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PREFACE 

The purpose o f  this document is to provide guidance to developers 
of small-scale hydroelectric projects on the assessment of instream 
flow needs. While numerous methods have been developed to assess the 
effects o f  stream flow regulation on aquatic biota in coldwater 
streams in the West, no consensus has been reached regarding their 
general applicability, especially to streams in the eastern United 
States. Our presentation and review of these methods (Section 2.0) is 
intended to provide the reader with general background information 
that is the basis for the critical evaluation o f  the methods (Section 
3.0). The strategy for instream flow assessment presented in Section 
4.0 is, in turn, based on the implicit assumptions, data needs, costs, 
and decision-making capabilities of the various methods as discussed 
in Section 3.0. 

We have restricted the scope of the document in several areas. 
Details on the specific procedures to be followed in applying the 
methods are not given but are available in the literature cited in 
Section 5.0. Moreover, the document i s  not intended to be a review o f  
a l l  the literature related to the issue of instream flow. Because 
determination o f  the instream flow needs for fishery resources is the 
most difficult and controversial aspect of the instream flow issue, we 
have only included those methods that are related to this aspect of 
the issue. Consequently, methods developed to assess recreational or 
aesthetic needs are not addressed in the document. Finally, the legal 
and institutional aspects of the instream flow issue (e.g., 
negotiation strategies) are not discussed. 

This document is the fifth in a series of reports addressing 
environmental issues and small-scale hydroelectric technology that are 
being prepared by the Oak Ridge National Laboratory for the U.S. 
Department of Energy. The other reports in this series are listed 
below and are available from the National Technical Information 
Service, U.S. Department of Commerce, 5285 Port Royal Road, 
Springfield, Virginia 22163. 
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AB ST RACT 

Protection of instream uses of water, such as fish and wildlife 
habitat, recreation, and aesthetics, has been identified as a 
si gni f i cant envi ronmental i ssue , especi a1 ly i n the West where water 
supplies are limited and offstream uses (e.g., irrigation) are 
well-defined by law. The growing recognition nationwide of the 
importance o f  protecting these instream uses of water has coincided 
with the recent emphasis on the development of small-scale hydropower 
resources. The issue of instream flow maintenance in hydropower 
development i s  essentially a problem of evaluating the effects o f  
planned modifications in hydrologic patterns. Because hydroelectric 
projects can alter natural flow regimes on both spatial and temporal 
scales, downstream water users and the aquatic ecosystem can be 
adversely affected. Assessment of the instream flow needs of aquatic 
biota (primarily fishes) has been the most difficult and controversial 
aspect of the instream flow issue. 

Numerous methods have been developed to assess the effects of 
stream flow regulation on aquatic biota and to provide instream flow 
recommendations. The methods differ in their use of hydrologic 
records hydraul ic simulation techniques, and habitat rating criteria 
and in their capability to provide seasonal or species-specific 
recommendations. Because of these differences in data requirements, 
application costs and the level of resolution associated with the 
instream flow recommendations vary greatly. Consequently, guidance is 
needed to ensure that the most appropriate methods are selected for 
instream flow assessments at small-scale hydroelectric sites. To 
provide this guidance to developers of small hydropower projects, the 
methods were reviewed and evaluated to determine their applicability 
in the assessment of instream flow needs for fishery resources at 
small hydropower sites. The methods were grouped into three 
categories based on (1) level of resolution associated with the 
instream flow recommendation, (2) data needs, and (3)  costs o f  
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appl icat ion.  The categor ies correspond t o  d i f f e r e n t  l eve l s  o f  
assessment t h a t  might be requi red a t  a given hydropower s i t e .  To 
se lec t  the most appropr iate l eve l  o f  analysis,  c r i t e r i a  r e l a t e d  t o  
both the design and operat ion o f  the p r o j e c t  and the aquat ic resources 
a t  the s i t e  were i d e n t i f i e d .  

Establishment o f  an instream f low regime may s i g n i f i c a n t l y  a f f e c t  
the economic f e a s i b i l i t y  o f  many small hydropower p ro jec ts ,  s ince 
water needed t o  maintain instream f lows i s  o f t e n  unavai lable f o r  power 
production. To minimize c o n f l i c t s  between these two uses o f  water, 
assessment o f  instream f low needs must be conducted i n  the  e a r l y  
stages o f  p r o j e c t  p lanning and development. F ina l  reso lu t i on  o f  
p o t e n t i a l  c o n f l i c t s ,  however, may requ i re  negot ia t ions and, 
u l t ima te l y ,  some t radeof fs  between hydropower requirements and the  
instream f low needs o f  the f i shery .  
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1. INTRODUCTION 

. 

The value of instream uses of water (e.g., fish and wildlife 
habitat, recreation, and aesthetics) is increasing as greater demands 
are placed on our water resources to meet various industrial, 
agricultural, and domestic needs (offstream uses). Although the 
problem of inadequate surface water supply is or will be severe by the 
year 2000 in many regions of the Midwest and Southwest, some regions 
of the East may also have water supply problems during low-flow 
months. The competition between offstream and instream uses will also 
intensify as a result of the estimated 27% increase in consumptive 
water use by the year 2000 (U.S. Water Resources Council 1978). 
Resolution of the conflict between the various uses of water raises 
important questions regarding the quantity of water that should remain 
in a stream or river to protect existing instream (nonconsumptive) 
uses. Because the value of these instream uses has only recently been 
recognized within a legal/institutional framework, many o f  the 
methods* that have been developed to assess instream flow requirements 
are relatively new. 

Instream flow requirements (or needs) refer to the amount of 
flowing water within a natural stream channel that is needed to 
sustain the instream values (or uses made of water in the stream 
channel) at an acceptable level. Such a requirement identifies the 
flow regime that will maintain - all uses of water within the channel, 
including fish and wildlife populations, recreation, aesthetics, water 
quality, hydropower generation, navigation, and ecosystem maintenance 
which includes freshwater inflow to estuaries, riparian vegetation, 
and floodplain wetlands (Bayha 1978, Wassenberg et al. 1979). Methods 
have been devel oped to assess the i nstream flow requirements 

*The term 'methodology,' defined as a group o f  related methods, is 
often found in the literature on instream flow needs. Because the 
connotation is frequently ambiguous, we have intentionally avoided 
use of the term in this report. 
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associated w i th  many o f  these uses. For example, mathematical 
modeling has been an important component i n  determining instream f l ow  
needs r e l a t e d  t o  water q u a l i t y  (e.g., Mar 1973 and 1975 as c i t e d  i n  
Wyoming Water Resources Research I n s t i t u t e  1978a; Grenney e t  a l .  1976; 
Grenney and Porce l la  1976; Porce l la  and Grenney 1976). Methods have 
a lso  been developed t o  assess instream flow needs f o r  recrea t ion  
(Andrews and Madsen 1976; Andrews e t  a l .  1976; Morr is  1976; C o r t e l l  
and Associates, Inc.  1977a,b; Hyra 1978; Wyoming Water Resources 
Research I n s t i t u t e  1978a) and aesthet ics  (Andrews and Madsen 1976; 
Maste l le r  e t  a l .  1976; Mittman 1976; Wyoming Water Resources Research 
I n s t i t u t e  1978a). The e f f e c t s  o f  water l e v e l  changes on r i p a r i a n  and 
wetland communities have been described (e.g. , Teskey and Hinckley 
1977), and methods f o r  assessing the  e f f e c t s  o f  water management 
p rac t ices  upon r i p a r i a n  vegetat ion and w i l d l i f e  are ava i l ab le  (Kadlec 
1976a,b; Wyoming Water Resources Research I n s t i t u t e  1978b). 

Assessment o f  the instream f low needs of aquat ic b io ta ,  however, 
has been the  most d i f f i c u l t  and cont rovers ia l  aspect o f  the instream 
f l ow  issue and i s  the subject  o f  t h i s  repor t .  Numerous methods have 
been developed t o  assess the e f f e c t s  o f  f low regu la t i on  on aquat ic 
b i o t a  and t o  provide a basis f o r  the determinat ion o f  a su i tab le  
stream f low recommendation. Although a l l  components o f  l o t i c  
ecosystems are a f fec ted  by f low regu la t i on  (Sect. 1.1.1), the  
assessment o f  instream f l ow  needs o f  aquat ic b i o t a  has focused 
p r i m a r i l y  on f i s h  species. Only recen t l y  have studies o f  benth ic  
macroi nvertebrates been i n i  ti ated, and these were 1 i m i  t e d  t o  (1) 
development of new techniques f o r  assessing instream f low requirements 
(Gore 1978, Railsback 198l) ,  and (2) compi la t ion and evaluat ion o f  
hab i ta t  s u i t a b i l i t y  data from e x i s t i n g  l i t e r a t u r e  (Herr icks and 
Furni  sh 1980). 

Because no consensus has been reached on the s i t e - s p e c i f i c  
a p p l i c a b i l i t y  o f  these methods, espec ia l l y  i n  the eastern Uni ted 
States, developers o f  small hydroe lec t r i c  p ro jec ts ,  which, depending 
upon t h e i r  design and operation, can a l t e r  the na tura l  f low regime 
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(Sect. 1.3), l a c k  t h e  necessary guidance f o r  assessing the  b i o l o g i c a l  
e f f e c t s  which might  r e s u l t  from such mod i f i ca t i ons  i n  stream flow. 
Th is  r e p o r t  has been prepared t o  p rov ide  t h e  guidance t h a t  does no t  
c u r r e n t l y  e x i s t  f o r  assessing instream f l o w  needs f o r  f i s h e r y  
resources below h y d r o e l e c t r i c  p ro jec ts .  The var ious  methods are 
reviewed (Sect. 2.0) and evaluated (Sect. 3.0), and s t r a t e g i e s  are  
presented (Sect. 4.0) f o r  s e l e c t i n g  the  most appropr ia te  method based 
on (1) p r o j e c t  design and operat ion,  and (2) na ture  o f  t h e  aquat ic  
resources. Before d iscuss ing  s p e c i f i c  methods, however, a d d i t i o n a l  
background in fo rma t ion  i s  p rov ided on the  instream f l o w  issue from an 
h i s t o r i c a l  (Sect. 1. l), r e g u l a t o r y  (Sect. 1. Z ) ,  and hydropower (Sect. 
1.3) perspect ive.  

1.1 H i s t o r i c a l  Background on t h e  Instream Flow Issue 

1.1.1 Development i n  the  West 
S i g n i f i c a n t  c o n f l i c t s  between o f f s t ream and instream uses o f  

water f i r s t  developed i n  t h e  West where water supp l ies  a re  l i m i t e d  and 
o f f s t ream uses (e.g., i r r i g a t i o n )  a re  we l l -de f i ned  by law. Western 
water law i s  based on the  approp r ia t i on  d o c t r i n e  which has two 
fundamental p r i n c i p l e s :  (1) f i r s t  i n  t ime i s  f i r s t  i n  r i g h t  and (2) 
b e n e f i c i a l  use o f  t he  water i s  t h e  bas is  o f  t h e  r i g h t  (Gould 1977). 
Because o f  t h e  s c a r c i t y  o f  water i n  many regions o f  t h e  West, water 
development has been equated w i t h  growth, p r o s p e r i t y ,  and success 
(Lamb and Bayha 1978). I n  shor t ,  b e n e f i c i a l  use was de f ined i n  
economic terms. I n  many s ta tes ,  p e r m i t t i n g  water t o  remain i n  t h e  
stream (e.g., f o r  t h e  p r o t e c t i o n  o f  f i s h  and w i l d l i f e  h a b i t a t  o r  
r e c r e a t i o n  and a e s t h e t i c  values) was n o t  recognized as a b e n e f i c i a l  
use. Now, however, most western s ta tes  recognize the  need t o  p r o t e c t  
instream values and, i n  some cases, have been ab le  t o  acquire 
p r o t e c t i o n  through l e g i s l a t i v e  changes (e.g., Dewsnup and Jensen 1977; 
Lamb and Bayha 1978). 
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The in tense compet i t ion f o r  water and the  growing r e c o g n i t i o n  
t h a t  instream uses o f  water must be p ro tec ted  l e d  t o  the  development 
of numerous methods f o r  assessing inst ream f l o w  needs. Most o f  these 
methods focused on the  p r o t e c t i o n  o f  indigenous f i s h  populat ions,  
p a r t i c u l a r l y  salmonids, because o f  t h e i r  rec rea t i ona l  and commercial 
importance. Some o f  the  e a r l i e s t  s tud ies  t o  determine inst ream f l o w  
needs were conducted below l a r g e  hyd roe lec t r i c  f a c i l i t i e s  l oca ted  on 
coasta l  r i v e r s  o f  nor thern  C a l i f o r n i a  (e.g., C u r t i s  1959, D e l i s l e  and 
E l iason 1961, rev iew by Fraser 1972a). A f t e r  l e g i s l a t i o n  t h a t  
recognized the  importance o f  ma in ta in ing  s u i t a b l e  stream f l o w s  had 
been passed i n  Oregon, f i e l d  s tud ies  were i n i t i a t e d  i n  1961 t o  
determine s p e c i f i c  f l o w  requirements o f  salmonids a t  d i f f e r e n t  t imes 
o f  the  year  (Sams and Pearson 1963, Thompson 1972). I n  1962, the  U.S .  
Forest  Service developed a t ransec t  l i n e ,  c l u s t e r  sampling procedure 
f o r  use on t r o u t  streams i n  Utah and Idaho (Dunham 1972). A few years 
l a t e r ,  work on the  now well-known Tennant o r  Montana Method (E lser  
1972, Tennant 1976) was i n i t i a t e d  i n  Montana. 

Beginning i n  the  e a r l y  1 9 7 0 ' ~ ~  several  workshops were h e l d  i n  t h e  
Northwest t o  d iscuss the  var ious  methods t h a t  had been developed. As 
a r e s u l t  o f  t h i s  communication, methods were compared and mod i f ied  t o  
incorpora te  the  new in fo rmat ion  that, was being c o l l e c t e d  on the  
h a b i t a t  requirements o f  salmonids. Several reviews o f  the methods 
a v a i l a b l e  f o r  assessing instream flow needs were a l so  pub l ished du r ing  
t h i s  pe r iod  (Fraser 1972a, Giger 1973, Hooper 1973). 

A t  the  same t ime t h a t  methods were being developed t o  assess the  
instream f l ow  needs of f i s h  species, s i t e - s p e c i f i c  s tud ies  were 
conducted t o  examine the  b i o l o g i c a l  consequences o f  stream flow 
regu la t ion .  Resul ts o f  these s tud ies  showed t h a t  t he  pr imary impact 
of reduced f lows on f i shes  was a =educt ion i n  usable h a b i t a t  (Holden 
1979). A t rans-bas in  d i ve rs ion  p r o j e c t  on the  T r i n i t y  R iver  i n  
nor thern  C a l i f o r n i a ,  f o r  example, r e s u l t e d  i n  a s i g n i f i c a n t  reduc t ion  
i n  salmonid spawning h a b i t a t  be ow the  p o i n t  o f  d i ve rs ion  (Smith 
1976) * 
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I n  most regu la ted  streams and r i v e r s ,  major a l t e r a t i o n s  were also 
observed i n  t h e  composit ion o f  benthic macro inver tebrate communities 
(see review by Ward and Stanford 1979a). The important f a c t o r s  
c o n t r o l l i n g  macro inver tebrates (temperature, f low,  and substrate) were 
a l s o  found t o  a f f e c t  lower t r o p h i c  l e v e l s  (e.g., pr imary producers 
such as ben th i c  algae). However, t he  l i m i t e d  data a v a i l a b l e  on t h e  
f l o r a  o f  regu la ted  streams were secondary i n fo rma t ion  obtained du r ing  
s tud ies  o f  t he  macro inver tebrate and f i s h  communities (Lowe 1979). 

Three o f  t he  most s i g n i f i c a n t  events i n  the  e v o l u t i o n  o f  instream 
f l o w  methods i n  t h e  West occurred w i t h i n  a four-month p e r i o d  i n  1976. 
I n  A p r i l ,  t h e  r e s u l t s  o f  a study t o  document and evaluate e x i s t i n g  
methods for f i s h e r i e s ,  w i l d l i f e ,  water q u a l i t y ,  rec rea t i on  and 
aes the t i cs  were pub l ished (Stalnaker and Arnet te  1976). This 
document, an e a r l y  p roduc t  o f  t h e  Western Water A l l o c a t i o n  P r o j e c t  i n  
the  O f f i c e  o f  B i o l o g i c a l  Services o f  t h e  U.S. F i s h  and W i l d l i f e  
Service, represented the  f i r s t  a t tempt  t o  compile d e t a i l e d  i n fo rma t ion  
on t h e  var ious  f i s h e r i e s  methods and t o  c r i t i c a l l y  examine them. The 
nex t  month, a symposium and s p e c i a l t y  conference on instream f l o w  
needs sponsored by t h e  Western D i v i s i o n  o f  the American F i she r ies  
Society was h e l d  i n  Boise, Idaho. The proceedings o f  t h e  conference, 
which addressed t h e  l e g a l ,  s o c i a l ,  and b i o l o g i c a l  aspects o f  t h e  
instream f l ow  issue, were pub1 ished i n  a two-volume se r ies  (Orsborn 

and Alltnan 1976a,b) t h a t  "may prove t o  be a landmark i n  the  h i s t o r y  o f  
t h e  subject"  (White 1979). F i n a l l y ,  i n  J u l y  1976, t h e  
m u l t i d i s c i p  i n a r y  Cooperative Instream Flow Service Croup (IFG)* i n  
t h e  Off ice o f  B i o l o g i c a l  Services o f  t he  U.S. Fish  and W t l d l i f e  
Service was es tab l i shed  i n  F t .  C o l l i n s ,  Colorado. The purpose o f  t h e  
I F G  was t o  advance the  "s ta te -o f - the -a r t "  and become t h e  center  o f  
a c t i v i t y  r e l a t e d  t o  instream f l o w  assessments (U.S. F i sh  and W i l d l i f e  

Service 1977). Wi th in  a s h o r t  p e r i o d  o f  t i m e  a f t e r  formation o f  t h e  

*The IFG i s  now known as the  Instream Flow and Aquatic Systems Group. 



6 

IFG, the  Incremental Methodology (Sect ion 2.8) was developed (Bovee 
and Cochnauer 1977; Bovee and Milhous 1978; Sta lnaker  1978, 1979b; 
Tr ihey  1939; Wegner 1979). 

The use o f  comparative f i e l d  s tud ies  t o  evaluate var ious 
f i s h e r i e s  methods i s  a recent  development i n  the  West (R. Giger, 
personal communication). These s tud ies  were funded i n  12 western 
s ta tes  as p a r t  o f  t he  Western Water A l l o c a t i o n  Pro jec t ,  Th is  
comparative approach represents a l o g i c a l  s tep i n  t h e  sequence o f  
events t h a t  w i l l  hope fu l l y  l e a d  t o  i n s i g h t s  on the  a p p l i c a b i l i t y  o f  
the  var ious methods. Although many gaps s t i l l  e x i s t  i n  our  knowledge 
o f  t he  r e l a t i o n s h i p  between stream f l a w  and f i s h  product ion,  these 
shortcomi ngs should n o t  prevent  users f ram appl y i  ng o r  modi f y i  ng 
e x i s t i n g  methods. The successful  development o f  adequate methods f o r  
assessing instream f l o w  needs w i l l  r e q u i r e  app l i ca t i ons  on a wide 
range o f  watersheds throughout the  country.  Although no consensus 
has y e t  been reached regard ing the  "best"  method t o  use i n  a g iven 
s i t u a t i o n ,  a d d i t i o n a l  in fo rmat ion  acqui red from cont inued a p p l i c a t i a n  
i n  the  f i e l d  w i l l  even tua l l y  l ead  t o  a b e t t e r  understanding o f  the  
appl i cabi  1 i ty  o f  the  var ious  methods. 

1.1.2 Development i n  the  East 
Un l i ke  i n  t h e  West where instream f l o w  methods evolved over t h e  

pas t  20 years i n  response t o  the  growing demand f o r  l i m i t e d  water 
suppl ies,  i n  the  East instream f l ow  needs are  j u s t  beginning t o  
develop as an issue. With t h e  except ion o f  t he  method developed by 
Robinson (1969) f o r  the  Connect icut  R iver  basin,  no formal methods t o  
assess instream f l o w  needs have been documented from t h e  eastern 
Un i ted  States u n t i l  r e c e n t l y  (U.S. F ish  and W i l d l i f e  Service 1981). 
Eastern i n i t i a t i v e s  i n  fo rmula t ing  inst ream f l o w  p o l i c i e s  were l a r g e l y  
i n  response t o  an increase i n  the  development o f  small hydropower 
resources i n  t h e  Northeast.  Because water i s  more abundant i n  the  
East than i n  the  West, c o n f l i c t s  t o  date have been h i g h l y  l oca l i zed .  
Moreover, water law i n  most s ta tes  eas t  o f  t he  M iss i ss ipp i  R iver  i s  
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based on the riparian doctrine (Table A - 1  i n  Lamb and Bayha 1978). 
The doctrine equates the existence of a water right with ownership of 
the land adjacent to the stream (riparian ownership), and each owner 
has an equal right to reasonable use of the water in the stream (Gould 
1977). Depletions of both supply and quality of the water must not 
prevent downstream users from exercising their reasonable rights to 
use o f  the water (Lamb and Bayha 1978). The riparian doctrine is 
substantially different from the appropriation doctrine of most 
western states which accommodates offstream uses of water to promote 
economic development. Both the abundance of water (and, consequently, 
the absence o f  significant offstream use for irrigation) and the 
existence of the riparian doctrine account for the relatively brief 
history of the instream flow issue in the East. 

As in the West, assessment o f  instream flow requirements in the 
East was initially associated with controlling the operation o f  
hydroelectric facilities, and, until recently, these assessments were 
most likely based on historical discharge records and the judgment of 
biologists. In the late 1970's, methods developed in the West, 
particularly the Incremental Methodology, were used to assess instream 
flow needs below dams on the lower Susquehanna River in Pennsylvania 
(Jackson 1980) and in the upper Delaware River Basin in New York 
(Sheppard 1980). The Incremental Methodology has also been used on 
streams in West Virginia, Ohio, Indiana, Kentucky, Tennessee (Bayha 
and Hardin 1980), and North Carolina (Bain 1980). It i s  currently 
being used to survey instream f low requirements on a statewide basis 
in Illinois (Bayha and Wardin 1980, Herricks et a l .  1980). At the 
same time that formal methods were being exported to the East, 
instream flow workshops were held. Two workshops sponsored by the 
Ohio River Basin Commission were held in 1979 and 1980, and an 
instream flow session was included in the program o f  the Annual 
Northeast Fish and Wildlife Conference in 1980 and 1981. A similar 
session was also included in Waterpower '81, an international 
conference on small hydropower held in June 1981 in Washington, D.C. 
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Assessment of the instream flow needs o f  fishery resources in the 
eastern United States is confronted by two major problems, First, the 
only s i  te-speci f ic methods currently bei ng used to assess i nstream 
flow needs in the East were developed for salmonid populations in 
coldwater streams in the West; their applicability to eastern streams 
that may be water qriality- or food-limited has not been rigorously 
examined. The numerous other methods that were also developed in the 
West have, with few exceptions, never been used in the East. Second, 
the, concern for instream values over the past  20 years produced a 
wealth of information on the habitat requirements o f  sal 
comparable data base for warmwater species, the p r e ~ ~ ~ i ~ a n ~  fishery 
resource in much of the East, does not exist. As a result, resolution 
o f  conflicts among various uses o f  water, especially instream use for 
hydroelectric generation versus protection of fish and wildlife 
habitat, may be more difficult in the East. 

