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ABSTRACT OF DISSERTATION

A METHOD FOR INSTREAM FLOW WATER MANAGEMENT

Water management decisions concerning instream flow
issues require information crossing many disciplines: An
integrated framework for satisfying the information needs of
many participants in instream flow decisions is developed and

an application example is given.

The information needs are satisfied using a suite of
simulation models covering fish population, hydraulic and
hydrologic variables, and reservoir operations. The
simulation models are used to describe trade-offs among
instream and traditional water use objectives. The suite of
models contains existing tools that were extended or refined
and new models that fill information and management gaps.
Several models from the U.S. Fish and Wildlife Service's
Instream Flow Incremental Methodology were incorporated in

the method.

The method includes a technique for efficiently managing
a reserved block of storage (called an instream storage
account) in a reservoir to provide instream flows. The

technique incorporates a simplified fish population model
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that allows forecasting of habitat needs over a one year

planning horizon.

The method is demonstrated through application to the
Dolores River, Colorado. Thel management issues there
included the need for diverse interests to communicate,
strong interest in resolving the instream flow debate, and

interest in using a storage account of some form.

The method is shown to successfully improve the mean
modeled fish population using less water than a constant
minimum flow regime. Increasing the size of the storage
account yields larger fish populations, but there 1is an
inflection point and the rate of improvement decreases for

large account volumes.

The method succeeds as a communication tool because
trade-offs among traditional and instream water uses can be
displayed in a few simplified graphs. These simplified
displays should enable instream flow advocates, project
operators and water users to see the benefits and costs of

various alternative instream management choices.

Terry Jay Waddle
Department of Civil Engineering
Colorado State University
Fort Collins, CO 80523
Summer, 1992
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Chapter 1
INTRODUCTION

In spite of requirements enacted over the paét 20
years, instream flow protagonists often have difficulty
bringing instream needs into the decision ©process.
Regulations governing water project decisions now require
consideration of biological information in most aspects of
construction and operation. In many situations, instream
flow decisions must be considered as part of a multiple
objective water resource management regime. Changes in
discharge patterns often cause non-linear, multivariate
responses in biological systems. Such complex responses make -
it difficult to incorporate biological information in water
management decisions. The instream flow decision arena néeds
techniques to include instream objectives in planning and
operating water resource projects. Better methods for
communicating biological and operational responses would

facilitate instream flow decision making.

This thesis focuses on developing a method for

satisfying the aquatic habitat and engineering information

needs for decisions concerning instream flows in reservoir




tailwaters. The method <considers physical, legal,
hydrological and ecological conditions in management of water
stored for instream flow use. In particular, it uses basic
fish life cycle requirements to set instream flow levels.
The combination of institutional and environmental
characteristics for a particular stream produces a locally
unique mix of operational requirements and aquatic system
needs. The method allows all parties involved in the

decision process to explore alternative solutions satisfying

those needs.

The method is directed toward water resource decision
makers, water users, instream flow advocates and others who
have an interest in such decisions. Its ambitious goal is to
incorporate a broad range of instream water management issues
in a single suite of models. It provides users with a common
forum for describing the trade-offs in managing water storage

for instream flow purposes.

PROBLEM STATEMENT

Minimum instream flow requirements are a commonly used
means of addressing riverine ecosystem needs. They are often
included in permit requirements for water projects. Water
projects in the western United States often have constant

(unvarying throughout the year) minimum flow requirements.




Two or three-tier minimum flow requirements that wvary by
season are used in some situations (cf. Chapter 2). This
tendency to treat instream flows as a constraint required by
a license reflects the historic emphasis on out-of-stream
uses of water. The advantages to project planners and
operators of simple minimum flow rules are clear. They give
certainty to the amount of runoff that can be developed for
traditional uses. They satisfy property right legal theories
of water right laws. And, if established at sufficiently low
levels, they may impact project operations during only the

most severe water shortages.

An unfortunate result of focusing on "minimum" instream
flows 1is to avoid including instream uses in multiple
objective management. Minimum flows are most often treated
as inflexible constraints rather than as a flexible part of
a project's operational objectives. This omission increases
the inherent conflict between water developers and instream
flow advocates. Such conflicts arise because water
develbpers seek low instream flows to achieve minimum impact
on their operations. At the same time instream advocates
seek high minimum flows to achieve maximum protection of the
instream ecosystem. Developing operational agreements that
meet biological objectives as well as project objectives
would better focus management energies on solving complex

problems rather than merely avoiding constraints.




An improvement over simple minimum flow requirements is
needed. It is particularly important to move from managing
to maintain streamflow to managing to maintain aquatic
populations. Using aquatic populations as the objective
could introduce a socially desired objective instream
objective into water management. This would improve both the
method for allocating water to instream uses and its social

acceptance.

Recent work in the Pacific Northwest attempts to solve
this dilemma. It allocates a portion of runoff called a
"water budget" (cf. Chapter 2) to instream flows. This
approach provides certainty of impact on the hydroelectric
power industry along the Columbia River. It allows "shaping"
of instream flows to promote salmon migration considering
water supply and salmon smolt movement needs each year. 1In
this thesis the term "instream storage account" is used to
describe a similar idea: an account of stored water used

exclusively to supply instream flows.

PURPOSE

The purpose of this thesis is to develop and demonstrate
a method for supplying needed decision information for
situations in which the storage account approach may apply.

Improved communication between water resource decision

s




makers, instream flow advocates and the public at large can
lead to better management decisions. The approach proposed
here facilitates communication by providing a platform for
comparing alternative solutions. The target user groups
encompass a wide range of interests. Among them are those
who have a stake in the decision, the regulators who must
make choices among difficult trade-offs, and the individuals
and organizations who must implement the decisions, i.e. the
operators. The method must provide a means for all of these
groups to recognize the benefit trade-offs involved in
providing instream flows. The proposed method fills the
information needs of these groups within the underlying

assumptions noted below.

The method contains a new technique for managing an
instream storage account to support fish populations. The
technique provides a means of identifying the amount of water
needed and procedures for efficient use to achieve fish
population goals. By evaluating different operating criteria
for supplying fish population needs the instream flow

benefits of new alternatives can be explored.




Underlying Assumptions

Some necessary assumptions underlie this new approach.
First, existing water management practices may not provide
the long term "best" habitat conditions for the affected
aquatic species. Second, construction or enlargement of a
reservoir and storing of high flows will not, 1itself,
catastrophically impact the aquatic species downstream of the
reservoir. Therefore, constructing or adding storage 1is
assumed to be an acceptable practice. The applicability of
this study 1is 1limited to situations where the second
assumption 1is true. The new approach also applies where
existing storage has already eliminated those species which

could be damaged by reservoir construction or operation.

