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Executive Summary


T h is technical re port reviews th e a v a i l a b l e ~ r e s e a r c h  and evaluations on th e e ffects

o f flow fluctuations on sa lmonids . I t also summarize s how hy dropower facilitie s


cre ate flow fluctuations,  suggests crite ria for mitigation,  re commends fie ld


procedure s,  and identifie s ne e ds for furth e r re se arch .  T h is te chnical re port is


limited to th e review of flow fluctuations and does not addre ss flow alte rations.

Flow alte rations are changes from th e natural or umegulate d flow th at pe rsist for

weeks,  month s,  or seasons,  e ith e r as a re sult of wate r storage or as a re sult of

b y passing a section of th e rive r with a penstock.  Flow alte rations change th e

amount of h ab itat availab le to fish and,  th us , ch ange th e capacity of th e rive r to

produce fish .


Flow fluctuations are unnatural changes in flow ove r pe riods of minute s,  hours,  o r

days. T h e b iological impacts include immediate mortality ,  de lay ed mortality ,

temporary  loss of h ab itat,  re duced reproductive success,  loss of food re source s,  and

b eh avioral re sponse s th at could reduce survival or growth . T h e effects of flow


fluctuations are not we ll-unde rstood by many b iologists outside th e P acific


N orthwest involved in hy dropower mitigation,  and many site -specific investigations

comple te ly  ignore th e impact of flow fluctuations. 


T h e phy sical hy draulics of umegulate d (i. e . ,  natural) and regulate d (i. e . , 


h y dropower controlle d) rivers are compare d to emphasize th at umeguJate d rive rs


rare ly  e x pe rience drops in stage (i. e . ,  wate r surface e levation) in ex cess of two


inches pe r hour,  e x cept during floods,  whe re as regulate d rive rs may e x pe rie nce a


much h igh e r frequency at low and medium flows. T hus,  aquatic life forms are  not

necessarily adapte d to stage drops in ex cess of one or two inch es pe r hour.

T h e  most widely studied b iological impact is stranding.  S tranding has kille d

hundreds of thousands ofjuvenile  salmon in single events.  T h e incidence of

stranding is affe cted by th e life h istory stage of th e fish , sub strate ty pe ,  rive r

ch anne l contour,  range of flow change ,  rate  of flow change ,  specie s,  and time of

day .


O th e r b iological impacts have not b e e n as thorough ly  evaluated.  T h e se include

redd dewate ring,  inve rte b rate productivity ,  fish emigration,  and spawning


inte rfe rence .  T h e se impacts can b e  quite significant unde r some circumstance s.
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H ydn>power facilitie$ ca1J$e flow fluctuatioJls in !I vari!;!ty of ways, Suc!lc3sM 


mitigation f!;!qllires lI, tbor()\lgb \lnderst!lnding of tbe operation practigO$ !IJlQ


mai(i.lnctiollS th/.lt C/.I\I$e flow f1l1ctuations. It is not sufficient to liSt criteria


specifying /lJlow/.lg!e h Y d n \ l ~ ! i c  changes, P ! ; ! v e l o p e r ~  often fail to r e c o g n i ~ e  or


acknowledge llll §oufces of flow f1J.!ctuat

i

OIlS . and when facilitie§ are built that fN !


to address aU potential sourCes of flow f1uct\latlollS . they will n;sist unanticipated


and oncn costly wtemtiollS of th!;!ir fllcilities or Ilhl\llges to their operation


proc!;!dures. A u overvi!;!w of mechanical causes and s\lggest!;!d !l:l!;!chllllic/lJ lind


hydra1Jlic crit!;!ria lIT!;! provided,


This report ends with a djsC\lssion on th.e signifjcam;e of \liological impa¢tli relative


to other types of hydropower impacts. The impact of flow fluctuationa has been


ignored in many sHN P@9ifjc evaluations and in most comprehenaive reviews.


Informational deficiencies and additional research needs arl) also disC\lssed.
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2. I ntroduction.  T h is section defines th e scope of th is review.


H y dropowe r facilitie s can,  to vary ing capacitie s,  ch ange instre arn flow patte rns in

rive rs b e low th e darns and powerhouse s.  T h e se changes can b e  classified into

two cate gorie s,  flow alte rations and. flow fluctuations. 


Flow alte rations are  change s in flow ove r long pe riods of time (weeks,  month s, 


or se asons) re sulting from th e storage of wate r,  irrigation diversions,  municipal

dive rsions,  o r th e reductions of flow b e twe e n darns and powe rhouse s.  T h e se

ch ange s in ne t flow usually change th e availab ility  of fish h ab itat,  and thus

ch ange th e  fish production pote ntial of a rive r.  Flow alte rations are evaluate d

by study ing th e fish h ab itat re quirements and estimating th e changes in h ab itat

are a at diffe re nt flows using a hy draulic mode l.  T h e  I nstre am Flow I ncremental

M e th odology (I FI M ) (Bovee 1982) has b e come a standard me th od for e stimating

h ab itat change s re sulting from flow alte rations.  T h e I FI M  me thodology is


routine ly  used to facilitate negotiation of instre am flow requirements,  usually 


minimum flow requirements,  th at me e t th e h ab itat ne eds of economically 


important or th re ate ne d fish specie s. 


Flow fluctuations are unnaturally  rapid changes in th e flow ove r pe riods of

minute s,  hours,  and days. Flow fluctuations can b e  immediate ly  le th al or have

indire ct and de lay ed b iological effects.  T h is re port reviews th e only impacts of

flow fluctuations on salmonids re sulting from hy dropower activity . 


T h is re port i s divided into seven sections including:


(1) T h e  diffe rence b e twe en rivers re gulate d for hy dropower and unre gulate d

rivers; (2) T h e  b iological effects of flow fluctuations; (3) T h e hy draulic


re sponse of flow fluctuations ove r time and distance ; (4) T h e  types of

h y dropower activity th at causes flow fluctuations; (5) M itigation measure s; (6)

Fie ld M e thods; and (7) A  concluding discussion. A nadromous salmonids

(Oncorhynchus SPJI.) are emphasized,  re fle cting th e availab le information on th e

sub ject.  M ost of th e re se arch and evaluation regarding th e effects of flow


fluctuations onsalmonids has occurred in th e state s of W ash ington and O re gon.

T h e discussion h e re in assumes th e b iological,  geological,  and hy drological


ch aracte ristics of th e se state s.  Unle ss oth e rwise noted,  geograph ical name s are

implicitly locate d in W ash ington S tate .

Flow fluctuations can b e  measure d e ith e r by changes in flow, which is th e

volume of wate r passing a specific rive r transect,  or by changes in stage ,  which is


th e wate r surface e levation or gage h e igh t.  B oth units are ne e de d to unde rstand

th e prob lem,  and th e te rms are used inte rch angeab ly  in th is tex t.  H y drologists


and engine e rs re quire flow measurements for many applications; however,  th e

b iological impact of flow fluctuations is b e st measure d by stage . T h e ~ e  two units

do not have a simple functional re lationsh ip,  thus rating tab le s or rating curves

are used to de fine th e flow at each . stage  for a specific rive r transect.
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3. Unregulate d and Regulated Rivers.  T h is section describ e s th e  diffe rence


b etween unre gulate d and regulate d rive rs. 


Flows in unregulate d rivers re spond to changes in pre cipitation and snow melt. 


W est of th e Cascade Range ,  th e pe ak flows occur from heavy rain storms in

N ovemb e r,  De cemb e r , and January .  A  le sse r b ut more sustained pe ak occurs


from a comb ination of rain and snow me lt in th e spring. T h e lowest flows


coincide with th e dry se ason th at occurs in late  summer and early  fall. G lacial

stre ams and stre ams on th e e ast side of th e Cascade s have a somewhat diffe re nt

patte rn.  H e re ,  th e h igh e st flows ofte n o<;cur in th e spring and ex tend into th e

early summer.  T h e lowest flows in some y ears occur during cold pe riods in th e

winte r.  In e ith e r case ,  pe riods of heavy rainfall or dry weath e r can cre ate  flows


th at are ab ove or b e low seasonal averages.  T h e se natural flow variations

indirectly affect fish production as a re sult of challges in th e quantity  and quality

of instre am hab itat.

O n a sh orte r time scale ,  individual storms can rapidly incre ase rive r stage in le ss


th an a day . A fte r th e storm,  th e stage decline s to a re lative ly  stab le leve l ove r a


longe r pe riod of time ,  usually days or weeks. I n addition to storm events, 


limited daily stage changes some times occur during sunny we ath e r as a re sult of

snow me lt run-off. Both ty pes of natural flow changes are illustrate d in Figure 1,


which shows th e hy drograph s of th re e S noqualmie Rive r gages. T h is graph plots

th e rive r stage re sponse s to a storm (A pril 4 th rough 8) and to snow me lt (A pril

10 th rough 14).


T ab ulation of hourly changes in stage provides insigh t on natural changes in

flow. T h e first ex ample is Youngs Cre ek,  a medium sized stre am locate d in th e

westside footh ills of th e Cascades.  T h e hourly stage of Youngs Cre e k we re

re corded for a I S -month pe riod,  re sulting in 11, 771 ob se rvations of stage ch ange

(T ab le 1). O f th e se ob se rvations,  th e re we re 3182 records of no change ,  3199


records of increases,  and S 390 records of decreases.  T h e numb e r of decre ase s

ex ceed increase s b e cause increase s are typically gre ate r in magnitude ,  and thus,

it takes a gre ate r numb e r of decre ase s to offse t th e increase s. 


T h is data was tab ulate d by month and flow ex ce edence ten-pe rcentile s.  T h e

most seve re fluctuations occurred in late fall and winte r (T ab le 1) and most

stab le flows occurred during th e A ugust and S e ptemb e r dry season.  A s migh t b e

ex pected,  th e rate of change in stage is re late d to total flow or stage (T ab le 2). 


I t is important to note th at stage decrea, ses in ex cess of 2 inch e s pe r h our did not

occur in th e lower 80 pe rce nt of th e flow range .  O nly in th e h igh e st 10 pe rce nt

of th e flow range did stage decre ase s routine ly ex ce ed 2 inch e s pe r hour.  I n

contrast,  stage incre ase s ab ove 2 inch es an h our occasionally occurre d in th e

lowest 80 pe rce nt o f th e flow range . 
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I n a se cond e x ample ,  h ourly  s tag e  ch ange s in adjace nt re gulate d and unre gulate d

rive rs we re  tab ula te d for comparison.  T h e  S auk Rive r and uppe r S kagit Rive r

(M arb l e mount g ag e ) a r e  rive rs o f similar size .  B o th  rive rs orig inate  from th e

N or th  Cascade s mountains .  T h e  S auk Rive r is unre gulate d ,  and th e  upp e r

S kagit Rive r is re gula te d b y  th r e e  dams.  T h e  disch arge from th e  lowe st dam is

sub je cte d to daily  flow fluctuations during par ts o f th e  y e ar as a re sult o f ch ange s

in de mand for e le ctric powe r (load following).

N e arly  two y e ars o f d a t a (O c tob e r 1, 1989,  to S e p te mb e r 19, 1991; 17, 244


ob se rvat ions) are  tab ula te d for comparison .. T h e  distr ib ution o f flow fluctuations

for th e  S auk Rive r (T ab le  3 ) is. q)Jite similar to' th a t for Youngs Cre e k (T ab le

2).  O nly  one  re cord o f de cline  in stage o f 2 inch e s o r  g re a t e r occurre d: in th e

lowe r 9 0 pe rce n t o f th e  flow range .  N ine ty -se ve n ob se rvations of de cline s in

flow g re a t e r o r e qua l to 2 inch e s pe r h our occurre d in th e  h igh e st 10 pe rce n t o f

th e  flow range . 


.  By contrast ,  th e  S kag it Rive r gage re corde d 391 e ve nts o f stage de cline s o f

g re a t e r th an o r e qual to 2 inch e s p e r h our in th e  lowe r 90 pe rce n t o f th e

e s t imate d na tura l flow range ,  including.  four eve nts in th e  lowe st 1 0 pe rc e n t o f

th e  natural flow range  ('fab l e  4); De spi te  significant mode ra t ion of. disch arge

fluctuations a t th e  lowe st dam in  re ce n t y ears, .  th e  ra t e  o f ch ange  in: th e  rive r

flow is still h igh ly  unnatural .