1.2 Environmental Regulations Re1 ated t o  Instt-ean F1 ow 

Major federal legislation provides a framework for evaluating the 
environmental impacts associated with water resource developrnent 
projects, including the alteration o f  natural flow regimes below 
hydroelectric facilities. The F i s h  and Wildlife Coordination Act of 
1934 and 1958 requires the federal Energy Regulatory Commission 
(FERC), the agency responsible for the regulation of nonfederal 
hydroelectric dams under the Federal Power Act o f  1928, a5 amended, to 
consult with the U.S. Fish and Wildlife Service and t h e  appropriate 
state agencies to ensure that fish and wildlife conservation needs are 
adequately considered. Such consultation may result in an instream 
flow recommendation to protect fish and wildlife habitat.. The FER@ is 
also required to consult with the Council on Environmental Quality and 
the Environmental Protection Agency under the Public Utility 
Regulatory Policies Act (PURPA) of 1978 (Corso 1979). 
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Other legislation that relates directly to the environmental 
impacts of development projects (and indirectly to the instream flow 
issue) includes the ational Environmental Policy Act o f  1969, the 
Wild and Scenic Rivers Act of 1968, the Clean Water Act o f  1972 and 
1977, the Endangered Species Act o f  1973, and the Anadromous Fish 
Conservation Act of 1965. Obviously, the instream flow issue can be 
significant if the alteration in stream flow will affect species 
included under either o f  the latter two laws. Instream flow needs 
related to water quality can be considered when application i s  made 
for  a water quality certificate required under Section 401 of the 
Clean Water Act. 

In addition to these environmental regulations, other legislation 
has been passed which provides a framework for the regulation and 
development of  small hydropower. Section lO(a) o f  the Federal Power 
Act o f  1920, as amended in 1935, requires FERC to assure that the 
proposed development and operation o f  a project will be best adapted 
to a comprehensive plan that includes other water uses i n  addition to 
hydroelectric generation. Protection of fish and wildlife is 
considered elsewhere in the Act, particularly Section 3Q(c). More 
recent, legislation related to small-scale hydropower development was 
passed as Title IV of the Energy Security Act of 1980 which 
established incentives for the use of renewable energy resources. 
Section 408 of Title IV amended Section 405 o f  PURPA which outlined 
the granting o f  exemptions to licensing requirements. 

Recognition of the importance of instream uses of water in the 
planning, development, and management of our water resources recently 
occurred at the national level. In 1973, the U.S. Water Resources 
Council issued Principles and Standards for Planning Water and Land 
Resources which required multiobjective planning for environmental 
quality as wel 1 as national economic development (Schamberger and 
Farmer 1978). Cooperative resource planning among state, federal, and 
private groups i s  emphasized. Among other requirements, information 
must be obtained about the needs and problems o f  the project area, 
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i n c l u d i n g  t h e  i d e n t i f i c a t i o n  and inventory  o f  t h e  water resource base 

of t h e  area (Wassenberg e t  a l .  1979). I n  1974, the  Second Nat ional  
Water Assessment was undertaken by t h e  U.S. Water Resources Council 
and represented " the  f i r s t  nat ionwide examination o f  instream f low 
cond i t ions  and t h e  i m p l i c a t i o n s  o f  accelerated o f fs t ream uses" (Bayha 
1978). I n  h i s  Water Resources P o l i c y  Reform Message o f  June 6, 1978, 
President Car ter  i d e n t i  f i ed water conserwati on and i nstream f 1 ows as 
na t iona l  goals. On J u l y  12, 1978, he issued a d i r e c t i v e  t o  federa l  
agencies t o  improve, where poss ib le  and i n  cooperat ion w i t h  t h e  s ta tes  
(which have p r i n c i p a l  r e s p o n s i b i l i t y  f o r  p r o t e c t i o n  o f  instream 
f 1 ows) , t h e  opera t i  on and management o f  e x i  s t i  ng water resources 
p r o j e c t s  t o  p r o t e c t  instream uses. Although p r o t e c t i o n  o f  t h e  
instream use of water i s  now recognized as a na t iona l  concern, t h e  
most d i f f i c u l t  aspect o f  t h i s  issue, the  assessment o f  instream f l o w  
needs, remains a chal lenge. 

1.3 E f f e c t s  o f  Hydroe lec t r i c  Generation on Instream Flow 

The issue o f  instream f l o w  maintenance i n  hydropower development 

i s  e s s e n t i a l l y  a problem o f  eva lua t ing  t h e  e f f e c t s  o f  planned 
modi f i c a t i  ons i n hydro1 ogi  c pat terns.  Both 1 arge and small  -sca le 
hydropower p r o j e c t s  can a l t e r  na tura l  f l o w  regimes, o f t e n  w i t h  adverse 
e f f e c t s  on downstream water users and t h e  aquat ic  ecosystem. The 
e f f e c t s  o f  dams on downstream ( t a i l w a t e r )  b i o t i c  communities were 
reviewed p r e v i o u s l y  (e. g. , Fraser 1972b; Ward and Stanford 1979b; 
Hildebrand 1980; Loar and Hildebrand, i n  press) and need n o t  be 
r e i t e r a t e d .  However, i t  should be noted t h a t  w h i l e  t h e  e f f e c t s  may be 
r e l a t i v e l y  w e l l  documented, the  under ly ing  mechanisms o r  causal 
f a c t o r s  responsib le  f o r  these changes are, w i t h  few exceptions, p o o r l y  
understood. 

A l t e r a t i o n s  i n  f low regimes below h y d r o e l e c t r i c  darns can inc lude 
both s p a t i a l  and temporal changes i n  t h e  amount o f  water moving 
through a na tura l  stream channel. Large-scale s p a t i a l  changes occur 
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when water i s  exported completely out o f  a watershed and a l l  
downstream reaches are  affected. Localized changes in stream flow, on 
the other hand, are character is t ic  of many small-scale hydropower 
projects where water i s  diverted through a flume or conduit t o  a 
generator a t  a lower elevation before being returned t o  the original 
stream channel. 

Similarly, temporal changes i n  stream flow can be e i ther  
long-term or  short-term, depending upon t h e  design and operation of 
the f ac i l i t y .  Flood control projects w i t h  large storage capacit ies 
can retain high flows, which typically occur during t h e  winter and 
spring, for  release during low-flow periods i n  the summer and early 
f a l l .  Such modification of pre-project stream flow i s  on the order of 
months or  even years. By retaining peak f lows and augmenting low 
flows, nonhydroelectric uses (e.g. ,  flood control,  i r r igat ion)  of 
impounded streams often reduce the natural amplitude of water level 
f 1 uctuati ons i n t a i  1 waters (Turner 1980). 

Short-term temporal changes, on the other hand, occur over the 
span of several minutes o r  hours and are  character is t ic  of 
hydroelectric projects that  are operated i n  a peaking mode. Because 
t h e  demand for e l ec t r i c i ty  varies over a 24-h period, water i s  stored 
during off-peak hours for  generation during the period o f  greatest  
demand (e.g., during the l a t e  afternoon and evenings on weekdays; Fig. 
1-1). The amplitude of the water level fluctuations below peaking 
projects may be equivalent t o  tha t  observed in unregulated (e .g, ,  
unimpounded) streams w h i c h  can be subject t o  enormous natural 
fluctuations in water level i n  response t o  ra infal l  and subsequent 
runoff from t h e  watershed (Turner 1980). However, peaking operations 
often resu l t  i n  a dramatic increase i n  the frequency and ra te  of 
change of major water level fluctuations and a reduction i n  the 
duration of a given water level (stage height) in the downstream 
channel. 

T h u s ,  the degree t o  which spat ia l  and temporal f low patterns are  
a l tered i s  direct ly  related t o  the design and operation of the 
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Fig.  1-1. Var ia t ion  i n  d a i l y  mean discharge from a TVA reservoir  during 
a one-month period o f  the f lood season (approximately mid- 
October through mid-Apri 1). Typical hourly f luctuat ions 
about the d a i l y  mean are  shown f o r  day 12. (Modified from 
Shane 1981). 
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f a c i l i t y .  Reservoi r  storage and releases from a dam a re  r e l a t e d  t o  
each other ,  as shown i n  the  f o l l o w i n g  equat ion (see a l so  F ig .  1-2): 

AS = Qi - Q, - Qn - W - 

where AS = change i n  s torage volume o f  the  r e s e r v o i r  over a f i x e d  
t ime i n t e r v a l ,  

Qi = r e s e r v o i r  i n f l ow ,  over the  same i n t e r v a l ,  

Q = generat ing releases passing through the  tu rb ines ,  

Q, = non-generating re leases (e.g., s p i l l a g e ,  leakage, or 
g 

inst ream releases),  

W = consumptive wi thdrawal from the  rese rvo i r ,  and 

E = n e t  evaporat ive losses from the  rese rvo i r .  

As descr ibed p rev ious l y ,  store-and-release f a c i l i t i e s  r e l y  on 
a v a i l a b l e  storage t o  operate i n  a peaking mode (AS # 0; Eq. 1-1). 
Hydroe lec t r i c  p r o j e c t s  can a l so  be operated i n  a r u n - o f - r i v e r  mode. 
As def ined i n  t h i s  repo r t ,  r u n - o f - r i v e r  f a c i l i t i e s  are those p r o j e c t s  
t h a t  a re  operated w i t h  no change i n  r e s e r v o i r  storage (AS = 0; EQ. 
1-1). I n  r e a l i t y ,  a g radat ion  o f  p r o j e c t  types e x i s t s  i n  which the  
amaunt o f  peaking o r  seasonal storage i s  const ra ined by the  acceptable 
water e l e v a t i o n  changes w i t h i n  the  r e s e r v o i r  (Hi ldebrand 1980, Szluha 

e t  a l .  1981). 
Another impor tant  aspect r e l a t e d  t o  the  design o f  h y d r o e l e c t r i c  

p r o j e c t s  i s  t he  l o c a t i o n  o f  the  powerhouse. I n  the  s implest  case, t he  
powerhouse i s  l oca ted  a t  t he  base o f  t he  dam, and the  d is tance between 
t h e  dam and the  conf luence o f  the  t a i l r a c e  w i t h  the  r i v e r  i s  minimal 
( L  E 0; Fig. 1-2). Many small hydropower p r o j e c t s ,  however, 
e s p e c i a l l y  those i n  New England (U.S. Department o f  Energy 198l), 
u t i l i z e  long penstocks o r  canals t o  ga in  a d d i t i o n a l  head. Fo r  
example, about one-half of a l l  t h e  New England s i t e s  under review by 
FERC s ince 1979 would r e q u i r e  d ivers ions  grea ter  than 150 m (Knapp 
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19S1). I n  these cases, t he  powerhouse i s  l oca ted  below the  dam, and 
t h a t  reach o f  t he  r i v e r  between the  dam and powerhouse may be 
subjected t o  very  low f lows depending upon the  amount o f  water t h a t  i s  
d i v e r t e d  (L >> 0 and Qn/Qg <( 1). Such a design can be incorporated 
i n  p r o j e c t s  t h a t  operate i n  bo th  t h e  store-and-release and 
r u n - o f - r i v e r  modes. 

I n  most cases, la rge-sca le  s p a t i a l  changes ( e . g . ,  t ransbas in  
d ivers ions)  and/or long-term temporal changes i n  stream discharge 
pa t te rns  w i l l  n o t  be associated w i th  the  development o f  small 
hydropower resources, de f ined as those p r o j e c t s  w i t h  a p o t e n t i a l  
generat ing capac i ty  o f  - (30 W. Curren t ly ,  t h i s  development i s  focused 
on r e t r o f i t t i n g  e x i s t i n g  dams f o r  h y d r o e l e c t r i c  generat ion,  and a t  
most o f  these s i t e s ,  r e s e r v o i r  storage capac i ty  i s  l i m i t e d .  
Consequently, mod i f i ca t i ons  i n  the  na tu ra l  f l o w  regime w i l l  l i k e l y  
c o n s i s t  o f  shor t - term (e.g., AS/Qi < 24h; Eq. 1-11 r a t h e r  than 
long-term temporal changes i f  t.he f a c i l i t y  is  operated i n  a peaking 
made. I f ,  instead,  i t  i s  operated i n  a r u n - o f - r i v e r  mode, no changes 
i n  temporal f l o w  pa t te rns  would be expected. Both peaking and 
r u n - o f - r i v e r  f a c i l i t i e s  can, depending upon t h e i r  design, r e s u l t  i n  
l o c a l i z e d  s p a t i a l  changes i n  stream f low.  

In summary, instream f l o w  may be the  most s i g n i f i c a n t  issue 
associated w i t h  smal l  hydropower development. Un l i ke  the  o ther  issues 
which a re  e i t h e r  very s i t e - s p e c i f i c  (e.g., f i s h  passage, dredging) o r  
r e l a t e d  o n l y  t o  p r o j e c t s  operated i n  a p a r t i c u l a r  mode (e.g. water 
l e v e l  f l u c t u a t i o n s  a t  peaking f a c i l i t i e s ) ,  t h e  inst ream f l o w  issue can 
a f f e c t  bo th  peaking and those r u n - o f - r i v e r  p r o j e c t s  t h a t  u t i l i z e  long 
penstocks o r  canals. Moreover, maintenance o f  an inst ream f l ow  regime 
may reduce the  p o t e n t i a l  energy t h a t  can be produced, because water 
used t o  ma in ta in  instream flows i s  u s u a l l y  n o t  a v a i l a b l e  f o r  power 
p roduc t ion  (U.S. Department o f  Energy 1981). I n  most reg ions o f  t he  
Un i ted  States,  h y d r o e l e c t r i c  generat ing systems are  charac ter ized  by 
the  seasonal mismatch between energy demand and stream f low. For 
example, in some basins l i k e  the Columbia River ,  which i s  f ed  by the  
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mel t i ng  snowpack i n  l a t e  sp r ing  and summer, t he  lowest f lows occur i n  
the  w i n t e r  when energy demand i s  h igh  (Schul tz  1979 as c i t e d  i n  Shane 
1981). Because the  l o w  f low p e r i o d  i n  many regions o f  t he  country ,  
e s p e c i a l l y  t he  East, t y p i c a l l y  occurs i n  l a t e  summer, i t  too  co inc ides 

w i t h  a peak demand per iod.  
I n  some cases, hydropower development can b e n e f i t  the  f i s h e r y  

resources i n  the  stream o r  r i v e r .  Uhere na tu ra l  f lows prov ide  a 
suboptimal environment f o r  f i s h  growth and development ( e . g . ,  extended 
per iods o f  low f l o w ) ,  stream f l o w  r e g u l a t i o n  can enhance product ion.  
Storage capac i ty  o f  rese rvo i r s  can be used t o  augment f lows du r ing  
per iods of low stream discharge. The b e n e f i c i a l  aspects o f  a proposed 
hydropower p r o j e c t  i n  Alaska are descr ibed b r i e f l y  i n  Sect ion 4.2.3 
(Case 2). 

F i n a l l y ,  the  instream f l o w  issue i s  r e l a t e d  t o  o ther  eco log ica l  
issues associated w i t h  hyd roe lec t r i c  development. For example, f i s h  
passage requ i res  n o t  on l y  bypass f a c i l i t i e s  a t  t he  dam b u t  a l so  
adequate streani f lows bellow the  dam. A t  peaking f a c i l i t i e s ,  
maintenance o f  an instream f l ow  regime below the  da i s  obv ious ly  
r e l a t e d  t o  changes i n  r e s e r v o i r  l e v e l s  above the  dam ( the  water l e v e l  
f l u c t u a t i o n  issue).  The assessment o f  instream f l o w  needs must be 

i n teg ra ted  w i t h  these and o the r  re levan t  environmental cons iderat ions;  
the  assessment cannot be conducted i n  an eco log ica l  vacuum. 
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2.0 EXISTING METHODS FOR IHSTREAM FLOW ASSESSMENT 

Resolution of the conflict between the instream use sf water for 
hydroelectric generation and other instream uses, such as the 
maintenance of aquatic habitats, will require information on the flow 
regimes needed to preserve these habitats. Because numerous methods 
have been proposed to assess the instream flow needs for fishery 
resources, it is the purpose o f  this document t o  review and evaluate 
these methods and to recommend a strategy that can be used to assess 
instream flow needs at small-scale hydroelectric sites. In this way, 
small-scale hydroelectric developers will have greater access to the 
existing methods, and assessment studies can be conducted in a more 
cost-effective manner. 

A variety of assessment methods were developed in response to the 
relatively recent emphasis that was placed on evaluating the 
biological effects of flow regulation. Our review is not meant to be 
totally comprehensive but pather is intended t o  provide a 
representative summary of approaches which are currently available for 
quantifying instream f l o w  requirements. This information provides the 
background for later comparisons and recommendations. For more 
detailed information on individual techniques, the reader i s  referred 
t o  the list of references (Sect. 5.0). Other reviews of assessment 
methods for instream flow needs can be found in Stalnaker and Arnette 
(1976) and in Wesche and Rechard (1980). 

Listed below are several general characteristics which are 
important in distinguishing among the various instream flow assessment 
methods : 

e Use of existing stream f l o w  records, 

e Application o f  hydraulic simulation techniques, 

e Use o f  habitat rating procedures to measure the 
physical condition of the lotic environment, 



6 Dimensional i ty  used i n  mapping the  instream hab i ta t ,  
and 

e A b i l i t y  t o  p rov ide  seasonal o r  spec ies-spec i f i c  
instream f l ow  recommendations. 

These c h a r a c t e r i s t i c s  p rov ide  a focus f o r  t he  in fo rmat ion  presented i n  
t h i s  sec t i on  and are discussed i n  d e t a i l  i n  t he  comparative ana lys is  
presented i n  Sect ion 3.0. 

2 . 1  F ixed Percentage 

The bes t  known o f  the  f i xed  percentage methods i s  the  Montana 

Method developed by Tennant (1975, 1976). Because o f  i t s  r e l a t i v e  
s i m p l i c i t y  and minimal data requirements, the  Montana Method i s  one o f  
t he  most f requen t l y  used methods f o r  determin ing instream f l o w  needs. 
The procedure invo lves  c a l c u l a t i o n  of t he  mean annual f l ow  r a t e  (MAF) 
a t  a proposed development s i t e  and expression o f  t he  instream f l o w  
needs i n  terms of a f i x e d  percentage of the  mean annual f l o w  (Tennant 
1976). Various l e v e l s  o f  f l o w  needs, o r  what Pennant c a l l e d  
"recommended base flow regimens," were i d e n t i f i e d ,  i n c l u d i n g  f l u s h i n g  
f lows (200% NAF), optimum f lows f o r  a l l  instream w a t w  uses (100 t o  
60% MAF), and a gradat ion  o f  lesser  cond i t ions  ranging from e x c e l l e n t  
( 6 0  t o  40%) t o  severe degradat ion ( l ess  than 10% MAF). The minimum 
instantaneous f l o w  recommended t o  sus ta in  short- term s u r v i v a l  h a b i t a t  
f o r  most aquat ic  b i o t a  i s  10% MAF. A t  t h i s  f low,  channel width,  
ve l  oc i  t y  , and depth are s i  gni f i c a n t l y  reduced and the  aquat ic  h a b i t a t  
i s  degraded. 

The bas is  f o r  t he  Montana Method cons is ts  o f  an extens ive s e t  o f  
observat ions on streams i n  the s ta tes  n o r t h  o f  the  Mason-Dixon L ine 
between the  A t l a n t i c  Ocean and the  Rocky Mountains (Tennant 1976). 
The percentages es tab l i shed f o r  f l o w  needs r e f l e c t  what has been 
i n t e r p r e t e d  t o  be a cons is ten t  r e l a t i o n s h i p  between watershed 
hydrology and phys ica l  h a b i t a t  cond i t ions  w i t h i n  the  stream channel. 
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Although the original guide1 ines include a recommendation that the 
proposed flaw requirements be supported by field data, such as 
photographs o f  the proposed development site at critical flows, the 
method has often been applied with no field work. 

Data required to apply a fixed percentage method such as the 
Montana Method are easily obtained from the published stream gaging 
records of the U . S .  Geological Survey (USGS). Good techniques are 
available f o r  extrapolating the MAF statistic upstream or downstream 
f r o m  existing gaging stations or estimating MAF on ungaged watersheds 
(e.g. Chow 1964, Linsley and Franrini 1972). However, because of the 
skewed nature o f  stream f l o w  events (floods are relatively rare in 
occurrence but very signficant in terms o f  their effect on mean flow 
values), a sound argument can be made PQT the fact that the median 
flow statistic is a more appropriate measure of central tendencies in 
hydrologic data than the mean flow. The median statistic has been 
used in other approaches t o  instream f l o w  assessment (Sect. 2.2). 

2.2 Constant Yield  

The U . S ,  F i s h  and Wildlife Service (USFWS) in Region 5 recently 
issued guidelines (the New England Flow Recommendation Policy or 
N E F R P )  that establish a process for formulating minimum flow 
recommendations by using a combination of the median flow and a 
constant yield statistic to represent watershed &drolagy (U. S. Fish 
and Wildlife Service 1981, Knapp 1980). For unregulated streams with 
a drainage area greater than 130 km2 (50 sq miles) and good historical 
flow records Cy25 years and +lo% accuracy of gage) the median monthly 
flow (MMF) serves as the datum f o r  evaluation of instream f l o w  needs 
in the NEFRP. For streams t h a t  do not meet these criteria, a constant 
yield factor, runoff per watershed area, was calculated f o r  the entire 
ew England region and i s  applied t o  a specific site to estimate 
actual flow conditions (Table 2-1). The instream flow recornmendation 
based on this policy is called the Aquatic Base Flow (ABF) and is 
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Table 2-1. Seasonal ir istream f l o w  recommendations (= Aquat ic 
Base Flows) f o r  r i v e r s  i n  New England w i t h  d i f f e r e n t  
f l o w  records. 
f t3 /s /sq  m i l e  ( i n  parentheses); MMF = median monthly 
f low.  Source: U.S. F i sh  arid W i l d l i f e  Service (1981). 

