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Covers. Front: An oar boat with university students from Northern Arizona University's Grand
Canyon Semester passes river mile 61 near the confluence of the Little Colorado River and the
Colorado River. This area is known for its biological and cultural significance, as the stronghold of
the endangered humpback chub, and a place of importance in many tribal histories. Photograph
taken by Amy S. Martin, Northern Arizona University, November 2014.

Back: Lower Beaver Falls lies approximately 4 miles up Havasu Creek from its confluence with the

Colorado River at river mile 157 and is the site of ongoing endangered humpback chub translocations.
Photograph taken by Amy S. Martin, National Park Service, October 2013.
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Decision Analysis to Support Development of the Glen
Canyon Dam Long-Term Experimental and Management

Plan

By Michael C. Runge,' Kirk E. LaGory,2 Kendra Russell,* Janet R. Balsom,* R. Alan Butler,* Lewis G. Coggins,
Jr.* Katrina A. Grantz,® John Hayse,? Ihor Hlohowskyj,? Josh Korman,® James E. May,? Daniel J. O'Rourke,?
Leslie A. Poch,2 James R. Prairie,® Jack C. VanKuiken,? Robert A. Van Lonkhuyzen,? David R. Varyu,® Bruce T.
Verhaaren,? Thomas D. Veselka,? Nicholas T. Williams,® Kelsey K. Wuthrich,? Charles B. Yackulic," Robert P.

Billerbeck,* and Glen W. Knowles?

1 Abstract

The U.S. Geological Survey, in cooperation with the
Bureau of Reclamation, National Park Service, and Argonne
National Laboratory, completed a decision analysis to use in
the evaluation of alternatives in the Environmental Impact
Statement concerning the long-term management of water
releases from Glen Canyon Dam and associated management
activities. Two primary decision analysis methods, multicri-
teria decision analysis and the expected value of information,
were used to evaluate the alternative strategies against the
resource goals and to evaluate the influence of uncertainty.

A total of 18 performance metrics associated with 8 out
of 12 resource goals (fundamental objectives) were developed
by the Bureau of Reclamation and National Park Service in
partnership with subject-matter teams composed of Federal,
State, tribal, and private experts. A total of 19 long-term
strategies associated with 7 alternatives were developed by
the Bureau of Reclamation, National Park Service, Argonne
National Laboratory, U.S. Geological Survey, and Cooperating
Agencies. The 19 long-term strategies were evaluated against
the 18 performance metrics using a series of coupled simula-
tion models, taking into account the effects of several impor-
tant sources of uncertainty. A total of 27 Federal, State, tribal,
and nongovernmental agencies were invited by the Assistant
Secretary of Interior to participate in a swing-weighting
exercise to understand the range of perspectives about how

'U.S. Geological Survey

*Argonne National Laboratory

SBureau of Reclamation

“National Park Service

*National Oceanic and Atmospheric Administration

°Ecometric Research, Inc.
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to place relative value on the resource goals and performance
metrics; 14 of the 27 chose to participate. The results of the
swing-weighting exercise were combined with the evaluation
of the alternatives to complete a multicriteria decision analy-
sis. The effects of uncertainty on the ranking of long-term
strategies were evaluated through calculation of the value of
information.

The alternatives and their long-term strategies differed
across performance metrics, producing unavoidable tradeoffs;
thus, there was no long-term strategy that was dominated by
another across all performance metrics. When the performance
of each alternative was weighted across performance metrics,
three alternatives (B, D, and G) were top-ranked depending
on the set of weights proposed: Alternative B was favored by
those stakeholders that placed a high value on hydropower;
Alternative G was favored by those stakeholders that placed a
high value on the restoration of natural processes, like beach-
building and natural vegetation; and Alternative D was favored
by the remaining stakeholders. Surprisingly, these rankings
were not sensitive to the critical uncertainties that were evalu-
ated; that is, the choice of a preferred long-term strategy was
sensitive to the value-based judgment about how to place
relative weight on the resource goals but was not sensitive to
the uncertainties in the system dynamics that were evaluated
in this analysis. The one area of uncertainty that did slightly
affect the ranking of alternatives was the long-term pattern of
hydrological input; because of this sensitivity, some attention
to the possible effects of climate change is warranted.