I n summary ,  rapid de cre ase s in stage rare ly  occur in unre gulate d rive rs,  e x ce pt

during o r immediate ly  aft e r floods.  T h us rive rine life forms are  not ne ce ssarily

adap t e d to survive such  eve nts.  Landslide s and rock falls can cause  rap id flow

de cre ase s unre la te d to floods,  however, _  such  events are  ra re  and a r e  unlike ly  to

induce natural se le ction o r le a rn e d b e h avioral re sponse s in aquat ic animals.

4 . T h e  B iological I mpac ts o f Flow Fluctuations .  T h is se ct ion de scrib e s aU known

b iological impacts t h a t r e sul t from flow fluctuations. ·

a .  I ncre ase s in Flow

E vide nce of b iolog ical impacts from rap id flow incre . ase s is scarce .  S ome

impacts associate d with  rapid flow incre ase s migh t b e  more  appropriate ly

associate d with h igh flows. Roch e s te r e t al.  (1 984 ) note d th a t eggs and

alevins can b e  kille d wh e n grave l scour occurs,  and juve nile  fish may  b e

ph y sically  flush e d down th e  rive r.  S ome spe cie s o f aquat ic inse cts th a t swim

in pools can b e  ph y sically  flush e d downstre am from a sudde n incre ase  in flow


(T rotzky  and G re gory  1974 ,  ci te d i n  Cushman 1985).

I n an e ve nt ob se rve d b y th e  auth or ,  ave r y  rapid incre ase  in flow

(approx imate ly  200 cfs to 1800 cfs in le ss th an 30 minute s) on th e  N or th  Fo rk

S kokomish Rive r was de te rmine d to h ave little  o r n o  dire ct impact on th e
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salmonid population.  B e fore and afte r index  counts of juvenile salmonids

we re possib le b e cause an instre am flow study was unde rway at th e time .  N o


significant diffe rence in index  counts could b e  de te rmine d (unpub lish ed data,

Chas G owan,  H arza N W , Be llevue ,  W A ). H owever,  iI ldire cte ffe cts (i. e . , 


aquatic inve rte b rate s,  long-te rm . condition and survival of juvenile salmonids)

we re not assessed. It should b e  note d th at th e sub sequent decline in flow did

kill some fish .


T h e b iological effects of unnatural flow increase s are  usually irre le vant in

regulating hy dropower ope rations b e cause pub lic safe ty conce rns justify more

stringent regulations th an b iological conce rns.  Flow increase s can strand and

occasionally drown fish e rmen and oth e r people locate d on b ars,  rocks,  or in

confined canyons. Boate rs migh t also b e  at risk unde r some circumstance s.  . 


T h e remaining discussion in th is review deals ex clusively with th e effects of

de cre ase s in flow.


b. Stranding

S tranding is th e se paration of fish from flowing surface wate r as a re sult of

declining rive r stage .  S tranding can occur during any drop in stage .  I t is not

ex clusively associated with comple te or sub stantial dewate ring of a river. 


S tranding can b e  classified into two categorie s: Beaching is when fish


flounde r out-of-wate r on th e sub strate .  Trapping is th e isolation of fish in

pocke ts of wate r with no access to th e free -flowing surface wate r.  S tranding

cannot always b e  neatly  classified as b each ing or trapping.  T hus th e te x t

h e re in uses th e te rm stranding unless a more specific te rm is appropriate .

S almonid stranding associated with h y dropower ope rations has b e e n wide ly 


documented in W ash ington and O re gon (e . g. ,  T h ompson 1970; W itty and

T hompson 1974; P h inney 1974, 1974b ; Baue rsfe ld 1977, 1978; B e cke r e t aI . , 


1981; Fiscus 1977; S aite rwaite 1987; O lson 1990). S tranding can occur many

miles downstre am of th e powe rh ouse (P h illips 1969; W oodin 1984). T h e

e stimate d numb e rs of fish strande d in flow fluctuation events range from

negligib le to 120, 000 fry (P h inne y  1974). S tranding mortality  is difficult or

impossib le to e stimate (S e e S ection 8. b . ).  E stimate s are usually very 


.  conse rvative and / o r highly variab le .

S tranding can also occur as a re sult of oth e r events,  including natural decline s

in flow (author'S  ob s),  sh ip wash (B aue rsfe ld 1977), municipal wate r

withdrawals,  and irrigation withdrawals.  M any factors affect th e incidence of

stranding.  A  re curre nt th eme in much of th e following discussion is th e h igh


vulne rab ility  of small salmonid fry .
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i.  Life H istory  S taJ:e .  Juve nile  salnJO nids. are  more  vulne rab le  to strandiJ;lg


t h an adults.  S almonid fry th a t h ave just ab sorb e d th e  y olk sac and h ave

re ce ntly  eme rge d from th e  grave l are  b y far th e  mO st vulne rab le .  T h e y

a r e  poor swimme rs and se tt le  along sh allow margins of rive rs (P h inne y

1974 ,  W oodin 1984),  wh e re th e y  seek: re fuge from P lrre nts and larg e r

f:ish. QI:lCe chiI :look: attain th e  size of 5 0 to 60 rnrn in length ,  vulI :le rab illty 


drops sub stantially .  For ste e lh e ad,  vulne rab ility  drops significantly  wheJ!.


ti le  fry rea. ch 40 rnrn (Beck: A ssoc.  1989). Large r juve nile sar . e  more

incline d to inh ab i t pools,  glide s,  ove rh anging baP -ks, and rnidch anne l . 


sub strate s ,  wh e re  th e y  are  le.s.s vulne rab le to stranding .  JI oweve r,  rnllny


juve nile s still inh ab it sh ore line are as ,  and rem. ain vulne rab le  to stranding

unti l th e y  emig rate  to s. altwate r (Ch apman aI:ld B jorn 1969,  H amilton and

B ue ll 1976).  A dult stranding as a re sult o f h y dropowe r fluctuations h as

b e e n docume nte d (H am i l ton and Bue ll 1976). 


ii. Rive r Ch anne l Configuration ,  T h e  rive r ch anne l configuration is I I major

factor in th e  incide nce of stranding .  A  rive r ch anne l with many  side . 


ch anne ls ,  poth ole s,  and low gradie nt b ars will h ave a much gre ate r

incide nce of . stranding th an a rjve r confine d to a single ch anne l witb

s te e p b anks.

Large numb e rs of small fry die from b e ach ing on grave l b ars wh e n

unnatural flow fluctuations occur (ph illips 1969; P h inne y  1974; W oodiI :l


1984). B aue rsfe ld (1978) ob se rve d b e ach ing primarily  on b ars with

slope s le ss th an 4 pe rc. ent.  B e ck A ssoc.  (1989) de te rmine d th a t b eacb ilJ, g


occurre d primarily  on b ars with slope s less th an 5 pe rce nt .  Unde r

lab oratory  conditions,  M onk: (1989) de te rmine d th a t ch inook fry strande d

in significantly  large r . numb e rs on 1.8 pe rce nt slope s th an o n  5. 1 pe rce nt

slope s,  howeve r,  re sults W ere not significant fors t e c lh e ad .  S tranding O.n


ste e p grave l b ars (> 5 pe rce nt slope ) h as not b e e n th orough ly  studie d.

Long side channe l. s with intcrmitte n. t flows are  notorious for trapping

juve nile fish . S ub stantial trapping can O CP lr e ve n with unre gulate d flowS 


(H unte r ,  pe rs .  ob s. ).  S ide ch anne ls are  valuab le re aring h ab itats ,  and

juvenile s o f seve ral spe cie s pre fe r sJde ch anne ls ove r th e  main ch anne l.

H oweve r,  unnatural fluctuations will re pe ate dly  trap fish ,  eventually

killing some or all of th em (W itty  and T h ompson 1974, H amil ton and

Bue ll 1976,  W oodin 1984 ,  O lson 1990). S ide ch anne ls can t rap

sub stantial numb e rs of finge rlings and smolts , (up to 150 em) as we ll as

fry . . 


A s wate r re ce de s from rive r margins,  juvenile salmonids may b e come

trappe d in de e p pools calle d poth ole s (W oodin 1984; S toke s and Jone s

A ssoc. 1985). P oth ole s . are forme d a t h igh flows from scouring arO llUd


b oulde rs and rootwads . and wh e re opposing flows me e t .  P oth ole s may
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remain wate re d for b ours or month s depending on depth of th e  poth ole

arid th e rive r stage . R.W . Beck A ssoc. (1989) ex tensive ly studied poth ole

stranding in th e S kagit Rive r.  A mong th e conclusions were : 1) O nly a


small fraction of th e pothole s in a rive r ch anne l pose d a th re at to fish i f

fluctuations are  limited in range ; 2) T h e incidence of stranding is


,  inde pe nde ntof  th e rate of stage decre ase ; and 3) T h e incidence of

stranding was inverse ly re late d to th e depth of wate r ove r th e  top of e ach

poth ole at th e start of th e decline in flow.


i i i .  S ub strate Type . M ost documented ob se rvations of stranding have


occurred on grave l; however,  stranding has also occurred in mud (B ecke r

e t al. 1981) and vege tation (P h illips 1969, S atte rthwaite 1987).


Unde r lab oratory  conditions,  M onk (1989) found significantly diffe rent

rate s of stranding on diffe rent types of grave l.  I n fact,  sub strate was


statistically th e most significant factor contrib uting to stranding of

ch inook and ste e lh e ad fry . O n cob b le sub strate ,  fry (e specially ste e lh e ad

fry ) were inclined to maintain a stationary  position ove r th e stre amb ed

(i. e . ,  rh eotax is); while ove r small gravel,  fry swam around,  ofte n in

schools. W h en th e wate r surface dropped,  fry maintaining th e ir position

b e came trappe d in pocke ts of wate r b e twe en cob b les,  wh e re as mob ile

fish we re more incline d to re tre at with th e wate r margin.  W h en

b each ing b e came imminent,  fry ove r cob b le sub strate re tre ate d into

inte r-grave l cavities,  whe re th e y b e came trapped.  T h e diffe rence in

stranding rate was facilitated by th e flow of wate r along a receding

margin of th e stre am.  O n cob b le sub strate ,  th e wate r draine d into th e

sub strate ,  wh e re as on fine r sub strate s,  a significant portion of th e wate r

flowed off on th e surface . 


iv. S pecies. Fry of some specie s are  more vulne rab le to stranding th an

oth e rs.  I n W ash ington S tate ,  stranding of ch inook and ste e lh e ad fry have


b e e n frequently  ob se rved. A lthough pink salmon fry and chum salmon

fry occur in th e same rivers,  th ey strand in lowe r numb e rs th an ch inook

fry and ste e lh e ad fry (W oodin 1984). H owever,  Beck A ssociate s (1989)


de te rmined th at th e rate of chum and pink fry stranding pe r th e availab le

fry was sub stantially  h igh e r th an for ch inook. T h e low numb e rs of pink

and chum salmon, stranding is a re sult of th e sh ort fre sh wate r residency ;


T hey emigrate to salt wate r shortly afte r eme rgence ,  wh e re as ch inook

arid ste e lh e ad remain in th e rive r for month s or y ears. 


H amilton and Bue ll (1976) ob se rved ex tensive coho stranding in th e

Campb e ll Rive r (B ritish Columb ia) and coho stranding has b e e n

ob se rved in incidental numb e rs in oth e r studie s (W oodin 1984, O lse n

1990). T h e ove rall incidence of coho stranding is rath e r low in th e

studie s conducted to date .  T h e likely re ason for th is is th at coho pre fe r
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stre ams for spawning and re aring ,  wh e re as th e  formal re se arch  and

e valuation h as take n place ill 'large and me dium rive rs.  Juve nile coh o

re a r for a full y e ar in fresh · wate r,  and thus,  it is re asonab le  to assume

th at stranding would occur at rate s similar to ch inook arid ste e lh e ad.