HYPOTHESIS

General Hypothesis: Rules can be developed for water resource
system operations that eliminate or reduce the occurrence ‘of
critical habitat shortages while avoiding adverse impacts on
other (senior) water uses. Critical habitat shortages are
those that cause significant decline, delay growth, or

prevent recovery of a fish population.

Knowledge of water resource systems (including

hydrology, legal, institutional and management conditions),




and long term aquatic habitat needs can be used to develop
such rules. This knowledge can help to identify the trade-
offs and impacts of alternative instream flow regimes on

other water users. In many situations non-instream uses have

legal or regulatory precedence. When this is true, the rules

can concentrate on the best use for habitat purposes of any

remaining water.

APPROACH

The approach taken here is to develop a simulation model
incorporating hydrology, reservoir operations, water rights,
fish population and a decision framework. The model is then
used as a laboratory device to develop and test operation
strategies to achieve 1long term habitat objectives. It

incorporates the decision trade-offs needed for considering

instream flows within an appropriation doctrine water right

setting.

Success 1is evaluated by comparing the effective habitat
produced by instream storage account operation with the
effective habitat produced by fixed minimum instream flows.
Throughout this thesis "effective habitat", as defined in
Chapter 4, is used as the measure of fish population size and
robustness. Long term mean effective habitat is the measure
of performance of a range of alternative instream account

sizes. This allows the trade-offs between storage account
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size, water deliveries to traditional wuses and fish

“population to be arrayed.

TEST CASE

The U.S. Bureau of Reclamation Dolores Project was
chosen as the test case for this study because both.the
technical and information needs there match the ideas in this
thesis. There is a high degree of interest on the part of
the Bureau of Reclamation (Reclamation) in resolving
conflicts between the fishery interests, irrigation interests
and Reclamation. These conflicts revolve around the timing
and amount of instream flow released for recreational and

fishery maintenance purposes.

The Dolores Project is located in the Dolores and San
Juan River Basins in Southwestern Colorado. It stores and
exports water from the Dolores River to the San Juan River
Basin near Cortez, Colorado. The primary storage facility is
McPhee Reservoir. Its storage capacity is sufficient to
control the river totally in dry years. All water de§eloped
by the Dolores Project 1is exported directly from the
reservoir. (Cf. Chapter 6 for a description of the Dolores

River and Dolores Project.)




Since all project water and all preexisting water rights
are diverted to the San Juan River Basin, there are no
opportunities for complementary water wuses between the
agricultural, municipal and industrial water wuses, and
instream flows. The conflicts were exacerbated by a
significant decrease in the fish population that occurred in
1990 when Reclamation reduced the instream flows to previous-
ly determined dry year criteria levels. The instream flow
advocates in the region, notably Trout Unlimited, criticize
both the amount of flow to be released under dry year
criteria and the rules Reclamation uses to switch among

various instream flow regimes.

One result of the dialogue between Reclamation, Trout
Unlimited, the Colorado Division of Wildlife, and the U.S.
Fish and Wildlife Service has been consideration of assigning
a volume of storage in McPhee Reservoir as an instream flow
account. These discussions have included managing releases
from the account through consultation with the fishery
interests. Several issues the participants in this resource
allocation problem face are addressed explicitly by the

method developed here.

While the Dolores River situation captures several of
the institutional characteristics the method addresses, there
are no opportunities for complementary uses of instream

water. Complementary uses arise when part or all of the
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stream considered important to a fish population will be used
to route water to a point of diversion. If some or all of
the Dolores Project water users took their water from the

Dolores River five or more miles downstream from McPhee dam,

such complementary uses would exist. A hypothetical

configuration, where some of the Dolores Project water
deliveries are routed through the river channel before being

diverted, is used to test the robustness of the method.

PARALLEL TECHNICAL DEVELOPMENTS

The two major areas of technical development in this
project are implementation of the effective habitat concept
and development of operational rules for the instream storage
account. Figure 1.1 shows the parallel development and
interaction of these ideas 1leading to the application
example. Until this thesis, the literature did not contain
a method for calibrating the effective habitat model to a
specific watershed. Such a method is presented in Chapter 4.
Once calibrated, the population responses (represented by

effective habitat) are used to develop the storage account

operation rules.
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Elaborate Deve lop Apply to

Effective Habltatlt—» Calibration ———» Case Study

Concept Method Basel i ne
Y
Develop Instream Develop and Refine Apply to
Storage Account | | Operating Rules Case Study
Concept RE: Effective Hablitat Alternatives
-

Case Study Conclusions

Figure 1.1. Parallel Development and Application of Models

CONTRIBUTIONS

This work contributes to water resource decisions
concerning instream flows in two ways. The first 1is
development of a framework for communication among the
parties involved in instream flow decisions. Preconceived
ideas about the purposes of water system operations and the
intent and methods of describing instream flow needs hamper
understanding and negotiations for instream flows. The
proposed method improves information exchange by clearly
illustrating the trade-offs to be made in managing water for
instream flow. Explicit identification of these trade-offs
can break down preconceptions by presenting the choices in

terms of both habitat and the amount of water required to
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provide that habitat. Different interest groups filling
different roles in the decision process need different
information. The model output includes the information needs

of both instream advocates and water developers.

Second, solutions to several technical and modeling
problems that were previously not available are presented.
They include clarifying and applying the effective habitat
model and developing a technique for using the long term
memory of fish populations to determine instream flow
volumes. They also include algorithms that describe how to
use an 1instream storage account efficiently. These
techniques can be used to decide if providing a limited

storage account is futile or productive.

The method allows application to local conditions. Each
local application may determine if fish population levels can
be improved with the water available for instream flows.
Knowing which storage account management approach is most
successful can lead to formulating objective functions for
use in analytical optimization solutions to this problem.
This method will help state and federal agencies to determine

if it is worthwhile to purchase storage or water rights in

new or existing projects for maintaining streamflow.
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THE CHALLENGE OF THIS PROJECT

This thesis project is ambitious and somewhat risky.
Use of this approach requires an interdisciplinary effort.
Model users from many groups must openly bring the best
available information to the analysis. The success of any
application of the concepts presented here depends on the

-

will of the users to resolve instream flow issues.

Numerous issues in the instream flow decision arena
cannot be addressed by the current state of science. Often
high degrees of uncertainty or extreme data costs make it
difficult to arrive at definitive scientific conclusions.
Accordingly, this thesis cannot address all possible instream
management issues. It does, however, provide a basic logical
framework for managing instream flow water. The method
developed here can address three major issues: (1)
determining how much natural flow to store for instream use,
(ii) determining how much impact managing storage for
instream flows will have on water diversions and (iii)

efficient management of instream flow water.