The results of the decision analysis are meant to serve
as only one of many sources of information that can be used
to evaluate the alternatives proposed in the Environmental
Impact Statement. These results only focus on those resource
goals for which quantitative performance metrics could be
formulated and evaluated; there are other important aspects of
the resource goals that also need to be considered. Not all the
stakeholders who were invited to participate in the decision
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analysis chose to do so; thus, the Bureau of Reclamation,
National Park Service, and U.S. Department of Interior may
want to consider other input.

2 Introduction

The Glen Canyon Dam is on the Colorado River in
Arizona, United States, within the boundaries of Glen Can-
yon National Recreation Area and upstream from Grand
Canyon National Park (fig. 1) and is managed by the Bureau
of Reclamation (hereinafter referred to as “Reclamation”).
The Glen Canyon Dam Adaptive Management Program
(GCDAMP) was established in 1997 to provide research and
monitoring of downstream resources to Reclamation and the
U.S. Department of the Interior (DOI). The GCDAMP project
area stretches along the Colorado River from the forebay of
Glen Canyon Dam to the westernmost boundary of Grand
Canyon National Park. Locations along the Colorado River
are indexed by river miles (RM) with a reference point at Lees
Ferry (RM 0). The Glen Canyon Dam is at RM -15.5 (15.5 mi
upstream from Lees Ferry). Other important locations that are
referenced in this report include the following: Paria River
(RM 1.0), Little Colorado River (RM 61.4), and Bright Angel
Creek (RM 87.8) (fig. 1). The reach from Glen Canyon Dam
to Lees Ferry is known as Glen Canyon, the reach from Lees
Ferry to the Little Colorado River is known as Marble Can-
yon, and Grand Canyon proper begins at the Little Colorado
River.

In October 1996, the Secretary of the Interior signed a
Record of Decision (ROD) documenting the selection of oper-
ating criteria for Glen Canyon Dam (Bureau of Reclamation,
1996) as analyzed in the 1995 Final Environmental Impact
Statement (Bureau of Reclamation, 1995). The preferred alter-
native, known as Modified Low Fluctuating Flow (MLFF), has
governed the operation of Glen Canyon Dam for the last 19
years (1996 to present) with important modifications described
in “Final Environmental Impact Statement—Colorado River
interim guidelines for lower basin shortages and the coordi-
nated operations for Lake Powell and Lake Mead” (Bureau of
Reclamation, 2007), “Environmental Assessment—Develop-
ment and implementation of a protocol for high-flow experi-
mental releases from Glen Canyon Dam” (Bureau of Recla-
mation, 2011a), “Environmental Assessment—Non-native
fish control downstream from Glen Canyon Dam” (Bureau
of Reclamation, 2011b), and many other regulatory docu-
ments. The Bureau of Reclamation (1996) also established
the GCDAMP and Grand Canyon Monitoring and Research
Center (GCMRC), which has led extensive monitoring and
research aimed to improve the management of the Colorado
River and its environs below Glen Canyon Dam.

In July 2011, the Secretary of the Interior announced the
intent to develop a Long-Term Experimental and Management
Plan (LTEMP) and Environmental Impact Statement (EIS)
for Glen Canyon Dam as the first comprehensive review of