S e ve ral e pisode s of socke y e salmon fry  stranding h ave occurre d in th e

Ce dar Rive r as a re sult of flow fluctuations (Fiscus 1977). H viste n

(1985 ) documents atlantic salmon and b rown trout stranding in N orway . 


v. Ramping Range .  T h e  ramping range or th e total drop in stage from an

e pisode o f flow fluctuation affects th e  incidence of stranding by


incre asing th e grave l b a r are a ex posed.  I n addition,  it incre ase s th e

numb e r o f side ch anne ls and poth ole s th at b e come isolate d from surface

flow (B e ck A ssoc.  1989). 


vi,  Cri t ical Flow. S tranding incre ase s dramatically  wh e n flow drops b e low a


ce rtain wate r leve l,  de fine d as th e  crit ical flow (T h ompson 1970, P h inne y

1974 , B aue rsfe ld 1978, W oodin 1984). I n h y dropowe r mitigation

se ttleme nts ,  th e  critical flow is de fine d as th e  minimum ope rating

disch arge ,  o r as an uppe r e nd of a flow range wh e re  more re strictive

ope ration crite ria are  applie d.  T h e  factors th at like ly  account for this·


re sponse have b e e n discussed ab ove .  T h e  e x posure of th e  lowest

g radie nt grave l b ars ofte n occurs in a limite . d range o f floW s. T h e

e x posure o f spawning grave l from which fry are  eme rging may also

account for th e  h igh e r incidence of stranding .

vii.  Fre quency  o f Flow Reductions.  I n rive rs with se asonal side ch anne ls and

off-ch anne l slough s,  eve n a natural flow re duction can trap fry and

smolts; Unde r normal circumstance s,  th e natural population can sustain

a small loss se ve ral time s a y ear.  H oweve r,  wh e n a h y dropowe r facility 


cause s an re pe ate d flow fluctuations,  th e se small losse s can accumulate

to a ve ry  significant cumulative foss (B aue rsfe ld 1978). 


viii.  Ramping Rate .  T h e  ramping ra te  is th e  ra t e  o f ch ange in stage re sulting

from re gulate d disch arge s.  Unle ss oth e rwise note d,  it re fe rs to th e  rate

of stage decline .  T h e  faste r th e  ramping rate ,  th e more  like ly  fish are  to

b e  strande d (P h inne y  1974, B aue rsfe ld 1978). Ramping rate s le ss th an

one inch pe r h our we re ne e d e d to prote ct ste e lh e ad fry on th e  S ultan

Rive r (O lson 199W.

1 O lson de te rmine d th a t ramping rate  o f 1 inch pe r h our was ade quate  to pro te c t

ste e 1h e ad fry. H oweve r,  th e  ramping rate  was me asure d a t a confine d rive r transect, . 


wh e re as th e  stranding was ob se rve d on lowe r gradie nt b ars furth e r downstre am.  T hus, . th e

e ffe ctive ramping rate  at th e se b ars was less th an one inch pe r h our.

AR009879



9


A lthough many hy dropower mitigation se ttlements specify ramping rate s,

some re se arch has indicated th at riunping rate s cannot always prote ct fish


from stranding. W oodin (1984) de te rmined that.l!!:!Y: day time ramping

strande d ch inook fry . Beck A ssoc. (1989) could not find any corre lation

b e twe en th e ramping and th e incidence of poth ole trapping,  nor was


th e re any corre lation b e twe en th e ramping rate and ste e lh e ad fry

stranding during th e summer.  I n b oth cases,  stranding occurre d regardle ss

of th e ramping rate .

ix. T ime of y ear.  S mall fry are highly vulne rab le to stranding and are

pre se nt iri th e stre ams only at ce rtain times of th e y ear. Ch inook,  coho, 


pink,  and chum fry eme rge during late winte r and early  spring wh ile

ste e lh e ad eme rge in late spring th rough early  fall (O lson 1989).


Fingerlings,  smolts,  and adults are vulne rab le to stranding in oth e r

seasons; however,  less re strictive ramping crite ria is ofte n sufficient to

prote ct th em.

x . T ime of Day . For at le ast some specie s,  th e incidence of stranding is


influenced by th e time of day . Ch inook fry are  less de pe nde nt on

sub strate for cover at nigh t and thus are less vulne rab le to stranding at

nigh t (W oodin 1984). Two studie s (S tob e r e t al. 1982, O lson 1990)


concluded th at ste e lh e ad fry are less vulne rab le during th e day , 


pre sumab ly b ecause th is specie s feeds during th e day . H owever,  two


oth e r studie s (Beck A ssoc. 1989, M onk 1989) found no diffe rence in th e

rate of ste e lh e ad fry stranding re lative to day and nigh t. 


x i. Duration of S tranding .  S almonids re spire using th e ir gills and do not

survive out of wate r for more th an te n minute s.  T hus b each ing is always


fatal.  Juvenile salmonids trappe d in side channe ls and poth ole s can

survive for hours,  days, or unde r favorab le circumstances,  month s

(auth or's pe rs.  ob s. ). H owever,  many trapped fish die from pre dation,

tempe rature shock, and / o r ox ygen deple tion.  S urvivors th at are  re scued

by h igh e r flows are prob ab ly  in poore r condition th an fish in th e fre e -

flowing channe l.  . 


x ii. Flow S tab ility  P rior to Drop in Flow. S ome ob se rvations suggest th at a


highly stab le flow regime for a week or more prior to a flow fluctuation

will incre ase th e incidence of fry stranding (P h inne y  1974b ). Two

hy poth e se s migh t ex plain th is ob se rvation.  O ne  hy poth esis state s th at

afte r long pe riods of stab le flow, more fry are availab le for stranding.  I n

oth e r words,  a major flow reduction afte r a week of stab le flows strands

seven daily cohorts of emerging fry at once ,  rath e r th an one cohort when

fluctuations occur daily . An alte rnative hy poth esis is th at juvenile s

b e come accustomed to residing and feeding along th e margins of a


stre am e ith e r as a b eh avioral re sponse to stab le flows or in re sponse t o
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aquatic invert. e b rate population$ th at th rive along th e wate r's e dg e unde t

stab le flows. The . se h y poth e se s . sh ouldb e thorough ly te ste d b e fore th e y

are  applie d to mitigation practice s.

c. Juvenile E migration (S almonid Drift)


Flow fluctuations in an ex pe rimental stre am channe l cau.sed juvenile ch inook

to emigrate downstre am (M cP h e e and Brusven 1976). T h e pre - te st rate of

emigration unde r stab le flows was ab out one pe rce nt a day . S eve re flow


fluctuations (from 51 lite rs/ se c to 17 to. 3 to 5.1 with . each flow h e ld for 24


hours) caused 60 pe rce ntofth e c . h inook to emigrate .  A  h igh rate of

emigration continued even afte r initial flows we re re e stab lish ed.  A  less-

seve re daily fluctuation in flow (b e twe en 51 and 17 lite rs/ se c for four 24-hour

pe riods) caused 14 pe rce nt of th e ch inook to . emigrate . A lte rnating flows·

b e twe e n 51 lite rs/ se c and 17 lite rs/ se c every 24 hours Cause a gre ate r rate of

emigration th an alte rnating th e same {lows every 12 hours.  M ost of th e

emigration . occurred ..at nig h t , ab e h avior ob se rved in aq], latic inve rte b rate s.

T h e  b e h avioral re sponse to flow fluctuations and how th is may affect th e

juvenile salmonid r. e.aring capacity is not well unde rstood.  Unde r . conservative


ramping requirements,  flow fluctuations may cause downstre am emigration,

driving many fish h ab itat th at may b e  le ss de sirab le or ove rcrowded and

leaving upstre am re aring h ab itat under-utili:z. ed. T h is could b e a particular

conce rn in a stre am with a falls or oth e r b arrie r th at prevents juvenile s from


re turning upstr. eam. . 


d. I ncre ased P re dation

P h iI I ips (1969) suggested th at juvenile fish forced from th e  rive r margins as a


re sult of declining flows suffe r from pre dation by large r fis.h. T h is effect has


not b e e n documente d anywhere to my knowledge ; however,  i t is a credib le

h y poth esis unde r some circumstances. 


e. A quatic I nve rte b rate s

Like fish , aquatic inve rte b rate s are  not necessarily adapte d to unnatural drops

in flow. Cushman (1985) ex tensive ly reviewed th e effects of flow fluctuations


on aquatic life ,  especially aquatic inve rte b rate s.  I nte re ste d re ade rs should

re ad th is review. Rath e r th an his duplicate efforts,  I  will b rie fly summarize

th e topic and discuss seve ral regional . studies. . 


Re se arch on th e effects of flow fluctuations on aquatic inve rte b rate s in th e

P acific N orthwest is limited,  alth ough more information is availab le e\sewh.e. re


in N orth A merica.  T h e se studie s suggest th a t aquatic inve rte b rate s can b e

severe ly . impacted by flow fluctuations. Fluctuations sub stantially  reduce
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inve rte b rate dive rsity ,  total b iomass and ch ange s th e  spe cie s composition

unde r most circumstance s.  O ne  study from th e  S kagit Rive r found th a t flow


fluctuations h ad a gre ate r adve rse impact on th e  aquatic inve rte b rate

community  th an a sub stantial re duction in ave rage flow (G islason 1985).  T h e

re duction in th e aquatic inve rte b rate production can impact salmonid

production as a re sult of re duce d fe eding (Cushman 1985; S ch losse r 1982). 


A dditional re se arch is ne e de d on th e  e ffects o f flow fluctuations on aquatic

inve rte b rate s in th e  P acific N orthwe st.  H oweve r,  a th orough study would b e  a


formidab le task.  I t would involve many specie s with diffe re nt life cycles, 


b e h avioral re sponse s,  le th al re sponse s,  and contrib utions as pre y  to salmonids.

P opulations of some spe cie s may ch ange rapidly  unde r normal conditions,

thus it may b e  difficult to associate cause and e ffe ct.  . 


Flow fluctuations can impact th e  aquatic inve rte b rate s in th e  following way s:


i. S tranding .  Flow fluctuations can strand many spe cie s o f aquatic

inve rte b rate s,  much in th e  same way fish can b e come strande d (P h illips

1969; G islason 1985). De ath  may re sult from suffocation,  de siccation,

tempe rature  shock,  or pre dation.

i i . I ncre ase d Drift .  M any  aquatic inve rte b rate s are  sensitive to re ductions

in flow, and re spond by le aving th e sub strate and floating downstre am.

T h is floating b e h avior is calle d drift .  N igh t time drift is normal;

howeve r,  drift b e come s h igh ly e le vate d unde r unnatural fluctuations in

flow (M cP h e e and B rusven 1975; Cushman 1985). T h is e le vate d drift

m ay b e  an eme rge ncy  re sponse to avoid stranding ,  or a re sponse to

ove rcrowding of th e inte r-grave l h ab itat ,  or i t may  b e  a re sponse b y

aquatic spe cie s are  adapte d to a narrow range o f wate r ve locity  . .  T h is

re sponse may temporarily  incre ase fish food supply  (M cP h e e and

B rusven 1975),  b ut wh e n re pe ate d fluctuations occur,  many  spe cie s are

flush ed out of rive r re ach and th e aquatic inve rte b rate  b iomass usually

decline s,  ofte n sub stantially  (Cushman 1985, G islason 1985). E le va te d

drift also occurs in re sponse to sudde n incre ase s in flow, wh ich capture s

te rre strial inse cts from th e  rive r b anks and scours some aquatic

inve rte b rate s from th e  rive r sub strate (M undie and M ounce 1976). 


i i i . De tritus Fe ede rs.  Unde r stab le flow conditions,  floating de tritus (le ave s,

woody de b ris) accumulate s on th e sh ore s o f th e  rive r as a re sult o f

curre nt and wind action on sand o r grave l sub strate .  T h is de tritus

remains close to th e rive r margin and ofte n remains damp for day s o r

weeks a t a time .  Unde r fluctuating flows, th is organic de tritus b e come s

suspe nded (M undie arid M ounce 1976) and is flush ed out o f th e  rive r or

re de posite d a t th e h igh wate rline wh e re  it de siccate s during low flow
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pe riods.  As a re sult th e inve rte b rate de tritus community is less capab le

of ex ploiting th is re source .

iv. H e rb ivorous I nve rte b rate s.  Impacts are similar to th at on th e de tritus

community .  A lgae grows on ex posed rock surface s on which


h e rb ivorous aquatic inve rte b rate s graze .  Fluctuations desiccate and

disrupt th e growth of th e ex posed algae (G islason 1985) and reduce s

access by h e rb ivore s.

f. Redd Dewate ring

Re se arch has ex tensive ly documente d th e  le th al impact of re dd dewate ring on

salmonid eggs and alevins (Le. , larval fish) (Frale y  and G rah am 1982, Frase r

1972, S atte rthwaite e t aI . , 1985, Fustich e t ai. ,  1988). S almonid eggs can

survive for weeks in dewate re d grave l (S tob e r e t aI . , 1982; Re ise r and W h ite

1983; B e cke r and N e itze l 1985; N e itze l e t aI . ,  1985),  if th e y  remain moist and

are  not sub je cte d to fre ezing or high tempe rature s.  T h e nece ssary  moisture

may originate from sub surface rive r wate r or from ground wate r.  I f th e

sub surface wate r leve l drops too far; th e inte r-grave l space s will dry out,  and

th e  eggs will de siccate and die .  T hus redd dewate ring is not always le th al or

e ve n h armful to eggs. H oweve r,  site specific conditions,  weath e r and duration

of e x posure all affect survival. 