Some of the tools developed and demonstrated here are
controversial. The effective habitat model is not widely
known or used as a fish population model. There is a large
degree of natural variability in the data from which its

parameters are derived. The decision technique for

M
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allocating instream flow within a year is a new concept.
Thus, it lacks an empirical validation test. It is extremely
difficult to replicate enough of the environment of a flowing
stream in the laboratory to conduct controlled fish
population experiments. So new management concepts must be
tested using other devices such as the model study reported

later in this thesis.

Two themes are woven throughout this thesis. They are
the information needs of parties involved 1in instream
management issues and development of techniques to supply
those information needs. Chapter 3 gives a summary of the
breadth and scope of environmental and management issues
associated with instream flows and their information needs.
It describes how the concepts and models developed here can

address many of those issues.

The models outlined in Chapters 4 and 5 represent a
framework for dealing with instream management problens.
They contain new combinations of existing tools and some new
techniques contributed by this thesis. These tools have the
potential to help managers more efficiently use water
designated for instream flows. The remaining chapters
illustrate how the method can describe alternative storage
account solutions to an instream management problem. The

thesis concludes 1n Chapter 9 with interpretation of the
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ssion of the research needs to extend and

results and a discu

refine the method.




Chapter 2

LITERATURE REVIEW

LEGAL AND INSTITUTIONAL ENVIRONMENT

State Instream Flow Laws: General

Several western states have enacted laws recognizing the
need to protect instream flows. In a summary of instream
flow laws from nine western states, McKinney and Taylor

(1988) give the following summary of the purpose of state

instream flow programs:

"The general purpose of all instream flow
programs 1is to set aside water 1in selected
streams, unavailable for consumptive appropriation
below a specified 1level, for the protection of
instream values. ....

Alaska [AS 46.15.145(a)], Hawaili [HRS 176D;
Water Code 174C], Idaho [IC 42-1504], and
Washington [RCW 90.54020(1)] allow for the
broadest range of values to be legally protected,
including fish and wildlife, recreation, scenic
and aesthetic values, water quality, and
navigation and transportation. Montana [MCA 85-2-
316] allows for the protection of fish and
wildlife, recreation, water quality, and future
consumptive uses. Oregon [ORS 536.310] recognizes
only fish and wildlife, recreation, and water
quality as valid instream beneficial uses. Utah
([UC 73-3-3] and Wyoming [WS 41-3-1001(b)]
recognize only fish and wildlife as beneficial
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instream values, while Colorado's [CRS 37-92-
102(3)] instream flow program 1is designed to
protect 'the natural environment to a reasonable

degree.'"
Appendix 1 contains a description of specific instream

flow programs and their legal status for two western states.
Federal Laws Influencing Instream Flows

The authority to allocate and administer watef rights
was passed to the states at statehood. As a result, Federal
laws are overlain on the patchwork of state water laws. They
tend to place conditions on the construction and operation of
water related projects. Federal permit constraints for
instream flows force the project operator to provide water
for instream flows out of the amount that was acquired under
state water rights. The following summary describes a few of
the Federal laws that determine how and how much water is

dedicated to instream flow maintenance.

There is no Federal equivalent of instream flow water
right legislation. However, several Federal authorities can
be used to secure instream flows. These cover a wide range
in the degree to which they directly address the issue of
stream flow. The following discussion 1is treated in

approximate order of directness.
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The Federal Reserved Water Right doctrine is a legal
theory which says that when the government reserves land as
Federal land, for example National Forests which were never
deeded to the states or individuals. It implicitly reserves
sufficient quantities of water to fulfill the primary
purposes of that reservation (Meyer, 1987). Such water is
essentially taken out of the state water system. Any person
who appropriates water from such a stream is junior to the
United States. Due to the contentious nature of water
issues, the courts have been cautious in dealing with this
area. In Winters v. United States [207 U.S. 564, 1908] the
court upheld the Federal Reserved Right doctrine. In
subsequent cases, however, narrow interpretations of the
"primary purpose" of a Federal reservation have limited the
amount and timing of water that may be reserved under this
approach [United States v. New Mexico, 438 U.S. 696, 92 S.Ct.
3012]. For example, in cases involving National Forests,
judges have rejected maintenance of instream flows for fish
and limited the reservation to flows for forest sustenance
and channel maintenance. These choices were based on the
theory that the reservation of land for forests is for trees

and not for fish (Lamb, personal communication 1989).

A surprising form of direct influence of Federal law on
instream flows appeared in 1973 as the Endangered Species
Act. Section 7 of the Act prohibits the federal gcvernment

from taking any action, even issuing any permits, which may

e
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jeopardize the continued existence of an endangered or
threatened species, or adversely affecting critical habitat
for such species (Meyer, 1987). Since most water resource
projects require some form of federal permit, the Endangered
Species Act can effectively stop development of water
resources in an area where such species exist. Negotiations
to determine water management and project development
strategies that will accommodate endangered species habitat

needs are underway in several river basins (Dunkle, 1986).

While the endangered species act provides a blanket
means of intervention in federal permitting processes, the
individual permit processes can often be the source of
instream flow prbvisions. The two permit mechanisms that
have had the most impact in this area are Section 404 of the
Clean Water Act and the Federal Energy Regulatory Commission

hydroelectric power plant licensing authority.

A first reading of Section 404 [33 U.S.C. 1344, et seq.]
which deals with dredging and filling of the "navigable
waters" of the United States appears to indicate that this
section has nothing to do with instream flows. However, the
authority under this section has been interpreted to extend
to operation of the facilities for which construction would
require dredging or filling the navigable waters. As a
result, instream flow requirements have become permit

conditions under Section 404.

“_;
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Another indirect but well used means of establishing
instream flow requirements is the Federal Energy Regulatory
Commission (FERC) license for construction and operation of
hydroelectric power production facilities. FERC 1is
responsible for granting these licenses under the Federal
Power Act [16 U.S.C. 793, et seq.]. The act states that FERC
may apply conditions to a license to protect the public
interest. The public interest has been interpreted in

several cases to include instream flows (Olive and Lamb,

1984) .

This summary is intended to describe the most commonly
used authorities for establishing instream flows through
federal permit processes. Numerous other federal programs

may be used to require instream flow maintenance under

various circumstances.