dam operations in 15 years and as an opportunity to integrate
the considerable scientific information collected since the
GCDAMP began in 1996. The Bureau of Reclamation and
National Park Service (NPS) are serving as joint-lead agen-
cies for the EIS. The following agencies are participating as
Cooperating Agencies in development of the EIS: Arizona
Game and Fish Department (AGFD), Bureau of Indian Affairs
(BIA), Colorado River Board of California, Colorado River
Commission of Nevada, the Havasupai Tribe, the Hopi Tribe,
the Hualapai Tribe, the Kaibab Band of Paiute Indians, the
Navajo Nation, the Pueblo of Zuni, Salt River Project (SRP),
U.S. Fish and Wildlife Service (FWS), Upper Colorado River
Commission, Utah Associated Municipal Power Systems
(UAMPS), and Western Area Power Administration (WAPA).
The purpose of the LTEMP is to provide a comprehensive
framework for adaptively managing Glen Canyon Dam over
the next 20 years consistent with the Grand Canyon Protec-
tion Act of 1992 (GCPA) and other provisions of federal law
(Bureau of Reclamation and National Park Service 2015);
thus, the preferred alternative ultimately selected for the
LTEMP will govern the management of water releases at Glen
Canyon Dam for the next 20 years, specifying condition-
dependent seasonal, weekly, and daily patterns of release, as
well as nonflow actions, including vegetation management
and the potential for mechanical removal of nonnative fish.
The goals for the LTEMP are to meet the requirements of
the GCPA; and to minimize, consistent with the law, adverse
effects on the downstream natural, recreational, and cultural
resources in Glen Canyon National Recreation Area and Grand
Canyon National Park, including resources of importance to
American Indian Tribes, while ensuring water delivery and
maintaining or increasing hydroelectric capacity and genera-
tion. The need for the LTEMP arises from scientific informa-
tion developed since the 1996 record of decision (Bureau
of Reclamation, 1996), the use of which will better inform
DOI decisions on dam operations and other management and
experimental actions so that the Secretary of the Interior may
continue to meet statutory obligations to protect resources
downstream from Glen Canyon Dam for future generations,
conserve species listed under the Endangered Species Act of
1973 (ESA), avoid or mitigate effects on National Register
eligible properties, and protect tribal interests, while meet-
ing water delivery obligations and providing hydropower
generation. The list of resources of concern in the analysis
of alternatives includes the following: tribal resources and
interests, sediment deposition and retention, riparian vegeta-
tion, humpback chub (HBC) (Gila cypha) and other native
fish, historic properties, recreation, the rainbow trout fishery in
Glen Canyon, water delivery, and hydropower. There is uncer-
tainty about how management actions in this system affect the
resources of concern, which complicates the analysis of alter-
natives. There is an acknowledged need for adaptive manage-
ment (Walters, 1986), perhaps even for experimental actions
chosen to accelerate learning for the benefit of selecting future
management actions. The decision problem, therefore, can be
characterized as one of multiple objective tradeoffs in the face
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of uncertainty, where the management actions themselves are
condition-dependent, information-dependent, and complex;
and where there is the opportunity to reduce uncertainty early
on to improve later actions through adaptive implementation.

In July 2012, the Assistant Secretary of the Interior for
Water and Science, Reclamation, and NPS embraced the
idea of using structured and formal decision analysis as one
of several tools to evaluate alternatives in this EIS. Formal
decision analysis was seen as a way to address multiple objec-
tives, engage stakeholders, and evaluate the degree to which
uncertainty is an impediment to the selection of management
actions.

The purpose of this report is to document the formal
decision analysis completed by the U.S. Geological Survey,
in cooperation with the Bureau of Reclamation, National Park
Service, and Argonne National Laboratory, as one component
of the evaluation of alternatives for the LTEMP EIS. This
report is a stand-alone document and an appendix to the Draft
EIS (Bureau of Reclamation and National Park Service, 2015);
it is also anticipated to be an appendix to the Final EIS. The
emphasis in this report is on the decision analysis; the reader is
referred to the Draft EIS (DEIS) and its appendixes for many
other details, including the following: the legal, ecological,
and cultural context of the LTEMP; an indepth description of
the alternatives; the details of the quantitative models used to
evaluate the alternatives; and a comprehensive comparison
of the alternatives and their effects on resources of concern,
including qualitative assessments that were not included in the
decision analysis.

3 Decision Analysis

The DOI is including formal decision analysis tools to
accompany more traditional qualitative tools to evaluate alter-
natives in the Glen Canyon Dam LTEMP EIS. The LTEMP
EIS concerns the management of a very complex system with
many, possibly competing, resources of interest and consid-
erable uncertainty about the relations between management
strategies and the responses of resources of interest to manage-
ment strategies; furthermore, there are multiple stakeholder
viewpoints to consider, and the DOI wants to use a structured
process as one of the tools for better evaluating and under-
standing stakeholder viewpoints. This section provides an
overview of decision analysis and describes the quantitative
methods the DOI used to analyze the alternatives.