B ecause alevins re ly  on gills to re spire ,  dewate ring is le th al (S tob e r e t al. , 


1982, N e itze l e t aI . , 1985). A levins can survive in sub surface ,  inte r-grave l flow


from a rive r or ground wate r source .  I f inte r-grave l spaces are  not ob structe d

with pe a grave l,  sand,  or fines,  some alevins will survive by descending

th rough inte r-grave l spaces with th e  declining wate r surface (S tob e r e t al. , 


1982). B oth  ale vinsand eggs may die from b e ing subme rged in stagnant

wate r.  S tanding inte r-grave l wate r may lose its ox ygen to b iotic decay ,  and

me tab olic waste s may b uild up to le th al levels. 


A  re dd can b e dewate r b e twe en spawning and hatch ing with out h arm to th e

eggs unde r some circumstances,  and in one situation,  a hy dropower facility is


.  ope rate d·to  allow limite d re dd dewate ring (N e itze l e t.  al. 1985). H owever,  in

most P acific N orthwest rivers,  anadromous fish spawn over an ex tended

pe riod.  Diffe re nt specie s spawn in diffe rent seasons and individual specie s


may spawn over a range of two to six months. As a result,  wh en eggs are

pre sent,  alevins and fry are also pre sent,  b oth  of which are  highly vulne rab le

to flow fluctuations. 


g. S pawning I nte rfe re nce

B aue rsfe ld (1978b ) found th at re pe ate d dewate ring caused ch inook salmon to

ab andon attempts to spawn and move e lsewhere ,  ofte n to less de sirab le or
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crowded locations.  H amilton and Bue ll (1976) pe rformed a h igh ly de taile d

study using ob se rvation towers situate d ove r spawning b e ds to track activity 


on th e spawning b e d and to ob se rve individual tagged fish . T h e y  ob se rved

th at spawning ch inook we re frequently  inte rrupte d by flow fluctuations.

Female s re pe ate dly  initiate d re dd digging,  and th e n ab andone d th e  re dd site s

wh en flows changed.  T h e y  concluded th at flow fluctuations de cre ase d

viab ility  due to untime ly  re le ase of eggs, failure to cove r eggs once th e y  we re

re le ase d,  and a failure of male s to prope rly  fe rtilize eggs laid in incomple te

re dds.  O th e r re se arch e rs h ad conflicting conclusions.  S tob e r e t.  al. (1982)


note d th at ch inook salmon successfully spawned in an are a th a t was


dewate red.  seve ral hours a day ,  and Ch apman e t.  al. (1986) found th at e igh t

h ours a day of dewate ring still pe rmitte d successful spawning. 


S . T h e H y draulic Response to Flow Fluctuations. .  T h is section de scrib e s th e

downstre am ph y sical re sponse to fluctuation events.

a .  A tte nuation

T h e  ramping rate  atte nuate s as a function of th e distance downstre am from

th e  source of a fluctuation event (e . g. ,  N e stle r,  M ilhous,  and Lay ze r 1989). 


T h e  ch aracte ristics of th e rive r gre atly  influence s th is atte nuation.  A 


fluctuation in flow passing th rough !I narrow b e drock rive r ch anne l will


e x pe rie nce little or no atte nuation.  P ools,  side -ch anne ls,  and grave l b ars

atte nuate  th e  ramping rate  by storing wate r from h igh e r flows and re le ase th is


wate r gradually .  T rib utary  inflow will atte nuate  th e  ramping rate  and th e

ramping range .  H y draulic equations (e . g. ,  unste ady  flows; Chow 1 9 5 9p .  528)

e x ist to de scrib e th e se re sponse s.  A  ve rb al de scription and e x ample s o f

downstre am re sponse s are  provided b e low. 


Figure 2 shows th e  progre ssion of a fluctuation as it moves downstre am past

four U. S . G eological S urvey gages on th e S kagit Rive r.  T h e  "hump" th a t

progre sse s from le ft to righ t re pre se nts an e x pe rimental flow fluctuation

re que ste d by fish e rie s agencie s to de te rmine ramping rate s and stranding

activity . T ab le 5 tab ulate s th e  ramping range ,  max imum ramping rate ,  and

total duration of decline in flow at e ach station in re sponse to th is event.  T h e

ramping range and ramping rate  b e come less as th e fluctuation eve nt

progre sse s down th e rive r. 


I n a similar study in th e De schute s Rive r (O re gon),  th e  ramping range

atte nuate d from 1.6 fe e t to 1.2 fe e t ove r 55 . 7 mile s of rive r.  T h e  ramping

range was 0.35 fe e t 99. 7 mile s downstre am of th e  powe rh ouse (P h illips 1969). 


A tte nuation doe s not occur in uniform increments ove r distance .  Figure 3


plots th e  data from a load re je ction te st at th e S noqualmie Falls P roje ct

conducte d on July 17, 1990. O b se rve rs monitore d staff gages at six site s

downstre am from th e powe rh ouse .  T h e  farth e st site was 4.6 mile s
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downstre am. N ote th at th e contour of th e wate r surface ove rtime was


diffe re nt at each site .  Furth e rmore ,  th e max imum decre ase in stage did not

occur at th e site close st to th e powerhouse b ut at th e fifth of six sites. T h e

rive r ch anne l sh ape and gradie nt in th e vicinity of each site influence s th e . 


stage contour.  T hus th e inte rpolation and e x trapolation of data to de rive

e stimate s of ramping rate s and ramping ranges for oth e r sections of th e  rive r

sh ould b e  avoided.  N eve r-th e -le ss,  significant atte nuation is evident wh en th e

six th e x pe rimental gage data is compared with data from a U.S . G eological

S urvey gage locate d 14 mile s downstre am (Figure 4).


b . Lag T ime


Lag T ime can b e th e time it take s for a fluctuation to pass from one place to

anoth e r on a river. I n Figure 2, it took ove r 7 hours for a fluctuation event to

pass th rough 40 miles of a large river at medium flow. I n Figure 4, it took

ove r 5 hours for a fluctuation event to pass th rough 17.2 miles of medium-

sized rive r at low flows. P h illips (1969) documents a 20.5 h our time lag on

th e Deschute s Rive r (O re gon) ove r 99.7 rive r miles. T h e rive r ch anne l.

configuration,  gradient,  and flow all influence th e spe e d at which th e

fluctuation trave ls downstre am. Lag time can b e de te rmine d by fie ld


ob se rvations at seve ral flows.


Lag time is important when diffe rent ramping rate s are require d for day and

nigh t. O n th e S kagit Rive r,  it took 7. 5 hours for a drop in flow to pass


th rough all th e ch inook fry re aring h ab itat (W oodin 1984). From th is,  it was


re commended th at down ramping end 6.5 hours b e fore sunrise to provide


sufficient prote ction for th e ch inook fry.


For proje cts with long penstocks,  th e te rm b y pass lag time re fe rs to th e time

flow fluctuations take to pass down th e natural stre am ch anne l from th e dam

to th e powe rhouse tailrace .

6. Types of H y dropower A ctivity T h at Fluctuate Flows o r O th e rwise Cause

S tranding .  T h is section identitie s ty pes of fluctuations . caused by hy dropower


activity . 


H y dropower facilitie s cause flow fluctuations in a varie ty of ways. S uccessful


mitigation require s a thorough unde rstanding of hy dropower . ope rational

practice$ and malfunctions th an cause flow fluctuations. I t is not sufficient to

e stab lish crite ria specify ing allowab le hy draulic changes.  Deve lope rs ofte n fail to

recognize o r acknowledge all sources of flow fluctuations,  and when facilities are

b uilt th at fail to addre ss all pote ntial sources of flow fluctuations,  th ey will


ty pically re sist unanticipate d and ofte n costly alte rations of th e ir facilitie s or th e

ope ration procedure s.  An overview of mechanical causes and suggested


mechanical crite ria and hydraulic crite ria are provided. 
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T h e following b old scripted te rins are defined:


Dam facilitie s have sub stantial wate r storage and a powe rhouse at th e b ase of

th e dam. Run·of·th e ·rive r facilitie s typically have a small dive rsion dam which


diverts wate r into a penstock,  a pipe th at de live rs wate r to th e powerhouse ,

wh ich is located farth e r down th e river. 


A  hy b rid of th e se two types of facilitie s is dam and pe nstockfacility  which has a


powerhouse located some distance downstre am of a large dam. S ome ty pes of

ope rational impacts and mitigation activitie s apply only to ce rtain ty pes of

facilities,  thus it is important in unde rstand th e se distinctions. 


O th e r classification sch emes many b e he lpful in identify ing fluctuation conce rns

or mitigation actions. Doe s th e facility have se asonal storage ,  daily  storage ,  or

no storage? H ow many turb ine s does it have? M any proje cts do not fit neatly

into any classification sch eme b e cause of multiple purpose s (irrigation or

municipal diversions,  re cre ation,  flood control) or b e cause of peculiaritie s in

design or configuration. T hus,  th e re is no single me th od for assessing fluctuation

risks nor is th e a single se t of mitigation crite ria th at can b e applied.

T h e  upstre am re ach is th e segment of th e rive r ab ove th e diversion fore b ay or

re se rvoir.  T h e b y pass re ach is th e segment of th e rive r or stre am b e twe e n th e

dive rsion structure or dam and th e powerhouse .  Dam facilitie s do not have


b ypass reach es.  T h e downstre am reach is th e segment of th e  rive r or stre am

b e low th e powerhouse discharge . 


T h e pub lic often pe rce ive s run-of-th e -rive r facilities as low impact alte rnative s to

dam facilities b e cause wate r is simply withdrawn from th e b ypass re ach with out

alte ring th e natural flow in th e downstre am reach .  Run-of-th e -rive r facilitie s do

not normally change ave rage daily flow or th e th e rmal and ch emical

ch aracte ristics o f a rive r or stre am,  and th ey do not normally  inundate large

amounts of land. H owever,  th ey reduce average flows in th e b ypass reach ,  and

th ey fluctuate flows in b oth th e downstre am and b ypass reach e s.  T h is occurs


b ecause wate r passes th rough th e penstock much faste r th an th rough th e b ypass


reach .  T hus drops in flow occur in th e downstre am re ach eve ry time th e

powerhouse discharge is shut off or suddenly reduced.  W h en th e discharge is


starte d up, a drop in flow Qccurs in th e b ypass reach ,  and in th e downstre am

reach .  T h e flow in th e downstre am reach initially incre ase s in re sponse to th e

powe rh ouse discharge .  H owever,  i t sub sequently  decline s wh en th e drop in flow


originating from th e dive rsion passes th rough th e b ypass re ach to me e t th e

powerhouse discharge (S e e Figure 5).
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a.  P e aking

Utili t ie s ofte n ope ra te  h y dropowe r facilitie s to follow daily  ch ange s in powe r

demand ,  a practice  calle d load following. P owe r demand is h igh e r during th e

day ,  e spe cially  in th e  morning and,  to a le sse r e x te nt ,  in th e  evening .  Fo r

many  utilitie s ,  th e  capacity  for load following is a premium powe r re source ,

and h y dropowe r is th e  pre fe rre d me ans of load following. T h e rmal powe r

plants ,  including coal,  gas,  oil,  and nucle ar facilitie s,  we ar down faste r from

th e  constant h e ating and cooling th a t re sults from load following,  and usually

ope ra t e  le ss e fficie ntly .  T h us,  h y dropowe r facilitie s with se asonal o r daily

s torage  are  ofte n ope ra te d for load following (Car te r and T rouille  1989).