CURRENT INSTREAM FLOW PRACTICES

This section summarizes the kinds of instream flow
requirements that have been implemented in various streams in
the United States. The purpose of this survey 1is to
illustrate the forms and operational bases of instream flows
that are in common use. It is intended to show the kinds of
requirements resulting from instream flow determinations and
permit conditions rather than to trace the sequence of

negotiations that led to them. However, in some cases a

IlllllllllllllllllIllIlI--------------.......——
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brief history of the negotiations is necessary to illustrate

the logic behind the operational requirements.

A survey of "all known water development" projects in
Colorado, Montana and Wyoming that have instream flow
requirements (Raley, et al. 1988) provides one of the few
systematic overviews of the instream flow planning and
implementation process. Review of this document reveals that
of the 73 water projects identified, 44 had fixed (annually
unvarying) instream flow requirements. A smaller number (19)
had instream requirements that consisted of a two-step
arrangement, with the steps usually corresponding to winter
and "other" seasons or irrigation and non-irrigation seasons.
Some of the two-step patterns consisted of a winter minimum
and no stated minimum for the rest of the year. In these
situations it was often concluded that releases for
irrigation diversions downstream of the reservoir would
satisfy instream flows. Nine of the remaining ten projects
had 3 or more steps within the year; some of these varied
monthly. Of the 73 projects, 12 had provisions for changing

the instream flow on the basis of the available water supply.

Note the observation that the majority of instream flow

agreements that were actually implemented in these three

states used constant values.
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The report compared the negotiated instream flow
requirements with project performance for all projects that
had stream gages in the section of river below the project.
In general, the size of the project and the frequency of
meeting the instream flow requirements were correlated. That
is, 1larger projects tended to meet their instream flow
targets. In contrast, smaller projects had a greater number

of discrepancies (Raley, et al. 1988).

The 930 Colorado streams with established instream water
rights (Trembly, 1987) are also examples of constant minimum
flow values. Under the appropriative doctrine it is really
not possible to specify water rights that vary according to
the available water supply, either a right is in priority or

it is not.

Recent projects requiring federal permits continue to
use fixed instream requirements. The Windy Gap project on
the upper Colorado River must meet instream flows at three
monitoring points downstream of the diversion dam. The flow
requirements at these three points are fixed values of 90

cfs, 130 cfs and 150 cfs progressing downstream (Eckhardt,

1986) .

Seasonally varying (greater than two-step) instream flow
requirements are gradually gaining acceptance. In the Terror

Lake FERC licensing process, negotiations succeeding in

L
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defining a seasonally varying instream flow pattern, as shown
in Table 2.1. This agreement does not consider year-to-year
variability in available water supply. Since the project is
located in a national wildlife refuge the instream flow
proponents were able to argue for consistency in maintaining
habitat over all years (Olive and Lamb, 1984). Ten of the 73
projects surveyed by Raley et al. (1988) had at least three

seasonally varied levels of flow.

Table 2.1. Instream Flow Operating Regime for the Terror Lake

Projectx*
Period Discharge (cfs)
January - March 60
April 100
May - October 150
November 1 - 15 100
November 16 - 30 60
December 60

* Source: Article 43 of FERC license for Terror Lake Project,
Oct. 5 1981.

Seasonally varying instream flow requirements are not
new. Of the nine varying instream flows found in Raley et
al. (1986) six dated from the period between 1950 and 1962.
The remaining three fell within the period 1979 to 1986. The
majority of these varying flow regimes were baséd on

hydrologic and hydraulic considerations, not on the habitat

needs of aquatic species.
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A new concept in instream flow management has emerged
from the controversy surrounding the decline of the salmon
population in the Pacific Northwest. The Pacific Northwest
Electric Power Planning and Conservation Act of 1980 [16
U.S.C. 839 et seq.] established the Northwest Power Planning
Council. The Council developed a concept to deal with the
problem of mortality at the Columbia River hydroelectric dams
of out-migrating salmon smolts. Tﬁeir approach allocated a
specified amount of water to the indian and government
fishery managers to be used to promote safe migration of
smolts. This water is lost to power production as it must be
spilled at most dams to keep the smolts from passing through
the turbines. The delivery timing (shape) of the water
budget 1is controlled by two Water Budget Managers
representing the indian tribes on one hand and the federal
and state fishery agencies on the other. The strength of
this approach lies in setting the instream flows to match the

needs of the fish (Lawrence, et al. 1983).

The state of practice in establishing instream flows,
then, appears to focus on provision of an often constant
"minimum" flow. Even negotiated instream flow values fér
large projects as recent as the 1980 stream flow agreements
for Windy Gap use fixed minimums (Raley, et al. 1988).
Stalnaker (1979) points out that using fixed minimum instream
flows has resulted in avoiding multiple objective management.

The use of fixed minimums may be appropriate for small

\'_
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projects where the cost of equipment or personnel to deliver
variable streamflows is prohibitive. However, it would seem
that fish needs and water supply conditions could be
considered as part of multiple objective management schemes
for larger, highly automated projects. This thesis develops
a method for determining variable instream flow regimes that
consider fish needs, hydrologic (water supply) uncertainty,

and the information needs of decision participants.

METHODS FOR DETERMINING INSTREAM FLOWS

A key component of any methodology describing management
of a quantity of water is a means of determining the benefit
associated with use of the water. In the instream flow
arena, this problem has been cast in terms of determining the
necessary stream flow to protect aquatic resources. Several
methods have been advanced to provide these instream flow
quantities. This section deals with examples of several
classes of those methods and notes some critiques of the

methods.
Hydrologic or Statistical Methods
Several methods have been developed that use historical

flow records as the basis for determining instream flows.

These include the Montana method developed by Tennant (1975,
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976), the New England Flow Recommendation Policy (NEFRP)
(U.S. Fish and Wildl. Serv., 1981), and the Northern Great
Plains Resource Program (NGPRP) flow duration technique
(Anonymous, 1974). All of these methods use some form of
statistic derived from historical discharge records to

establish instream flow quantities.

These methods are useful for first (or perhaps zeroth)
order determination of instream flows when data are scarce.
However, they have some serious limitations that must be
considered. Such methods rely on the assumption that past
hydrologic conditions are representative of 1likely future
events. They imply management of aquatic resources based on
past conditions rather than dealing with issues of stream
productivity or minimizing adverse impacts of managed flow
regimes. None of them caﬁ predict the habitat or population

impacts of altered flow regimes.

Tennant's procedure involves calculation of the mean
annual flow rate (MAF) at a proposed development site and
expression of the instream flow needs in terms of a fixed
percentage of the MAF. The basis for the method is an
extensive set of observations on streams in the states north
of the Mason-Dixon Line between the Atlantic Ocean and the
Rocky Mountains (Tennant, 1976). Various levels of flow
needs are identified, including flushing flows (200% MAF),

optimum flows for all instream water uses (100 to 60% MAF),

“_
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and a ranking of poorer conditions ranging from excellent (60
to 40% MAF) to severe degradation (less than 10% MAF). The
10% MAF value is suggested to be the minimum short term
survival value for most aquatic biota and represents very

stressful conditions (Wesche and Rechard, 1980).

