DESIGNING INSTREAM FLOWS TO SATISFY FiISH AND HUMAN
WATER NEEDS
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ABSTRACT: The relicensing of nonfederal hydropower projects and the mandated reevaluation of federal water
projects require policy makers to balance the human use of water with instream releases for environmental
values. To meet the need for planning level tools for instream flow determination, we develop a flexible mul-
tiobjective optimization model. The model considers both the size and frequency of water supply shortages and
the habitat available for fish species as the fish progress through life stages. We use a habitat capacity metric to
combine expected mortality, the fraction of a life stage in a particular month, and the areal habitat needs per
individual fish. The model incorporates human water supply concerns such as monthly variations in human
water demand, water-year types, and flood control restrictions. We apply this monthly optimization model to a
west-slope Sierra Nevada stream used for municipal and agricultural supply and for supporting an anadromous
fish population. Results identified a range of alternative solutions that involve trade-offs between water shortage

levels and fish population capacity.

INTRODUCTION

Conflict between competing uses of river basins has inten-
sified as society seeks to protect environmental integrity while
concurrently making more demands on the water resource. The
multiple, often-conflicting objectives of reservoir management
include hydropower production, municipal water supply, water
supply for irrigation, flood control, lake recreation, down-
stream recreational boating and fishing, and maintenance of
ecosystem integrity. The managed use of resources for multi-
ple purposes involves many federal and state agencies and is
addressed explicitly in several statutes and regulations (e.g.,
National Environmental Policy Act, the Federal Power Act,
and the Central Valley Project Improvement Act). No reservoir
operation plan can fully satisfy the conflicting demands on the
system, and thus reservoir management schemes must seek to
use the water resources as efficiently as possible. Solutions that
satisfy multiple objectives are neither straightforward nor eas-
ily agreed upon, but ultimately decisions must be made. Sys-
tems analysis tools provide one way of identifying potentially
acceptable solutions.

Minimum flow regulations have become an increasingly vis-
ible issue for water resources managers. The primary conflict
is between releases to maintain ecosystem integrity down-
stream, versus the use of stored water to meet hydropower,
recreational, and water supply needs. The relicensing of hun-
dreds of nonfederal hydropower dams has combined with
other instream flow conflicts to increase the demand for meth-
ods to generate minimum flow requirements that balance so-
cioeconomic and environmental objectives. This study pre-
sents a flexible planning-level tool to help water resources
managers develop acceptable instream flow requirements.

Few previous reservoir operations studies have included
both water supply and instream flow objectives explicitly. Past
systems analysis work has usually addressed water supply ob-
jectives with a predetermined minimum flow requirement as a
constraint. The basic structure of these reservoir operations
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models is described by a simple mass balance equating the
change in storage to the difference between inflow and outflow

S —Sia=5L~W +M) foralli H

where S; = reservoir storage at end of period i; M, = mass of
water diverted from reservoir to water supply uses during pe-
riod i; W, = water released from reservoir during period i; and
I, = inflow to reservoir during period i.

These models supplement this basic mass balance structure
with flood control, capacity, and carryover storage constraints
and maximize a function of water delivery. Frequently, oper-
ational rules are incorporated as additional constraints. Goal
programming, integer programming, linear programming, and
dynamic programming are some general models that have
been used both to generate operating rules for reservoirs and
to size potential reservoirs (Yeh 1985). Environmental con-
straints take the form of predetermined minimum release re-
quirements.

Increased research into instream flow issues paralleled the
increased concern with the needs of both recreational users
and downstream fish populations. Palmer et al. (1982) show
the impact of increasing environmental flow-by requirements
on the yield of a reservoir system. Flug and Montgomery
(1988) use simple benefit functions to quantify the boating,
fish habitat, and rafting benefits from instream releases from
a reservoir. Flug and Ahmed (1990) propose a methodology,
using 22 specific natural resource attributes in their example,
to quantify and characterize different preferred flow regimes.
Flug et al. (1990) evaluate four methods of generating alter-
native flow regimes that maximize weighted linear combina-
tions of simple benefit functions for boating, fishing, and
whitewater rafting.

Two studies considered the instream flow objectives but not
reservoir operation objectives. Franc (1993) presents a method
developed by a hydropower utility for assessing minimum
flow requirements and generating new ones. This model
(FISHN) determines flow schedules that provide equivalent
amounts of habitat as a baseline case that reflects operation
under current minimum flow regimes. The model allows two
ways of determining the best minimum flow scenario: one
chooses the flow that maximizes the amount of habitat pro-
duced by an incremental increase in minimum flow; the other
chooses the flow that minimizes the marginal cost (in lost hy-
dropower production) of producing additional habitat. No link-
ing of habitat capacity across life stages is considered. Harp-
man et al. (1993) use similar habitat information in a
biological model to relate flow to fish population. The model
links habitat available at each life stage through a mortality
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