W h e n load following occurs,  th e  powe rh ouse disch arge fluctuate s daily ,  an

e ffe ct de fine d as pe aking . .  P e aking is th e  most wide ly  docume nte d source o f

fish stranding .  B iologists and fish e rme n h ave ob se rve d major fish kills


from pe aking (T h ompson 1970; G ray b ill e t aI . ,  1979; P h inne y  1974;


B aue rsfe ld 1977, 1978; B e cke r e t aI . ,  1981).  T h e se  fluctuations ofte n occur

daily  for we eks or month s re sulting in se ve re cumulative impacts to fish


populations .  W h e ne ve r possib le ,  a powe rh ouse locate d a t th e  h e ad o f a


fre e -flowing rive r sh ould not b e  ope ra te d for pe aking ,  e spe cially  during fry 


eme rg e nce  and e arly  st re am re side nce .  I n a rive r. with  multiple  dams,  utilitie s

can ope ra t e  th e  uppe r dams for pe aking ,  wh ile disch arge from th e  lowe st dam

. remains constant (i. e . ,  a re - re gulating re se rvoir).  M ultiple dam sy stems

suitab le  for load following and stab le  disch arge a r e  ab undant in th e  P acific

N orthwe st .  Utilitie s sh ould use th e se  opportunitie s to follow load demand.

W h e n pe aking is nece ssary ,  th e se  disch arge s sh ould b e  rampe d down (P h inne y

1974),  and time d se asonally  and/ O r daily ,  (W oodin 1984 ,  O lson 1990).  Fo r all

proje cts ,  b iologists sh ould identify  a critical flow to minimize stranding .

b .  Low Flow S hutdowns

M ost proje cts h ave a minimum turb ine  flow b e low wh ich it is impossib le o r

impractical tp ope ra t e  th e  turb ine (s) for powe r ge ne ration.  I n addition,  a


minimum flow is usually  re quire d to maintain th e  aquatic h ab i ta t in th e

b y pass re ach .  Fo r run-of- th e - rive r facilitie s,  powe r ge ne rat ion cannot occur

unle ss rive r flow at th e  intake is g re a te r th an o r e qual to th e  comb ine d b y pass

flow re quireme nt and minimum turb ine flow. T h e se  proje cts will h ave low

flow shutdowns b e twe e n 1 to 20 time s a y e ar de pe nding on run-off patte rns

and b y pass flow re quireme nts .  D am facilitie s with se asonal storage can

ope ra t e  for y e ars with out a low flow shutdown.
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c. Low Flow S tart-ups

Run-of-th e -rive r projects will cause a drop in flow in th e b y pass and

downstre am reach e s during powe rhouse start-ups (S ee Figure 5).  I n th e se

situations,  ope rators must ramp flows at th e start of powe r ge ne ration to

reduce stranding.  Usually th e ramping rate s will b e dictate d by what is


necessary to prote ct fish in th e b ypass reach .  By th e time th e fluctuation

re ach e s th e downstre am reach ,  atte nuation from th e powerhouse discharge , 


trib utary  inflow, and some times in-ch anne l storage will usually mode rate th e

ramping rate .

d. P owerhouse Failure s

P owerhouse failures are disruptions of th e penstock flow originating from th e

powerhouse .  T h e se disruptions re sult from powerhouse mechanical prob lems

or load re jection,  wh ich is th e inab ility of th e utility line to rece ive powe r

gene rate d from th e turb ines.  Load re je ction require s immediate action to

avoid damage to th e turb ine b earings and penstock,  since th e turb ine will spin

out of control without th e re sistance of th e magne tic fie lds in th e  ge ne rator.

O pe rators traditionally  re sponded to powerhouse failure s by cutting off

penstock flow, which suddenly drops flow in th e downstre am reach .  B iologists


should ex pect powerhouse failures at any facility . M y ex pe rience is th at th e y

occur most frequently  at small,  run-of-th e -rive r facilitie s with a single turb ine ,

remote control ope ration,  and a long rural utility line . 


Flow continuation is th e mechanical capacity to maintain flow th rough th e

penstock during powerhouse failures. Flow continuation is now a standard

design crite ria for new run-of-th e -rive r facilitie s in W ash ington S tate .  Flow

continuation can b e provided b y a  flow bypass valve which allows flow to pass

around the . turb ine when in ope ration.  P e lton turb ine s can b e designed with


de fle ctors to safely pass flow th rough th e turb ine without gene rating power. 


P e lton deflectors migh t se rve as a sub stitute for a flow bypass valve ,  alth ough

furth e r evaluation is ne eded.  W ith flow continuation equipment,  powe r

gene ration can b e shut off and on without ramping flow up .or down, a fe ature

th at will appeal to some utilitie s.  Flow continuation can also re duce h uman

s a f ~ t y  risks associated with rapid increase s in flow.


T h e flow continuation equipment,  especially bypass valves, are ex pensive ,  and

deve lope rs may try to install equipment th at cannot provide sustained flow


. continuation.  Fish e ry agencies should specify th e duration of flow


continuation as part of th e design crite ria.  I t may b e appropriate to waive r

flow continuation requirements when rive r flow is > 10 pe rce nt of th e annual

flow ex ce edence .  During very high flows, suspended fines can wear or

damage equipment,  and flow continuation prob ab ly  offe rs little b e ne fit to

aquatic life . 
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. I f  mainte nance or re pair activity ab solute ly require s th e penstock flow to b e

shut off, th e ope rator can ramp th e <1ischarge immediate ly .  S ince flow


. disruption is inevitab le ,  th e re is no b ene fit from flow continuation.  Likewise , 


if th e ope rator knows th at power gene ration will b e shut down for seve ral

days, ramping can start immediate ly .  T h e re is no purpose in sub jecting th e

flow continuation equipment to unnecessary wear,  and in some cases,  fish and

aquatic life in th e b ypass re ach will b ene fit from sustained h igh e r flows;


e . I ntake Failure s

I ntake failure s cove r all penstock flow disruptions th at occur at th e  intake

structure .  T h is may re sult from th e accumulation of deb ris,  th e failure o f fish


scre e n cleaning equipment,  or failure of th e dam and associated gate s to

dive rt wate r into th e intake .  M y ex pe rience to date suggests th at intake

failure s are  less frequent th an powerhouse failures.  M any intake failures


re sult from a gradual accumulation of deb ris on th e scre ens and trash racks


and te nd to ramp down slowly until th e minimum ope rating flow is re ach ed.

W h en an intake failure occurs,  flow continuation is impossib le ex cept at dam

facilitie s with multiple intake and discharge locations. Furth e rmore ,  th e

capacity to ramp flows afte r intake failures may b e limited.  T h e re fore ,

prevention is th e pre fe rre d means of reducing intake failure s.  T h e dive rsion


structure should b e designed and maintained to minimize intake failures. 


Design crite ria for mechanical scre en cleaning and trash control equipment

should b e conside red.

W h en an intake failure occurs,  ope rators should attempt to ramp with th e

re sidual wate r in th e  penstock,  alth ough mee ting ramping rate crite ria

e stab lish ed for powerhouse failure s is ofte n impossib le . 


I ntake failure s are most like ly to occur during th e first one or two high flow


events of th e fall. T h e se initial h igh flows pick-up le af litte r and oth e r deb ris

th at have accumulated in th e stre am channe l ove r th e summe r and early fall. 


T h is deb ris frequently  ove rloads th e  de b ris control equipment (pe rs.  comm.


with seve ral small hy dro ope rators).  M ore frequent mainte nance is normally 


require d at th is time . O ne run-of"th e -rive r facility in W ash ington S tate

addre sse s th is prob lem by foregoing power gene ration until afte r th e first one

or two major storms. 


f. iCy cling


For a run-of-th e"rive r facility ,  th e  minimum rive r flow ne e de d for powe r

ge ne ration is th e sum of th e  minimum bypass f1owrequire l11ent and th e

minimum turb ine flow. W h en th e  rive r flow is le ss th an th is sum b ut gre ate r

th an th e minimum bypass flow requirement,  it is possib le to continue

ope ration inte rmitte ntly  by using th e re se rvoir, surge tank,  a n d / o r penstock
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for storage .  T h e  ope ra tor store s wate r in ex cess of th e  minimum b y pass flow.


W h e n th e storage is full,  powe r can b e  ge ne rate d for a sh ort time .  T h is

practice fluctuate s flow in th e  downstre am re ach  many  time s a day . 


Cy cling is simply a way to ge ne rate  powe r wh en flow is not e nough for

continuous or e fficie nt ope ration, ·and  it is not an at tempt to follow load

demand.  Cy cling may also occur as a re sult of an imprope rly  programme d

automate d powe rh ouse wh ich shuts off and on ne ar minimum ope rat ion flows.


A n e x ample of cy cling is sh own in Figure 6.


T h e  b iological impacts of flow fluctuations h ave not b e e n formally  evaluate d.

H oweve r,  cy cling is like ly  th e  most damaging ty pe of h y dropowe r flow


fluctuation,  e spe cially  wh e n compare d to th e negligib le ·amount  of powe r

ge ne rate d .  Cy cling will normally  occur at low stre am flows wh e n th e

salmonids would b e  most vulne rab le to fluctuations.  Fish  h ab i ta t will b e  most

limite d at low flow, and th e  e ffe ct on fish populations is prob ab ly  seve re .

M assive stranding o f eme rging fry is like ly  during parts of th e  y e ar.  Cy cling


would prob ab ly  re duce primary  and se condary  productivity  sub stantially .

Until re se arch can conclusive ly  demonstrate  th a t cy cling is no t h armful;

cy cling sh ould b e  forb idde n.  I f a deve lope r is conce rne d with utilizing sub -

ope rational flows, a smalle r aux iliary  turb ine can b e  installe d.

g. M ultiple  T urb ine O pe rat ion

I f a powe rh ouse has 1:WO or more  turb ine s,  ope rators can cause  ab rupt

ch ange s inflow wh en ch anging th e numb e r of turb ine s in ope ration .

B iologists sh ould specify for a smooth transition of flow wh e n th e  numb e r of

turb ine s are  re duce d.  M ost mode rn turb ine s are  de signe d to ope ra te  ove r a


b road range of flows; thus,  a smooth  transition is re lative ly  e asy  to

accomplish .  M odified pe aking and modifie d cy cling occur wh e n powe r

ge ne ration is switch ed off and on for some turb ine s b ut one  o r more  turb ine s

are  running continuously .  T h e se  ope rations will not h ave th e  impact o f a


single turb ine shutting off and on.  H oweve r,  b iological impacts sh ould b e

e x pe cte d in most cases.  M odifie d cycling sh ould b e  discourage d.

h . Fore b ay  S urge s

T h e  h y drograph s from a new run-of-th e -rive r proje ct indicate d a surge of

wate r eve ry  time th e powe rh ouse starte d ge ne ration (Figure  6).  T h is was

prob ab ly  cause d b y a drop in h e ad at th e intake during start-up.  T h e se

fore b ay  surge s we re re lative ly  insignificant during me dium o r h igh flows b ut

appe are d to cause seve re fluctuations at low flows. T h e  pre vale nce o f th is

prob lem among h y dropowe r facilitie s is unknown.  H oweve r ,  facilitie s sh ould

b e  de signed and ope rate d t o  avoid fore b ay  surge s.
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i . Rese rvoir S tranding

H y dropowe r activity can cause stranding in foreb ay s and rese rvoirs.  T h e

auth or h as ob se rved stranding of a rainb ow trout in a very small fore b ay a t a


run·of·th e ·rive r facility . T h e foreb ay wate r leve l was fluctuating as a re sult of

cycling.


