 
F~(I)=B*(X(I)**~. )+S-HL 
F2(1)=YO-(A*(X( I )**2. ) )  
z(I)=~.*(A*x(I)*F~(I)+B*x(I)*F~(I))/F~(I)**~.) 
~(1)=(1.+7(1)**2.)**0.5 

20 CONTINUE 
CALL INTEGR(Y ,X,SHOLEN) 
RETURN 
END 

F ig .  6 ( cont inued)  



cross-sec t ions  should be a t  bo th  ends o f  t h e  r i v e r .  For a  s i n g l e  

stream r e s e r v o i r  (pool cond i t i on ) ,  one i n p u t  c ross-sec t ion  should be 

determined a t  t h e  dam s i t e  o f  t he  stream, and another c ross-sec t ion  

should be de f i ned  a t  a  d is tance about one-hal f  t h e  r e s e r v o i r  l eng th  

upstream from t h e  dam, b u t  never more than two- th i rds  o f  t he  r e s e r v o i r  

length .  I n  some cases, if o n l y  a  s i n g l e  c ross-sec t ion  a t  t he  dam i s  

a v a i l a b l e ,  use o f  t h e  i n p u t  format  g iven i n  s tep  5b o f  Table 4  

a u t o m a t i c a l l y  ad jus ts  f o r  t h i s  cond i t i on .  

The geometr ica l  model has an advantage i n  the  a b i l i t y  t o  est imate 

shore area even though 1  i m i t e d  data a re  ava i l ab le .  However, t h i s  

model i s  cons t ruc ted  f o r  r e s e r v o i r s  w i t h  no o r  o n l y  s l  i q h t  shore1 i n e  

i r r e g u l a r i t y ,  and t h e  model i s  n o t  recommended f o r  reservoirs w i t h  
"i regu l a r i  t y  tac to rs ' l  g rea te r  than 3.0. I r r e g u ' l a r i  t y  f a c t o r  F i s  

de f i ned  as the  r a t i o  o f  t h e  ac tua l  sho re l i ne  l eng th  t o  the  main stream 

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

5. APPLICATION EXAMPLES 

T h i s ,  s e c t i o n  demonstrates the  use o f  each model and compares 

r e s u l t s  f o r  f o u r  se lec ted  rese rvo i r s .  A1 though a1 1  f o u r  r e s e r v o i r s  

represent  a  Case I c o n d i t i o n  (Table I), a p p l i c a t i o n s  o f  t he  

geometr ica l  model are performed t o  demonstrate the  use o f  t he  

geometr ica l  model. The f o u r  r e s e r v o 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 re  as f o l  lows: 

Shore1 i ne 
Reservoi r  L E E  c o n f i g u r a t i o n  Contour map sca le  

Derwent Reservoi r pool Regular 1" = 1 km 

Normandy ( p a r t  o f  Reservoi r  pool S l  i g h t l y  1: 12000 ; 
t h e  r e s e r v o i r )  i r regu  1 a r  (1" = ~ U U U  t t j  

N o t t e l y  Reservoi r  pool I r r e g u l a r  1: 24000 ; 
(1" =. 2000 f t )  

Ocoee #2 Run-o f - r i ver  Regul a r  1: 24000 
(1" = 2000 f t) 
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Table 4. I n p u t  format  f o r  geometric model 

Card No. Var iab les  Format 

1 Reservoir  type Run-of- r i  ve r  o r  
r e s e r v o i r  

2  E leva t i on  o f  dam base, DATUM F10.4 

3 Cross-sect ion data a t  t he  dam: e l e v a t i o n  F10.4, F10.4, 
o f  a  p o i n t ,  ELEVl; w id th  o f  t he  r e s e r v o i r  F10.4 
a t  the  p o i n t ,  W 1 ;  shore slope a t  t he  
p o i n t ,  S, ( i n p u t  o n l y  i f  e l e v a t i o n  o r  
w id th  i s  n o t  a v a i l a b l e )  

Stream bed slope, S o r  B S ; ~  d is tance F10.4, F10.4, 
between the  c ross-kec t ion  a t  the  dam and F10.4 
the  o ther  c ross-sec t ion  upstream, L  
( i n p u t  1.0 i f  on l y  c ross-sec t ion  data a t  
the  dam i s  ava i l ab le ) ;  water sur face 
slope, HL ( l e s s  than the  stream bed 
s  1  ope) 