3.1 Structured Decision Making

“Structured decision making” (SDM) is a term of art,
used by a community of practitioners in the United States,
Canada, and Australia, to refer to the application of a broad
array of decision analysis tools to natural resource manage-
ment (Gregory and others, 2012). The analytical tools used
in any application will depend on the specific needs of that

decision setting, so SDM can look quite different from case

to case. The set of analytical tools that might be used include
the following: multicriteria decision analysis (MCDA), deci-
sion trees, expert elicitation, objectives hierarchies, value of
information, stakeholder involvement, predictive modeling,
utility theory, dynamic optimization, portfolio analysis, and
many others. The common features in any application of deci-
sion analysis are (1) an attention to value-focused thinking
(Keeney, 1996), recognizing that any decision is an attempt

to achieve something of value to the decision maker; and

(2) decomposing the decision problem into basic elements
(objectives, alternatives, consequences, and tradeoffs) (Runge,
2011). The goal of SDM is to provide a transparent process for
articulating objectives, developing alternatives, and evaluating
those alternatives against the objectives. Note, however, that
SDM does not substitute for a decision maker, and the applica-
tion of the SDM process does not make a decision; rather,
SDM only serves to aid the decision maker in understanding
and organizing the complexities of the problem. The DOI
prefers to use the term “structured decision analysis” or simply
“decision analysis” for the LTEMP EIS process because the
Secretary of the Interior retains the responsibility and authority
to make a decision. In the context of the LTEMP EIS, two key
decision analysis tools are used to evaluate the alternatives:
MCDA and the expected value of perfect information (EVPI).

3.2 Multicriteria Decision Analysis

Many objectives associated with management of Glen
Canyon Dam are important to stakeholders, including tribal
cultural and spiritual values, endangered species, hydropower
generation, sediment conservation, and recreation. It is pos-
sible that some of these objectives compete; if so, no single
strategy will be best at achieving all the objectives. One of the
difficulties the decision maker faces, then, is the value judg-
ment regarding how to weight this host of objectives based
on the many statutes governing Glen Canyon Dam operation
and resource protection. Multicriteria decision analysis is a
formal decision analysis tool designed to help evaluate the
competing objectives and explore how to weight them within
the context of the statutes (Figueira and others, 2005), and has
been applied to a wide variety of natural resource management
problems (Herath and Prato, 2006). Considerable literature
advocates the use of MCDA in National Environmental Policy
Act (NEPA) processes (Gregory and others, 1992; Kulkarni
and others, 1993; Prato, 1999; Sheehy and Vik, 2002; Kiker
and others, 2005; Linkov and others, 2006a, 2006b, 2006c;
Stich and Holland, 2011; Marcot and others, 2012). Although
not common, a few examples of NEPA documents explicitly
incorporate MCDA methods (National Oceanic and Atmo-
spheric Administration, 1995a, 1995b; Kimbrough and others,
2008; Nobrega and others, 2009; Bureau of Reclamation,
2011b; Runge and others, 2011a). Notably, the value of using
MCDA for evaluation of management alternatives for Glen
Canyon Dam has been argued by Flug and others (2000).
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One of the key advantages of MCDA in the context of
the LTEMP EIS is that it provides a structured and transpar-
ent method for receiving detailed stakeholder input about the
resource goals, ways to evaluate performance of the alterna-
tives against the resource goals, and the value of resource
goals relative to each other. Stakeholders have legitimate
differences in viewpoint about the relative importance of the
objectives affected by the LTEMP alternatives, differences that
stem from policy judgments rather than scientific judgments.
Multicriteria decision analysis provides a way for stakehold-
ers to articulate those judgments. By clearly understanding
those different viewpoints, Reclamation and NPS (hereinafter
referred to as the “joint-lead agencies”) were better able to
analyze and compare the alternatives and ultimately advise the
Secretary of the Interior regarding her choice of a preferred
alternative. In selecting a preferred alternative, the Secretary
of the Interior needed to consider the appropriate suite of laws,
regulations, agency guidance, and policies; the language in the
purpose and need statement; stakeholder input; and the public
input at various points in the process. The MCDA helped orga-
nize at least part of that complex input.