The NEFRP approach uses a constant yield statistic or
the median monthly flow to establish recommended instream
flow values. For unregulated streams with a drainage area
greater that 50 square miles and more than 25 years discharge
records, the median monthly discharge is used. When those
defining conditions are not satisfied, the constant yield
factors shown in Table 2.2 are used. Variations of this
method have used values as low as the 7 day 10 year low flow

and 0.15 cfs per square mile (Loar and Sale, 1981).

Table 2.2. New England Method Yield Factors for Watersheds
With Area Less Than 50 Square Miles or Less Than
25 Years Gage Records (Units: cfs/sq. mile) .*

Season Yield Factor
Spring 4.0
Summer 1.0
Fall/Winter 0.5

*Source: U.S. Fish and Wildl. Serv., 1981

The third hydrologic method was developed for warm and
coldwater rivers in the Midwest. The NGPRP method uses the
Student's t distribution to eliminate extreme (flood and

drought) events from the period of record (Anonymous, 1974).

.l.I...ll.l..........llllllllllIlIIllIIIIIIlIIlIIIIIIIIIIIII------l_
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After high and low observations have been thrown out of each
month's record, the instream flow recommendation is chosen as
the value equalled or exceeded by 90% of the remaining
observations. During high flow months the median rather than
the 90% exceedance value is chosen. The product of this
method 1is a minimum instream value for each month.
Variations of this approach have changed the exceedance
statistic and the method of determining the data sample used
to derive the flow values (Loar and Sale, 1981, Wesche and

Rechard, 1980).
Methods Based on Hydraulics

Several methods consider parameters related to the
physical flow conditions in a stream segment as the criteria
for determining needed instream flows. Several offices of
the U.S. Forest Service have developed methods to related
stream flow and physical environmental parameters. Site-
specific field data are collected at one or more flows along
transects placed across a stream channel. Instream flow
recommendations are based on the actual habitat conditions
observed at the field sites. Methods developed by U.S.F.S.
regions 1, 2, 4 and 6 fall into this category. These methods
all have the disadvantage of being difficult to extrapolate
beyond measured discharge values due to dependence on

observed habitat values at each discharge (Loar and Sale,

1981) .



29

The difficulties associated with extrapolation’noted
above are addressed by various methods that attempt to
develop some form of habitat-discharge curve. The habitat is
represented as stream width, wetted periheter, average
velocity, or cross-sectional area at each transect. The data
are presented in a graphic format which allows two approaches
to be used in determining instream flow recommendations. The
first is to establish a percentage of a reference amount of
habitat as the criterion for setting the instream flow. For
example, allow 20% reduction in cross-sectional area relative
to a reference discharge. The second approach searches for
an inflection point such as that which typically appears on
a wetted perimeter plot of a "U" shaped channel when the

banks begin to be wetted (Loar and Sale, 1981).

Extensions of the simple hydraulic methods described
above use simulation models to reduce the amount of data
collection needed. An example of this approach is the U.S.
Forest Service R-2 Cross method (Wesche and Rechard, 1980).
This method uses Manning's equation modified for discharge
(Equation 2.1). Measurements for a single discharge at a
single transect are used to derive Manning's n by assuming
the stream energy slope 1is equal to the measured water
surface slope. Depth is incremented in 0.1 ft. or smaller
steps to derive a range of hydraulic radii from the cross
section measurements using equation 2.2. A wetted perimeter

versus discharge function is then developed by substituting
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Q:i%*A*RZ/a*Sl/E (2.1
n
R=P /A (2.2
where: Q = discharge
n = Manning's n
A = cross sectional area of flow
P = wetted perimeter
R = hydraulic radius (area / wetted perimeter)
S = energy slope of the stream

those hydraulic radii from equation 2.2 into equation 2.1
assuming Manning's n and energy slope are constant for all
discharges of interest. The inflection point is then used to
determine the instream flow value (Loar and Sale, 1981). The
method is sensitive to the location of the transects used to
define the wetted perimeter. It depends on the assumption
that important habitat types are maintained by the discharge

derived at the reference transect.
Methods Based on Aquatic Species Preferences

Common concepts among these approaches are the use of
representative transects or reaches and derivation of a
function relating potential productive area and discharge.

The term usable area (UA) has come to describe this approach.
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Palmer and Snyder (1985) give the general equation for usable

area for these models as:

n
UAQ,S,R = z%Pv(vi) Pd(di) Pc(oilbjl Sil d,) (2°3
1=
where:
UA| s ¢ usable area at discharge Q for species S in
o reach R;

P.( ), Pj( ), P.( ) functional relationship between’
usability (or suitability) of a
unit area in a cell element and the
velocity, depth , and channel index
in that cell;

v, velocity in cell 1ij;

d, depth is cell i;

o, overhead cover in cell 1i;

b, instream objects (such as boulders, fallen

trees) in cell i;

S, substrate in cell i;

i cell i;

n number of cells in study area.

Some hydraulic simulation models such as HEC-2 and the
U.S. Bureau of Reclamation PSEUDO step-backwater model have
been brought into service in instream flow determination
(Loar and Sale, 1981). They are used to derive the hydraulic
conditions that, when combined with an index of species
preference, will 1lead to development of a habitat index

versus discharge curve. The species preference values used

with these models are often associated with average
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conditions, i.e. Py( ) is applied to average depth at several
simulated discharges. Loar and Sale (1981) note that the use
of such step-backwater models 1is particularly useful in

modeling large, unwadable rivers.

The Washington Method developed by Collings et al.
(1972) uses numerous measurements to develop detailed maps of
the hydraulic conditions at all discharges of interest.
Species preference values are applied to each cell using
Equation 2.2 to derive habitat values for each discharge;
resulting in a habitat - discharge relationship (typically
derived for salmon spawning). In most situations the
spawning habitat - discharge relationship is unimodal. The
peak of that curve is used to select the recommended instream

flow for the spawning season (Wesche and Rechard, 1980).