Re se rvoir or fore b ay mainte nance drawdowns some times cause stranding.  I n

large re se rvoirs,  stranding is routine ly  anticipated as one of th e  consequence s

of drawdowns,  and it is some times employ ed as a me th od of e radicating

unde sirab le fish . H owever,  stranding also occurs in th e foreb ay s of

run-of-th e -rive r projects.  I n one case ,  th e auth or ob se rved a run-of-th e -rive r

proje ct with a narrow foreb ay of ab out one quarte r acre which was drawn


down for annual maintenance .  De spite an active stre am flowing th rough th e

fore b ay and th rough a gate in th e dam, ab out 30 juvenile and adult trout we re

trappe d in a shallow, concre te depre ssion in front of th e intake trash rack. 


T h e ope rator agre ed to e le ctroshock and move th e se fish b ack to th e stre am

as part of eve ry mainte nance shutdown. I ntake structure s should b e designed


to drain comple te ly  without leaving pools of wate r. 


j .  T ailwate r M ainte nance and Repair A ctivities


A ll hy dropower facilitie s will eventually  require . inspections,  maintenance ,  and

repair.  For most facilities,  th e se activitie s occur during low flow pe riods . or·

during ope rational shutdowns without disrupting flow. H owever,  if a dam

facility has only one discharge site or tailrace ,  it is ofte n impossib le to inspect

o r re pair th e structure or equipment subme rged in th e tailwate r without

comple te ly  or sub stantially  disrupting th e flow of th e  river. P h illips (1969)


de scrib e s a seve re fluctuation resulting from a tailwate r inspection.  I deally , 


dam facilitie s should have multiple points of discharge to avoid th e se

.  infrequent b ut seve re impacts. 


k. Frequency of Fluctuations at Run-of-th e -Rive r Facilitie s

Run-of-th e -rive r facilitie s can cause flow fluctuations as a re sult of low flow


shutdowns,  start-ups,  powerhouse failures,  intake failures,  cycling, and fore b ay

surging. From th e limited data availab le to th e author,  th e frequency and

ty pe of flow fluctuations are quite variab le .  M any new or proposed

run-of-th e -rive r facilitie s are locate d in remote mountainous areas,  se rviced by


rural utility lines,  and ope rate d by remote control.  A t one new single turb ine

run-of-th e -rive r facility (W eeks Falls proje ct on th e S F S noqualmie Rive r),

approx imate ly  150 powerhouse shutdowns we re re corded during th e  first 23


month s of ope ration,  including 46 during sensitive low-flow pe riods·(Figure s  6


and 7). A fte r four y ears of ope ration,  it was still ex pe riencing a h igh


frequency shutdowns. H oweve r olde r,  utility -owned,  run-of-th e -rive r facilitie s
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ofte n have a re lative ly  low frequency of shutdowns.  Facilitie s,  such as th e

Ye lm P roje ct on th e N isquaH y -River and S noqualmie Falls P roje ct on th e

S noqualmie R i v e r ~ e  managed for ste ady  b ase load powe r production.  T h e

ope rators of th e se facilitie s have a ve ste d inte re st in maintaining stab le powe r

production and have h ad many y ears to mechanically  re solve th e cause s of

shutdowns.  Frequency  of shutdowns is prob ab ly  less th an five pe r y ear,

alth ough th e auth or has not b e e n ab le to acquire actual data from th e se

utilitie s. 


7. M itigation Requirements and Conside rations

M itigation negotiations re quire a time ly deve lopment of information and,  in

re sponse to th is information,  te rms and conditions for construction,  furth e r

evaluation,  and ope ration.  T h is se ction provide s an e x ample on how and wh en

to addre ss th e issues and deve lop crite ria.

W ash ington De partme nt of Fish e rie s (W DF) require s full mitigation for all fish


kills and all losses of anadromous fish h ab itat (Le. , no ne t loss). O wne rs of

ex isting facilitie s up for re licensing must make all re asonab le attempts to avoid

h arm to anadromous fish and corre ct facility activitie s or fe ature s th at are

currently  causing h ab itat losses. I f salmon production cannot b e  re store d to

pre proje ct leve ls,  alte rnative mitigation,  e ith e r in th e form of off-site


e nh ancement,  or h atch e ry  production,  will b e  reque ste d.  P ropose d new facilitie s . 


must demonstrate th at no impact on th e salmon re source will occur b e fore W DF

supports construction.  I f  th e re is any doub t as to wh e th e r ce rtain ope ration

proce dure s and / o r facility designs are  h armful to fish , th e b urde n of proof is on

th e deve lope r or utility  to study th e pote ntial impact and demonstrate th at no

h arm will occur. 


T h e se re lative ly  h igh standards of mitigation are  a policy re sponse t o t h e  h igh


value th e pub lic place s on th e anadromous fish re source ,  and th e h istorical and

ongoing losses of fish and fish h ab itat as a re sult of h y dropowe r deve lopment.

I n addition,  th e I ndian tre aty  fish ing righ ts implicitly include s pre se rvation o f th e

fre shwate r h ab itat ne e de d by wild salmonids.  Curre nt policy pre clude s new

hy dropower deve lopment in a rive r re ach accessib le to anadromous fish .


Re source agencie s in oth e r are as may ne e d to inte rpre t th e crite ria pre se nte d

b e low in ligh t of th e ir own policie s.  Furth e rmore ,  crite ria should b e  modifie d to

prote ct local specie s which may have diffe re nt life cycles, b e h aviors,  and pe riods

of vulne rab ility  . .

M itigation activitie s for flow fluctuations continue th rough out th e deve lopment

of a proje ct,  including consultation,  licensing and ope rations.  T h e  following


discussion paralle ls th e U. S . Fe de ral E ne rgy  Regulatory  Commission's licensing

procedure s.  I n gene ral,  mitigation crite ria for rive rs are  well e stab lish ed.

H oweve r,  more re se arch is ne e de d to fully unde rstand th e impact of flow
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fluctuations on streaI I 1S  (i. e . ,  ave rage l\I lI lua! flows less th an 500 cfs),  and at th is

time ,  W DF doe s not have a clearly  de fined se t of crite ria to apply to smalle r

proje cts.  Crite ria for th e se smalle r proje cts will b e  influenced by site specific


ob se rvations and futlJre re se arch .

a .  ConsultatioQ

During consultation,  th e  agencieS  identify conCerns and informational ne eds,

and th e  applicant collects information and pe rforms studie s as reque ste d.

T h e  applicant should identify  . the fish specie s pre se nt and locate th e b arrie rs

to anadromous fish passage .  T h is information will give b iologists a rough ide a

of which impacts may occur.  P re -proje ct information on flow, specie s

composition,  and fish also se rve as. a b ase line to compare against

post-construction information.  A  life h istory sch edule of th e  important fish


specie s should b e  deve loped to de te rmine time pe riods when stranding or

re dd dewate ring are  like ly to occur.

i. Unde r mO gt circumstance s,  pe rmane nt ramping rate  crite ria can b e

e stab lish e d for proje cts locate d on rivers,  as liste d b e low. T h e se crite ria

also se rve as inte rim ramping rate  crite ria for facilitie s locate d on

stre ams: . 


S e ason 

Day ligh t Rate s

3 

N igh t Rate s

Fe b rua7  16 to 

N o Ramping 2 inch e s/ h our

June 15


June 16 to 

1 inch / h our 1 inch / h our

j

O ctob e r 31

2


N ovemb e r 1 to 

2 inch e s/ h our 

2 inch e s/ h our

Fe b ruary  15 '.

1 

S almon fry are pre se nt

2 S te e lh e ad fry are pre se nt

.  3 Day ligh t is de fined as one h our b e fore sunrise to one h our afte r

sunse t

ii. T h e  applicant should colle ct information for a rating tab le at the. most

confmed (i. e . ,  narrowe st) rive r trans. ect immediate ly  downstre am of th e

source of th e flow fluctuations (ie . ,  powerhouse ,  and for run-of-th e -rive r

projects,  dive rsion dam).  For some projects,  th is transe ct will b e  located. 


close to the . tailrace of th e proje ct.  T h e loc. ation of th is transe ct must b e

approved b y agency b iologists.  T h is transe ct b e . comes th e control point

for measuring th e  ramp rate . .
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iii. I f  th e applicant wants to pe ak flow discharges to follow load demand,  h e


should demonstrate th at th e load following capacity  is ne e de d and not

availab le e lsewhe re .  T h e applicant should indicate th e time s of th e y e ar

th is peaking is anticipate d and consult with th e agencie s on th e b iological


impacts and pote ntial ~ t i g a t i v e  actions.  H owever,  in productive rive r

sy stems,  peaking may simply b e  an unacceptab le mode of ope ration.

Currently ,  W DF oppose s peaking ope rations at propose d facilitie s with


free -flowing downstre am reach e s accessib le to salmon. 


b . Lice nsing

During licensing,  b iologists should specify te rms and conditions th at minimize


th e occurrence of fluctuations.  W h en fluctuations are  unavoidab le ,  th e y

should specify te rms and conditions th at e stab lish ramping rate s and ramping

sch edule s th at pe rmit a smooth transition in flow. S ome or all of th e

following te rms and conditions can b e applied to ach ieve th e se ob jectives. 


i. A ll proposed run-of-th e -rive r facilitie s should have th e mechanical

capacity to maintain flow continuation for 48 hours.  W h en a powe rh ouse

failure occurs,  flow continuation should b e maintained a minimum of 24


hours. During salmon fry emergence ,  flow continuation should continue

'b e y ond 24 to avoid ramping during day ligh t hours.  T h is additional time

should also take into account th e lag time it take s for th e fluctuation to

re ach sensitive downstre am re aring hab itats.  Unde r most circumstance s, 


more lenie nt flow continuation crite ria can b e specified at h igh flows


(i. e . ,  ab ove th e 10 pe rce nt annual flow ex ce edence ).

Dam facilities should have th e capacity for inde finite flow continuation.

A  value should b e installed in th e dam to pe rmit flow discharge s


independent of th e turb ine s.

ii. P roposed facilitie s shall have th e designed capacity to down ramp th e

powerhouse discharge at 1 inch of stage pe r h our at th e transe ct

approved by agency b iologists during consultation.  For run-of-th e -rive r

projects,  th e dive rsion and intake structure should have th e capacity  to


ramp bypass flows at 1 inch pe r hour. I f  necessary ,  ex isting facilitie s


should upgrade their. equipment to me e t th e 1 inch pe r h our ramp

capacity . 


iii. A gency b iologists will assist th e applicant in de te rmining th e  critical flow,


in oth e r words,  th e flow above which th e risks of stranding are negligib le . 


T h is may b e st b e de te rmined by ob se rving th e key stranding are as at

diffe rent flows.
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iv. For ex isting dam and penstock facilitie s without flow continuation

equipment,  ope rators can offse t fluctuations in th e downstre am re ach by


incre asing th e b y pass flow prior to a powe rh ouse shutdown. O nce th e

h igh e r b y pass flow re ach e s th e powerhouse ,  th e powe rh ouse can ramp

down at a re lative ly  fast rate .  O bviously ,  fluctuations from unanticipate d

powe rh ouse shutdowns cannot b e  prevente d with th is me thod.

v. I n th e event of an intake failure at a run-of-th e - rive r facility ,  th e

powe rh ouse should b e  ope rate d to ramp flows down as smooth ly as


possib le using re sidual wate r in th e penstock and surge tank.  I ntake fish


scre e ns shall b e  cle aned and maintained as ofte n as necessary to preve nt

intake failure s.  Unde r most circumstances,  mech anical cleaning . 


e quipment should b e  required.

vi. Cycling is forb idden.

vii. A pplicants should design and ope rate proje cts to avoid foreb ay surges. 


viii. I f pe aking is pe rmitte d,  th e re source agencie s shall de te rmine se asonal

and daily limitations on th is mode of ope ration.

c. O pe rations

i. T h e  ope ration manual shall ex plicitly list th e ope ration procedure s

ne e de d for flow continuation,  ramping and maintaining th e  intake

scre ens.  Critical flows must b e identified.

ii. Utilitie s should ope rate  large storage facilitie s to avoid re dd de siccation

in spawning are as b e low dams. Flow discharges during spawning sh ould

b e  kept re lative ly  stab le ,  b ut not so low th at th e migration and spawning

activity are impeded and not so h igh th at wate r storage is re duced and

th e re  is risk of re dd dewate ring during incub ation.