3.2.1

The first step in a MCDA is a full articulation of the
resource goals important to the decision maker, stakeholders,
and the public. The set of resource goals should be (1) com-
plete because it should cover the full range of concerns rel-
evant to the decision; (2) concise because it should not contain
redundant or irrelevant resource goals; (3) sensitive so that the
resource goals are able to distinguish the performance of the
alternatives under consideration; (4) understandable so that
the resource goals directly communicate what matters; and, if
possible, (5) independent so that the resource goals describe
unique aspects of the problem (Gregory and others, 2012).
The completeness of the set of resource goals is often very
important because it provides objectivity and transparency to
otherwise invisible values (Turner and others, 2008).

In an MCDA, the focus of the resource goals should be
should be on objectives that are fundamental (called “fun-
damental objectives”) to the decision maker, stakeholders,
and public. Fundamental objectives, as distinguished from
means objectives, are objectives that are important in their
own right—they are the desired outcomes of the decision,
not because they lead to something else of importance but
because of their inherent value. Means objectives are pursued
as a pathway to fundamental objectives but are not them-
selves of inherent value to the decision maker; for example,

a high juvenile survival rate of HBC is important as a means
to achieving a sustainable population of HBC in the Colorado
River below Glen Canyon Dam, but juvenile survival is not
itself the objective that the decision maker fundamentally
cares about. Achieving population sustainability with low or
moderate juvenile survival rates of HBC, if possible, would be
acceptable; thus, the fundamental objective concerns popula-
tion sustainability.

A Full Articulation of Resource Goals
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The joint-lead agencies, in consultation with the tribes
and Cooperating Agencies and with input from public scoping
comments, developed a set of resource goals, which represent
the fundamental objectives to be pursued in the LTEMP EIS.
Some of these resource goals are closely aligned with the
desired future conditions (DFCs) developed by the Adaptive
Management Working Group (AMWG); and are grounded in
the laws, regulations, and policies relevant to the joint-lead
agencies. In a few instances, the resource goals differ from the
DFCs to more clearly identify a set of fundamental objec-
tives for the specific context of the LTEMP EIS that meet the
characteristics described previously in this section (complete,
concise, sensitive, understandable, and independent). In a
parallel effort, the joint-lead agencies worked directly with
interested tribes to develop resource goals that are specific to
tribal perspectives.

3.2.2 Performance Metrics

Performance metrics are scales of measurement on which
the fundamental objectives (resource goals) can be evaluated.
By developing performance metrics that are closely tied to
the resource goals, the assessment of alternatives can include
a quantitative, rather than solely narrative, analysis. Also,
articulation of performance metrics forces considerable clar-
ity about the resource goals; thus, using performance metrics
encourages a high degree of transparency in the analysis of
alternatives. It is difficult, however, to express all the resource
goals in quantitative form. The use of performance metrics,
therefore, does not preclude use of narrative analyses to evalu-
ate additional resource goals in a NEPA process.

Ideally, performance metrics should directly reflect
the resource goals, but this is often very difficult to achieve
because the resource goals can be subtle, nuanced, complex,
and difficult to quantify. There are also cases where a desired
performance metric can be articulated, but the scientific
tools do not exist to predict the performance of alternatives
on that scale; thus, development of performance metrics is
a very important science-policy interface. For the manage-
ment agency, the desire is to have performance metrics that
closely track the corresponding resource goals, but for the
scientists, the desire is to have performance metrics that can be
predicted with high confidence. When the difference between
these desires is large, the question is how far the quantitative
assessment can stretch toward the desired performance metric
while maintaining a robust scientific foundation. There is,
of course, a tendency to want to use proxy metrics that can
be reliably predicted (for example, temperature as a proxy
for HBC recruitment), but this only shifts a difficult burden
to the decision maker who has to then make invisible judg-
ments about how closely the proxy aligns with the underlying
resource goal. The performance metrics developed for this
decision analysis span the gamut from direct, natural measures
of resource goals to distant proxies, depending on the science
available to support their assessment. An effort has been made
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to transparently articulate the relation between each perfor-
mance metric used and the resource goal it represents.