Values are expressed as m 3 P s / k t r 2  and 

Avai 1 ab i  1 i ty  o f  h i  s t o r i  ca l  f 1 ow recards 

a Season <25 years ;25 years 

b Spr ing 
( A p r i l  - mid June) 

Summer 
(mid June - September) 

b Fa1 1 /w in te r  
(October - March) 

0.29 (4.0) 

0.04 (1 .0)  

0.07 (0.5) 

Other c r i t e r i a .  i n  a d d i t i o n  t o  record length ,  t h a t  a re  used t o  decide a 

gaging record  inc lude:  (1) +IO% 
nage bas in  i s  >130 kin2 (50 sq mi les) ;  

whether t o  accept/reject, the  
accuracy, o r  b e t t e r ;  (2) d ra  
(3) r i v e r  i s  unregulated. 

'Spawning/incubation per iods.  
I f  r e s e r v o i r  i n f l o w  i s  < MMF C t h e n  ou t f l ow  = in f l ow .  



21 

. 

equal t Q  t he  August MMF o r  0.015 m3/s/km2 Qcmsk). The ABF i s  a s w  
t o  be adequate f o r  a l l  per iods of the  year,  unless adcdT‘tiuiilr?,? releases 
are necessary f o r  f i s h  spawning and i ncubat ion  (U.S. F i s h  and W i l d l i f ~  
Service 1981). Instream flow ~eleaser;  rem 
and incubat ion  per iods are presented i n  ‘Table 2-1. L’ke the ~~~~~~~~ 

Method, t h e  NEFR r e l i e s  on Plk?W 5ta t is t ; i cs  LShbiCl.1 can be ~~~~,~~~~~ 

~ i t h ~ u ~  extens ive f i e l d  surveys. 
The ABF which i s  ca l cu la ted  by t h i s  ~~~~~~~~~~ i s  ~~~~~~~~~~~~~ as 

t he  m i  nimum i n ~ t a n t a n ~ o ~ ~ s  discharge imme i a t e ly  below the dam dur ing 
normal r u n o f f  cond i t ions .  During low-f‘low per iods  when inf low to 
r e s e r v o i r  i s  l e s s  than the ABF,  ~~~~~~~~ releases equal t o  the iiiif 
are requested. The EFRP is  unique i n  t h a t  afternativo ~~~~~~~~~ f o r  
the  f l a w  re lease locations,  sch U ’ B P S ,  and sup l i e s  can be ~~~~~~~~d 
by t h e  developer. Provided t t such prop05als are supparte 
b i o l o g i c a l  j u s t i f i c a t i o n  and are faunel t o  a f f o r d  adequate ~~~~~~~~~~ 

t o  aquat ic  b i o t a ,  USF S ~~~~~~~~~ may incorpor2t.e a l l  o r  p a y t  of such 
proposal  s i ntca t h e i r  recornmen ” S .  FiEalB and Wildlife Service 
1981). Thus, t he  EFRP supports  $.he PIBF as su f f i c i en t ,  t o  FQi0ta-if-I 

aquat ic  l i f e  but does n o t  rec’lude the same ~~~~~~~~~~~~~ ( o r  level o f  

p ro tec t i on )  a t  1 ower f 1 ows ( W e  Knapp, persamal commun-i C& ion) __ 

t he  bas is  f o r  determin ing irmst~eam f l o w  needs have bcesa proposed by 
Robinson (1969) fo r  t h e  ~~~~~~~~~~~~ R i v e r  a and JQ h n s o n 
(1976) f o r  streams i n  Pennsylvania, Roha’nson~ s ~~~~~~~~~~~~a~~~~~ wet-e 

somewhat 1 ower than the resent New Engl and F: ow ~~~~~~~~~~~~~” i o n  

maximum f i s h e r y  values and 0.026 cmsk (41,3k; c f s  ) f o r  moderate fistaery 
values. The r ~ ~ ~ ~ m e ~ d ~ t ~ ~ ~ ~  o f  Chiang and Johnson (1976) were based 
on an even lower s e t  o f  stream Flow s t a t i s t i c s ,  e j ther  the 7QlQ 
(minimum flow which p e r s i s t s  for seven days once every ten  years\  o r  a 
y i e l d  f a c t o r  o f  Q.Oll cmsk (0.15 cfsm). ‘These d i f f e r e n c e s  i n   in^^^^ 
f l o w  requirements r e f l e c t  t h e  l ack  of ii general C Q ~ S ~ I ~ S U S  on sdadt 

f l o w s  s a t i s f y  the needs o f  aquatic ecosystems as well as dif+erences 
i n  bas i  n r u n o f f  cha rac te r i  s t i  cs  

Other variations o f  et,hods that  use a cora%tant y i e l d  factor ab 

Policy: 0.091 ~3~~~~~~ (cmsk) o r  1.24 fP,”s/sq wile ( c f s  



2.3 Flow D u r a t i o n  Curves 
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Fig. 2-1. Example o f  instream flow requirements (Q . ) based on flow 
duration data for two seasons with di%?rent hydrologic 
patterns. 
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repeated f o r  a l l  months except those i n  which h igh  flows occur ( i . e . ,  

t he  s p r i  ng months). Duri ng h i  gh-f: ow months , the  i nstream f 1 ow 
recommendation was s e t  a t  t h e  median f l o w  o f  record ( S O  percen t i l e ) .  

The f l o w  du ra t i on  approach was developed f o r  use on midMestern 
streams t o  s a t i s f y  assessment. requirements i n  \rdhich extens ive f i e l d  
data c o l l e c t i o n  was n o t  poss ib le .  H Q W V ~ ~ ,  i t  car\ ke app l i ed  only 

where a r e l a t i v e l y  long h i s t o r i c a l  f l o w  reco rd  i s  ava i l ab le .  The 
s t a t e  o f  Iowa c u r r e n t l y  uses an instream flow policy based on the  e34 
p e r c e n t i l e ,  annual low- f low s t a t i s t i c  (Daugal 1979). Hoppe and 
F i n n e l l  (1970) a l s o  used a f low dura t i on  ana lys is  QTS t he  F ry ing  Pan 
R iver  i n  Colorado, b u t  they inc luded equations t o  ex t rapo la te  flows t o  

s i t e s  above o r  below USGS gaging s t a t i o n s  based on watershed area. 

2.4 U. S. Forest  Service Hab i ta t  Eva1 uatiora 

Several o f f i c e s  of t he  11.S. Forest  Service (Regions 1, 2, and 4) 
developed assessment methods which examine the  r e l a t i o n s h i p  between 
stream f l o w  and phys i ca l  parameters o f  the aquat ic  environment 
(Bar tsch i  1976, Cooper 1976, Isaacson 19.l6>, A l l  are used p r i m a r i l y  
i n  the  mountainous, western Uni ted States rg i i  small, wadable streams 
( ~ 5 0  m wjde) w i t h  r e l a t i v e l y  low gradients .  S i t e - s p e c i f i c  f i e l d  data 
( i . e . ,  depth, v e l o c i t y ,  and subst rate type) are c o l l e c t e d  a t  one o r  
more f lows along t ransec ts  across a stream channel and are used t o  
descr ibe the  aquat ic  h a b i t a t .  Transects are se lec ted  t o  be 
representa t ive  of  s p e c i f i c  types o f  stream h a b i t a t  (e.g., r i f f l e s ,  
pools,  runs, e t c - )  which might  be a f f e c t e d  by a l t e r a i i o n s  i n  f l o w .  
The eventual recommendations fo r  instream f l o w s  are based on the 
actua l  h a b i t a t  cond i t ions  a t  a s i t e  r a t h e r  t.han on stream f l ow  
s t a t i s t i c s  , which were t he  bas i  s of t he  th ree  methods discussed 
prev ious ly .  

Among the  var ious  reg iona l  approaches used by t h e  U . S .  Forest  
Service,  there  are d i f ferences i n  the  way i n  which phys ica l  data are  
obta ined and used t o  descr ibe aquat ic  hab i ta t .  Transect data can be 
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eo? lected e i ther  a t  several i f ferent  d i  schar-ges cowering the enti  re 
range o f  conditions t o  $e analyzed oir a t  one discharge and then used 
t o  cal ibrate  a simulation model which can predict conditions a t  other 
discharges. The second approach using hydraulic simulation requires 
s ignif icant ly  less  f i e ld  work t o  construct a habi tat-discharge curve 
(see Sect. 2.4.3). Other regional differences are associated w i t h  the 
specific a t t r ibu tes  tha t  are used t o  represent i nstream habitat  
conditions. 

2.4.1 __pl Habitat-Di scharge Curves 
Several physical parameters were suggested as the flow-dependent 

variable t o  be used i n  developing hahitat-discharge relationships 
(Bartschi 1976). These a t t r ibu tes  can include such hydraulic 
arawseters as stream surface width, wetted perimeter, average water 

vel acr' ty , ~ ~ ~ i m ~ ~  depth o r  crass-seeti ma l  area a t  each transect.  
Presentation o f  the data i s  then made i n  a graphic format w i t h  
discharge represented on the "x" axis and the habitat  parameter on the 
"y" axis,  For example, i n  s i tuat ions where a f isher ies  biologist  i s  
con~.erned about  i nstream f low needs fo r  f i  s h  growth and rearing 
wetted perimetel. might be chosen t a  represent habitat  condition, under 
the assumption tha t  food production i s  proportional t o  bottom surface 
area. The habi tat-discharge relationship can then be represented as 
re la t ive changes from some reference flow (Fig. 2-2a) or  i n  absolute 
terms (Fig. 2-2b). 

Two different  approaches were used t o  derive instream flow 
~ ~ ~ o ~ ~ e ~ d a ~ i o ~ s  from the habitat  response curves. The m i n i m u m  
discharge can be s e t  a t  the flow which produces a fixed percentage 
reduction from a reference flow i n  a par t icular  habitat  a t t r ibu te  
(e .g . ,  20% reduction in wetted perimeter i s  maximum deg 
allowable; Bartschi 1976). This approach i s  called a 
retention cr i ter ion.  The second approach, which i s  also inc 
several other assessment methods, r e l i e s  on determination 
"inflection p o i n t "  on a habitat-discharge response curve (e.g 

adation 
habitat  
uded i n  
of the 
, point 
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o r  l i f e  stage i n  the a f f p c t x d  stream, The s t a f f  gage, a graduated 
s t i c r ,  set. ver t iz ;a ' i%y i n t o  the  water C O ~ U M I I ,  i s  es tab l i shed a t  a 
l o c a t i o n  representa t ive  o f  t h i s  c r i t i c a l  hab i ta t .  The stage (water 
surface e leva t ion)  i s  read f r o m  the  s t a f f  gage a t  several  known f lows. 

An instream f low raqu ivenen t  can be determined by app ly ing  a 
s p e c i f i e d  h a b i t a t  c r i t e r i o n  (c.g. minimum depth threshold)  a t  the  
gage l oca t i on .  If upstream con t ro l  o f  the stream f l o w  i s  a v a i l a b l e  
and f l o w  rate.; a r e  k n o w ,  t h i s  ana lys is  can be as simple as r a i s i n g  o r  
lower ing thc  f l o w  i r r l t i l  t he  h a h i  t a t  th resho ld  i s  s a t i s f i e d ,  However, 
i n  inmy a t h e r  s i t u a t i o n s ,  upstream c a r i t r e i s  w i l l  n u t  be a v a i l a b l e  o r  
f l o w  rat?.., w i l l  no t  he know~i. I n  these cases, data cons is t i ng  o f  
d i s c h a r p  nreasu~'ements and stage heights  must be co l l ec ted .  To 
Pxkrapol a te  t o  an unobserved f 1 ow which s a t i s f i e s  the  h a b i t a t  
t f i reshold,  an cwpi r-ieal stage-discharge re la t . ionship i s  der ived, 
ei?her  graphica l  I y  o r  by cal i h r a t i n g  a power func t i on  equation: 

where H -1 stage (w3ter surface e leva t i on  read from s t a f f  gage), 

Q = discharge, and 

a, b 7 regress ion c o e f f i c i e n t s  f i t t e d  t o  f i e l d  data, 

Wesche and Rechard (1980) repor ted t h a t  t h i s  type? o f  s ta f f -gage 
ana lys is  m s  used by the  Bureau o f  Land Management. Personnel o f  the  
U.S. F i s h  and W i l d l i f e  Service a lso  experi ented w i t h  t h i s  technique 
at. sniall hydroelcct r ' fc  s i t e s  i n  New England (e .  Beckatt ,  personal 
coamijni c a t i  on). 

2 . 4 . 3  R-2 Cross ...... ̂  

The Region 2 o f f i c e  o f  the  U.S. Forest Service i n  Lakeland, 
201 orado * o r i g i n a l  l y  devel aped t h i  s a n a l y t i c a l  procedure f o r  
p r e d i c t i n g  the  hydrau l i c  cond i t ions  which cou ld  be expected a t  

iunobserved ci i  scharges. A1 1 ca7 cul a t i  ons are based on the Manni ng 
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Equation (Eq. 2-2) f o r  open channel f l o w  and are  used t o  describe: t he  
cond i t ions  a t  a s i n g l e  t ransec t  (Sta lnaker  and Arnet te  1976). 

where Q = discharge (m3/s) 
n = roughness c o e f f i c i e n t ,  
A = c ross-sec t iona l  area (d), 
R = hyd rau l i c  rad ius  (m) = A/wetted per imeter ,  and 
S = energy slope. 

The Manning Equation can a l so  be w r i t t e n  as 

where V = mean v e l o c i t y  across t ransec t  (m/s). 

F i e l d  da ta  c o n s i s t i n g  o f  cross-sect ional  p r o f i l e s  ( t ransverse 

d is tance and e leva t ion) ,  v e l o c i t y  measurements, and water sur face 
slope i n  t h e  v i c i n i t y  of a t ransec t  are used t o  c a l c u l a t e  the  
roughness c o e f f i c i e n t ,  n, i n  Eq. 2-2. Assuming the  values of n and S 

are  independent o f  f low,  an i t e r a t i v e  computer program can then be 
app l i ed  t o  f i n d  values f o r  average v e l o c i t y ,  wetted per imeter ,  
c ross-sec t iona l  area, maximum depth, o r  hyd rau l i c  rad ius  a t  discharges 
o the r  than t h a t  observed i n  the  c a l i b r a t i o n  da ta  set .  These data a re  
then used t o  de r i ve  a hab i ta t -d ischarge curve (Sect. 2.4.1) w i t h  a 
minimum of f i e l d  work. The i d e n t i f i c a t i o n  o f  c r i t i c a l  areas along a 
stream reach and proper  t ransec t  placement remain impor tant  
p re requ is i t es  w i t h  t h i s  method. Also, s i g n i f i c a n t  e r r o r s  can r e s u l t  

from us ing  R - 2  Cross t o  p r e d i c t  hyd rau l i c  cond i t i ons  a t  f lows grea ter  
than 250% o r  l ess  than 40% o f  the  c a l i b r a t i o n  f l o w  (Bovee and Mi lhous 
1978). 
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Modifications to the original R-2 Cross model were made to relax 
some o f  the simplifying assumptions involved in applying Eq. 2-2 
(Wesche and Rechard 1980). The Manning Equation was developed as an 
empirical description o f  uniform flows in open channels. In the 
original model, slope and roughness coefficients are assumed to be 
independent of stream discharge. However, both of these parameters 
change as a function of discharge at most locations in natural stream 
channels. To use this model in a more realistic manner, empirical 
equations have been proposed which make roughness and slope functions 
of hydraulic parameters such as Q or R (see Sect. 3.1). 

Development of instream flow recommendations with R-2 Cross is 
essentially the same as that with other habitat evaluation methods. 
Habitat-discharge curves are drawn, and either a habitat retention 
criterion [e.g., 25% reduction (or 75% retention) of a habitat 
attribute from optimum or reference conditions] or an inflection point 
criterion i s  applied. The use of this method is restricted to narrow, 
wadable streams with low roughness (uniform or gradually varied flow). 

2.5 WSP Hydraulic Simulation 

This method is based on a step-backwater, hydraulic simulation 
model, Water Surface Profile (WSP), developed by the Bureau of 
Reclamation. The original purpose of the VSP model was to predict 
water surface elevations for flood routing problems (the HEC-2 model 
developed by the U.S.  Army Corps of Engineers and PSEUDO developed by 
the Bureau of Land Management are other examples of this type o f  
simulation model). It has been adapted to instream flow management 
problems in many of the same ways that R-2 Cross has been used; i.e., 
to predict changes in physical habitat parameters such as depths, 
velocities, and wetted perimeter with varying stream discharge (White 
1976, Cochnauer 1976, Dooley 1976, Elser 1976, Workman 1976, Bovee and 
Milhous 1978). The advantage of using this method instead of R-2 
Cross is that it uses a more sophisticated approach in modeling open 



31 

channel f lows and can develop a more de ta i l ed ,  m u l t i t r a n s e c t  map o f  
t he  stream environment. 

The WSP model employs th ree  bas ic  equations t o  represent  
hyd rau l i c  dynamics: (1) c o n t i n u i t y  o r  conservat ion o f  discharge 
between t ransec ts ,  (2) Manning's Equation (Eq. 2-2), and (3)  B e r n o u l l i  
Energy Equation (Eq. 2-4). 

H = z + d + v2/2g, 

where H = t o t a l  energy head (m), 
z = e l e v a t i o n  o f  t he  stream bed, 
d = average depth (m), 
v = average v e l o c i t y  (m/s), and 
g = fo rce  o f  g r a v i t y  on water. 

(2-4) 

These th ree  equations are  used t o  l i n k  t ransec t  da ta  together  t o  

p r e d i c t  depths and v e l o c i t i e s  l o n g i t u d i n a l l y  through a stream reach 
(Bovee and Milhous 1978). The B e r n o u l l i  Equation i s  used t o  c a l c u l a t e  
t h e  change i n  energy head between t ransec ts  and the energy slope, S 
(change i n  H per  l o n g i t u d i n a l  d is tance downstream) t h a t  i s  requ i red  i n  
t h e  Manning Equation. A "step-backwater" procedure i s  used t o  balance 
energy losses i n  an i t e r a t i v e  process t h a t  p r e d i c t s  water surface 
e leva t i ons  beginning a t  t h e  downstream t ransec t  and proceeding 
upstream. The adapta t ion  o f  t h e  WSP hyd rau l i c  s imu la t i on  method t o  
instream f l o w  ana lys i s  may inc lude  an a d d i t i o n a l  step o f  p r e d i c t i n g  
mean water column v e l o c i t i e s  f o r  m u l t i p l e  subsections o f  each 
t ransec t .  The use of t h e  step-backwater procedure t o  p r e d i c t  v e l o c i t y  
d i s t r i b u t i o n s  i s  the most s i g n i f i c a n t  new aspect o f  WSP app l i ca t i ons  
and requ i res  care fu l  c a l i b r a t i o n  t o  assure accuracy (Bovee and Milhous 
1978). The l i m i t a t i o n s  o f  t h i s  modeling approach are  discussed i n  
g rea ter  d e t a i l  i n  Sect. 3.1.1. 

The generat ion of instream f low recommendations from WSP 
s imu la t ions  invo lves  t h e  same type o f  hab i ta t -d ischarge curve 
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development descr ibed i n  Sect. 2.4.1. This  method has been found t o  
be p a r t i c u l a r l y  des i rab le  i n  modeling la rge ,  unwadable r i v e r s  w i thou t  
h i s t o r i c a l  f l o w  records (White 1976). 

2.6 Usable Width 

The terms 'usable w id th '  and 'weighted usable w id th '  o r i g i n a t e d  
from assessment methods developed f o r  coldwater,  salmonid streams i n  
Oregon (Thompson 1972, 1974; Sams and Pearson 1963). The usable w id th  
method i s  o r i en ted  t o  s i n g l e  t ransec ts  across c r i t i c a l  l oca t i ons  i n  
the  stream channel where 1 i m i t i n g  h a b i t a t  (e. g .  spawning beds) 
occurs. Instream h a b i t a t  c o n d i t i o n  i s  q u a n t i f i e d  as the  percentage o f  
t h e  t o t a l  stream width which i s  "usable," as determined by t a r g e t  f i s h  
species, l i f e  s tage-spec i f i c  c r i t e r i a ,  and f i e l d  survey data. 
Habi ta t -d ischarge r e l a t i o n s h i p s  a re  obta ined by repeat ing  t ransec t  
surveys a t  several  discharges. O r i g i n a l l y ,  t he  method d id  n o t  i nc lude  
s imu la t ion  techniques. 

This  type o f  approach is used f o r  assessing f l o w  requirements f o r  
f i s h  passage, spawning, incubat ion,  and r e a r i n g  ( i .e . ,  growth and 

feeding). App l ica t ions  are  l i m i t e d  p r i m a r i l y  t o  salmonid species. 
Hab i ta t  c r i t e r i a  c o n s i s t  o f  v e l o c i t i e s  and depths t h a t  a re  associated 
w i t h  the  presence o f  f i s h .  The d i f f e r e n c e  between the  usable w id th  
(UW) and weighted usable w id th  (WUW) methods l i e s  w i t h  the  type o f  
c r i t e r i a  used t o  de f i ne  h a b i t a t  u s a b i l i t y .  The former employs a 
b ina ry  c r i t e r i o n  (usable o r  unusable); f o r  example, po r t i ons  o f  t h e  
t ransec t  t h a t  are l ess  than a minimum depth c r i t e r i o n  and exceed some 
maximum v e l o c i t y  c r i t e r i o n  have no h a b i t a t  value. Examples o f  these 
c r i t e r i a  f o r  several  salmonid species are  g iven i n  Table 2-2. 
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Table 2-2. B inary h a b i t a t  c r i t e r i a  f o r  salmonid passage ( f rom 
Thompson 1972) 

Hab i ta t  c r i t e r i a  

Species 
Minimum Maxi mum 
depth (m) v e l o c i t y  (rn/s) 

Chinook salmon 0.24 2.44 

Coho and chum salmon, 
steelhead and l a r g e  t r o u t  

0.18 2.44 

Other t r o u t  0.12 1.22 

To c a l c u l a t e  WUW, on the  o ther  hand, the  stream t ransec t  i s  
un i form y d i v ided  i n t o  sect ions,  each w i t h  a width,  average depth, and 
average v e l o c i t y .  The w id th  o f  each sec t i on  o f  the  t ransec t  i s  then 
m u l t i p l  ed by v e l o c i t y  and depth weight ing f a c t o r s  which quan t i f y ,  i n  
r e l a t i v e  terms, the  h a b i t a t  value o f  each subsection and can vary 
between 0.0 and 1.0 (Fig. 2-3). Th is  product  i s  summed f o r  each 
sec t i on  t o  compute the  WUW f o r  t h e  t ransec t :  

where W(vi) = we igh t ing  f a c t o r  f o r  mean v e l o c i t y  

W(di) = weight ing f a c t o r  f o r  mean depth 
i n  the  ith sect ion,  

i n  the  ith sect ion,  
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ai = width of the ith section, and 
n = total number o f  sections along the transect. 