B iologists and utilitie s ofte n have difficulty identify ing a fix ed ope rating

proce dure ,  especially  wh en th e utility  has to manage flow re le ase s for


oth e r ob jectives,  such as summe r re se rvoir re cre ation (i. e . ,  ke e p re se rvoir

pool h igh and stab le ),  winte r flood control (i. e . ,  draw re se rvoir pool

down),  and powe r demand.  S ince most stocks of salmon spawn just

b e fore or during th e heavy rain se ason (late fall to early  winte r),  th e

de sirab le strategy is to incre ase flows during th e spawning se ason only 


wh e n necessary to me e t flood control requirements and avoid re ducini

~ .  W h en spawning is comple te ,  ex cess wate r is re le ase d if necessary , 


and a minimum incub ation flow is estab lish ed.  T h is strate gy  maintains

gre ate r flow flex ib ility during incub ation and eme rgence .  Unde r some

circumstance s,  a writte n ope ration plan th at take s into account all
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possib le hy drologic scenarios can b e  deve loped.  H oweve r ,  some time s

in-se ason communications b e twe e n b iologists and ope rators provide th e

b e st means of prote cting redds.

iii.  For proje cts locate d on stre ams,  th e  pe rmane nt ramping rate s may b e

e stab lish e d afte r construction on th e  b asis of site -specific ob se rvations

and any new re se arch on th e  impact in stre ams.

8. Fie ld M e th ods.  T h is section contains note s and re fe re nce s conce rning fie ld

me th ods.

a.  A  W ord of Caution.

I nve stigators sh ould care fully  conside r wh e th e r flow fluctuation events stage d

to evaluate ramping or stranding are  nece ssary ,  e specially  wh e n fish kills are

anticipate d.  A  numb e r of th e  auth or's profe ssional pre de ce ssors h ave

ob se rved th at th e  souls of th e se de ad fish come b ack to h aunt y ou in th e  form

of irate  fish e rmen and agency administrators,  e specially  wh en th e  news me dia

.  re ports th e event.  I n one te st,  re se arch e rs ab ruptly  cance le d an e x pe rime nt

and re store d initial flows wh en 'te ns of th ousands' o f strande d juvenile salmon

we re ob se rved during th e  initial drop in flow (H amilton and Bue ll 1976). 


W h e neve r possib le ,  re se arch e rs sh ould try  to assess impacts th a t occur from

routine h y dropowe r ope rations,  rath e r th an staging events o f large r

magnitude .  I f you are  only te sting th e h y draulic re sponse ,  se le ct a time of th e

y e ar wh e n salmonid fry are  le ast vulne rab le .

b . E stimation of S tranding Losses


Dire ct counts of strande d fish as a re sult of flow fluctuations may b e  use ful as


indice s.  H oweve r,  re se arch e rs h ave h ad difficulty making re liab le and

unb iase d e stimate s of total mortality .  A  comple te survey of a rive r sy stem

during a fluctuation eve nt re quire s a very large group of ob se rve rs.  M any

strande d juvenile fish , e specially  fry , are  h idde n in th e  sub strate wh e re th e y

se e k re fuge during declining flows. O ut-of-sigh t salmonid stranding occurs in

grave l (P h inne y  1974, B aue rsfe ld 1978),  mud (B e cke r e t ai. ,  1981),  and

ve ge tation (P h illips 1969, S atte rthwaite 1987). Unde r lab oratory  conditions

wh ich pe rmitte d total e nume ration of te st fish , M onk (1989) counte d surface

and sub surface stranding on th re e  ty pes of grave l sub strate .  T h e  ratios o f

surface to sub surface stranding on fine grave l,  medium grave l and cob b le s was


1:0. 01 , 1:1.5 and 1:1 . 0 re spective ly  for ch inook fry (me an fork le ngth 46. 5


mm),  and 1:0. 06, 1:5 . 6 and 1:2. 9 re spective ly  for ste e lh e ad fry (me an fork

length 33 mm). 
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S cavenge rs and pre dators ofte n remove fish b e fore ob se rve rs can . count th em.

Crows ofte n start foraging as soon as flows decline (P h inney 1974, Fiscus


1977, S atte rthwaite 1987, all th or's pers. ob s. ). O th e r animals,  ranging from


slugs to humans,  have b e e n ob se rved taking stranded fish . Both P h inney

(1979) and Baue rsfe ld (1978) trie d to estab lish h ab itat index  are as for

stranding ob se rvations.  Counts were ex panded to e stimate losses in similar

h ab itat ex posed by th e fluctuation event. T hey found it difficult to count

stranding with in limited index  areas.  I n addition,  th ey h ad troub le estimating

th e total are a ex posed from ae rial photograph s b e cause of shadows casted by


tre e s and high b anks. A s a result,  tenuous assumptions were necessary in . 


deriving estimate s of total mortality .  O th e r studie s simply ab andoned

attempts to e stimate losses (P h illips 1969, P h inney e t al. ,  1973, B ecke r e t al. , 


1981) or did not attempt to e stimate losses. Future e stimation of stranding

losses should b e approach ed with cautious methodology and realistic

e x pectations. 


c. Ramping Rate T ests

Unde r some circumstances,  it is necessary to evaluate th e hy draulic re sponse

to a change in flow over an ex tended are a downstre am of th e fluctuation

source .  I f possib le ,  te sting should. occur in th e fall prior to spawning. A t th is


time salmon have grown sub stantially ,  although ste e lh e ad fry are still rath e r

vulne rab le .  P rior to testing,  th e utility and re source agencie s should me e t and

agre e on th e numb e r of tests to b e pe rformed,  numb e r and location of

ob se rvation sites,  and date and time to pe rform th em. M ultiple te sts may b e

necessary to evaluate seve ral diffe rent flows. or to re pe at e arlie r te sts th at

we re unsatisfactory . 


T h e utility should instaI l a staff gage at e ach station prior to th e test.  AU


ob se rve rs should b e stationed on-site at th e start of ramping. S taff gage

readings should b e re corded at prede te rmined time inte rvals,  typicaI ly every 


5 to 10 minutes.  I f b iological ob se rvations are de sire d, ·a second pe rson can

ob se rve th e amount o f ex posed rive r b ed,  ty pe of sub strate ex posed,  and

ob se rve stranding directly . 


9. Discussion


a. Flow A lte rations and Flow Fluctuations

.  Curre nt asse ssment of th e effects of hy dropower ~ e v e l o p m e n t  on rive rine fish


production is usually focused on flow alte rations,  using th e I FI M  me thodology 


as th e primary analy tical tool. For ex amples,  compreh ensive fishery studie s o f

small run-of-th e -rive r hy dropower deve lopment iII M ontana (Le ath e andE nk

1985) and O regon (Kelly 1980; W RRI  1982) e stimated th e h ab itat e ffect of

flow reductions in th e b ypass re ach e s using IFIlI;1 methodology ,  b ut not th e

AR009897



27


impacts of flow fluctuations in th e b ypass and downstre am reach e s.  A 


hy dropower trade journal re port on me th ods of b alancing load following with


fish and re cre ational ne eds (Carte r and T rouille 1989), re lie d ex clusively on

th e I FI M  methodology and failed to conside r le th al and b e h avioral impacts of

flow fluctuations.  A  compreh ensive review of environmental mitigation a t

h y dropower projects (S ale e t al. ,  1991) addre ssed in conside rab ly  de tail th e

varie ty of instre am flow requirements negotiate d at hy dropower projects;

however,  th e issue of flow fluctuations was limited to one b rie f sentence .

S ite -specific studie s th at give a b alanced tre atme nt of th e e ffe cts of b oth  flow


alte rations and flow fluctuations,  such as H amilton and Bue ll (1976),  are

,  re lative ly rare .

T h e I FI M  methodology is a valuab le and widely accepte d proce dure for

measuring change in fish h ab itat and has legitimate application to situations

involving flow alte rations.  H owever,  i t is a complex  and engrossing


methodology th at ofte n distracts from oth e r b iological effects of hy dropower

deve lopment. 


A re th e impacts of flow fluctuations more significant th an flow alte rations? I 


don't b e lieve th e re is an answer to th is question.  T h e magnitude of each

impact is a site -specific function of species,  ch anne l size ,  ch anne l morphology , 


and facility ope rations.  ' Furth e rmore ,  th e se impacts are  measured in

diffe rent units (i. e . ,  stranding mortality  versus usab le h ab itat are a).  H owever, 


it should b e emphasized th at le th al effects of flow fluctuations on salmonids

are widely documented in th e P acific N orthwest.  By contrast,  e x pe rimental

ve rification of th e re lationsh ip b e twe en h ab itat units and salmonid

productivity is sparse . 


Re ce nt enh ancements of th e I FI M  methodology are  showing increasing ab ility 


to addre ss th e effects of flow fluctuations. P rewitt and W h itmus (1986)


propose some me thods for assessing re lative stranding risks, re sulting from

diffe rent changes in flow. T h e se me th ods migh t b e useful wh en th e re lative

risks of diffe rent ope rational procedure s must b e  compared.  N e stle r e t al. 


(1989) describ e a me th od for assessing th e h ab itat e ffe ct of peaking on fish


th at are capab le of moving to suitab le h ab itat.  T hue rnle r e t al. (1991) added

a me th od of measuring th e loss of h ab itat for immob ile aquatic animals as a


re sult of peaking discharges. 


H owever,  th e I FI M  me thods have not b e e n deve loped to th e point whe re it

can b e a primary tool for assessing flow fluctuations.  T h e b iological re sponse ,

including le th al effects,  de lay ed effects,  and b eh avioral effects are not

sufficently unde rstood to pe rmit re liab le mode lling. W h en th e re is a "no ne t

loss"ob je ctive ,  a complex study is unnecessary . Ramping rate s,  ramping
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sch edule s,  and critical flows can ofte n b e  de te rmine d b y  b iologists from th e

h y draulic,  hy drological and b iological ch aracte ristics of th e trib utary  and from

comparab le studie s.

b . N eeds for A dditional Rese arch

I n W ash ington S tate ,  th e curre nt flow fluctuation mitigation crite ria are  b ase d

on re se arch in me dium and large rive rs.  M ost new hy dropower facilitie s b uilt

in th e  nex t de cade will b e  small run-of-th e -rive r facilitie s located on stre ams

«500 cfs ave rage annual flow). Re se arch is ne e de d to deve lop crite ria for

small rive rs and stre ams to prote ct th e specie s th at pre fe r th e se h ab itat (coho,

ste e lh e ad,  and re side nt trout).  T h e b e h avioral effects of fluctuations on

juvenile salmonids require s furth e r study ,  especially as th ey apply to small


stre ams.

A study by G ilsason (1985) and oth e r studie s reviewed b y  Cushman (1985)


suggest th at th e impact of peaking in W ash ington S tate rive rs is unde r-

e stimate d b e cause of impacts to th e aquatic inve rte b rate community . 


Re se arch is ne e de d to b e tte r measure th is impact,  and also identify th e

re lationsh ip b e twe e n inve rte b rate production and salmonid production.

Curre nt me th ods for estimating stranding losses are  inadequate to accurate ly

assess loss of production.  Deve lopment of alte rnative me th ods would b e

h e lpful.

c. Does stranding occur only in th e P acific N orthwest?


As far as I  could de te rmine ,  all pub lish ed ob se rvations,  e x cept one (H viste n

1985) on salmonid stranding comes from studie s and ob se rvations in

W ash ington,  O regon,  and B ritish Columb ia.  In th is region,  nume rous

h y dropowe r deve lopments have occurred in rive rs h istorically  utilized b y large

populations of anadromous salmonids.  T o furth e r enh ance th e like lih ood of

ob se rvations,  ste e lh e ad sport fish e rmen are ty pically on th e rive rs when

salmon fry are  emerging,  and th ey have re porte d many stranding episode s to

fishery agencie s.  N eve rth e le ss,  I  was surprised by th e lack of information on

stranding from oth e r regions. 


d.  Resident T rout S tranding

I  found only one pub lish ed account of re side nt trout stranding (H viste n 1985).