5 a  Two cross sec t ions  F10.4, F10.4, 
E leva t i on  o f  a  p o i n t ,  ELEV2; w id th  o f  F10.4 
the  r e s e r v o i r  a t  t he  p o i n t  W2; shore 
slope a t  t h e  p o i n t ,  S2, ( i n p u t  o n l y  i f  
e l e v a t i o n  o f  w id th  i s  no t  a v a i l a b l e )  

b  Only one c ross-sec t ion  
ELEVl + Sb ( o r  GS),  W 1 ,  S 1  ( i n p u t  on l y  i f  
e l e v a t i o n  o r  w id th  i s  no t  ava i l ab le )  

6 Expected minimum water l e v e l  e leva t i on ,  F10.4, F10.4, 
WTRL1; expected maximum water l e v e l  
e leva t i on ,  WTRL2 

7 Actual sho re l i ne  length ,  SLINE ( i n p u t  F10.4 
0.0 i f  no t  a v a i l a b l e )  

a  BS used t o  represent  bed slope term, Sb, i n  computer model. 



Example 1: Derwent (Reservo i r )  (F ig.  7) 

Data cond i t i on :  Case I (Table 1) 
Method: Simple model us ing  Table 2  s o l u t i o n .  * 
40 sec t i ons  

Water f 1 u c t u a t i o n  = 3.3 m (down) 
Average shore s lope = 0.10 
Shore l e n g t h  = 12,000 m 

shore area 
From 2 t  km shore l e n g t h  = 3.316 

12000 - T o t a l  shore area = 3.316 x  - 39.792 hectares = 397,920 m2 

Example 2: Normandy Lake (Reservoi r )  ' ( ~ i g .  8) 

Data cond i t i on :  Case I (Table 1) 

Method: Simple model and mod i f i ed  s imple model (F igs.  1 and 2) 

I n p u t  data ( l eng ths  i n  ft): 

Last  
Sec t ion  i n t e r v a l s  Sec t ion  l e n g t h  

Water l e v e l  f l u c .  5.0 1000.0 1000.0 
No. o f  sec t ions  4 1 
Shore slopes: 0.3 

0.3 
0.3 
0.3 
U. 2 
0.25 
0.3 
0.3 
0 .01  
0.20 
0.25 
0,3 
0.3 
0.3 
0.25 
0.3 
0.25 
0.2 

"F igure 4  computer model g ives  476,913 m2. 
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0 500 - 
METERS 

F i g .  8. Map o f  Normandy Reservoir used f o r  a p p l i c a t i o n  examples 
I (Sect ion 5 )  f o r  p r e d i c t i n g  shore area change. 



Example 2: Simple model method output  (shore l eng th  i n  f t ,  shore 

area i n  f t2): 

Sect ion Length Average sl ope 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 
22777.78 
25495.10 



Sect ion  

1 9  
20 
21  
2 2 
23 
24 
25 
2 6 
2 7 
28 
2 9 
3 0 
3 1  
3 2 
33 
31 
35 
3 6 
3 7 
38 
3 9 
4 0 
4 1 

Length 

iooo. 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 
1000.0o 
1000.00 
1000.00 
1000.00 
1000.00 
1000.00 
1000.00 
1000.00 
1000.00 

Shore l e n g t h  = 41000.00 f t  

Average slope 

0.105000 
0.015000 
0.015000 
0.020000 
0.065000 
0.200000 
0.300000 
0.275000 
0.250000 
0.175000 
0.065000 
0.065000 
0.125000 
0.100000 
0.065000 
0.070000 
0,040000 
0.160000 
0.225000 
0.200000 
0.175000 
0.125000 
n ~ r r o o o o  

Area 

47880.83 
333370.82 
333370.82 
250049.99 

77085.40 
25495.10 
17400.51 
18856.79 
20615.53 
29005.63 
77085.40 
77085.40 
40311.29 
50249.38 
7708.5.40 
71603.36 

125099.96 
31647.47 
22777.78 
25495.10 
29005.63 
40311.29 
33706.25 

Shore area = 2248250.20 f t2 

Water l e v e l  f l u c t u a t i o n  = 5.00 f t  

Exampl e  2: (Cont i  nued) 

Mod i f ied  simple model ou tpu t  (shore l e n g t h  i n  ft,, shore area i n  f t2): 

Sect ion  Length 

1000.00 
1000.00 
1000.00 
iooo.  00 
1 u u u .  UU 
1000.00 
1000.00 
1000.00 
1000.00 
1000.00 
1000.00 
1000.00 