The joint-lead agencies in conjunction with subject-mat-
ter expert (SME) teams from all relevant disciplines developed
performance metrics corresponding to the resource goals that
were used as the scales on which alternatives were quantita-
tively evaluated. During the course of development, the joint-
lead agencies sought feedback on draft performance metrics
from the Cooperating Agencies, tribes, and other stakeholders.

3.2.3 Transparent and Quantitative Evaluation
of Alternatives

As part of the effects analysis for the LTEMP EIS, and
as a supplement to the traditional narrative analysis, Argonne
National Laboratory (hereinafter referred to as “Argonne”)
and collaborators completed quantitative analyses of the
alternatives against the performance metrics. These quantita-
tive analyses are an exercise in forecasting—predicting the
relative performance of the alternatives against the resource
goals using the best available science. In some cases, existing
models were available for this task; in other cases, new predic-
tive models were developed; and in still other cases, formal
methods of expert elicitation (Martin and others, 2012) were
needed. But, in all cases, the methods for assessing the alterna-
tives provide transparency to the evaluation.

The ecological, economic, and social systems being
evaluated in the LTEMP EIS are complex, and even though
the systems are some of the best studied systems in the
world, they are nevertheless incompletely understood; thus,
the models used to predict performance of the alternatives
were necessarily simplifications of the real world and had to
account for uncertainty. Specific details about how uncertainty
was handled in the decision analysis are described in sec-
tion 3.3, “Uncertainty, Value of Information, and Adaptive
Management.”

A traditional, narrative evaluation of alternatives has to
make all the same assumptions as a quantitative evaluation
does. The use of a quantitative approach raises the degree
of transparency about these assumptions and allows better
inspection by interested parties. Also, quantitative analysis of
the alternatives provides the raw material for later steps in a
decision analysis.

3.24 Tradeoff Analysis

The outcome of the assessment phase can be viewed as a
“consequence table”—a summary of how each alternative is
expected to perform against each resource goal (as expressed
by the corresponding performance metric). That assessment
phase is a scientific endeavor—an evaluation of the current
knowledge of the system to forecast how the system will
respond to any proposed alternative. The consequence table
provides a visual way to compare the alternatives and is an
important analytical and communication step. Selection of a

preferred alternative involves a policy choice based on sound
science, which requires a values judgment about how to
comply with the laws applicable to the proposed action while
achieving a multitude of fundamental objectives, particularly
if there are tradeoffs among the objectives. Some fundamen-
tal objectives, because of legal and policy considerations,

may take precedence over other objectives; the remaining
objectives need to be balanced appropriately. The joint-lead
agencies, in evaluating the alternatives and providing a recom-
mendation to the Secretary of the Interior, wanted to under-
stand how Cooperating Agencies and other stakeholders would
individually value the range of resource goals. This structured
input was not the only consideration; in the NEPA process,
decisions are also informed by the legal and policy frame-
work, including relevant laws, regulations, agency policies
and guidance, court cases, consultation with tribes, and public
comment at various points in the process.

Multicriteria decision analysis provides tools for elicit-
ing and investigating the values judgments associated with
balancing tradeoffs. There are a variety of MCDA meth-
ods; we used the Simple Multi-Attribute Rating Technique
(SMART) (Edwards, 1971; Goodwin and Wright, 2004) with
swing weighting (Winterfeldt and Edwards, 1986). Stakehold-
ers were asked to individually complete a swing-weighting
exercise to express how they valued the resource goals relative
to one another, while accounting for the range in performance
across alternatives. The weights derived were combined
with the consequence table to rank the alternatives from the
viewpoint of each participating stakeholder. These individual
viewpoints were provided as input to the joint-lead agencies
and are documented in this report.