An extension of the UA method for deriving instream
flows is the weighted usable area (WUA) approach (Stalnaker
and Arnette, 1976; Milhous, 1979). This method combines the
hydraulic modeling and area mapping concepts. The species
preference criteria P( ) are derived from the frequency with
which members of the species are found inhabiting areas with
various combinations of hydraulic parameters (Palmer and
Snyder, 1985). The cell by cell evaluation of habitat worth
provides a means of describing habitat conditions based on
species preference. Hydraulic modeling allows habitat to be

calculated over a range of flows that could not be measured
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due to resource constraints or physical danger. Computer
programs that implement this method of creating a habitat -
discharge relationship are available from the Aquatic System
Branch of the U.S. Fish and Wildlife Service as the Physical
Habitat Simulation System (PHABSIM) (Milhous et al., 1981,

Milhous and Updike, 1990).

The WUA approach is part of a larger methodology'for
dealing with instream flow decisions. The Aquatic System
Branch of the U.S. Fish and Wildlife Service proposes the

Instream Flow Incremental Methodology (IFIM) (Figure 2.1) as

Proposed Nacrohabitat Major Componeants of IFINM
- Species
Alternative | Suitability
Criteria
Temperature : Usable
B Macrohabitat
Institutional > Nodel acrohabita
Madel -
ater
Quality
= fgoet Total Usable o =
. lHydrologyl Habitat Ana;fzzstve
Seopiag Time Series 5%
and Microhabitat
Planning Species
' Suitability _T
Criteria
- Changnel
Structure
Stud
Obj i 4 Model
jectives "y
HBydraulic Resolution
Nodels

Figure 2.1. Conceptual Overview of the Instream Flow
Incremental Methodology
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a conceptual approach to establishing instream flow
requirements (Bovee, 1982). The IFIM emphasizes development
of time series of habitat events in formulating alternate
instream flow regimes. Thus, when negotiating instream flow
requirements, long term habitat effects rather than
instantaneous effects are considered. This explicit
methodological consideration of habitat time series and

seasonally varying instream flow needs 1is unigue among

instream flow methodologies advanced to date.

Palmer and Snyder (1985) describe the IFIM as the "best

known" among "quasi habitat approaches" to instream flow
determination. They point out that none of the available
methods considers water quality impacts, food limitations, or

changes in channel morphology. Advances in IFIM since 1985

have incorporated water temperature and the capability to
modify habitat values based on water quality parameters.
However, research to provide explicit description of species
interactions and food relationships is only now beginning to

be funded (Stalnaker, personal communication 1989).

As the best known among instream flow methodologies, the
PHABSIM portion of IFIM has been the subject of numerous
critiques. The central theme of these critiques has been the
degree to which the method predicts biomass or numbers of

fish. Common among several of the critigques has been the use
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of correlative statistics in determining the applicability of

the method.

Nehring (1979) compared the discharges derived from five
instream flow methods including PHABSIM for 18 locations on
15 Colorado Mountain Streams. He found that the instream
discharge Values produced for adult brown trout (Salmo

trutta) and rainbow trout (Oncorhynchus mykiss) were in close

agreement (within 25 to 35% of the mean annual flow) for most
streams. He concluded that simple hydrologic methods such as
R-2 Cross could be used on less important streams but that
PHABSIM be applied to the more important stream reaches.
Part of his work was directed to establishing beneficial use
for instream water rights to preserve the environment "to a

reasonable degree" under Colorado's instream flow statute.

Critiques of the IFIM that expressed disappointment with
the degree of correlation of WUA with biomass have been
presented by Mathur et al. (1985), Shirvell (1986) and Scott
and Shirvell (1987). Responses to these criticisms have
noted that intervening variables such as floods that altered
habitat, fishing pressure and changes in water quality
occurred during the periods when data collection for the
correlative analysis occurred (Orth and Maughan, 1986; Bovee,

1985) .
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Perhaps the best commentary to date was provided by Gore
and Nestler (1988). They point out that derivation of
habitat wvalues 1is the current state of the art among
methodologies to determine instream flows. They note
"Previous studies suggest that IFIM appears to perform
defensibly in coldwater systems but less well in more complex
cool water and warmwater systems" (Gore and Nestler, 1988).
They state that definition of some form of quantified
biological wvalue (habitat) - discharge relationship is
necessary to satisfy the information needs of many instream
decision processes. They recommend that when a method that
more satisfactorily links biomass or populatidn numbers to
flow management is developed it should be adopted and habitat
based methods should be discarded. Until then, they suggest
that while "IFIM maximizes generality ... at the expense of
ecological reality”™ it still has "utility to analyze water

resource 1issues" (Gore and Nestler, 1988).
Methods for Describing Fish Population Response

Research on methods to describe fish population response
to stream flow regime management is currently underway. The
Environmental Sciences Division of ©Oak Ridge National
Laboratory is working on individual-based population models
that will describe the response of the fish in a population
to changes in the flow regime (Deangelis, et al., 1991). EA,

Engineering, Science, and Technology, Inc. has developed a
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population that responds to flow changes using the physical
habitat models of IFIM as one driving component (Cheslak and
Jacobson, 1989). This proprietary model is not publicly
available at this time. The U.S. Fish and Wildlife Service
has embarked on an effort to develop a population model that
links population response to discharge through identifying
flow events that produce 1limiting habitat "bottlenecks"
(Williamson, et al., 1990, Bartholow, et al., 1992). The
model developed as part of this dissertation anticipates such
population descriptions will be generally available in the

future.

Since population models that respond to discharge
management are not readily available other approaches to
approximating population effects of flow management must be
considered. Bovee (1982) proposed a simple model that
responds to flow regimes using a habitat transformation of
population. fhis model is described in detail in Chapter 4
and is used in this thesis in lieu of a more complete

population model.

SELECTION OF MODELING METHOD

Numerous mathematical models have been developed for

water resource operations. Yeh (1985) and Wurbs et al.

(1985) provide extensive reviews of state-of-the-art
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reservoir operations models. Both reviews cover a wide range
of algorithms and methods including linear programming,
dynamic programming, nonlinear programming and simulation.
Simonovic (1992) extends the range of methods to include a
review and application of expert systems in water resources.
Each of these techniques can be used to find optimum or near

optimum operating rules for reservoirs.

The main issue addressed in this study involves the
reservoir operation rules needed to derive maximum fishery
benefits downstream of a reservoir. The desire to obtain
"maximum" benefits implies the use of a mathematical
optimization model. Such operations research models,
however, require statement of a set of objectives and
constraints that describe the system to be modeled (Yeh,
1985) . Currently, the form of an analytic objective function
that incorporates 1long term fish population benefits is
unknown. Applications of operations research techniques to
reservoir management where fishery benefits have been
included in the objective function have not included 1long
term fish population memory relationships. Sheehan and
Russell (1978) relied on empirical fish population data to
derive a probabilistic relationship between salmon escapement
in one year and the number of adults returning 4 years later.
Sale, et al. (1982) optimized reservoir operation for
production of fish habitat but relied on instantaneous

weighted usable area as an indicator of population potential.
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Before operations research models can be applied, an

objective function considering fish population memory must be

derived.