Average w id th  Area - 



Sect ion 

1'3 
1 4  
1 5  
16 
17  
18 
19  
2 0 
21  
22 
23 
24 
25 
26 
27 
28 
2 9 
3 0 
3 1  
32 
33 
3 4 
3 5 
3 6 
37 
3 8 
39 
40 
4 1 

Length 

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 
1000.00 
1000.00 
1000.00 
1000.00 
1000.00 
1000.00 
1000.00 
1000.00 

Average w id th  

17.400511 
19.008019 
19.008019 
19.008019 
23.055313 
25.495097 

262.760050 
375.037490 
375.037490 
333.383320 
108.495510 

33.824944 
17.400511 
19.008019 
20.615528 ' 

35.432453 
108.495510 
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 

17400.51 
19008.02 
19008.02 
19008.02 
23055.31 
25495.10 

262760.05 
375037.50 
375037.50 
333383.32 
io8495.51 

33824.94 
17400.51 
19008.02 
20615.53 
35432.53 

108495.51 
108495.51 
41977.81 
66915.58 
81412.30 
73091.44 

166766.60 
133725.25 

25553.38 
27160.89 
35432.45 
41977.81 
33706.25 

Shore l eng th  = 41000.00 f t  Shore area = 3362730.80 f t2  

Water l e v e l  f l u c t u a t i o n  = 5.00 f t  

Example 3: Ocoee #2 Dam ( r u n - o f - r i v e r )  (F ig.  9)  

Data cond i t i on :  Case I (used as Case I V  here, Table 1) 
Method: Geometrical model (F ig.  6)  
I n p u t  data ( l eng th  i n  f t) ,  Table 4: 



DAM 

F i g .  9. Map o f  Ocoee No. 2 Reservo i r  used i n  a p p l i c a t i o n  examples 

(Sec t i on  5)  f o r  p r e d i c t i n g  shore area change. 



CARD NO. (see Table 4)  

1 Run-of-River 

2 o. oo (DATUM) 
3 600.0 (Wl) .5333 ( S l )  
4 0.0155 26400.0 .0150 
5 50.0 (W2) .8636 (S2) 
6 45.00 (WTRL1) 50.0 (WTRL2) . 

7 54800.0 (SLINE) 

Geometrical model ou tpu t  ( l e n g t h  i n  f t ,  area i n  f t 2 )  

Run-of-River Shore l ine  

Channel c h a r a c t e r i s t i c s :  

A = 0.000888833330 B = 0.000000620574 

Stream s lope = 0.0155 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 1 eve1 = 50.0000 

Simulated sho re l i ne  area exposure = 417130.91 

Simulated sho re l i ne  l e n g t h  = 52805.09 

Actual shore1 i ne 1 ength = 54800.00 

A d j u s t i n g  f a c t o r  = 1.03778 

Adjusted sho re l i ne  area exposure = 432889.56 

Example 4: Derwent (Reservoi r )  (F ig.  7) 

~ a t a  cond i t i on :  Case I (used as Case I V  here, Table 1) 
Method: Geometrical model ( F i g .  6) 
I n p u t  da ta  ( l e n g t h  i n  m) (Table 4): 



CARD NO. (see Table 4 )  

1 Resei-voi t- 

2 0.00 (DATUM) 
3 30.0 (ELEV1) 900.0 (Wl) 
4 0.0057 ( B S )  2500.0 ( L )  0.0 (HL) 
5 30.0 (ELEV1) 600.0 ( ~ 2 )  
6 26.7 (WTRL1) 30.0 (WTRLZ) 
7 12000.0 (SLINE) 

Geometrical model ou tpu t  ( l e n g t h  i n  m ,  area i n  m2) 

Reservoi r  sho re l i ne  

Channel charac t .e r is t i cs :  

A = 0.000148148150 B = 0.000000010741 

Stream slope = 0.0057 Water s lope = 0.0000 

Water 1  evel f 1  u c t u a t i  on: 

M i  nimum water 1  eve1 = 26.7000 Maximum water l e v e l  = 30.0000 

Simulated sho re l i ne  area exposure = 457215.78 

Simulated sho re l i ne  l e n g t h  = 10018.28 

Actual  sho rc l i r i c  l c n g t h  = 12000.00 

Ad jus t i ng  f a c t o r  = 1.19781 

Adjusted Shore l ine  Area Exposure = 547657.62 

I n  a d d i t i o n  t o  the  example work shown above, simple model, 

mod i f i ed  simple model, and geometr ica l  models were app l i ed  t o  a l l  four 

se lec ted  r e s e r v o i r s  except Nottely Lake (F ig .  l n ) ,  w h ~ r ~  t.hp 

geometr ica l  model cannot bc app l i ed  hecause o f  the  h igh  shore1 i n e  

i r r e g u l a r i t y  con f i gu ra t i on .  The r e s u l t s  o f  d i f f e r e n t  models app l i ed  

t o  these f o u r  se lec ted  r e s e r v o i r s  a re  tabu la ted  i n  Table 5 f o r  

comparison. 
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Table 5, Comparison o f  model use r e s u l t s  f o r  f ou r  reservo i rs  