It should be noted that if both weighting factors are given 
values o f  one or if one or both are equal to zero, then WUW is 
equivalent to UW. The techniques used to specify weighting factors 
have ranged from quantitative expressions based on the opinion of 
fisheries experts to a probablistic function of fish presence (e.g., 
Bovee and Cochnauer 1977). In all applications o f  habitat weighting 
criteria, however, care should be taken to ensure that the 
site-specific preferences of fish are addressed as accurately as 
possible. If existing weighting functions originally developed in 
other geographic areas are used in an instream flow study, 
justification for their applicability to local fish populations should 
be provided. 

Instream flow recommendations derived from usable width methods 
are made by examination of the UW vs discharge curves. The minimum 
acceptable flow for salmonid migration (passage) is that flow which 
meets the minimum depth and maximum velocity criteria on at least 25% 
of the total transect width and on a continuous portion equalling at 
least 10% o f  the total width (Thompson 1972). An optimum spawning 
flow provides suitable flow conditions, with respect to the selected 
depth and velocity criteria, over the most gravel at critical spawning 
transects. The discharge that provides suitable flow conditions over 
80% of the gravel available a t  the optimum flow is the minimum 
requirement for spawning. A major strength of the usable width 
approaches is that flow recommendations can be made on a seasonal 
basis with time-variable life stage requirements. An important 
component o f  this type of instream flow assessment i s  the construction 
o f  a periodicity chart which indicates the life stages present in each 
season. 
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2.7 Pre fer red  Area 

Two methods t h a t  q u a n t i f y  phys ica l  h a b i t a t  i n  terms o f  p r e f e r r e d  
areas have con t r i bu ted  s i g n i f i c a n t l y  t o  the  development o f  instream 
f l ow  assessment. Both increase the  d imens iona l i t y  o f  ana lys is  
compared t o  t he  usable w id th  approaches by us ing  m u l t i p l e  t ransec t  
data and measuring h a b i t a t  i n  u n i t s  o f  area r a t h e r  than o f  width. 

The Washington Department o f  F isher ies ,  i n  cooperat ion w i t h  the  
USGS, app l i ed  a two-dimensional mapping technique, r e f e r r e d  t o  as the  
Washington Method, t o  q u a n t i f y  t he  area o f  streambed a v a i l a b l e  f o r  
salmon spawning (Co l l i ngs  1972, 1974). B i o l o g i c a l  c r i t e r i a  f o r  
spawning cons is t  o f  upper and lower bosarads on p r e f e r r e d  depths and 
v e l o c i t i e s .  Depth and v e l o c i t y  measurements a re  taken across f o u r  
t ransec ts  a t  a p o t e n t i a l  spawning s i t e ,  and i s o p l e t h  maps o f  the  
streambed are  const ructed t o  show the d i s t r i b u t i o n  o f  hydrau l i c  
parameters a t  a f i x e d  discharge (Fig.  2-4). Areas s a t i s f y i n g  both the  
v e l o c i t y  and depth c r i t e r i a  a re  designated as spawnable po r t i ons  o f  
the  stream. This  procedure i s  repeated f o r  a minimum o f  f i v e  
d i f f e r e n t  stream f l o w  cond i t ions  t o  develop a response curve o f  
spawnable area v s  discharge over the  range o f  f lows o f  i n t e r e s t .  No 
hyd rau l i c  modeling i s  used i n  p r e d i c t i n g  depths o r  v e l o c i t i e s .  The 
p re fe r red  spawning f l o w  i s  def ined as the  f l ow  w i t h  the  maximum 
spawnable area. Instream f l o w  requirements are s e t  a t  t he  f l ow  which 
mainta ins 75% o f  the  maximu spawning area. This  type o f  f l o w  
recommendation i s  another example o f  a h a b i t a t  r e t e n t i  on c r i t e r i o n .  

A second approach t o  q u a n t i f y i n g  instream h a b i t a t  an an area l  
bas is  was developed by f i s h e r i e s  b i o l o g i s t s  o f  the  P a c i f i c  Gas and 
E l e c t r i c  Company (Waters 1976). Th is  work, which was i n i t i a t e d  i n  the  
1958 's  i n  C a l i f o r n i a ,  predates a l l  o f  the  methods discussed 
prev ious ly .  L i ke  the  Washington Method, two-dimensional maps o f  t he  
stream environment a re  developed f rom t ransec t  data, b u t  continuous 
weight ing c r i t e r i a  f o r  v e l o c i t y  and depth a re  used t o  c a l c u l a t e  
h a b i t a t  values. Again, no hyd rau l i c  s imu la t i on  modeling i s  used t o  
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SECTION 2 

SECTION 4 

EDGE OF WATER 

PREFERRED AREA FOR SALMON sPawNiNG 

1. )  DISCHARGE = 2.7 m 3 / 5  

2.) 

3 )  

4.) 

PREFERRED SPAWNING DEPTH ( 0 3  - Q.5rn) = 97 l m 2  

PREFERRED SPAWNING VELOCITY (Q.3 - (47m/s) - 158.5rn2 

TOTAL PREFERRED SPAWNING AREA WITH COMBINED 
DEPTH-VELOCITY CRITERIA = 67.4m2 

Fig. 2-4. Example of preferred area calculations using the Washington 
Method (modified from Cot 1 i ngs 1972) a 
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predict conditions at f lows other than those observed. The habitat 
quality index used with this method is referred to as Net Preferred 
Habitat (NPM) and is calculated as: 

n 

i =1 
NPH = 2 vi di hai, (2-6) 

where vi = velocity weighting factor between 0 and 1, 

di 
Aai = bottom surface area o f  ith element of stream reach, and 
n = number of elements in stream reach, 

= depth weighting factor between 0 and 1, 

2.8 IFG Incremental Methodology 

The Cooperative Instream Flow Service Group (IFG) of the U.S. 
Fish and Wildlife Service developed a set of habitat evaluation 
procedures known as the Incremental Methodology (Stal naker 1978, 
1379b; Trihey 1979). A package of computer programs, col lectively 
called BHABSIM (Physical - - HABitat __ SIMulation system), is used to 
implement this analysis o f  instream f l o w  needs (Fig. 2-5). The 
overall approach combines (1) nultiple-transect field data from a 
representative and/or critical river reach, (2) hydraulic simulation 
models to predict physical habitat parameters such as mean velocity 
( c ) ,  depth (i), and substrate ( s ) ,  and (3 )  species-specific 
suitability functions (Sv, Sd,  S ) si ilar t o  those first described by 
Waters (1976). Suitability functions are used t o  calculate weighting 
coefficients representing the habitat preferences o f  various 1 ife 
stages of target fish species. Finally, measures o f  habitat 
suitability and availability (as wetted surface area, ai) are used in 
the computation of  Weighted Usable Area (WUA), an index of habitat 
condition. This index is computed for each life stage [e.g., spawning 
(SI, fry (F) ,  juvenile (J), and adult ( A ) ]  and can be plotted against 
discharge (Fig. 2-5). The intent in developing the Incremental 

s 
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Fiig. 2-5. Organization and information processing in the Incre- 
mental Methodology for instream flow assessment (from 
Sale 1980). 



40 

Methodology was t o  c rea te  a "s ta te -o f - the-ar t "  a n a l y t i c a l  t o o l  f o r  
addressing instrearn f l o w  quest ions.  Therefore,  i t  incorporates many 
o f  t he  aspects o f  the  methods developed e a r l i e r  and descr ibed i n  
Sect ions 2.1 t o  2.7. 

Hydrau l i c  s imu la t i on  i n  PHABS M app l i ca t i ons  can be c a r r i e d  ou t  
us ing  one o f  two d i f f e r e n t  model ng techniques (Bovee and Mi lhous 
1978, Wegner 1980). The f i r s t  mode o f  open channel f low,  IFG-2, i s  a 
step-backwater procedure s i m i l a r  t o  the  WSP model descr ibed i n  Sect ion 
2.5. C a l i b r a t i o n  can be accomplished us ing  one s e t  o f  ve loc i ty /depth  
t ransec t  data i f  l i m i t a t i o n s  a re  p laced on the  range o f  f lows t h a t  can 
be s imulated (Bovee and M i l  hous 1978). Add i t i ona l  c a l i b r a t i o n  steps 
are necessary beyond normal WSP procedures t o  maximize the  accuracy o f  

ve l  o c i  t y  p r e d i c t i o n s  i n i ndi  v i  dual c e l l  s o f  each transect. (Bovee and 
H i  1 hous 1978 Wegner 1980). 

The second op t ion  f o r  hyd rau l i c  s imu la t i on  i s  IFG-4, a modi f ied  
stage-discharge regress ion procedure (Wegner 1980). This  
requ i res  two o r  more (op t ima l l y  t h ree  or  more) s e t s  o f  t r ansec t  data 
from d i s t i n c t l y  d i f f e r e n t  discharge cond i t ions  t o  achieve good model 
c a l i b r a t i o n s  (Bovee and Milhous 1978). I n d i v i d u a l  r a t i n g  curves a re  
ca l cu la ted  f o r  t h e  stage-discharge and ve loc i ty -d ischarge 
r e l a t i o n s h i p s  i n  each c e l l  a long each t r ansec t  o f  t he  representa t ive  
reach. Although more f i e l d  data are needed w i t h  t h i s  approach, the  
IFG-4 model i s  r e l a t i v e l y  l ess  compl icated t o  c a l i b r a t e  and more 
f l e x i b l e  than WSP pin handl ing more d i f f i c u l t  f l o w  cond i t ions  ( i .e . ,  
unsteady o r  nonuniform f lows)*  

The a t t r i b u t e  used t o  q u a n t i f y  bottom subs t ra te  i n  the  
Incremental Methodology i s a re1 a t i v e  index re1 ated  t o  Wentworth 
p a r t i c l e  s i z e  (Bovee and Cochnauer 1977; Tr ihey 1979). A coding 
system i s  u s u a l l y  es tab l i shed i n  which subs t ra te  types are assigned 
i n t e g e r  values ranging from 1 t o  9;  f o r  example, p l a n t  d e t r i t u s ,  mud, 
s i l t ,  sand, g rave l ,  rubble,  baulder ,  and bedrock bottom types a re  
assigned values o f  1 t o  8 ,  respec t i ve l y .  Substrate s u i t a b i l i t y  curves 
a re  based on t h i s  system. Many v a r i a t i o n s  are poss ib le  i n  coding 
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substrate type, i ncl udi ng combinations where integer val ues represent 
dominant particle size in each mapping cell, and decimal values 
represent either characteristics of the matrix of smaller sediments in 
which larger substrate elements are embedded or cover characteristics 
in each mapping cell ( i . e . ,  overhanging vegetation, depth cover, 
proximity to large boulders, etc. ; Bovee 1980). A great deal of 
flexibility can be incorporated into the substrate index, but as more 
complexity is included (e.g., addition o f  substrate and cover), more 
detailed transect surveys are required. Water temperature is another 
physical habitat parameter which has been included in calculating W l M  
i ndi ces (Bovee and Cochnauer 1977 Sheppard 1980) 

The final output o f  PHABSEM is usually in the form o f  either a 
tabular o r  graphic relationship between stream flow and Weighted 
Usable Area (WUA). The calculation of  WUA combines a measure of the 
quality of the physical instream habitat with a quantification of 
habitat availability by subdividing a stream reach into a matrix o f  
rectangular cells (Fig. 2-6, Eq. 2-7). 

h 

WUA = 2 Si a i’ (2-7) 
i 

h 

where Si = composite habitat suitability of the ith mapping cell, 
and 

a = surface area of  the ith mapping cell. i 

A computer program, HABTAT (or IFG-31, calculates WUA values 
based on the mean velocity, depth, and substrate data ( G ,  i9 z )  
predicted from hydraulic simulations. Composite habitat suitability, 
which i s  the measure of habitat quality, is a multivariate function o f  
the physical parameters of each cell (Eq. 2-8). Several different 
techniques for calculating Si have been proposed (Orth 1980, Wegner 
1980, Voos et al. 1981). The most frequently used composite 
suitability equation assumes independence among physical parameters 
and has the following form: 

h 
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0 = w .  * I .  
I I  

= w ,  * d .  * v 
Q i i i i  

Fig. 2-6. Subdivision o f  a stream reach into transects and 
mapping cells for computational purposes with the 
Incremental Methodology (modified from Bovee and 
Cochnauer 1977 and Hi lgert 1981). 
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S (-), Sd(*), and Ss( * )  = univariate suitability functions 
V where 

predetermined for each target 
fish species and life stage. 

All suitability functions have values between 0.0 and 1.0 
(Fig. 2-7). The univariate suitability functions used in calculating 
WUA can be developed in a variety of ways (Bovee and Cochnauer 1977, 
Voos et al. 1980). These include the use of field observations, 
literature sources, and ad hoc o r  Delphi-type procedures (e.g. Dakley 
and Helmer 1963). A source file o f  suitability functions for more 
than 50 warmwater and coldwater fish species (up to five life stages 
for  each), some families o f  aqwatic insects, and recreational 
activities such as boating and fishing i s  maintained by the IFG. 
Quality ratings (called evaluation criteria by IFG; Bovee and 
Cochnauer 1977) for all suitability curves in the IFG data base 
indicate the information source used to construct the curves and 
provide an excellent way to document the confidence to be placed on 
analyses made with their use. However, access to the IFG data base l’s 
limited to encourage the development of site-specific habitat 
preference data. 

Two a1 ternative methods were proposed for uti 1 i si ng the WUA 
information to develop instrean flow recommendations. The first 
method, which was developed by IFG and U.S. Fish and Wildlife Service 
users, is essentially an examination of the relative change in WUA 
from optimal conditions with respect to discharge (K. Bovee, personal 
communication). The discharge level between the monthly median flow 
and the 90 percentile monthly flow that results in the smallest 
reduction in WUA relative to the optimum i s  set as the Cnstream f l o w  

requirement for each l i f e  stage of a target species. This analysis is 
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repeated f o r  each month t h a t  a l i f e  stage i s  present  and f o r  each 
t a r g e t  species and l i f e  stage o f  i n t e r e s t .  The discharge l e v e l  which 

r e s u l t s  i n  the  lowest r e l a t i v e  change f o r  a l l  species and l i f e  stages 
i s  o f t e n  used as t h e  o v e r a l l  minimum f l o w  recommendation f o r  each 
month. An inst ream f l ow  regime can be generated by us ing  t h i s  
procedure f o r  each month o f  t he  year.  No computer programs have been 

developed t o  a i d  i n  these computations. 
A second a p p l i c a t i o n  o f  t h e  WUA-discharge curves was used t o  

p rov ide  inst ream f low recommendations f o r  I l l i n o i s  streams (Herr icks 
e t  a l .  1980) and t o  analyze the  impacts o f  r e s e r v o i r  opera t ion  
schedules (Milhous and Bovee 1978). This  approach i s  analogous t o  the  
f low-durat ion c a l c u l a t i o n s  common i n  d e s c r i p t i v e  hydrology. A d a i l y  
f low record  i s  f i r s t  obta ined f o r  the  representa t ive  stream reach, 
e i t h e r  from h i s t o r i c a l ,  p re -p ro jec t  da ta  o r  from m o d i f i c a t i o n  o f  those 
da ta  by hypothe t ica l  storage and re lease s p e c i f i c a t i o n s  a t  a proposed 
rese rvo i r .  Next, the  d a i l y  f l o w  record  i s  converted t o  a record  o f  
d a i l y  WUA values by us ing  the  habi ta t -d ischarge response curves 
produced by the  Incremental Methodology. This  procedure i s  c a r r i e d  
ou t  f o r  d i f f e r e n t  l i f e  stages o f  t a r g e t  species f o r  only those seasons 
i n  which they are present.  Hab i ta t  dura t ion ,  t h e  percentage o f  days 
i n  which WUA equals o r  exceeds var ious l eve l s ,  i s  then ca l cu la ted  on 
e i t h e r  a weekly, monthly, or annual basis.  

An inst ream f l o w  recommendation can a l so  be s e t  a t  t he  discharge 
l e v e l  which prov ides a f i x e d  p e r c e n t i l e  h a b i t a t  q u a l i t y  (e.g., t he  
minimum monthly f l o w  i s  the  f l ow  which prov ides the  80 p e r c e n t i l e  WUA 
value based on h i s t o r i c a l  records).  Th is  hab i ta t -du ra t i on  approach 
prov ides t h e  bes t  a v a i l a b l e  q u a n t i f i c a t i o n  o f  base l ine  o r  p r e p r o j e c t  
h a b i t a t  cond i t i ons  aga ins t  which instream f l ow  recommendations can be 
made. Th is  type  of ana lys is  can be organized i n t o  a nomographic 
c a l c u l a t i o n  by p l o t t i n g  t h e  hab i ta t -d ischarge response curve and 
hab i ta t -du ra t i on  curve on the  same s e t  o f  axes (Fig.  2-8). 

The Incremental Methodology i s  o f t e n  descr ibed as "s ta te -o f - the-  
a r t "  w i t h  regard t o  instream f low assessment methods. However, i t  
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Fig. 2-8. Nomograph calculat ion o f  an instream flow recommendation using 
habi tat -durat ion data and assuming a decision c r i t e r i o n  t o  r e t a i n  
the 80 percent i le  hab i ta t  condition. 
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a l s o  may c a r r y  t h e  connotat ion o f  being an excess ive ly  complex and 
time- consuming ana lys is .  Th is  l a t t e r  p o i n t  o f  view overlooks the  
f a c t  t h a t ,  where appropr iate,  components o f  PHABSIM and o the r  software 
developed by the  I F G  can be used i n  more s i m p l i s t i c  assessments. For 

instance, t h e  IFG-4 hydrau l i c  s imu la t i on  package inc ludes  an op t i on  t o  
ou tpu t  channel widths w i t h  depths equal ing o r  exceeding s p e c i f i e d  
h a b i t a t  c r i t e r i a  i n  a manner analogous t o  the  Usable Width method 
deweloped i n  Oregon. The IFG-4 model can a l so  be used on 
s ing le - t ransec t  data w i t h  o r  w i t h o u t  t he  HABTAT program. A computer 
program c a l l e d  IFG-1 i s  a v a i l a b l e  which i s  a s l i g h t l y  mod i f ied  vers ion  
o f  R-2 Cross. Therefore, f o r  an experienced user, t he  computer 
packages which have been developed by the  IFG prov ide  a t r u e l y  
f I e x i  b l  e s e t  o f  assessment t o o l  s f o r  i nstream f 1 ow assessment 
problems. 

2.9 Summary o f  Avai l a b l e  Methods 

The f i v e  c h a r a c t e r i s t i c s  l i s t e d  a t  t h e  beginning o f  t h i s  sec t i on  
can be used t o  summarize the  instream f l o w  assessment methods 
c u r r e n t l y  a v a i l a b l e  (Table 2-3). D i s t i n c t  d i f f e rences  e x i s t  i n  the  
c a p a b i l i t i e s  o f  t h e  var ious methods. For instance, t he  f i r s t  t h ree  
approaches l i s t e d  i n  Table 2-3 can be grouped i n t o  a category c a l l e d  
discharge methods because dec is ions  concerning instream f l o w  needs are  
based on ly  on h i s t o r i c a l  f l o w  records. The most d e t a i l e d  and t h e  
p r e f e r r e d  approach i n  t h i s  group would be one based on f l o w  du ra t i on  
data, because t h i s  s t a t i s t i c  i s  t he  most r e a l i s t i c  representa t ion  o f  
na tu ra l  stream f l o w  v a r i a b i l i t y  a t  a g iven  s i t e  (Stalnaker and Arnet te  
1976). 

A second category o f  i nstream f 1 ow methods, hydraul i c  r a t i n g  

methods, includes a l l  t h e  procedures t h a t  examine hyd rau l i c  parameters 
f o r  t h e  purpose of developing general i z e d  habi tat-discharge 
r e l a t i o n s h i p s .  Both s i n g l e  and m u l t i p l e  t ransec t  methods can be 
inc luded i n  t h i s  group if spec ies-spec i f i c  h a b i t a t  preferences are n o t  



Table 2-3. Summary o f  e x i s t i n g  instream f l o w  assessment methods 

Charac ter is t i cs  

Species o r  
Stream f l ow  Hydraul ic  Hab i ta t  Transgct seasonal 

Method records simu'l a t i  on r a t i n g  data speci f i  c i  t y  

F ixed Percentage 
(e.g., Montana) 

Constant Y i e l d  
(e.g., NEFRP) 

Flow Durat ion 

USFWS Hab i ta t  Eva1 ua t ion  

Stage-discharge Analysis 

WSP Simulation 

(e.y., R-2 Cross) 

(Idaho) 

Usable Width 
(Oregon and 
modi f icat ions)  

Preferred Area 
( C a l i f o r n i a  and 
Washington) 

PHABSIM 
(IFG's Incremental 
Methodology and 
modi f icat ions)  

Yes 

Yes 

Yes 

NO 

NO 

No 

N O  

No 

Some 

No 

N O  

NO 

No 

Yes 
(Manning's Eq. ) 

Yes 
(WSP) 

No 

NO 

Yes 
(WSP o r  IFG4) 

No 

No 

No 

Some 
i ndi  r e c t  

I n d i r e c t  

I n d i r e c t  
(wetted perimeter) 

Yes 

Yes 

Y@S 

None 

None 

None 

S i  ngl  e 
o r  

mu1 t i p 1  e 

Sing 
v/d 

Mu1 t 
v/d 

Sing 
v/d 

Mu1 t 

e 

P l  e 

e 

P I  
v/d/s 

Mu1 t i p l e  
v /d /s /c / t  

L i  ttl e 
o r  none 

Some 
seasonal 

Some 
seasonal 

Some 
species 

No 
&?l 

NO 

Yes 

Yes 

Yes 

a v = ve loc i t y ;  d = depth; s = subst rate;  c = cover; t = temperature 
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evaluated. This group does not involve as much field work as the most 
data-intensive approaches (e. g. , the Incremental Methodology), nor 
does it utilize stream flow records directly to quantify base ine 
conditions. The most significant capabilities of this group are (1) 
introduction of simplified prediction techniques to reduce f eld 
survey needs and (2) ability to examine site-specific aspects o f  
streambed morphology. Methods based on stage-discharge, hydraulic 
rating curves and the Manning Equation, when used within the limits of 
extrapolation to unobserved flow conditions, are probably the best 
examples from this group. 

The third category includes those methods that apply 
species-specific habitat criteria in evaluating the condition of a 
stream environment. The Incremental Methodology is the best example 
o f  this group because it combines the habitat weighting concepts first 
developed in California, Oregon, and Washington with detailed 
hydraulic simulation models. When stream flow records are used to 
derive instream flow recommendations from the Incremental Methodology, 
a l l  five characteristics can be included in the assessment. 