Yeh (1985) states that

"the simulation model provides the response of the
system for certain inputs, which include decision
rules, so that it enables a decision maker to
examine the consequences of various scenarios of
an existing system or a new system without
actually building it."

This descriptive characteristic of simulation models 1lends
itself to experimentation with decision rules for a water
budget. One purpose of this research is to define reservoir
operating rules that incorporate fish population memory.
Such rules must be developed to consider trade-offs between
conflicting uses of water. Palmer and Cohan (1986) point out
that simulation models are effective in evaluating such
choices. These characteristics of simulation models led to

the choice of simulation as the model paradigm for this

study.
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Chapter 3

EFFECTS OF PROJECTS AND REGULATIONS: DEVELOPING TECHNICAL
INFORMATION TO IMPROVE COMMUNICATION BETWEEN WATER RESOURCE

SYSTEM OPERATORS AND HABITAT MANAGERS

This chapter briefly summarizes the effects water
resource projects have on stream ecology. It also summarizes
the effects environmental regulations have on water projects.
It describes the 1limitations of current instream flow
practices considering these effects. The chapter concludes
with a discussion of how models can help satisfy information

and communication needs regarding instream flows.

The need for participants in water resource decisions to
understand each other's resource and operations concerns is
often overlooked. Analysts often approach regulatory
questions from the narrow viewpoint of satisfying technical
information requirements. As a result, many project permit
negotiations begin without a common understanding of the
issues involved. This can lead to protracted adversarial
proceedings about the nature of the technical information.

Such disputes omit consideration of the broader issues

involved.
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Simulation Models provide a mechanism that allows the
quality and magnitude of system effects to be evaluated.
They provide an integrated approach to evaluate the
respective concerns participants in these decisions may have.
Application of such models can improve communication about
causes and effects and provide opportunities to consider

’

alternative solutions that may be mutually satisfactory.

Water resource projects can exert strong effects on
stream biota. Conversely, instream flow based environmental
regulations can exert strong effects on project operations.
This discussion is intended to provide a general background
for readers who may be familiar with one, but not both
viewpoints. A general introduction to these effects is
merited to illustrate the diversity of issues involved. This
discussion is presented as a preface to describing the use of

models to address these concerns.

BIOLOGICAL EFFECTS OF RESERVOIRS

Construction and operation of a reservoir induce a wide
variety of effects on the ecosystem of a stream. These
effects can be divided into three broad categories: (i) the
effects of inundation, (ii) the effects of blockage of
material transport and (iii) the effects of streamflow g

regulation. This section summarizes those effects.
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When a dam is constructed and its impounding reservoir
filled, several changes to the inundated portion of the
river occur. Running water is transformed into an artificial
lake and the ecological community of benthos and fishes is
radically altered. Deposition of organic and inorganic
particulates and sediments changes the nature of the streanm,
now lake, bed. Fish and invertebrate species that do poorly
or cannot tolerate running water can survive. Those species
that must have flowing water to satisfy their 1life cycle
needs perish or move out of the reservoir. Baxter (1977)

provides a more complete review of these changes.

When a reservoir replaces part of a naturally flowing
stream, several material transport phenomena are interrupted.
The most obvious of these is reduction of sediment loads.
Large reservoirs may reduce downstream sediment loads by 95%
(Leopold et al., 1964, page 454). Clear water released from
such an impoundment has a high transport capacity and may
induce scour of progressively coarser material from the
channel immediately downstream of the reservoir (Vanoni,
1975, ©p. 181). Such scour may persist until a new
equilibrium is reached where the size of the remaining coarse
material exceeds the transport capacity of the discharge
(Simons and Senturk, 1976, p. 52). A generalized schematic
of the éediment transport effects of a dam and reservoir are
shown 1in Figure 3.1. Sediment availability and size

distribution play an important part in the ecology of the

- T e e
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stream below the reservoir. Examples of this include
production of benthic organisms which are dependent on

certain particle size distributions, and spawning and egg

maturation of certain

substrate (Carlander, 1969).
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Figure 3.1 Generalized Sedimentation Effects of River
Impoundments (Expanded from Ward, 1982)

A second and equally important effect of transport
interruption 1is the blockage of downstream transport of
organic detritus. Ward (1982) gives the following summary of

these effects:

"Much of the detritus in stream systems is derived
from headwater terrestrial communities and is
sequentially processed downstream. The truncation
of detrital transport and processing significantly
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alters the energy base of the 1lotic system.
Although few data are available it 1is apparent

that quantitative (total transport) and
qualitative (particle size composition,
nutritional quality, chemical diversity)

components of organic detritus may be altered and
that temporal patterns are modified in regulated
lotic reaches."

When sediment trapping is so severe that project
operations are hampered, reservoirs may be rapidly emptied to
release the trapped sediment. Such flushing can result in
low dissolved oxygen, increased turbidity and suspended
solids for a significant distance downstream from the dam.
Hesse and Newcomb (1982) found that flushing can also result
in fish kills and smothered benthos. Trapping sediment in a
reservoir followed by flushing tends to keep the river in a
continuous sediment disequilibrium with adverse consequences

to most riverine species.

In addition to transport interruption, chemical changes
in the water stored in a reservoir due to limnological
effects can result in altered water quality downstream.
Reservoirs act as sinks for some constituents (nutrients,
heavy metals), but as sources for others (hydrogen sulfide,
reduced speciles). Nutrient 1levels increase with depth so

surface release exacerbates nutrient trapping (Ward, 1982).

Thermal changes also occur that influence stream biota.

The extent of temperature modifications varies with reservoir
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characteristics, operational practices and with latitude.
Important reservoir characteristics include the surface to
volume ratio and the azimuth of the reservoir. Both of these
factors influence the amount of radiative and convective heat
gain and loss. Reservoir depth and latitude influence the 1
timing and intensity of thermal stratification. The design i
of the outlet works and the operational practices determine

-

how reservoir temperatures influence the tailwater streanm. ‘
A

The overall effects of stream regulation on stream biota

are mixed. Local conditions can cause a particular group of

e e

*

organisms to be favored or adversely affected by stream

impoundments. The Table 3.1 summarizes those effects. Note
that many of the effects are dependent on flow regime. 1In
some cases fish abundance and size immediately below a

reservoir may be enhanced over natural conditions. This may

3 - &5 ) -
R e Y -
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happen if the reservoir serves as a breeding place for food

S

organisms, either small fish or invertebrates that are preyed

on by riverine species.