Model used 

Reservoir Simple Modi f ied simple Geometrical 

Derwent 476,913 m2 (a) 525,487 m2 547,658 m2 

Normandy 2,248,250 ft2 3,362,731ft2 2,497,488ft2 

Not te ly  13,618,715ft2 15,622,420ft2 b 

Ocoee No. 2 625,425 f t g  651,266 ft2 432,890 ft2 

a397,920 m2 using Table 2. 

b~eomet r i ca l  model not  appl ied since i r r e g u l a r i t y  fac to r ,  F, i s  
greater than 3.0. 

Based on the resu l t s ,  the modi f ied simple model general ly  gives higher 

estimates on shore area exposure. However, from the discussion 

presented i n  Section 3, t h i s  i s  t o  be expected when compared w i t h  the 

"simple" model approximation. Note t h a t  the geometrical model 

p red i c t s  shore area change w i t h i n  about one-thi rd o f  the lltrue" value 

as assumed 'from the modif ied s i q l  e approach. 



6. GLOSSARY OF TERMS 

Symbo 1  Meani ng 

A . . . . . . . . . . . .  . . :  . .  Reservo i r  c h a r a c t e r i s t i c  parameter 
used i n  geomet r i ca l  model 

B  . . . . . . . . . . . : . . . .  Reservo i r  c h a r a c t e r i s t i c  parameter 
used i n  geomet r i ca l  model 

. . . . . . . . . . . . . . .  A A .  Incrementa l  shore area, f o r  
incrementa l  s h o r e l i n e  d i s t a n c e  
AL, and r e s u l t i n g  f rom wate r  l e v e l  
f l u c t u a t i o n ,  AH. 

. . . . . . . . . . . . . . . .  AL Increment o f  shore l e n g t h  

S1, S2,  Si . . . . . . . . . . . .  Local  shore o r  bank s lope ,  dy/dx 
- 

. . . . . . . . . . . . . . . .  S  Average shore s lope ,  e i t h e r  w i t h i n  
AL o r  f o r  e n t i r e  r e s e r v o i r  shore 

. . . . . . . . . . . . . . . .  n  Number o f  nL  increments 

BS, Sb . . . . . . . . . . . . .  Lonc j i tud i r ia l  o r  streambed s lope ,  
dy/dx;  i n te rchangeab le  

. . . . . . . . . . . . . . .  WTRL Water l e v e l  e l e v a t i o n ,  usuaqly  taken  
t o  be a t  dam. Subsc r i p t s  1, 2 
r e f e r  t o  i n i t i a l  and f i n a l  cond i -  
t i o n s ,  r e s p e c t i v e l y .  

. . . . . . . . . . . . . . . .  HL Hyd rau l i c  grade l i n e  o r  l o n g i t u d i n a l  
water  su r f ace  s lope  o f  r e s e r v o i r  
(assumed < Sb) 

. . . . . . . . . . . . .  x ,  y ,  z Ca r t es i an  coo rd i na tes  used i n  
deve lop ing  geomet r i ca l  model 
re fe renced  a t  bot tom c e n t e r l i n e  
o f  dam; x = w i d t h ;  y  = depth;  
z  = upstream d i s t a n c e ,  s u b s c r i p t  
i r e f e r s  t o  downstream c ross  
s e c t i o n  

D is tance  ( reach)  a l ong  z, between 
dam and upstream c ross  sec t i ons  



. . . . . . . . . . . . . . . .  W Width o f  r e s e r v o i r  a t  p rescr ibed  
p o i n t  o r  cross s e c t i o n  

. . . . . . . . . . . . . . . .  F Reservo i r  s h o r e l i n e  i r r e g u l a r i t y  
f a c t o r ,  r a t i o  o f  measured shore- 
l i n e  l e n g t h  t o  main channel 
r e s e r v o i r  1  ength 

. . . . . . . . . . . . . .  The ang le  o f  r i s e  o f  t h e  s h o r e l i n e  
from t h e  h o r i z o n t a l  (see S,, S2) 
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