These three categories do not include all the methods developed 
to assess instream flow needs for fishery resources. For example, in 
some western streams where water quality has been identified a5 a 
limiting factor for incubation of salmonid eggs, specialized methods 
were developed to measure interstitial dissolved oxygen concentrations 
(Stalnaker and Arnette 1976). The three-tiered categorization, 
suggested here for purposes of simplification, provides a framework 
for discussing those methods that will be most useful in assessments 
o f  instream flow requirements at smal l-scale hydroelectric projects. 
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3. CRITICAL EVALUATION OF EXISTING METHODS 
FOR INSTREAM FLOW ASSESSMENT 

The purpose of this section is to compare and contrast existing 
i nstream flow assessment methods. The material presented in 
Section 2.0, combined with more detailed information available in 
appropriate references, provides the basis for this evaluation. The 
recommendations made in Section 4 .0  are a reflection of the 
conclusions presented in this section. 

Environmental impacts which result from flow regulation at 
hydroelectric facilities can be represented in a simplified chain of 
effects that includes three stages: (1) initial changes in the 
discharge regime due to project operation, (2) alteration of the 
physical habitat in the downstream lotic environment, and (3)  
biological response of the affected aquatic ecosystem (Fig. 3-1). 
This conceptual model may be oversimplified to some degree, but it 
provides a useful perspective for describing the capabilities of 
various assessment methods. Methods used to develop instream flow 
recommendations which do not analyze the entire impact chain must rely 
on implicit assumptions about the behavior of regulated stream 
ecosystems. These assumptions are described more completely in 
Section 3.1. 

Other characteristics that are important in the selection of an 
appropriate method for a specific application include data 
requirements for implementation (Sect. 3. 2), dollar costs (Sect. 3 . 3 ) ,  
and decision-making capabilities (Sect. 3 . 4 ) .  for the sake of 
clarity, discussions of these various characteristics emphasize a 
three-way classification o f  methods whenever practical. The three 
principle types o f  methods are (1) discharge methods, (2) 

single-transect methods which develop some type of hydraulic rating 
analysis (i.e., depth vs discharge or wetted perimeter vs discharge) 
but stop short of a more detailed analysis, and (3)  multiple-transect, 
habitat rating methods. 
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Fig. 3-1. Conceptual basis for instrearn flow assessment. 
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3 . 1  Imp1 i c i t  Assumptions 

A l l  of  the  assessment methods discussed i n  Sect ion 2.0 i nvo l ve  
c e r t a i n  assumptions about stream environments and the  behavior of 
r i v e r i n e  ( l o t i c )  ecosystems. A c l e a r  understanding o f  these 
assumptions i s  an impor tant  p r e r e q u i s i t e  t o  s e l e c t i o n  and a p p l i c a t i o n  
o f  these methods. I n  a general sense, the  assumptions t o  be examined 
f a l l  i n t o  one o f  t w o  categor ies:  those r e l a t e d  t o  the  phys ica l  
behavior o f  the  r i v e r  system, i n c l u d i n g  i t s  hydrau l i cs  and channel 
morphology, and those associated w i t h  p r e d i c t i o n  o f  the  b i o l o g i c a l  
response t o  a l t e r a t i o n s  i n  stream f l o w  and h a b i t a t  cond i t ion .  

3 .1.1 Hydraul ics  and Channel Morphology 
Assumptions r e l a t e d  t o  stream hydrau l i cs  o r  channel morphology 

are  impor tant  i n  two s i t u a t i o n s :  (1) s p e c i f i c a t i o n  o f  thresholds t o  
be used i n  developing instreain f l ow  recommendations and (2) s e l e c t i o n  
o f  hyd rau l i c  s imu la t i on  modefs t o  p r e d i c t  depth and v e l o c i t y  a t  
unobserved stream f lows. The d e f i n i t i o n  o f  thresholds i s  most obvious 
i n  the  discharge approaches (e.g., Montana Method, New England Flow 
Recommendation Po l i cy ,  o r  f low-dura t ion  ana lys is ) .  When Tennant 
(1976) es tab l i shed 10% MAF as a minimum acceptable f low,  i t  was based 
ow the  hypothesis t h a t  the  amount o f  water w i l l  f i l l  the stream 
channel t o  a w id th  and depth adequate t o  assure shor t - term s u r v i v a l  o f  
aquat ic  b io ta .  This  empi r i ca l  thre5lhOld was determined from 
observat ions an a la rge  number o f  watersheds across the  Un i ted  States. 

Hydro log ic  analyses t h a t  descr ibed the  na tura l  v a r i a b i  1 i t y  i n  
stream f l o w  were the  bas is  o f  e a r l y  attempts t o  e s t a b l i s h  inst ream 
f l o w  requirements. From these analyses arose the  concept; o f  t he  7410 
(Sect. 2.21, a s t a t i s t i c  t h a t  has been used as a c r i t e r i o n  t o  design 
waste t reatment f a c i l i t i e s  and one t h a t  has been o f f e r e d  as a " r u l e  of 
thumb" f o r  t he  minimu f 1 ow t h a t  waul d assure adequate water qual i ty  
(Sta lnaker  1979a). Although i t  was developed f o r  water q u a l i t y  
purposes arid has no eco log ica l  bas is ,  it, nevertheless,  i s  s t i l l  o f t e n  
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used to determine instream releases below hydroelectric projects. Use 
of the 7410 statistic in this manner ignores the dynamic nature o f  
fishery requirements and the long-term recovery that is necessary 
after such a severe low-flow period (5talnaker 19?9a, 1981). While it 
may be very conservative for designing water treatment facilities, i t  
i s  not conservative for protecting fishery resources (K. Bovee, 
personal communication). Use o f  a single ""minimum" flow, such as the 
7410 statistic, as the instream requirement needed to protect fish and 
wi Id1 i f e  habitat is not recommended. 

?he understanding of relationships between the shape of stream 
channel s (i , e. , hydraul i c geometry) and flow frequency and magnitude 
has developed out of the combined disciplines o f  geology and hydrology 
(Leopsld et al. 1964, Schumm 1977). Although most of this work 
predates concern over instream flow issues, it has direct bearing on 
the validity of certain assessment methods described in Section 2-0.  
The power function equations ori gi nal ly proposed by Leopol d and 
Maddock (1953) have been successfully expanded to include 
flow-frequency parameters (Stall and Fok 1968, $tal  1 and Yang 1970). 
Watershed area and stream order (e.g. Strahler 1957) have also been 
incorporated into equations which are widely used to predict hydraulic 
geometries o f  stream channels (depths, widths, velocities, etc.1 a t  
various locations in a watershed. These types of equations are based 
on logrithmic regressions of actual field data; for instance: 

where D = average depth, 
F = frequency of occurrence, 
A = watershed area upstream from site, and 

CY,$,Y = regression coefficients for specific watersheds. 

The regression coefficients reflect the influence o f  factors 
related to watershed geology, slope, and the aging process o f  water 
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courses. The coe f f i c i en ts  i n  hyd rau l i c  geometry equations such as Eq. 
3 -1  vary by as much as a f a c t o r  of t h ree  among the  watersheds i n  t h e  

Sta te  o f  I l l i n o i s  ( S t a l l  and Fok 1968). Greater v a r i a t i o n  can be 
expected among r i v e r s  i n  d i f f e r e n t  s ta tes  ( S t a l l  and Yang 1970). 
These equations suggest t h a t  f o r  maintenance o f  f i x e d  depth thresholds 
(Sect ion 2.6) on watersheds w i t h  equal areas, d i f f e r e n t  na tu ra l  f l ow  
frequencies would c o n s t i t u t e  the  instream f l o w  requirement. None o f  
the discharge methods discussed i n  Sect ion 2.0 address t h i s  aspect o f  
f l u v i a l  geometry. The e x i s t i n g  f low-durat ion methods cou ld  be 
improved by i nco rpo ra t i ng  more geomorphological va r iab les  as 
independent determinants o f  i nstream f 1 ow requirements. 

The Montana Method uses an average f l ow  s t a t i s t i c  on l y  and 
ignores completely the  importance of f l o w  v a r i a b i l i t y  c h a r a c t e r i s t i c s  
o f  i n d i v i d u a l  watersheds. Both the  hyd rau l i c  geometry and a f f e c t e d  
aquat ic  b i o t a  o f  a stream are  adapted t o  a pas t  f l o w  regime ( i .e . ,  a 
temporal p a t t e r n  i n  bo th  magni tude and frequency o f  occurrence). 
Using the  same percentage o f  the  average stream f l o w  t o  determine 
inst ream f l o w  requirements on d i f f e r e n t  watersheds imp l i es  t h a t  
equ iva len t  f l o w  regimes e x i s t  among watersheds. Th is  assumption i s  
n o t  v a l i d  and over looks the  f a c t  t h a t  l o c a l  aquat ic  populat ions are 
adapted t o  na tu ra l  v a r i a t i o n s  i n  stream f low.  Because temporal 
pa t te rns  are an impor tant  determinant i n  s t r u c t u r i n g  s t r e a  
communities (Horwitz 19781, i t  i s  on ly  r e a l i s t i c  t o  s e t  instream f l o w  
requirements i n  re ference t o  f l o w  v a r i a b i l i t y  on a watershed-speci f ic  
bss is .  

The New England Flow Recommendation P o l i c y  (NEFRP) method, which 
i s  based on median h i s t o r i c a l  stream f lows,  incorporates f l o w  
v a r i a b i l i t y  t o  a l i m i t e d  ex ten t  i n  t h a t  i t  def ines the  Aquat ic Base 

F) requ i red  t o  p r o t e c t  aquat ic  b i o t a  as equal t o  t h e  median 
monthly f l ow  (MNF) f o r  August. The ABF app l i es  t o  a l l  t imes o f  t he  

year  unless superceded by spawning and incubat ion  f l o w  recommendations 
(100% MWF i n  the  sp r ing  and f a l l ) .  Although the  p o l i c y  recognizes t h e  
importance of h igher  f lows a t  o ther  t imes o f  t h e  year,  t he  a d d i t i o n a l  
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flow variability provided by supercedence flows is not characteristic 
of all sites (see Table 9 in Cunningham and Knapp, in press). 

Even methods that are based on flow duration data and that set 
the instream flow recommendation equal to a percentile flow do not 
properly address known properties of hydraulic geometry. A constant 
percentile instream flow can only supply the same environmental 
conditions over regions with watershed characteristics that are 
relatively homogeneous. 

Assessment methods other than the discharge methods avoid, at 
1 east parti a1 ly , the problem of unique si te-speci f i c i nf 1 uences 
because they measure directly the physical parameters at actual flow 
events. Instream flow requirements should still incorporate the 
influences of natural flow availability, but many assumptions about 
what physical conditions are provided by specific flow levels can be 
eliminated with site-specific field surveys. 

Methods that use hydraulic simulation models o r  analytical 
equations to predict depth and velocity conditions at observed flows 
often involve significant assumptions about the type of open channel 
flow that is being modeled. For example, the Manning Equation (Eq. 
2-2) was originally developed to predict the relationships among 
discharge, velocity, hydraulic radius, channel roughness, and energy 
slope for uniform flow conditions (e .g. ,  Olson 1973). Therefore, 
methods which rely on this empirically based equation, such as R-2 
Cross or the WSP simulation model, may not be valid when applied to 
streams which deviate strongly from uniform flow (uniform flow is 
defined as conditions in which velocity, depth, and energy gradients 
are constant over relatively long distances). Methods employing 
Manning’s Equation can be used with care under gradually varied flow 
conditions but should not be used under conditions of rapidly varied 
flow, such as the hydraulic jumps in rapids o r  stream reaches where 
the energy slope exceeds 10% (K. Bovee, personal communication). 

When uniform or gradually varied flow conditions are satisfied, 
other assumptions should be examined t o  ensure the validity of 
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hyd rau l i c  s imulat jons.  S ing le - t ransec t  metliods t h a t  a re  used t o  
develop stage-discharge r a t i n g  curves a1 1 i n v o l v e  assumptions about 
flow-dependent changes i r r  bottom roughness, n, o r  slope, S .  The 
o r i g i n a l  R-2 Cross method used on ly  one s e t  o f  f i e l d  data t o  c a l i b r a t e  
the  va r iab les  n and li i n  Eq. 2-2, then assumed these values remained 
constant  over a wide range o f  stream f l O W 5 .  More recent  mod i f i ca t i ons  
t o  t h e  s ing le - t ransec t  approach have re laxed t h i s  assumption somewhat 
by making roughness a f u n c t i o n  o f  o ther  hyd rau l i c  parameters such as 
R ,  t he  hyd rau l i c  rad ius .  Wesche a i d  Rechard (1980) r e p o r t  t h a t  one 
empi r i ca l  technique proposed i n  Colorado t o  ad jus t  roughness uses t he  
r e l a t i o n s h i p :  

The v a l i d i t y  o f  Eq. 3-2 must be v e r f i e d  f o r  each s i t e - s p e c i f i c  
app l i ca t i on ,  The bes t  technique f o r  v e r i f y i n g  the  p r e d i c t i o n s  of 
changes i n  n and S i s  t o  c o l l e c t  th ree  o r  more observat ions of r i v e r  

discharge t o  determine the  i n f l uence  o f  Q. Ext rapo la t ions  based an 
data c o l l e c t e d  a t  each t ransec t  f o r  t h ree  o r  more f lows w i l l  be the  
most accurate i n  modeling the  phys ica l  stream env i ron  en t  (e.g. , Bavee 
and M i  1 hous 1978). 

stages and t o  p l o t  the  slope-roughness f a c t o r ,  n/S zz n$/3/q, vs 

Other l i m i t i n g  assumptions are  impor tant  t o  step-backwater 
modeling app l i ca t i ons  such as WSP. The c a l i b r a t i o n  data requ i red  f o r  
i n p u t  t o  the  WSP mode? assume steady f l o w  cond i t ions  ( i . e . ,  the data 
from each t ransec t  were taken under constant  discharge cond i t ions) .  
A l s o ,  each s e t  o f  c a l i b r a t i o n  data i s  goad f o r  s imu la t i ng  on ly  a 
f i n i t e  range o f  discharges. The IF& recom ends t h a t  WSP p r e d i c t i o n s  
can be used over- a range o f  cond i t ions ,  from 250% above t he  
c a l i b r a t i o n  discharge down t o  40% below the  c a l i b r a t i o n  discharge 
(Bovee and Mi lhous 1978; Wegner 1980). Far example, the  use o f  
s imulat ions c a l i b r a t e d  w i t h  data c o l l e c t e d  a t  15 m36s (530 e f s )  should 
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be limited to a range o f  6 to 38 m3/s (212-1325 cfs). Predictions of 
hydraulic or habitat conditions outside those ranges require an 
additional set of calibration data. 

All hydraulic simulation models used to date ignore the 
interactions between bottom substrate (and therefore roughness) and 
discharge. The assumptions related to these interactions are 
discussed in detail by Bovee and Milhous (1978). Although this 
interaction is by no means trivial and i s  currently under study by the 
IFG, there are no reliable predictive models which can determine 
substrate conditions as a function of discharge regimes accurately 
enough to be useful in developing the habitat-discharge relationships 

None of the methods address short-term rapid fluctuations in flow 
that. often occur below peakjng projects. The hydraulic simulation 
models that were developed to predict depth and velocity at unobserved 
flows assume uniform o r  gradually varied flow conditions. Thus, the 
critical assumption i s  that these same models can be used to assess 
instream flow needs in riverine environments characterized by rapid 
fluctuations in flow. In these cases, the rate of change in water 
levels as well as the interval between major fluctuations are 
important considerations. Because of the assumption that flows must 
be uniform or gradually varied, none of the existing models (or 
methods) may be capable o f  addressing, in a meaningful way, the 
ecological imp1 ications of rapidly varied flows below peaking 
projects. 

Finally, the concept of  a representative reach, which i s  used in 
the habitat modeling approaches (e.g., the Incremental Methodology), 
is assumed to be sufficient to represent long sections of rivers and 
streams (Bovee and Milhous 1978; Trihey 1979). Although this concept 

etailed instream flow analysis. 

was supported by numerous reviewers of the methodology (e .g . ,  Patten 
et al. 1979), any application o f  the Incremental Methodology should 
include careful placement o f  one or more representative reaches to 
ensure that local instream resources are included in the analysis. 
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3.1.2 B i o l o g i c a l  Response 
The conceptual impact chain o f  the  e f f e c t s  o f  f l o w  r e g u l a t i o n  

(Fig. 3-1) i s  impor tant  because i t  ind i ca tes  what i s  - n o t  e x p l i c i t l y  
covered by the  var ious assessment methods. Approaches which use on ly  

discharge records t o  determine instream f l o w  recommendations cannot 
analyze incremental ,  s i t e - s p e c i f i c  h a b i t a t  a l t e r a t i o n  o r  b i o l o g i c a l  
responses t o  f l ow  regu la t ion .  Sing1 e- t ransect  methods which make 
dec is ions based on changes i n  such hyd rau l i c  parameters as wetted 
per imeter  o r  maximu depth address h a b i t a t  a l t e r a t i o n  on ly  i n  a 
general sense and usua l l y  do n o t  d i r e c t l y  consider the  needs of 
s p e c i f i c  f i s h  species or  l i f e  stages. Hab i ta t  r a t i n g  methods such as 
PHABSIM c a r r y  ou t  a r e l a t i v e l y  d e t a i l e d  ana lys is  o f  t he  h a b i t a t  
a l t e r a t i o n  caused by regu la ted  discharges. I n  add i t i on ,  h a b i t a t  
a l t e r a t i o n  i s  p laced i n  a b i o l o g i c a l  perspect ive by i n c l u d i n g  species 
and l i f e - s t a g e  s p e c i f i c  preferences f o r  phys ica l  parameters i n  t h e i r  
environment. However, even PHABSIM has l i m i t e d  p r e d i c t i v e  c a p a b i l i t y  
as f a r  as p r o d u c t i v i t y  o r  standing crops o f  aquat ic  b i o t a  a re  
concerned. 

A l l  o f  t he  methods t h a t  were developed t o  assess instream f l o w  
needs f o r  f i s h e r y  resources are based on the  assumption t h a t  h a b i t a t  
i s  t he  f a c t o r  l i m i t i n g  popu la t ion  s ize.  Because many western streams 
are  charac ter ized  by very low f lows a t  c e r t a i n  per iods  o f  the  year,  
t he  assumption i s  made t h a t  the  decrease i n  a v a i l a b l e  h a b i t a t  du r ing  
these low-flow per iods i s  t he  key fac to r .  I n  some cases, however, 
h igh  f lows might  be l i m i t i n g .  I n  eastern streams, f i s h  p roduc t ion  i s  
o f t e n  l i m i t e d  by the  a v a i l a b l e  food resources (Patten e t  a l .  1979). 

Water q u a l i t y  problems are a l so  more s i g n i f i c a n t  i n  the  East, and t h i s  
f a c t o r  may a l so  be l i m i t i n g  i n  so e streams. I n  shor t ,  the  assumption 
t h a t  f i s h  populat ions are p h y s i c a l l y  l i m i t e d  i s  c r i t i c a l ,  because the  
e x i s t i n g  methods have reduced u t i l i t y  when o ther  f a c t o r s  a re  l i m i t i n g  
o r  c o n t r o l  1 i n g  popu la t ion  s i z e  o r  product ion.  However, water q u a l i t y  
o r  food l i m i t a t i o n s  should no t  preclude a l l  instream f l o w  management 
f o r  phys ica l  h a b i t a t ,  espec ia l l y  when f u t u r e  improvements i n  these 
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limiting factors can be expected. While the Incremental 
also assumes that physical habitat is limiting, the I F G  emphasizes the 
importance of evaluating other factors, such as watershed equilibrium 
and water quality, prior to using the method. 

Two important biological assumptions involved in using any of the 
discharge approaches are (1) affected aquatic resources are a function 
of past hydrologic conditions which, in turn, can be accurately 
represented by a particular stream flow statistic, and (2) acceptable 
management of extant aquatic resources is directed at conserving those 
past conditions. While these assumptions are reasonable in many 
situations, they may not always apply due to unique, site-specific 
opportunities, management objectives, or project characteristics. 
Aquatic species do adapt to local environmental conditions. However, 
both the variability and magnitude o f  stream flow events are important 
in determining the composition and structure o f  riverine fish 
communities (Horwitz 1978). 

One situation where aquatic resource management might not be 
based on conserving past hydrologic conditions occurs when the 
fisheries resource is dominated by nonindigenous fish species (e.g. , 
stocked salmonids). In this case, fish populations will not be 
adapted to past conditions, so historical stream flow records may have 
little value in determining instream f l o w  needs. To accurately 
determine the benefits of stream flow patterns or release schedules t o  
introduced fish species, a method with more species-specific 
resolution should be used. 

Single-transect hydraulic rating methods that develop 

relationships between descriptive physical parameters and stream flow 
eliminate some of the implicit assumptions regarding thresholds of 
habitat alteration inherent in discharge methods. However, the 
selection o f  critical transects and specific hydraulic parameters can 
again include important assumptions about biological responses. The 
single-transect methods usually assume that the factors limiting 
aquatic resources (e.g., fish populations) can be represented by a 
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s i n g l e  hyd rau l i c  para e t e r  and t h a t  one c r i t i c a l  t ransec t  accura te ly  
represents the  i n f l uence  o f  t h a t  hydraul i c  parameter throughout a 
heterogeneous stream reach. Furthermore, these types o f  analyses 
o f ten  imply  t h a t  t he  same l i m i t i n g  f a c t o r  i s  a c t i v e  f o r  a l l  seasons 
and a l l  species, 

For s ing le - t ransec t  hydrau l i c  r a t i n g  methods, the choice o f  
parameters and associated l i m i t i n g  f a c t o r s  inc lude the  f o l l o w i n g  types 
of assumptions: spawning and egg incubat ion  are  p ropor t i ona l  t o  
maximum depth o r  v e l o c i t y ;  cover i s  p ropor t i ona l  t o  pool  depth o r  
exposure of undercut banks; r e a r i n g  and food produc t ion  i s  
p ropor t i ona l  t o  wetted per imeter.  Whenever a h a b i t a t  r e t e n t i o n  o r  
i n f l e c t i o n  p o i n t  c r i t e r i o n  based on any o f  these parameters i s  used, 
t he  i m p l i c a t i o n  i s  t h a t  a l i n e a r  r e l a t i o n s h i p  e x i s t s  between the  
hydraul  i c parameter and f i sh produc t ion  o r  standi  ng crop (Sect, 3.4). 