3.3 Uncertainty, Value of Information, and
Adaptive Management

The second major set of tools from decision analysis
that were used in the development and assessment of alterna-
tives for the LTEMP EIS concern how to articulate, evaluate,
and address uncertainty in an adaptive design. The primary
analytical tool that informed this process is the expected value
of information (Raiffa and Schlaifer, 1961; Howard, 1966). In
a decision analysis context, the value of information is the best
method for sensitivity analysis (Felli and Hazen, 1998). Runge
and others (2011b) describe how the value of information
can be used to design an adaptive management program that
focuses on finding the best management strategy (rather than
reducing the most uncertainty).

3.3.1 Adaptive Management Versus
Experimental Management

Several different schools of adaptive management, which
differ in their emphasis on various decision analysis tools and
approach to experimental design, exist (McFadden and oth-
ers, 2011). All the schools trace their lineage back to Walters
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(1986), but their current approaches can look very different.

In the Resilience-Experimentalist (RE) school of adaptive
management, emphasis is placed on experimental design
focused on policy choices (management alternatives) as the
elements of uncertainty. To some extent, the RE school is most
focused on “unknown unknowns”—uncertainty that cannot

be anticipated in advance—and, therefore, advocates robust
experimental designs composed of management alternatives
to provide accelerated learning about the system dynamics

in response to management. This accelerated learning might
not be formally linked to subsequent long-term management
planning because of a sense that there is too much hubris in
making long-term plans when so much surprise is expected.
The RE school perhaps draws more inspiration from Walters
and Holling (1990) than from the seminal text (Walters, 1986).
Examples of adaptive management that are often associated
with the RE school include management in the Columbia
River Basin, water management in the Everglades, and past
management in the GCDAMP (McFadden and others, 2011).

In the Decision-Theoretic (DT) school of adaptive
management, the emphasis is placed on a priori articulation
of uncertainty through alternative hypotheses about system
response to management and derivation of optimal strategies
that solve the “dual-control problem” of achieving long-term
management objectives by balancing the benefits and costs
of learning in the short term. The DT school is most focused
on known unknowns—uncertainty that can be explicitly
articulated—and, therefore, advocates adaptive design that
seeks resolution of this uncertainty but only to the degree that
such resolution will improve future management. Learning is
explicitly linked to future management decisions by associat-
ing particular courses of action with the degree of evidence in
support of the alternative hypotheses; in this way, long-term
management is articulated as part of the adaptive program, so
the natural transition from experimentation to implementation
is specified up front. The tenets of the DT school are arguably
a more direct expression of Walters (1986) than other schools
of adaptive management. The example most commonly asso-
ciated with the DT school is the adaptive harvest management
of mallards in North America (Johnson and others, 1997).

It seemed appropriate that the 1995 Glen Canyon Dam
Final EIS and the GCDAMP embraced an RE school approach
to adaptive management. At the time, there was very signifi-
cant uncertainty about the dynamics of the Colorado River
system below Glen Canyon Dam, so an approach that empha-
sized learning about unknown unknowns made sense. Several
policy experiments have been completed, and a great deal
has been invested in research; together these have greatly
advanced the state of knowledge. It would have been difficult
in 1995 to anticipate all the discoveries and specify clearly
how and when management of Glen Canyon Dam would
move from an experimental phase to a long-term implementa-
tion phase. The current question for the joint-lead agencies
is if the last two decades of research and experimentation
have generated enough knowledge to allow the articulation
of uncertainty as known unknowns and pursue a DT school
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approach to adaptive management. The joint-lead agencies
believe this is the case, and approached the development of the
LTEMP EIS with this philosophy in mind.

3.3.2 Articulating Uncertainty as Competing
Hypotheses

For many, if not all, of the resource goals, the perfor-
mance of the alternatives is uncertain. Some of that uncer-
tainty can be captured simply by including estimates of vari-
ance around the forecasts, but some uncertainty is pervasive
enough that it could change the ranking of the alternatives
relative to a particular resource goal and, thus, could impede
the identification of a preferred alternative. For these critical
uncertainties, the SME teams characterized the uncertainty in
the predictive models as a set of competing hypotheses. The
focus of the uncertainty was on the mechanisms or param-
eters in the models, not on a holistic statement of uncertainty
about whether a particular management intervention will work
or not; thus, for example, rather than state the uncertainty
as whether or not a particular management alternative will
build and sustain beaches, the uncertainty was expressed as
competing hypotheses about the long-term rate of sediment
input from the Paria River. Likewise, whether trout manage-
ment flows (TMFs) work or not was expressed as competing
hypotheses about the rate of recruitment of juvenile rainbow
trout when TMFs are used.