The major operational variables that influence
downstream conditions are the release depth (where
adjustable), and timing and magnitude of releases. The

combination of these management variables dictate the

environmental conditions that exist in the tailwater. Thus

TR

they serve to 1limit the numbers and diversity of the

=

tailwater fauna. Management of the water quality aspects of
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this environment is beyond the scope of this thesis but is a
potentially fruitful area of research. The present work
focuses on management of discharge to maintain fish

populations downstream from a reservoir.

Table 3.1. Common Responses of Riverine Organisms to Stream
Impoundments (adapted from Ward, 1982)

Biotic-Component General Effects Comments

Macroinvertebrates
(benthic insects)

Abundance Variable Dependent upon flow
regime and nutrient
supply

Diversity Reduced Often due to

thermal alterations

Composition Altered Trophic, thermal,
and flow alterations

Vertebrates
(fish)

Effects on
vertebrates are

Standing Crop Variable temperature, flow
regime, nutrient

Species Composition Altered supply, sediment
regime and channel

Species Diversity Reduced morphology dependent.
Local conditions

Exotic Species Increased dictate the specific
nature of the changes

Growth Poor to of these components.

excellent

Spawning Success Variable
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THE RANGE OF DISCHARGE REGIME EFFECTS ON FISH

Due to the sensitivity of fish populations to the
specific mix of local conditions, each instream flow
requirement determination must be made with knowledge of the
local environment. The range of possible effects 1is
summarized to assist in understanding the habitat evaluations

pursued later in this thesis.

Seasonal Flow Constancy (Buffering of Flow Extremes)

Buffering of seasonal discharge extremes induces several
changes in a natural stream channel. Reduction of high
scouring flows can lead to vegetation encroachment, increased

bank stability and establishment of algae mats. In a natural

stream the mix of benthic macroinvertebrates changes as the
discharge fluctuates. Greater flow stability 1leads to
greater specialization and less diversity. This may result
in either high or retarded production of food organisms for
resident fish and in turn, large or stunted fish populations

(Ward, 1976).

Lack of flow fluctuation may result in the fish being
unable to complete needed developmental life stages due to
lack of the right environmental stimulus or conditions.
Carlander (1969), and Schlosser (1985) note that different

life stages of a species exhibit widely differing tolerances

e —
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for the same discharge regime. If buffering of seasonal flow
fluctuations produces favorable conditions for the most
limited life stages, the population may benefit; the converse

is also true.
Short Term Flow Fluctuations

Operation of a reservoir facility for short term
variations in discharge (eg. peaking power) production may
lead to several kinds of changes in the downstream fishery.
Direct physical effects such as bank instability and rapid
velocity changes may change the channel morphology and bed
material composition. This may in turn lead to fewer and
less diverse benthic macroinvertebrates as they cannot
tolerate rapid velocity fluctuations (Ward, 1976). Small
fish and immature life stages of larger fish suffer increased
mortality when flows fluctuate (Cushman, 1985). Larger fish,
however, can tolerate discharge fluctuations by hiding in
pools or behind large boulders. While larger fish are more
adapted to surviving discharge extremes, their survival may
be limited by lack of food organisms in a rapidly fluctuating

stream (Fraley et al., 1986).
Reduced Streamflow

A general reduction in streamflow occurs when water is

diverted out of the channel. A pervasive discharge reduction
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will lower average velocities and lead to a shift in the
benthos (Ward, 1982). Sedimentation may result in clogging
of spawning gravels and higher temperatures may result due to
longer travel times allowing greater exposure to solar flux.
Higher temperatures and lower velocities may favor algal
growth which in turn can further retard velocities. These
changes may result in inhibiting or eliminating entire fish
life stages. Fish species that are more adapted to the
modified conditions may become abundant and out-compete
native species. The local combination of these effects may
reduce or eliminate the populations of fish originally

present before the streamflow was reduced (Cushman, 1985).

Increased Streamflow

Increased stream discharge may be the result of a trans-
basin diversion of water. Often, seasonally increased
streamflows are the result of reservoir releases. When such
releases result in out of season peaks in discharge and
accompanying changes in temperature the 1life cycles of
resident fish and invertebrates may be disrupted. Movement
of coarse sediment and excessive transport of organic
particulates may result in reduction in the number and
diversity of the benthos. When managed flows occur out of
phase with fish species needs, the population is likely to

suffer some degree of decline (Nelson, 1986).
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Conflicts Between Project Purposes and Downstream Fisheries

Operation of a water resource project can produce one or
more of the categories of discharge related effects described
above. Even omitting questions of the ecological value of
the within-reservoir fishery it is clear that conflicts can
arise between reservoir operations for power production or

water supply, and maintenance of robust fish populations.

EFFECTS OF ENVIRONMENTAL REGULATIONS ON WATER PROJECT

OPERATIONS

Any regulation that requires designers and operators of
water resource projects to consider water uses outside of the
project purposes cannot avoid imposing some kind of
constraint. Environmental regulations are no exception.
This section summarizes the effects of regulatory constraints
on water projects in terms of reduced vyield, reduced

flexibility, and size constraints.

Reduced Yield

Firm yield is the net increase in dependable supply
achieved by storing peak flows for use during drier periods
(James and Lee, 1971, p. 287). Estimates of firm yield are

often based on a design drought taken from the known period




51

of inflow records. An improved approach is to identify a
drought by its frequency of occurrence based on a specified
acceptable risk of shortage. The risk levels and water
supply rules are usually determined using some form of a

system model in what is called an operation study.

When environmental regulations require releases from a
reservoir to supply instream flows, firm yield for other
purposes can be reduced. These reductions can be viewed from
several different perspectives. Perhaps the simplest is to
look at them as project purposes that are added to those of
the original water resource Eroject. From this viewpoint,
instream flows can be seen to consume a portion of the firm
yield available to a project. Much of the debate over
environmental regulations concerns the amount of a project's
yield that should be devoted to water quality, instream flows

and environmental maintenance.
Reduced Flexibility

In addition to firm yield, two other aspects reservoir
operations may be affected. They are secondary yield and
operational rate constraints.

Secondary yield is the water supply that can be provided

by a project in excess of the firm yield. By its nature,

secondary yield cannot be supplied in all years. Operation

e
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studies are also required to determine the amount and

frequency of secondary water supplies.

When regulations impose instream flow releases as
additional project purposes, the flexibility available to
project operators to manipulate secondary yield is reduced.
This may be in the form of required releases when that water
would otherwise be stored. It may also regquire water to be
retained in storage for later use (yield) when the operator
would prefer to release it. The net effect is to reduce

secondary yield.
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