O f  the  methods c u r r e n t l y  ava i lab le ,  the  Incremental Methodology, 
PHABSIM, permi ts  the  most d e t a i l e d  ana lys is  o f  the  h a b i t a t  a l t e r a t i o n  
e f f e c t s  caused by changes i n  stream f low. However, t he  method has 
been c r i t i c i z e d  because o f  i t s  incomplete representa t ion  o f  b i o l o g i c a l  
responses (Patten e t  a l .  1979). The dynamics o f  aquat ic  ecosystems 
are a complex func t i on  o f  a number o f  d i f f e r e n t  physicochemical and 
b i o l o g i c a l  f ac to rs  (Table 3-1). PHABSIM prov ides a q u a n t i t a t i v e  t o o l  
which can be used t o  examine on ly  two o f  the  general categor ies o f  
f ac to rs ,  h a b i t a t  s t r u c t u r e  and f 1 ow regime, t h a t  a re  de ter  

b i o l o g i c a l  responses. Therefore, even i f  Weighted Usable Area (WUA) 
were a per fec t  index of h a b i t a t  cond i t i on  and i t s  response t o  changes 
i n  stream f low,  a t  l e a s t  two o ther  fac to rs ,  water q u a l i t y  and t r o p h i c  
community s t ruc tu re ,  would be necessary t o  f u l l y  model the  b i o l o g i c a l  
response. Therefore, WUA i s  a necessary b u t  no t  s u f f i c i e n t  i n d i c a t o r  
o f  ecosystem i n t e g r i t y  (Patten e t  a l e  1979). Only i n  s i t u a t i o n s  where 
water q u a l i t y  o r  food resources are no t  l i m i t i n g  (e.g., coldwater 

t r o u t  streams) can WUA e assumed t o  be a good p r e d i c t o r  ( i . e . ,  
necessary and s u f f i c i e n t )  o f  parameters such as biomass o r  product ion.  

Val i d a t i o n  s tud ies  of the  Increme t a l  Methodology i n  western t r o u t  
streams tend t o  support  t h i s  assumption (Stalnaker 1979b). 



. *' . l  

Table 3-1. Determinants of aquatic ecosystem integrity and productivity as viewed by various investigators 

Karr and Dudley (1981) Penna k (1971) Patten et a1 . (1979) Binns and Eiserman (1979) 

Water quality 

Habitat structure 

Flow regime 

Trophic community 
Structure 

Summer temperature Temperature Maximum summer temperature 
Winter temperature Dissolved oxygen Bank erosion 

Turbidity Nutrients 
Hardness 
Total dissolved inorganic 
matter 

Total dissolved organic 
matter 

Dissolved oxygen Sediment load NOS-N 

Width 
Velocity 
Substrate 

Flow 

Depth 
Velocity 
Substrate 
Stream morpho1 ogy 

Food supply 
Predation 

Width 
Vel oci ty 
Cover 

Annual variation in flow 
Late summer f l o w  

Food supply 
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The I F G  descr ibes i t s  index o f  instream h a b i t a t  c o n d i t i o n  as a 
measure of h a b i t a t  u s a b i l i t y  where u s a b i l i t y  i s  the  product  o f  two 
environmental var iab les ,  h a b i t a t  s u i  t a b i  1 i ty  and h a b i t a t  avai  1 ab i  1 i ty  
(Voos e t  a l .  1981). Hab i ta t  s u i t a b i l i t y  i s  an index t h a t  can range 
from 0.0 t o  1.0. It i s  a m u l t i v a r i a t e  f u n c t i o n  o f  an "organism's 
vo lun tary  o r  i nvo lun ta ry  preference f o r  combinations o f  environmental 
a t t r i b u t e  values" (Voos e t  a l .  1981). I n  o ther  words, a s u i t a b i l i t y  
c o e f f i c i e n t  represents the  behaviora l  to lerances o f  a s p e c i f i c  l i f e  
stage o f  a t a r g e t  species t o  a s e t  o f  environmental parameters. The 
c a l c u l a t i o n  o f  WUA us ing  Eq. 2-7 has the  e f f e c t  o f  equat ing an area o f  
suboptimal h a b i t a t  t o  a smal ler  area o f  opt imal hab i ta t .  Th is  
computation imp l i es  t h a t  a f i s h  o r  o ther  aquat ic  organism can make the  
same use o f  100 m2 o f  opt imal h a b i t a t  as i t  can o f  1000 m2 o f  
a v a i l a b l e  b u t  marginal h a b i t a t  w i t h  a s u i t a b i l i t y  o f  0.10. The 
v a l i d i t y  o f  t h i s  assumption w i l l  be h i g h l y  spec ies-spec i f i c  and i s  
1 a rge ly  untested. 

I n  the  ve rs ion  o f  PHABSIM c u r r e n t l y  ava i l ab le ,  t he  c a l c u l a t i o n  o f  
composite h a b i t a t  s u i t a b i l i t y ,  Si i n  EQ. 2-8, assumes independence 
among the  in f luences  o f  depth, v e l o c i t y ,  and subs t ra te  on composite 
h a b i t a t  s u i t a b i l i t y .  Th is  imples, f o r  example, t h a t  a f i s h  w i l l  have 
the  same preference f o r  var ious combinations o f  v e l o c i t i e s  and 
subst rates a t  a depth o f  0.2 m as i t  w i l l  a t  2.0 m. Tests o f  t h i s  
assumption o f  independence have shown t h a t  i n  many cases the  i n f l uence  
o f  t he  phys ica l  h a b i t a t  dimensions are  no t  independent o f  each o ther  
(Orth 1980, S t e i n  e t  a l .  1980, Voos e t  a l .  1981). M u l t i v a r i a t e  
s u i t a b i l i t y  func t ions  i nco rpo ra t i ng  i n t e r a c t i o n  terms between depth 
and v e l o c i t y  have been developed f o r  brown t r o u t  i n  Colorado and 
Wyoming streams (Voos e t  a l .  1981; Voos 198l), b u t  much more work 
remains t o  be done i n  developing, t e s t i n g ,  and v a l i d a t i n g  h a b i t a t  
su i  t a b i  1 i t y  models. 

Despi te what appears t o  be s i g n i f i c a n t  s i m p l i f i c a t i o n s  i n  the  way 
the  Incremental Methodology represents h a b i t a t  u t i l i z a t i o n ,  some 
success was repor ted  i n  us ing  WUA t o  p r e d i c t  f i s h  s tanding crops. 

h 
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Stalnaker  (1979b) repor ted  a s t rong c o r r e l a t i o n  between WUA and 
standing crop o f  brown t r o u t  i n  Wyoming streams. Or th  (1980) a l so  
found s i g n i f i c a n t  c o r r e l a t i o n s ,  e s p e c i a l l y  du r ing  summer low-f low 
cond i t ions ,  between t h e  standing crop o f  f r e c k l e d  madtom, 
s t o n e r o l l e r s ,  and orangebel ly  da r te rs  and WUA i n  a small warmwater 
stream i n  Oklahoma. However, t h e  same type o f  r e l a t i o n s h i p  cou ld  no t  
be demonstrated w i t h  j u v e n i l e  o r  a d u l t  smallmouth bass i n  the same 
stream. 

The assumption t h a t  WUA i s  a l i m i t i n g  f a c t o r  t o  f i s h  popu la t ions  
may be v a l i d  on l y  du r ing  very low o r  very h igh  f l o w  cond i t ions .  A t  
o the r  t imes, when WUA takes on h igh  values, o the r  f a c t o r s  such as 
water q u a l i t y  o r  food resources may be more important than phys ica l  
h a b i t a t  i n  c o n t r o l l i n g  popu la t i on  dynamics. The t ime se r ies  o f  WUA 
values c rea ted  by long sequences o f  f l o w  events a re  probably more 
important than instantaneous d i s c r e t e  WUA values i n  determin ing ac tua l  
b i o l o g i c a l  responses. 

F i n a l l y ,  h a b i t a t  ind ices ,  such as WUA and NPH (Sect. 2.7), a re  
composite desc r ip t i ons  o f  t he  phys ica l  environment and can be l i n k e d  
t o  t h e  design and opera t ion  o f  dams and rese rvo i r s .  How aquat ic  b i o t a  
respond t o  changes i n  h a b i t a t  (as measured by some h a b i t a t  index), 
however, i s  l a r g e l y  unknown. To develop methods capable o f  
q u a n t i f y i n g  o r  p r e d i c t i n g  b i o l o g i c a l  responses t o  f l o w  regu la t i on ,  
i n c l u d i n g  r a p i d  f l u c t u a t i o n s  i n  f low, more emphasis must be placed on 
eva lua t i ng  the  i n f l uence  o f  stream f l o w  and h a b i t a t  regimes on aquat ic  
b i o t a .  

3.2 Data Requirements 

One o r  more o f  t h ree  types o f  data may be requ i red  i n  the  

a p p l i c a t i o n  o f  t he  assessment methods descr ibed i n  Sect ion 2.0, 
i n c l  ud i  ng: 
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0 stream flow records and/or watershed description 

e t ransect  data (depth, velocity,  substrate  and/or 
cover) 

0 t a rge t  species habitat c r i t e r i a .  

Under cer ta in  circumstances i t  will a lso be necessary t o  obtain 
information on the des-e'gn and operation of the hydroelectric project 
i n  question t o  determine the significance o f  the instream flow issue 
(see Sect. 4 .2 ) .  

3.2.1 Hydro1 ogi c Data 
A t  most si tes information on his tor ical  flows will be among the 

eas ies t  da ta  t o  obtain due t o  the excellent monitoring system o f  the 
USGS throughout the country and the "state-of-the-art" o f  descriptive 
hydrology. A large amount of data on surface water i s  available from 
the USGS through annual publications o f  s t a t e  water resources data,  
other s t a t i s t i c a l  summaries, and two computerized data processing 
systems NAWQEX and WATSTORE. The National Water Data Exchange 
(NAWDEX) provides a comprehensive l i s t  o f  federal ,  s t a t e ,  local ,  
academic, and private agencies tha t  co l lec t  water data as well as a 
l i s t  of the s i t e s  a t  which those data a re  available. The National 
Water Data Storage and Retrieval System (WATSTORE) provides access fo r  
subscribers t o  USGS records describing act ive stream gaging s i t e s  and 
tapes o f  daily flow values. Other computerized data bases, such as 
the U. S .  Environmental Protection Agency's STORET system, can provide 
useful information on histor ical  stream flows. Customized s t a t i s t i c a l  
summaries of stream flow records are  a lso often available through 
regional USGS off ices  a t  minimal charge. The types o f  hydrologic data 
required for  some instream flow assessments a re  often similar t o  those 
required for  the design o f  reservoirs and hydroelectric faci'l i t i e s .  

The choice of an appropriate s t a t i s t i c  for  describing the flow 
regime a t  a potential hydropower s i t e  i s  very i m  or tant  t o  instream 
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f low assessment. Because o f  t h e  skewed nature o f  stream f l o w  events, 
t h e  mean discharge i s  an u n r e l i a b l e  measure o f  c e n t r a l  tendency, 
e s p e c i a l l y  f o r  the  purposes o f  represent ing t h e  environment o f  aquat ic  
b i o t a .  The median i s  a b e t t e r  measure o f  c e n t r a l  tendency w i t h  
frequency est imates and p e r c e n t i l e  f lows being p r e f e r a b l e  f o r  
descr ib ing  t h e  n a t u r a l  v a r i a t i o n  i n  stream f lows. However, t h e  
procedures used t o  c a l c u l a t e  f l o w  d u r a t i o n  curves can a l s o  have a 
s i g n i f i c a n t  e f f e c t  on instream f l o w  analyses and f i n a l  
recommendations. 

Flow d u r a t i o n  curves e x h i b i t  a cons is ten t  t r e n d  o f  becoming 
f l a t t e r  (more uni form) as t h e  i n t e r v a l  over which f l o w  data are 

c o l l e c t e d  becomes longer  (e.g., L i n s l e y  and Franz in i  1972; Fig. 3-2).  
Consequently, i f  l o n g  i n t e r v a l s  a r e  used (e.g., f l o w  d u r a t i o n  
c a l c u l a t e d  on mean annual f laws),  r e l a t i v e l y  l e s s  v a r i a t i o n  i n  f l o w  
cond i t ions  w i l l  be obvious and h igher  instream f l o w  recommendations 
may r e s u l t .  Flow d u r a t i o n  curves used f o r  instream f l o w  
recommendations should be based on stream f l o w  data der ived over 
monthly o r  s h o r t e r  i n t e r v a l s  t o  represent t h e  type o f  environmental 
v a r i a t i o n  t o  which f i s h  populat ions respond and are adapted. I n  
h i g h l y  regu la ted  streams, d a i l y  o r  even hour ly  records may be 
necessary t o  cons t ruc t  an accurate representa t ion  o f  f l o w  v a r i a t i o n s .  
The s i z e  o f  t h e  upstream watershed, which s t r o n g l y  in f luences  f l o w  
v a r i a b i l i t y  ( i . e . 9  l a r g e  basins have more s t a b l e  f l o w  pat te rns ,  so 

longer  averages may be acceptable), i s  a l s o  impor tant  i n  s e l e c t i n g  an 
appropr ia te t ime i n t e r v a l .  

V a r i a b i l i t y  i n  stream f l o w  occurs n a t u r a l l y  bath between and 
w i t h i n  annual cyc les.  The seasonal v a r i a t i o n  a t  a p r o j e c t  s i t e  can be 
accounted f o r  by separat ing instream f l o w  recommendations i n t o  
seasonal i n t e r v a l s .  Th is  approach leads t o  a regimen o f  instream f l o w  
recommendations t h a t  w i l l  p r o t e c t  complete l i f e  cyc les o f  aquat ic  
b i o t a  (see Sect. 4.1, i t e m  3) .  
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Fig.  3-2. Flow-duration curves ca lculated on d i f f e r e n t  flow 
s t a t i s t i c s  f o r  Cherry Creek near Hetch Hetchy, 
C a l i f o r n i a ,  1941-1950 (Redrawn from Linsley and 
Franzini  1972, w i th  permission from McGraw-Hill, Inc . ) .  
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3.2.2 Transect Data 
With the exception of the discharge approaches, all assessment 

methods will require some level of field survey work. This 
site-specific description of the physical stream environment cain range 
from a single site visit in which a critical transect is identified 
and a transverse depth/velocity profile is taken (i.e., R-2 Cross or 
some other stage-discharge rating method) to multiple site visits 
involving detailed field surveying and discharge measurements at many 
transects. The manpower costs of these different levels o f  effort may 
differ by an order of magnitude or  more (see Sect. 3 . 3 . 3 ) .  The skills 
and expertise of the personnel involved in collecting these data will 
also have to match or exceed the requirements of the particular 
method. 

Assessment methods requiring the most intensive field surveys are 
those which develop two-dimensional maps of the streambed (i.e., WSP 
applications, preferred area methods, and PHABSIM). The data elements 
which must be collected prior to applying these methods are (1) 
location and elevation of headstakes marking the ends of each 
transect, (2) elevations and distances separating each set o f  
headstakes, ( 3 )  water surface elevation at each transect throughout 
the reach (assuming steady flow), (4) cross-sectional profile o f  bed 
elevation across each transect, including the bank out of the water, 
( 5 )  discharge measurement at each transect, and (6) bottom substrate 
and/or cover characterization across each transect (Bovee and Milhous 
1978). The use of PHABSIM with the IFG-4 method of hydraulic 
simulation de-emphasizes the need to link transects and headstakes 
together but requires discharge measurements at two or more flow 
conditions (Sect. 2.8). A relatively high proficiency with surveying 
techniques is required to establish elevations and headstake locations 
within the necessary accuracy (k0.3 cm for headstakes and water 
surface elevations; lt3 cm for bed cross-sections). Results from a 
comparative study o f  instream flow methods in 12 western states 
indicate that acceptable proficiency of field crews was obtained after 



68 

two o r  th ree  app l i ca t i ons  o f  PHABSIM (R. Giger,  personal 
communi c a t i  on). 

Procedures f o r  discharge measurements have been w e l l  es tab l i shed 
by USGS and o ther  federa l  agencies responsib le  f o r  water resources 
management (Buchanan and Somers 1968, Bovee and Milhous 1978). A s e t  
o f  depth and v e l o c i t y  measurements a re  taken a t  i n t e r v a l s  across a 
t ransec t ,  and discharge i s  ca l cu la ted  as 

n n 
Q = 2 qi = 2 (vi wi d i ) ’  

i = l  i = l  
(3-3) 

where Q = t o t a l  d ischarge through the  cross sect ion,  
= discharge through a p a r t i a l  sec t i on  o f  the  cross 

v = mean water column v e l o c i t y  i n  the  ith sect ion,  
w = w id th  o f  the  ith sect ion ,  
di = depth o f  t h e  ith sect ion,  and 

q i  
sect ion,  

i 
i 

n = t o t a l  number o f  subsections i n  the  cross sect ion.  

Standard procedures have been es tab l i shed by the  USGS determinat ion o f  
t he  maximum s i z e  o f  subsections, c a l c u l a t i o n  o f  vi, and care and use 
o f  c u r r e n t  meters. For accurate discharge measurements, f o r  example, 
t he  gu ide l i ne  o f  q. < 8.05 * Q f o r  a l l  i should be fol lowed. 

1 -  

3,2.3 Hab i ta t  C r i t e r i a  
The development o f  h a b i t a t  c r i t e r i a ,  u s u a l l y  i n  the  form o f  

s u i t a b i l i t y  func t ions  f o r  depth, v e l o c i t y ,  subst rate,  and cover, a re  
associated p r i m a r i l y  w i t h  h igh  r e s o l u t i o n  methods such as the  
Incremental Methodology. This  in fo rmat ion  i s  r e a d i l y  a v a i l a b l e  f o r  
western, coldwater species (Giger 1973, Bovee 1978). With the  
inc reas ing  emphasis on instream f l o w  needs i n  the  eastern Uni ted 
States,  h a b i t a t  preference data a re  beginning t o  become a v a i l a b l e  f o r  
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more warmwater species (Herricks and Klopke 1980, Orth 1980, Stein et 
al. 1980, Sheppard and Johnson 1981). Although Standardized 
procedures have been developed for collection of field data and 
calculation o f  habitat suitability functions (Bovee and Cochnauer 
1977, Voos et al. 1981), this work can be extremely time-consuming. 
When habitat suitability criteria are not available for indigenous 
fish species at a site, acceptable results might be obtained from 
PHABSIM by modifying curves developed in other watersheds (e.g., 
Hilgert 1981). However, considerable caution should be exercised 
whenever curves that have been developed in the West are modified and 
applied to other areas o f  the country, particularly the Northeast, 
Middle Atlantic, and Southeast regions. 

3.3 Costs of Application 

The actual dollar costs o f  applying any particular assessment 
method wi 1 1  be i nf 1 uenced by such project-speci f ic factors as travel 
costs, experience and proficiency of personnel , and the avai labi 1 i ty 
of baseline data. However, certain generalities can be made regarding 
the relative costs o f  the various methods available for instseam flow 
assessment. These costs will vary as a function o f  the specific 
requirements for office work, field data collection, and any computer 
analysis or other data processing costs with each method. Finally, 
selection o f  an appropriate method will depend, in part, on the target 
species (and life Stages) of interest (Sect. 4 .2 .2 ) ,  and some cost may 
be incurred i n  obtaining the "baseline" biological information needed 
to determine the target species and life stages present and their 
seasonal occurrence. The cost of obtaining this information, which is 
a key element in the initial stages of any assessment, regardless of 
the method that is ultimately chosen, is not included in the analysis 
that follows. In many cases, however, selection o f  target species and 
life stages might not require new site-specific data but rather would 
be based on existing data and/or on the expertise o f  local/regional 
fisheries biologists. 
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3.3.1 Discharge Approaches 
Methods based on the  examination o f  f l o w  records (Sects. 2.1, 

2.2., 2.3) a re  the  l e a s t  expensive t o  use because the  analyses can be 
conducted w i t h o u t  a s i t e  v i s i t .  For example, the  Mantana Method 
requ i res  on ly  t h a t  t he  mean annual f l o w  a t  a p r o j e c t  s i t e  be 
ca l cu la ted  and a f i x e d  percentage o f  t h a t  s t a t i s t i c  s e t  as t h e  
inst ream f l a w  recommendation (Sect. 2.1). These types o f  assessment 
methods w i l l  usua l l y  r e q u i r e  l ess  than one man-day (Wesche and Rechard 
1980; R. Giger,  personal  communication). 

Some v a r i a t i o n  i n  t ime requirements may r e s u l t  i f  f l o w  du ra t i on  
c a l c u l a t i o n s  are  requ i red  o r  i f  s i t e  v i s i t s  a re  made t o  ob ta in  
photographs and o ther  reconnaissance data t o  support  t he  f l o w  
recommendation. Although it i s  recommended t h a t  some cursory f i e l d  
data be c o l l e c t e d  t o  subs tan t ia te  inst ream f l o w  requirements (Tennant 

1976), t he  need f o r  a s i t e  v i s i t  would e l im ina te  some o f  t h e  c o s t  
advantage o f  these methods. Requests t o  USGS f o r  customized data 
ana lys i s  may cause some t ime delay b u t  on l y  minor d o l l a r  costs.  I n  
most cases, f l o w  du ra t i on  curves w i l l  have been developed as p a r t  o f  
t he  design o f  a h y d r o e l e c t r i c  f a c i l i t y  (e.g., Dixon 1979). Other 
compl icat ions i n  c a l c u l a t i n g  an appropr ia te  f l o w  s t a t i s t i c  may a r i s e  
on regu la ted  o r  ungaged watersheds. Techniques f o r  handl ing these 
probelms are  a v a i l a b l e  and a re  n o t  excess ive ly  complex (Emmert and 
H e i t z  1979). 

3.3.2 Single-Transect, Hydrau l i c  Rat ing Approaches 
Methods t h a t  a re  based on s ing le - t ransec t  data and t h a t  develop 

some type o f  hyd rau l i c  r a t i n g  curve (e.g., depth vs discharge, o r  
wet ted per imeter  vs discharge) a re  in te rmed ia te  i n  cost .  The ana lys i s  
o f  h i s t o r i c a l  f l o w  records i s  replaced by s i t e  v i s i t s ,  some type o f  
stream survey, and s i m p l i f i e d  a n a l y t i c a l  ca l cu la t i ons .  Although 
computer sof tware,  such as IFG-1, has been developed t o  a i d  i n  da ta  
ana lys is ,  hand c a l c u l a t o r s  w i t h  programming c a p a b i l i t i e s  and graph 
paper a re  u s u a l l y  s u f f i c i e n t  f o r  these types o f  methods. 
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Estimates of manpower requirements for single-transect methods 
are one to four man-days in the field, depending on the number of 
flows observed, and less than one to three man-days in the office 
(Wesche and Rechard 1980; R. Giger, personal communication). Travel 
time, which is not included in this estimate, can be more significant 
than the time actually spent in applying the method. Also,  the 
ability to physically control stream flow (e.g., below existing dams) 
will reduce application time drastically. The past experience o f  
personnel i s  a major factor in both the time requirements and the 
success of this approach as well a5 the next. 