N eve rth e le ss,  I  have pe rsonally  ob se rved re side nt trout stranding on two


occasi01lS . Re side nt trout stranding is less like ly to b e  re porte d simply


b e cause most re side nt fish populations are  limite d by adult re aring h ab itat,

and thus,  th e re  are fewer juvenile s.  By contrast,  th e production pote ntial of

adult anadromous salmonids is re lative ly unre stricte d b y th e rive r h ab itat.
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A nadromous adults much more nume rous and more fecund,  and thus produce

a much gre ate r density of j u v e n i l ~ s .  O bviously ,  ob se rve rs are  far more like ly 


to re port th e stranding of large numb e rs of juvenile s th an small numb e rs.

It is possib le th at limite d fry stranding will have little e ffect on re sident

populations b e cause production is limited by th e adult re aring h ab itat and, 


thus, juvenile to adult survival is not a major limiting factor. 
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Table 3 . T" ' l l tlon of 17,244 recordl of hourly river I t  age ch8l" lgel on the S "  River (USGS " 2'89500) by flow exceedence percentllel. Dati _ f r .  O ctober 1, 1989 to

Sept" " 'r:  19, 1991. N ote that only one decU . .  In flow fn excesl of 2 fnches per hour occurred below the 90 percent flow exceedence ( fe . , the river flow thlt I I  exceeded 90 percent

of the t f . ) .

bc.eedenc:e P ercentl te l 

, 00-90S  

IIO-IIIIX iIo-m 7U-60S 

6Q-50Z 

50-401 4o-30Z  3 0 -201 

20 - '0 1  '0-111 

Totlt

Ftw DeterlDtlan . . . . . , L  . . .  

L . . .  · ·  11 . .  

..""


F'ood


change ., . 10"  

1


3 

4


, .. <. chlnge < 10"  

1 1 

1 

3


8"  < . chenge < 9"  

"" 

1 

5 

6


7" < . change < 8"  

6 6


' "  < .  chenge " i; 7

1

' 

1 

1 

9 11


5· < . chenge < 6"  

1 

1 4 2 

9 17 

4 - < . change < 5"  

1 2 3 

17 

23


3"  < . change c 4"  

I 

2 3 2 1 5 

40 

55


2"  < . chanae < 3- 

4 

2 

2 1 5 

3 7 3 9 

51 

8 7

1- <- chenge < 2"  

5 6 5 7 15 13 20 

42 

35 131 279

0.5"  < . chlnge < 111 

11 14 19 35 

I 

40 

45 5 7 69 119 

114 

520


0.0"  < . change < 0.5

11


330 

228 

259 291 330 

352 362 323 344 

232 3,051

No change 

m


1 , 0 0 3

889 

706 

481 394 305 293 221 78 5,108 

0.0"  ,. change ,. -0 .5· 

637 

469 

540 670 837 

905 957 946 900 

527 

7 , 3 88

-0.5· ,.. chenge ,. -1 · 

1 2 

10 8 14 

8 10 41 64 250 

408


-1"  ,.. chenae-"  -2"  

2 1 20 

155 

187


-2"  ,.. change ,. -3

11 

1 

54 

55


·3"  , . . chanae ,. -4"  

28 28


-4"  ,.. change ,. -5"  

11 11


-5"  , . . chenge ,. -'"  

2 

2


-'"  ,.- change ,.- -7" 


- 7"  , . . change ,. -8" 


-8"  , . . change ,. -,  ·


. 9"  ,. .. change ,. -10" 


change em ·10"  

2 

2


~ l ! I t a  

1 1


Total 1,724 

1,724 _  _ _ _  1,725 1,724 1,724 

~ J f 7 2 4  

_ _  ', 724 _ _ _ _  

L - .. 1 , n S  _  

_ _ _ 1 , 7 2 ~ _  _ _  1 , 7 2 5 _ 1 _ 1 7 , 2 4 4

w


......
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T ab le 4 .  T ab ulatiO n of 17 , 24 4 re e ! )rds (I ncludfng 118 no data re cords) of h ourly  changes in stag e  on th e  S kagit Rive r a t M arblelllCM llt (USGS "2 1 8 1 0 0 0 ) b y  flow ex cH dence pe rc e n t i l e s .

Data from O ctob e r 1 ,  1989 to S epte ne e r 19,  1991. Flow fs re gulate d b y  t h r e e  upst re e a dams.  The flow . ex ceedenee pe rce n t i l e s are  e x trapola te d from th e S auk Rive r Flow ex ceedence


p e r c e n t l l e s · t o  e s t l _ t e  th e  natura l , flow a t M arbl.eIIIO lW It ( i . e . ,  Q (S kagft,  tOX) =  QUauk, 1O X)*Q (S kagit,  A verage)/Q (S auk. A ve rage ».  N ote th at . 3 91 de cl ine s in H ow I n e x ce ss of

2 inch e s pe r hour occurre d belO N  th e ' 90 pe rce nt ftO N  ex ce:edence .


- - -

E x ceedence P e r c e n t f I  e s 1 0 0 - 9 0 1  9O-1IOX 

110-701: 

7U-6OX 60-511% 
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30-211% 20-111% 10-11% 
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i
No Data 1 

1 
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TABLE 5. Rampfng Range, Maximum Ramping Rete, Ramp Duration, and Lag Time recorded fr'om four gages on' the


Skagit River as a result of an experimental fluctuation event on Harch 19, 1982. Data was available in

hourly 'intervats. Data provided by Mr. Thomas H iggins, U.S. Geological survey, l a c o m a ~

Maxi . .  RlIIPing-Rate

Gage Site 

R "", i n g  Range  ( F e e t ) (Fe e t / H o ur ) 

Duration ( ~ r s )  

Lag Ti_ (H ours)


(River H i le)

93 . 7 

1 . 6  

. 9 

2 

n


85 . 8 

1 . 2 

. 7  4 1


78. 7 0 . 8 

. 4  

5 2


54 . 1 0 . 7 . 2 5 7


w


'"
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~ 3

6: 
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1


0


4 5 

6 

7 

8 '9 1 0 11 

1:2 

13 14 

Days, April 

4";14, 

1989


F i ~ r e  1. R i v e t S ~ g e s F r o , n i ' \ n t i : e e S n ! l q u a l m i e  . River US G S  G ages,  A pr l l4  to . 


A pril 14 ,  1989. T h e h e adwate rgage is#121 4 34O Q , th e ifooth iI I  , gage . , is#12144500, 


and th e flood plains gage is #12149000. A ll th re e gauges are in . th e S noqualmie

Rive r Basin. T h e :datawas recorded ~ v e r y  15 minutes. A lLplotted values w e ~ e

standardized b y sub tracting th e illinimum recorded value during , t h e A p r i l 4 to

A pril 14 time , pe riodfrorn . each . site 'fr. ornall th e . oth e rvalue s;recorded 'frorn'th e

same site . I n addition, v3 I ile sfrornth e ' I H e a d w a t e r ~ '  'gaugewe re sca! e d iQ y afactor

of two to produce aplotof, similar:CaQ ge . tooth e rltwosite s . · J:>ata! . frornth eUS ··

G eological S urvey A DA P S  datab ase , macorna, W A .
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Q 8 1 6 

24


Hours, Starting 14:00 March 1 8 , 1 9 8 2

1 - RM 93.7 - .  . -  RM 85.8 ·...·.·. RM 7 8.7  ··.···.. RM 54.1


Figure 2. H ourly Rive r S tage Recordings From Four G l\ges on th e S kagit R i v e ~ ,

M arch 19, 1982. T h e fluctuation,  as shown by th e "hump' th at progre sse s

downstream ove r time ,  is a re sult of an ex pe rimental disch arge from th e N ewhalem


P owerhouse at RM  94.3 for th e purpose of evaluating I I tranding. T h e  horizontal

grids repre sent one foot of wate r surface change . T h e  plots o f e ach gauge are

cente re d on se parate grid line s going downstream from top to b ottom.  T h e  p l o ~

are separate d for purpose orinte rpre ting wate r surface changes,  and do not refler;t


actual e levation changes b e twe en gages . .  Data provided by Mr. T h omas H iggins, 


U.S . G eological S urvey , T acoma,  W A , T h e gauge numb e rs in downstre am

sequence are 12178()()(), 12179000, 12181000, and 121940(l().
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(50) 0 50 1 00 1 50 200 '  250

Minutes from Start of load Rejection


Figure 3. River S tage R e c o r d i n g ~  From S ix S i t e ~  Below th e S noqualmie Falls


S econd P owerhouse . T h e fluctuation was staged to evaluate ramping and stranding


during load re jection unde r low flow conditions. T h e horizontal grids re pre se nt one


foot of wate r surface change . T h e plots for each gage are standardized to th e first


data record and plotte d on separate grid lines going downstre am from top to '


b ottom. T h e plots are separlJ, ted for purpose of inte rpre ting wate r surface changes


and do not re fle ct actual e levation changes b e tween gages. T h e  sites progressing


from top to b ottom are , locate d at OA , 0.7, 1.4, 1.7, 2.1 and 4.6 miles b e low the, . 


powerhouse . Data was provided by Cary Fe ldman,  P uge t P ower, B . e llevue ,  W A .
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SOD
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Figure 4. River S tage Recordings From th e RagingRlve r S ite and th e Carnation

US G S  G age on the S noqualritie River. T h is fluctuation event is th e same event


display ed in Figure 3. T h e Raging Rive r S ite is th e six th site in Figure 3. T h e site s


are located 4.6 miles and 172 miles b e low th e powerhouse ; T h e Camat lonG ag e  is


numb er 12149000. Data isprovide db y  Cary Feldman,  P uge t P owe r, B e lle vue ,  W A ,


and U.S . G eological S urvey A DA P S  compute r datab ase ,  T acoma,  W A
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M inutes from start of IDad Rejection


Figure 5. Flow Fluctuations at a R u n - o f - t h e ~ R i v e r  Facility . T h is plots th e stage


change at th e Twin Falls P roje ct on th e S F S noqualmie Rive r in a te st wh e re th e

discharge is ramped down over a 45-minute pe riod and th e n ramped up ove r . a50-

minute pe riod.  G age s are located in th e b ypass reach and 0.25 and 0.5 miles b e low


th e powerhouse .  T h is partiClllar facH ity has a short,  narrow, and high gradient . . .  . . .

b ypass reach ,  which produces a sh ort b ypass lag time . I ncrease s in flow th at start

at th e intake pass quickly th rough b y pass and partially  offse t th e declining flow


discharged from th e powerhouse . 
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20 

Days during July  1988

Figure 6. W eeks Falls T urb ine Flows During July 17 th rough 21, 1988. An

e x ample of cycling and foreb ay surging when rive r flow is at or ne ar th e minimum

ope rating flows for th e project.  T h e  comb inationof th e se two prob lems cause ·

sub stantial flow fluctuations b e low th e powerhouse at low flows when th e aquatic

community is most vulne rab le .  (Data from H osey &  A ssociate s,  Be llevue ,  W  A.;


currently  H arza N W , I nc. )
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Figure 7. W eeks Falls T urb ine Flows During th e  A pril 1989. T h e  graph shows th e

fre que nt off and on turb ine flow associated with powe rh ouse and intake failure s. 


W ith out some means offlow continuation,  e ach of th e se powe rh ouse failure s would


send a sub stantial fluctuation down from th e . powe rh ouse th at would drop to from


th e sum of th e  turb ine ·flow aN d th e b y pass flow (approx imate ly .  750c£s in tb e

e x ample s in th is graph ) to 38 .cfs, which is th e tninimum b y p. assflow . I 'e . quirement


for th is proje ct and th e n b ack up to 750 cis. T h is isstne ssful .to lh e aqua t ic

cO I llfllunity in th e r ive r b e low th e  proJect.  (Data fmm H ose y&,  A ssociate s, 


B e llevue ,  W A ; currently  H arzaN W ,  I nc. )
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