3.3.3 Habitat Model i ng Approaches 
As previously mentioned, application o f  multiple-transect methods 

with complete habitat rating is by far the most expensive approach for 
assessing instream flow needs. In general, it can be expected that an 
application of the Incremental Methodolgy will involve at least an 
order of magnitude more in terms of manpower requirements compared to 
the single-transect hydraulic rating approaches (Table 3-2). These 
cost estimates will again be highly variable depending on the project 
specifications and assessment needs (R.  Giger, personal 
communication). Instream flow assessments of small slow-moving 
streams which are wadable and which approach uniform flow conditions 
will be among the easiest and least expensive. 

The construction of suitability curves for target fish species 
may also be a major expense (Sect. 2.8). Development and testing of 
multivariate habitat suitability models is not within the scope of 
most environmental assessment work conducted at small-scale 
hydroelectric projects. Therefore, it is expected that application of 
the Incremental Methodology at these projects would have to rely on 
existing habitat suitability data that have been modified to represent 
local conditions, as necessary (see Hilgert 1981 for an example of 
modifying existing suitability curves; also Sect. 3 .2 .3 ) .  
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Table 3-2. Approximate manpower requirements (man-days) f o r  
a p p l i c a t i o n  o f  t he  Incremental Methodology, exc lud ing  
t r a v e l  costs.  F i e l d  crews are assumed t o  have some 
experience. 
reach c o n s i s t i n g  o f  e i g h t  t ransec ts  (K. Bovee, personal  
communication). 

Requirements a re  f o r  one representa t ive  

b 
Study phase Wadable streamsa Large r i v e r s  

Presurvey p l  anni ng 0.5-1 

F i e l d  survey' 
WSP data (1 f low)  
6FG-4 data ( 3  f laws)  

6 
15 

Data p repara t i on  
Organizat ion o f  f i e l d  notes 1 
Computer i n p u t  0 .5 

Hydrau l i c  model c a l i b r a t i o n  
WSP s imu la t i on  
IFG-4 s imu la t i on  

2 
(1 

Hab i ta t  model i ng 
Construct ion o f  s u i t a b i l i t y  curves 0.5-2 
HABTAT execut ion <I 

Flow recommendation 1 

Range f u r  t o t a l  study 10-25 

1- 2 

12 
30 

1 
0.5 

2 
(1 

0.5-2 
(1 

1 

20-40 

Optima? f i e l d  crew s i z e  i s  2 t o  3 people. a 

bOptimal f i e l d  crew s i z e  i s  3 t o  4 people. 

Surveying requirements increase by 50% i f  h igh  p r e c i s i o n  i s  requ i red  
o r  i f  cover i s  inc luded as an element o f  phys ica l  hab i ta t .  
assumes o n l y  one s e t  o f  t ransec t  data w h i l e  IFG-4 requ i res  data se ts  
f r o m  th ree  d i f f e r e n t  discharges. WSP modeling may r e q u i r e  more data 
se ts  t o  cover the  e n t i r e  range o f  f l o w  cand i t ians .  

d# inor  m o d i f i c a t i o n  o f  e x i s t i n g  curves and/or consul t a t i o n  w i t h  
f i s h e r i e s  experts.  
e a s i l y  double study cos ts  because o f  the  extens ive f i e l d  work 
requi red.  

C 

WSP 

Creat ion o f  completely new s u i t a b i l i t y  data can 
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Data processing costs associated with these habitat modeling 
approaches need not be excessive but do require some expertise in 
computer programming. Also, past experience ha5 shown that some 
minimal level of proficiency in the use o f  PHABSIM is necessary to 
obtain good results (R. Giger, personal communication). For a 
five-transect reach with 20 cells per transect and six extrapolated 
flows, Wegner (1980) estimates that computing charges on the Colorado 
State University CYBER computer would average $5.00 for IFG-4 
hydraulic simulations, $7-00 for WSP hydraulic simulations, and less 
than $10.00 for a single-species HABITAT (IFG-3) run for five life 
stages. Access to the PHABSIM software i s  available commercially 
through the Boeing EKS-1 commercial computing system in more than 170 
cities in the United States (Wegner 1980). Many government agencies 
can obtain access to PHABSIM through the computer system operated by 
the Water and Power Resources Service at Colorado State University. 
At the present time, this software is compatible only with Control 
Data Corporation NOS operating systems. 

3 .4  Decision-Making Capabilities 

As referred to in this section, decision-making capabilities 
refer to the manner in which the data obtained from the application o f  
a paticular method are used to generate a final recommendation for 
instream flow regimes. Unfortunately, this capability is one o f  the 
most important, and most frequently neglected, aspects of the 
assessment of instream flow needs. For example, the only reference in 
the accessible literature that approaches an explicit set o f  
directions for using the Incremental Methodology output to generate 
instream flow recommendations is a short example by Stalnaker (1979b). 
Reasons for this lack of guidance may include (1) unsettled legal 
status of instream water uses throughout the United States, (2) 
reluctance of water managers to fully integrate environmental quality 
into multiobjective water resource planning, and/or (3)  hesitancy of 
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b i o l o g i s t s  t o  depend on t e n t a t i v e  assumptions t h a t  may r e q u i r e  f u r t h e r  
i n v e s t i  g a t i  on. 

With the  poss ib le  except ion o f  the  discharge approaches, a l l  the  
methods develop some type o f  response r e l a t i o n s h i p  between a 
d e s c r i p t i v e  parameter o f  h a b i t a t  c o n d i t i o n  and stream f low. With t h e  
Incremental Methodology, t h i s  habi tat-response in fo rmat ion  i s  
compl icated by the  need t o  consider m u l t i p l e  t ime per iods and m u l t i p l e  
t a r g e t  species and t h e i r  l i f e  stages. Without some s e t  o f  
standardized informat ion-processing procedures, i t  i s  very easy t o  
reach a p o i n t  a t  which the  ou tpu t  becomes overwhelming and even 
obscures any f i n a l  recommendation. Furthermore, an assessment method 
should be considered incomplete w i thou t  these i n t e g r a t i n g  procedures 
(Sale 1980). 

Some o f  the  techniques a v a i l a b l e  f o r  s e l e c t i n g  minimum discharge 
p o i n t s  from habi tat-response curves a re  c l e a r l y  b e t t e r  than others. 
The " i n f l e c t i o n  p o i n t "  techniques used w i t h  the  R-2 Cross, WISP, and 
usable w id th  methods are i l l - d e f i n e d  and can lead  t o  ambiguous 
analyses. ?he shape o f  a wetted per imeter  vs discharge response curve 
and the  presence o f  an i n f l e c t i o n  p o i n t  i s  dependent upon the  

cross-sect ional  c o n f i g u r a t i o n  o f  t he  stream channel (Fig. 3-3). 
Examination o f  these curves and the  " i n f l e c t i o n  po in ts "  chosen t o  
generate an instream f low recommendation o f t e n  leaves an o b j e c t i v e  
reviewer b a f f l e d  by the  c r i t e r i o n  t h a t  was used (e.g., Nelson 1980, 
P r e w i t t  and Carlson 1979, P r u i t t  and Nadeau 1978). Use o f  t h i s  
technique can c rea te  r a t h e r  than a1 l e v i a t e  controversy over water 
a l l o c a t i o n  needs. 

Hab i ta t - re ten t i on  c r i t e r i a  are much less  ambiguous than 
i nf  1 e c t i  on-poi n t  c a l  c u l  a t i  ons and are  p re fe rab l  e because the  Val ue 
judgments a re  c l e a r  and r e l a t i v e l y  more defens ib le .  I f  methods t h a t  
base h a b i t a t  r e t e n t i o n  ca l cu la t i ons  on some reference stream f l ow  are  
used, then j u s t i f i c a t i o n  should be prov ided concerning the  
s ign i f i cance  of t h a t  datum po in t .  F i n a l  recommendations w i l l  a l so  
have t o  be defens ib le  from the  p o i n t  o f  view o f  why a s p e c i f i c  
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Fig. 3-3. Relationship between channel cross- 
sectional p r o f i l e  and the shape of the 
wetted perimeter (P) vs discharge (Q) curve 
( f rom Bovee and M i  1 hous 1978). 



percentage o f  the  reference h a b i t a t  c o n d i t i o n  i s  desi rab le.  Given the  

p resen i  understanding o f  aquat ic  ecosystem dynamics, these 
h a b i t a t - r e t e n t i o n  c r i t e r i a  w i l l  usua l l y  have t o  be based on t h e  
sub jec t ive  impressions o f  f i s h e r i e s  b i o l o g i s t s .  

I n  a d d i t i o n  t o  t h e i r  use i n  s e t t i n g  absolute minimum thresholds,  
habi ta t -d ischarge response curves can be used as value func t ions  i n  
e i t h e r  a formal o r  in formal  op t im iza t i on  procedure. The n e g o t i a t i o n  
framework most commonly encountered i n  water a l l o c a t i o n  c o n f l i c t s  
would be an example o f  an in formal  op t im iza t i on  procedure (Wassenberg 
e t  a l .  1979, Lamb and Sweetman 1979, White e t  a1. 1980). The I F G  has 
a g rea t  deal o f  p r a c t i c a l  experience regard ing the  type o f  
negot ia t ions  invo lved i n  ob ta in ing  instream f l ow  a l l o c a t i o n s  from 
federa l  water p ro jec ts .  

Formal op t im iza t i on  t o  ob ta in  instream f l ow  a l l o c a t i o n s  r e f e r s  t o  
the  a p p l i c a t i o n  o f  water resource systems ana lys is  models w i t h  the  
habi tat-response func t ions  (WUA vs discharge) used e i t h e r  as 
ob jec t ives  o r  cons t ra in ts .  Opt im iza t ion  models have a l ready been 
app l i ed  t o  the  design and operat ion o f  water p r o j e c t s  f o r  t he  purposes 
o f  improving water y i e l d ,  power generat ion,  f l o o d  p ro tec t i on ,  and 
economic e f f i c i e n c y .  L inear  programming and dynamic programming 
models are h i g h l y  e f f i c i e n t  i n  analyz ing the  t r a d e o f f s  invo lved w i t h  
water a l l o c a t i o n  issues. Sale (1980) demonstrated how the  
habi tat-response curves cou ld  be u t i l i z e d  as o b j e c t i v e  func t ions  i n  a 
non l inear  programming model t o  improve the  performance o f  a 
mult ipurpose r e s e r v o i r  i n  cen t ra l  I l l i n o i s .  This type o f  modeling 
approach, combined w i t h  mu1 t i o b j e c t i v e  op t im iza t i on  techniques and 
f u r t h e r  research, can be very use fu l  i n  f i n d i n g  opera t ing  r u l e s  which 
p r o t e c t  instream values a f f e c t e d  by water development systems, 
i n c l u d i n g  hyd roe lec t r i c  f a c i l i t i e s .  I n i t i a t i v e s  i n  these areas are  
c u r r e n t l y  being pursued bo th  a t  ORNL and by t h e  IFG. 
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4. CONCLUSIONS AND RECOMMENDATIONS 

The need f o r  water t o  generate e l e c t r i c i t y  o f t e n  c o n f l i c t s  w i t h  
o the r  inst ream f l o w  needs, such as recrea t ion ,  aes the t ics ,  water 
q u a l i t y ,  and f i s h  and w i l d l i f e  hab i ta t .  With the  recent  emphasis on 
the  development o f  small hydropower resources, these c o n f l i c t s  may 
i n t e n s i f y .  Resolut ion o f  t he  problem w i l l  l i k e l y  focus on t r a d e o f f s  
between water needed f o r  h y d r o e l e c t r i c  generat ion and water requ i red  
f o r  t he  p r o t e c t i o n  o f  f i s h e r i e s .  Although many methods have been 
developed i n  the  West over the  pas t  10 t o  15 years t o  assess instream 
f l o w  needs r e l a t e d  t o  f i s h e r y  resources, very l i t t l e  i s  known about 

t h e i r  a p p l i c a b i l i t y  t o  watersheds w i t h  d i f f e r e n t  hydro log ic  
c h a r a c t e r i s t i c s .  Our examination o f  the  instream f l ow  issue has been 
d i r e c t e d  toward a rev iew (Sect. 2.0) and eva lua t i on  (Sect. 3.0) o f  
these e x i s t i n g  methods. The r e s u l t s  o f  t h i s  ana lys is  have l e d  t o  
(1) several  general conclusions regard ing  the  instream f l o w  issue 
(Sect. 4.1) and (2) a proposed s t ra tegy  t o  a s s i s t  developers o f  
smal l -sca le h y d r o e l e c t r i c  p r o j e c t s  i n  assessing the  issue a t  a g iven 
s i t e  (Sect. 4.2). 

1. 

4.1 General Conclusions 

The p o t e n t i a l  f o r  c o n f l i c t  between water needed f o r  

h y d r o e l e c t r i c  generat ion and t h a t  requ i red  f o r  o ther  
inst ream uses, e s p e c i a l l y  maintenance o f  f i s h  and 
w i l d l i f e  h a b i t a t ,  - must be assessed i n  the  i n i t i a l  
stages o f  p r o j e c t  p lann ing  and development ( i . e .  , i n  
t h e  f e a s i b i l i t y  study). Consu l ta t ion  w i t h  personnel i n  
the  appropr ia te  l o c a l ,  s ta te ,  and federal  agencies o r  
o rgan iza t ions  i s  an impor tant  component i n  t h i s  
as ses smen t . 
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2. Using t h e  methods c u r r e n t l y  ava i lab le ,  i t  i s  d i f f i c u l t ,  
i f  no t  impossible, t o  generate an absolute th resho ld  
f o r  instream releases needed t o  p r o t e c t  instream 
resources. That i s ,  a l l  t h e  methods have an element o f  
s u b j e c t i v i t y .  Profess ional  judgment must be exercised 
i n  fo rmula t ing  t h e  ac tua l  recommendation (Sect. 3.4). 
The methods should be viewed as t o o l s  t h a t  a s s i s t  i n  or 
prov ide a bas is  f o r  decision-making. 

3.  The instream f l o w  recommendation should be based on an 
annual d ischarge regime. Di f ferences between seasons 
o f  t h e  year  are considered by vary ing  t h e  
recommendation through t h e  year. The v a r i a b i l i t y  i n  
discharge between years, on t h e  o ther  hand, can be 
taken i n t o  account by e s t a b l i s h i n g  recommendations 
based on normal and dry years. I n  shor t ,  use o f  a 
s i n g l e  minimum f l o w  value ( the  th resho ld  concept) t o  
represent  t h e  instream f l o w  recommendation i s  n o t  
adv isable because (1) t h e  minimum f l o w  becomes the  
average c o n d i t i o n  as a d d i t i o n a l  water i s  appropr ia ted 
out-of-stream (Sta l  naker 1979a, b) and (2) t h e  assump- 
t i o n  t h a t  o n l y  f lows below t h e  minimum w i l l  be d e t r i -  
mental i s  o f t e n  n o t  v a l i d  (U.S. F i s h  and W i l d l i f e  
Service 1979). Thus, t h e  7410 s t a t i s t i c  should n o t  be 
recommended as t h e  s i n g l e  minimum f l o w  needed t o  
p r o t e c t  f i s h  and w i l d l i f e  h a b i t a t  (Sect. 3.1.1). 

4.2 Guidel ines f o r  Assessing Instream Flow Needs Related t o  
F ishery Resources a t  Small-Scale Hydropower S i t e s  

Based on the  review and eva lua t ion  o f  e x i s t i n g  instream f l o w  
assessment methods presented i n  Sections 2.0 and 3.0, respec t ive ly ,  a 
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s t r a t e g y  was developed f o r  addressing instream f l o w  issues a t  small  
hydropower s i t e s .  The s t r a t e g y  represents a h i e r a r c h i c a l  approach and 
i s  de l ineated  i n  t h i s  s e c t i o n  o f  the  r e p o r t  by bo th  explanat ion and 
example. The h ie rarchy  cons is ts  o f  f o u r  c lasses o f  methods ( o r  l e v e l s  
o f  analys is)  t h a t  d i f f e r  i n  t h e  degree o f  r e s o l u t i o n  prov ided (Sect. 
4.2.1). Consequently, s e l e c t i o n  o f  t h e  most appropr ia te  method i s  
dependent upon t h e  l e v e l  o f  r e s o l u t i o n  requi red.  C r i t e r i a  a re  
proposed t o  a s s i s t  developers i n  t h i s  determinat ion (Sect. 4.2.2). 
F i n a l l y ,  implementation o f  t h e  h i e r a r c h i c a l  approach i s  examined by 
p r o v i d i n g  examples t o  i l l u s t r a t e  t h e  assoc ia t ion  between se lected 
c r i t e r i a  and a g iven l e v e l  o f  ana lys is  (Sect. 4.2.3). 

A s i m i l a r  a n a l y t i c a l  approach t o  t h a t  proposed f o r  assessing 
instream f l o w  needs was recommended by Cairns (1980) t o  assess t h e  
r i s k  associated w i t h  chemical p o l l u t a n t s .  I n  t h e  l a t t e r  case, 
sequent ia l  t e s t s  (e.g., Le5* determinat ions,  chronic  t o x i c i t y  tes ts ,  
l i f e  c y c l e  s tud ies,  e tc . )  a re  performed i n  screening chemicals t o  
eualuate t h e i r  p o t e n t i a l  hazard i n  t h e  environment. These t e s t s  a r e  
arranged i n t o  t i e r s  f o r  t h e  purpose o f  p rogress ive ly  narrowing t h e  
confidence i n t e r v a l s  around t h e  concentrat ion o r  exposure l e v e l  
associated w i t h  "no adverse b i o l o g i c a l  e f f e c t s .  'I Unl ike  t h e  f i e l d  o f  
water q u a l i t y  assessment where b i o l o g i c a l  thresholds are o f t e n  
e x p l i c i t l y  i d e n t i f i e d ,  water q u a n t i t y  o r  stream f l o w  assessments are 
based on thresholds t h a t  have been i m p l i c i t l y  i d e n t i f i e d ;  i .e . ,  t h e  
ex is tence o f  such a b i o l o g i c a l  th resho ld  associated w i t h  stream f l o w  
i s  i m p l i e d  whenever an assessment o f  instream f l o w  needs i s  performed. 
Meverthel ess , t h e  bas ic  approach i n eval  u a t i  ng bo th  water qual i ty  and 
q u a n t i t y  issues i s  s i m i l a r  and can be based on a h i e r a r c h i c a l  scheme 
t h a t  prov ides grea ter  r e s o l u t i o n  a t  t h e  h igher  t i e r s  o r  l e v e l s  o f  
i n v e s t i g a t i o n .  Such an a n a l y t i c a l  approach was a l s o  proposed f o r  
eva lua t ing  watershed processes, sedimentation, and water q u a l i t y  as 
p a r t  o f  t h e  o v e r a l l  IFG Incremental Methodology (Mar e t  a l .  1979, 
Simons e t  a1 . 1979). 
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4 .2 .1  Levels o f  Analys is  
The h i e r a r c h i c a l  approach proposed f o r  eva lua t i ng  instream f l o w  

needs a t  smal l -sca le hydropower s i t e s  inc ludes f o u r  l e v e l s  o f  ana lys is  
which d i f f e r  i n  (1) data needs, (2) cos t ,  and (3) l e v e l  o f  r e s o l u t i o n  
associated w i t h  instream f l ow  recommendations (Fig.  4-1). 

The f i r s t  l e v e l  (Level I )  u s u a l l y  requ i res  no s i t e - s p e c i f i c  f i e l d  
work (but  see Sect. 3 . 3 ) ,  on ly  an eva lua t i on  o f  stream f l o w  
s t a t i s t i c s .  Because e x i s t i n g  data a re  used, costs  a re  very low. On 
the  o ther  hand, a r e l a t i v e l y  l a r g e  p o s s i b i l i t y  f o r  e r r o r  e x i s t s  i n  the  
s e l e c t i o n  o f  t he  instream f l ow  requirement ( i n  e i t h e r  d i r e c t i o n  from 
the  "optimum"), because s i t e - s p e c i f i c  f a c t o r s  r e l a t e d  t o  h a b i t a t  
requirements are e i t h e r  ignored o r  considered on ly  i n  very general 
terms. Level I - t ype  analyses were used f o r  reconnaissance purposes t o  
assess inst ream f l ow  needs a t  bo th  the  na t i ona l  (Bayha 1978) and 
reg iona l  l e v e l s  (Washington Sta te  Department o f  Ecology 1979; U.S.  
F ish  and W i l d l i f e  Serv ice 1981). Flow du ra t i on  ana lys is  coupled w i th  
instream f l o w  recommendations t h a t  a re  based on seasonal p e r c e n t i l e  
f lows i s  the  p r e f e r r e d  method a t  t h i s  l e v e l .  

The next  l e v e l  o f  ana lys i s  requ i res  a r e l a t i v e l y  modest amount o f  

f i e l d  work ( t ransec t  surveying) a t  t he  proposed hydropower s i t e .  
Consequently, cos ts  a re  somewhat g rea ter  than f o r  Level I ,  b u t  t h e  
r e s o l u t i o n  i s  higher.  A hyd rau l i c  r a t i n g  method, such as R-2 Cross, 
IFG-1,  o r  IFG-4 w i t h  on l y  one t ransec t  and no h a b i t a t  s u i t a b i l i t y  
(HABTAT) analyses, i s  t he  appropr ia te  choice a t  t h i s  l e v e l .  The 
dependent v a r i a b l e  ( p l o t t e d  as a f u n c t i o n  o f  stream f law)  would be a 
hyd rau l i c  parameter such as maximum depth o r  wet ted per imeter.  
Although the  l e v e l  o f  r e s o l u t i o n  i s  h igher  than Level I ,  the  inst ream 
f l o w  recommendations produced a t  t h i s  l e v e l  o f  ana lys is  would no t ,  i n  
most cases, be based on a d e t a i l e d  knowledge o f  the  h a b i t a t  
requ i  rements o f  any spec; es. Instead,  Level I I  recommendations would 

be d i r e c t e d  a t  p reserv ing  general hyd rau l i c  cond i t i ons  i n  e c o l o g i c a l l y  
s i g n i f i c a n t  areas a f f e c t e d  by f l o w  regu la t ion .  
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ORNL - W S  15911 R 

METHODS 

I )  DISCHARGE RECORDS 
I I )  HYDRAULIC RATING 
I l l )  HABITAT RATING 
I V )  BIOLOGICAL RESPONSE 

RESOLUTION ---+ 
DATA NEEDS- 
COST --+ 

Fig. 4-1. Four levels o f  analysis for assessing instream f l o w  needs at 
small-scale hydroelectric sites. Existing methods fall into 
a hierarchical arrangement with progressively greater 
resolution, data needs, and costs. 
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The t h i r d  l e v e l  of ana lys is  requ i res  h a b i t a t  evaluat ions t h a t  are 
based on species-speci f ic  requirements ( h a b i t a t  s u i t a b i l i t y  curves), 
representa t ive  reach mapping us ing m u l t i p l e  t ransects ,  and t h e  
development of h a b i t a t  vs discharge response curves. The grea ter  data 
needs associated w i t h  Level I11 analyses w i l l  s i g n i f i c a n t l y  increase 
t h e  c o s t  compared w i t h  Levels I and 11. Costs f o r  Level I11 analyses 
can vary considerably,  depending on (1) s i z e  and discharge 
c h a r a c t e r i s t i c s  o f  stream and r i v e r  and (2) need f o r  s i t e - s p e c i f i c  
data t o  devel op/modify h a b i t a t  s u i  t a b i  1 i ty  curves (see Sect. 3.2). 

The f o u r t h  l e v e l  of analys is ,  which i s  c u r r e n t l y  i n  t h e  
research-and-development stage, would employ eco log ica l  modeling 
techniques t o  i n v e s t i g a t e  and p r e d i c t  b i o l o g i c a l  responses t o  f l o w  
regu la t ion .  Responses could be evaluated a t  any one o f  several l e v e l s  
o f  o rgan iza t ion  (e.g., surv ivorsh ip  o r  fecund i ty  o f  i n d i v i d u a l s ,  
product ion o f  a g iven species, a l t e r a t i o n s  i n  f i s h  community 
s t r u c t u r e ,  changes i n  ecosystem s t r u c t u r e  and funct ion) .  E f f o r t s  t o  
develop a f i s h  popu la t ion  model t h a t  inc ludes parameters such as WUA 
(Sect. 2.8) were r e c e n t l y  i n i t i a t e d  by the  Susquehanna River  Basin 
Commission (Wi l l iams 1980). Patten e t  a l .  (1979) recommended t h a t  t h e  
Incremental Methodology inc lude several  parameters, i n  a d d i t i o n  t o  t h e  
e x i s t i n g  phys ica l  var iab les  (e.g., v,  d, s), t h a t  r e f l e c t  chemical and 
b i o l o g i c a l  processes o f  ecosystems, n o t i n g  t h a t  the  existence and 
s t a t u s  o f  f i s h e r i e s  i s  r e l a t e d  t o  the  s ta tus  o f  stream ecosystems. 
Recognizing t h e  present "s ta te -o f - the-ar t "  i n  understanding and 

modeling stream ecosystems, and g iven t h e  complexi ty and c o s t  o f  
modeling b i o l o g i c a l  responses i n  general,  Level I V  analyses would be 
beyond t h e  scope o f  the  type o f  environmental assessment u s u a l l y  
associated w i t h  smal l -scale h y d r o e l e c t r i c  p r o j e c t s .  U n t i l  the  t o o l s  
needed t o  quant i f y /p red ic t  these responses can be developed, a Level 

1x1 ana lys is  prov ides t h e  grea tes t  l e v e l  o f  r e s o l u t i o n  f o r  i d e n t i f y i n g  
t h e  instream f l o w  needs o f  aquat ic  b i o t a .  Modeling coupled w i t h  t h e  
appropr ia te f i e l d  experiments could, nevertheless, prov ide valuable 
i n s i g h t s  t o  t h e  b i o l o g i c a l  consequences o f  f l o w  regu la t ion .  
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4.2.2 C r i t e r i a  f o r  Se lec t i ng  Among Levels 
Although numerous methods c u r r e n t l y  e x i s t  f o r  assessing instream 

f low needs r e l a t e d  t o  f i s h e r y  resources, t he re  i s  no general consensus 
regard ing  t h e i r  a p p l i c a b i l i t y  among watersheds w i th  d i f f e r e n t  phys ica l  
and hydro log ic  c h a r a c t e r i s t i c s .  I n  s p i t e  o f  t h e  comparative s tud ies  
conducted by t h e  U.S. F i s h  and W i l d l i f e  Serv ice (R. Giger, personal 
communication), n o t  enough experience has been obta ined i n  eva lua t i ng  
several methods on t h e  same stream a t  t he  same time. Consequently, 
our i n i t i a l  a t tempt  t o  r i g o r o u s l y  def ine l i m i t s  on the  a p p l i c a b i l i t y  
of t h e  methods presented i n  Sect ion 2.0 was unsuccessful. However, 
t he  methods can be ca tegor ized  i n t o  t h r e e  major groups according t o  
t h e  l e v e l  o f  r e s o l u t i o n  associated w i t h  t h e i r  i n s t r e a n  f l o w  
recommendations. Given the  "s ta te -o f - the -a r t "  o f  t he  methods a t  each 
l e v e l  o f  ana lys i s  (e.g., most have n o t  been app l i ed  i n  t h e  East where 
water q u a l i t y  problems are l i k e l y  t o  be more s i g n i f i c a n t  than i n  t h e  
West), i t  i s  very d i f f i c u l t  t o  s p e c i f y  e x a c t l y  what l e v e l  o f  
r e s o l u t i o n  i s  assoc iated w i t h  - each of t h e  methods discussed i n  
Sections 2.0 and 3.0. Thus, we chose t o  i d e n t i f y  several groups o f  
methods t h a t  d i f f e r  i n  t h e  l e v e l  of r e s o l u t i o n  provided. From t h i s  
hierarchy, gu ide l i nes  i n  the  form of c r i t e r i a  can be es tab l i shed f o r  
determin ing t h e  l e v e l  o f  r e s o l u t i o n  requ i red  a t  a g iven s i t e  o r  
p r o j e c t .  

I ns tead  o f  p r o v i d i n g  an exhaustive l i s t  o f  c r i t e r i a  t h a t  inc ludes  

economic, i n s t i t u t i o n a l ,  and environmental f ac to rs ,  we focused on t h e  
na ture  and magnitude o f  t h e  p o t e n t i a l  environmental impacts associated 
w i th  changes i n  t h e  e x i s t i n g  hydro log ic  regime a t  smal l -scale 

h y d r o e l e c t r i c  s i t e s .  The degree o f  impact i s  in f luenced by the  design 
and opera t i on  o f  t he  f a c i l i t y  ( t he  causat ive agent) and t h e  na ture  o f  
t h e  eco log i ca l  resources i n  t h e  stream o r  r i v e r  ( t he  a f f e c t e d  agent). 
Thus, t h e  l e v e l  of ana lys i s  ( o r  t h e  degree o f  p r e c i s i o n  associated 
wi th  t h e  est imate of instream f low needs) t h a t  i s  se lec ted  i s  a p o l i c y  
dec i s ion  t h a t  should be based on an eva lua t i on  o f  several f a c t o r s  
( c r i t e r i a )  t h a t  are the  pr imary determinants o f  t h e  nature and 
magnitude o f  t h e  environmental impacts. 
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The design o f  smal l -sca le hyd roe lec t r i c  f a c i l i t i e s  can a f f e c t  
stream f l ow  i f  the  powerhouse i s  no t  loca ted  a t  the  dam. The use o f  
long  penstocks o r  canals t o  ga in  a d d i t i o n a l  head can r e s u l t  -in per iods  
of very  low o r  no f l ow  i n  t h a t  reach o f  the  stream between the  dam and 
the  confluence o f  the  t a i l r a c e  w i t h  the  r i v e r  (Sect. 1.3). The f l o w  
regime can be f u r t h e r  a l t e r e d  i f  the  f a c i l i t y  i s  operated i n  a peaking 
mode. P ro jec ts  operated s t r i c t l y  i n  a r u n - o f - r i v e r  mode, on the  o ther  

hand, would no t  a l t e r  t he  f l ow  regime downstrea o f  the  p r o j e c t  
because no change i n  r e s e r v o i r  storage would occur. Thus, t h e  
p o t e n t i a l  impacts on downstream aquat ic  ecosystems cou ld  range from 
negl i g i  b l  e f o r  r u n - o f - r i  ver  p r o j e c t s  w i thou t  canal s o r  penstocks t o  
p o t e n t i a l l y  s i g n i f i c a n t  i n  the  case o f  peaking f a c i l i t i e s  t h a t  are 
designed w i t h  1 ong headraces. 

I n  assessing the  p o t e n t i a l  impacts o f  smal l -sca le hyd roe lec t r i c  
p r o j e c t s  on instream uses (e.g., f i s h  and w i l d l i f e  hab i ta t ) ,  t he  
eco log ica l  c h a r a c t e r i s t i c s  o f  the  stream o r  r i v e r  must a l so  be 
considered. Some o f  the  most impor tant  aquat ic  resources are 
threatened o r  endangered species o r  t h e i r  c r i t i c a l  h a b i t a t ,  and 
anadromous f i s h  species which prov ide  impor tant  commercial and s p o r t  
f i s h e r i e s  ( @ . g o ,  P a c i f i c  salmon i n  the  Northwest) o r  a re  the  focus o f  
r e s t o r a t i o n  programs (e.g. ,  A t l a n t i c  salmon and American shad i n  the  
Northeast) .  Q the r  migra tory  species, such as wal leye o r  whi te  bass, 
o f t e n  u t i l i z e  the  t a i l w a t e r s  below dams and prov ide  impor tant  
rec rea t i ona l  f i s h e r i e s .  The s e l e c t i o n  o f  t a r g e t  species should a l so  
inc lude eva lua t ion  o f  t h e i r  temporal ( l i f e - c y c l e )  requirements; i . e . ,  

c r i t i c a l  l i f e  stages should be considered. To i d e n t i f y  the  
s i g n i f i c a n t  aquat ic  resources, which i n  some cases may be an e n t i r e  
stream o r  watershed r a t h e r  than a p a r t i c u l a r  f i s h e r y  o r  species 
popul a t i on ,  personnel i n the appropr ia te  1 oca1 ~ s t a t e  and/or federa l  
agencies and organ iza t ions  should be consul ted du r ing  the  e a r l y  stages 
o f  p r o j e c t  p lanning and development. 
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4.2.3 Applications 
To illustrate the application o f  the hierarchical approach in 

assessing instream flow needs at small hydropower sites, two case 
studies (Levels I1 and 111) are described. While no specific examples 
of a Level I application are presented, this type of analysis has been 
used i n  various reconnaissance-type surveys (Sect. 4.2.1). This level 
of analysis can also be used to quickly evaluate the potential for 
conflict at a given site during the early stages o f  project planning, 
especially if the project i s  to be operated in a peaking mode. In 
these cases, a developer may not wish t o  conduct a detailed Level I1 
or I11 assessment because of time constraints. Thus, a very cursory, 
early evaluation of the potential fo r  conflict may be obtained by 
using a simple Level I-type analysis; a more detailed assessment would 
be conducted at a later stage (e.g., feasibility study). Finally, no 
examples of a Level I V  application are available, although such an 
approach was recently initiated to assess instream flow needs in the 
Susquehanna River basin (Wi 11 iams 1980). 

Case 1: Level I1 analysis" 
The Mystic Lake power project (FERC No. 2301) is an existing 

facility located an West Rosebud Creek in southcentral Montana, The 
project consists of a high-elevation storage reservoir ( 
and a powerhouse ?ocated 3.2 km below the dam. The reach between the 
dam and powerhouse is a high gradient (difference i n  elevation between 
the reservoir and powerhouse i s  343 m), coldwater stream with a 
drainage area o f  135 km2. Mean daily flow for the period o f  record is 
0.96 m3/s and ranges from 5.97 m3/s in June during snowmelt runoff to 
0.08 m3/s in the winter (January through April). Excess spillage over 
Mystic Dam normally occurs over a seven-week period in midsummer. 
Rainbow trout (Salmo gairdneri) and brown trout (S.  trutta) spawn in - -  

"Source of information: Montana Power Company (1979). 
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the  3.2-km reach, al though the  l a t t e r  species i s  con f ined t o  a 500-m 
sec t i on  j u s t  above the  powerhouse. The rec rea t i ona l  f i s h e r y  i n  t h i s  
reach i s  i n s i g n i f i c a n t .  

re leases requ i red  on West Rosebud Creek between the  dam and powerhouse 
t o  " p r o t e c t  and enhance the  f i s h e r y  resource o f  the  creek." The 
Oregon Method (Thompson 1972), o r  the  Usable Width method as descr ibed 
i n  Sect ion 2.6, was used t o  assess the  f l o w  requirements f o r  f i s h  
passage a t  c r i t i c a l  t ransec ts  (those loca ted  i n  broad shal low reaches 
t h a t  were judged t o  be c r i t i c a l  t o  the  passage o f  l a r g e  f i s h ) .  The 
assumption was made t h a t  f lows s u f f i c i e n t  f o r  f i s h  passage would a l so  
s a t i  s f y  o ther  requirements (i . e, , spawning, incubat ion,  and r e a r i  ng). 
Measurements o f  depth, v e l o c i t y ,  and width were recorded on f i v e  
occasions along each o f  th ree  t ransec ts  loca ted  i n  two general regions 
o f  the  3.2-km reach. The minimum f l o w  f o r  f i s h  passage was de f ined as 
t h a t  f l ow  which met t h e  minimum depth c r i t e r i o n  o f  0.12 m on a t  l e a s t  
25% o f  the  t o t a l  w id th  arid on a continuous p o r t i o n  equal t o  10% o f  t he  
t o t a l  width.  To ta l  w id th  was de f ined as the  stream w id th  
corresponding t o  the  mean d a i l y  f low.  

Add i t i ona l  s tud ies  were also undertaken as p a r t  o f  the  o v e r a l l  
assessment o f  instream f l o w  needs i n  West Rosebud Creek. The 
r e l a t i o n s h i p  between s /n and c ross-sec t iona l  area was examined by 
c o r r e l a t i o n  ana lys is  f o r  each o f  the  s i x  t ransects .  Manning's 
equat ion was then used t o  generate p l o t s  o f  Q vs w id th  and t o  
ex t rapo la te  t o  unobserved f lows (e.g., w e t  w i d t h  a t  the  mean d a i l y  
f low).  The f i s h e r i e s  study conducted as p a r t  o f  t he  instream f l o w  
study inc luded (1) est imates o f  s tanding crop i n  th ree  stream reaches, 
(2) length-frequency ana lys is ,  (3)  computation o f  length-weight  
re?a t ionsh ips ,  and (4) eva lua t i on  o f  c o n d i t i o n  fac to rs .  F i n a l l y ,  i t  

should be noted t h a t  t he  study was conducted w i t h  the  cooperat ion o f  
the Montana Department o f  F ish,  W i l d l i f e ,  and Parks and the  U . S .  F ish  
and W i l d l i f e  Service. Both agencies were requested t o  review the  
proposed study and were kept  informed o f  the  progress. 

An instream f l o w  study was conducted t o  determine t h e  

?i 



87 

Case 2: Level I11 analysis* 
The proposed Terror Lake hydroelectric project (FERC No. 2743) 

includes a 20-MW baseload f a c i l i t y  t ha t  would be located i n  the 
northeastern portion of  Kodiak Island, Alaska. The project would 
require the inundation of Terror Lake, a 109-ha natural lake, t o  
create a 344-ha impoundment. Up t o  90% o f  the discharge from Terror 
Lake would be diverted through a 9-km-long power tunnel/penstock t o  a 
powerhouse located i n  the Kizhuyak River basin about 5 km upstream 
from the head o f  Kizhuyak Bay. Diversion dams would also be 
constructed on four small t r ibutary streams and the flow diverted to  
the power t u n n e l .  

Pre-project mean monthly flows i n  the Kizhuyak River range from 
0.68 m3/s i n  March t o  15.72 m3/s i n  June; similar var iab i l i ty  i n  flow 
exis t s  i n  the Terror River a t  the lake out le t .  During an average 
water year, operation of the project would reduce the mean annual 
discharge near the mouth o f  Terror River by about 35% and would 
increase the mean annual discharge o f  the Kizhuyak River a t  a point 
2.5 km below the powerhouse by approximately 69%. Because of the 
diversion dams, flows i n  t h e  river above the powerhouse would be 
reduced by about 4l%. 

The project will also significantly a l t e r  seasonal stream flow 
patterns. Although flows below Terror Lake would not be modified from 
December through April, flows dur ing  the remainer of the year would be 
s ignif icant ly  reduced. Peak flows during June and July,  for  example, 
would decrease by approximately 46%. The post-project flow i n  t h e  
Kizhuyak River below the powerhouse would be approximately 5.66 m3/s 
from November through Apri I ,  compared t o  existing flows o f  0 t o  3.08 
m3/s. 

The primary fishery resources i n  both the lower Terror and 
Kizhuyak Rivers a re  pink and chum salmon (Oncorhynchus gorbuscha and 

"Source of information: 
Wilson e t  a l .  (1981). 

Federal Energy Regulation Commission (1981); 
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- -  0. keta, respectively). Both species contribute t o  an important 
commercial fishery and consti tute a s ignif icant  seasonal food resource 
o f  the Kodiak brown bear. These species enter the rivers in early 
duly and spawn through August and eat-ly September. The primary 
spawning habitat  ex is t s  in the lower (2.5-km) reaches af the mainstem 
and adjacent channels o f  b o t h  r ivers ,  although the runs in the 
Kizhuyak River are smaller. The outmigration of  f ry  occurs d u r i n g  
April and May, soon a f t e r  emergence. Other less  abundant species tha t  
inhabit the two r ivers  include coho salmon (0. I _I- kisutch) and Dolly 
Varden (Salvelinus malma) which spawn from l a t e  summer through early 
f a l l .  No f ish occur in Terror Lake o r  the t r ibutary streams where 
diversion dams will be constructed due t o  t he i r  precipitous nature. 

The implications of the changes in post-project stream f l o w s  on 
f i sh  habitat in the Terror and Kizhuyak Rivers were evaluated using 
the Incremental Methodology. Four reaches in each river were studied 
intensively using the IFG-4 (6 reaches) and the IFG-2 ( 2  reaches) 
hydraulic simulation models. Important l i f e  stages and target  species 
included spawning (pink, chum, coho, Dolly Varden), fry (coho and 
Dolly Varden), and juveniles (coho and Dolly Varden). Interim 
su i t ab i l i t y  curves were i n i t i a l l y  developed based on discussions w i t h  
s t a t e  and federal f isher ies  biologists and a search of the relevant 
1 i terature  (from A1 aska only). Important habitat parameters incl uded 
depth, velocity, and substrate f o r  spawning and depth and velocity for  
rearing (fry and juveniles). Sui tabi l i ty  curves f o r  temperature were 
not developed because the project would n o t  s ignificantly a l t e r  the 
thermal regimes o f  the rivers.  Similarly, cover surveys indicated 
that  adequate cover was available throughout. the watersheds. Final 
s i te-specif ic  su i t ab i l i t y  curves were developed l a t e r  on the basis 
tha t  the nature o f  the available habitat and the microhabitat 
preferences o f  a species in a particular r iver could vary 
significantly within the region. 

To evaluate the effects  of the proposed project on salmonid 
resources, the percent reduction i n  MUA f rom the optimum discharge 
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(defined as that  discharge which optimizes WUA for  more than one 
species and more than one l i f e  stage concurrently) was examined for  
average and 1-in-10 low water years under pre- and post-project 
conditions. I n  the primary spawning area of the lower Terror River, 
post-project 1-in-10 low water year conditions would r e su l t  i n  a 10 t o  
15% reduction in optimal WUA d u r i n g  l a t e  summer. Instream releases o f  
4.25 m3/s,  i f  required, would conserve approximately 95% of optimal 
WUA for  spawning. The decrease in f low i n  the upper Kizhwyak River 
(above the powerhouse), where the gradient i s  steep and the substrate 
large, would resu l t  in an 18% increase i n  spawning WUA during an 
average water year and no change during a 1- in-10 low water year. A 
small decrease in WUA (1-2%) would occur in tha t  portion of the r iver  
below the powerhouse. The higher post-project discharges i n  both the 
lower Kizhuyak and Terror Rivers dur ing  the normally low-flow period 
in winter could enhance the survival o f  salmon eggs and fry. 

In bath of the above examples, the level of analysis i s  
commensurate w i t h  the degree of impact associated with al terat ions i n  
the natural flow regime, Often the choice will be obwious; the 
presence of threatened o r  endangered species near the s i t e  dictates  
tha t  the error  bounds on the instream flow recommendation be as small 
as possible, so a Level 111 analysis would be required. However, t h i s  
level o f  analysis is  not required i n  every case involving potential 
confl ic ts  over water use. Other approaches (e .g . ,  R-2 Cross, Usable 
Width) tha t  usually require considerably less  time and money may be 
appropriate. The c r i t e r i a  presented i n  Section 4.2.2 should a s s i s t  
developers (or other users) i n  determining the required level o f  

analysis. The importance of consul ta t ion w i t h  the appropriate local , 
s t a t e ,  and/or federal f i s h e r y  agencies o r  groups during the i n i t i a l  
stages of project planning when the instream flow issue i s  f i r s t  
addressed cannot be emphasized enough. 



90 

4.3 Planning f o r  Instrearn Flow Assessments 

As noted prev ious ly ,  instream f l o w  needs must be assessed i n  the  
e a r l y  stages o f  p r o j e c t  development. Because stream f l o w  
c h a r a c t e r i s t i c s  are used i n  eva lua t i ng  the  s i z e  o f  t he  tu rb ine(s )  t o  
be i n s t a l l e d ,  any r e s t r i c t i o n s  on t h e  f l o w  a v a i l a b l e  f o r  generation, 
such as t h a t  requ i red  t o  meet the  inst ream needs o f  f i s h e r i e s ,  must be 
i d e n t i f i e d  p r i o r  t o  o rder ing  the  generat ing equipment. Consequently, 
t he  issue o f  inst ream f l o w  i s  most app rop r ia te l y  addressed i n  t h e  
f e a s i b i l i t y  study. This  i n i t i a l  assessment should be conducted i n  
consul t a t i o n  w i t h  those s t a t e  and/or federa l  agencies t h a t  have 
r e s p o n s i b i l i t y  f o r  e s t a b l i s h i n g  instream f l o w  requirements. F a i l u r e  
t o  consu l t  i n  the  very e a r l y  stages o f  p r o j e c t  development w i l l  on l y  
r e s u l t  i n  c o s t l y  delays l a t e r .  The approach recommended i n  
Sect ion 4.2 i s  designed t o  p rov ide  the  guidance necessary t o  assess 
inst ream f l o w  needs du r ing  these e a r l y  stages. I f  c o n f l i c t s  between 
hydropower generat ion and o the r  instream uses are i d e n t i f i e d ,  
s u f f i c i e n t  t ime should s t i l l  be a v a i l a b l e  f o r  r e s o l v i n g  the  c o n f l i c t s  
be fore  a l i c e n s e  o r  exemption a p p l i c a t i o n  i s  submitted t o  t h e  Federal 
Energy Regulatory Commission. Resolut ion w i l l  l i k e l y  i n v o l v e  
t radeo f f s  among the  var ious users which, i n  most cases, w i l l  i nvo l ve  
nego t ia t i ons  between hydropower developers and f i s h e r y  managers. For 
recent  in format ion on t h i s  aspect o f  t h e  instream f l ow  issue, see 

Knapp (1980), Sweetman (1980), and White e t  a l  . (1980). 
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