Development of competing hypotheses to capture critical
uncertainty is challenging. It requires very deliberative thought
about the limits of knowledge and the nature of uncertainty
that would affect the ranking of management alternatives. To
do so with a small number of discrete hypotheses requires a
simplification of the full degree of uncertainty. But careful
thought along these lines allows a transparent and explicit
statement of the uncertainty that is the focus of experimental
and adaptive design. In a NEPA context, such explicit articula-
tion of critical uncertainty allows full disclosure of the motiva-
tion for experimental design and explanation of how subse-
quent management will respond to newfound knowledge.

3.3.3 Deconstructing Complex Alternatives

Several of the alternatives under consideration in the
DEIS (especially Alternatives C, D, and E; see explanations of
each in the “Alternatives” sections 5.4, 5.5, and 5.6) include,
either explicitly or implicitly, complex experimental or adap-
tive designs (see, for example, figs. 2—13 and 2—-14 in Bureau
of Reclamation and National Park Service, 2015). These strat-
egies prescribe different management interventions depending
on state and information conditions. It is particularly important
to distinguish state-dependent triggers from information-
dependent triggers. State-dependent triggers are conditions of
the state of the system that would lead to implementation of a
different management action, primarily in recognition that the
Colorado River is a stochastic ecosystem, and it is important
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to be able to respond to natural variation. Most obviously,

all the alternatives contain state-dependent triggers under

the Bureau of Reclamation (2007) guidelines that specify,
among other parameters, the annual volume for water release
from Glen Canyon Dam. Other state-dependent triggers are
designed to guard against chance reductions in HBC or other
resources of concern. State-dependent triggers are in contrast
to information-dependent triggers, which are indications that
the state of knowledge has changed substantially and a new
approach to management is warranted; for example, Alterna-
tives C and E propose experimental implementation of TMFs,
and it is at least implicit in both that if those TMFs are ineffec-
tive in reducing downstream migration of rainbow trout from
Lees Ferry, they would be discontinued. This is an informa-
tion-dependent trigger. To the extent possible, information-
dependent triggers should be explicit in that they specify the
weight of evidence that would be needed on one hypothesis or
another to induce a change in management strategy.

A complex experimental or adaptive strategy can be
viewed as a portfolio of simpler strategies combined and
implemented in a manner to reduce critical uncertainty, with
the ultimate intention to implement one of the simpler strate-
gies as the operational standard in the long term. The infor-
mation-dependent triggers govern the switch between these
simpler strategies. To evaluate such a complex design, the first
step is to understand what the simpler strategies are; thus, the
complex strategies were deconstructed into simpler long-term
strategies, each of which might have state-dependent triggers
but not information-dependent triggers. In other words, an
experimental or adaptive strategy can be viewed as a set of
simpler, operational strategies arrayed against a set of com-
peting hypotheses. Resolution of the competing hypotheses
would lead to identification of a long-term strategy, but of
course, in the short term, an experimental design is needed to
achieve that resolution. The first step in development of such a
complex strategy is the articulation of the simpler component
strategies and the attendant competing hypotheses; the devel-
opment of the experimental design is a later step.

3.3.4 Value of Information

The essence of the DT school of adaptive management
is a focus on uncertainty that is an impediment to the decision
maker; that is, resolution of the uncertainty could affect the
choice of the long-term management strategy. To evaluate the
importance of a source of uncertainty, we used a technique
known as the value of information (Raiffa and Schlaifer, 1961;
Howard, 1966; Runge and others, 2011b), which was also
advocated by Walters (1986) as the motivation for adaptive
management. The idea behind the value of information is to
compare the expected performance if a decision has to be
made in the face of uncertainty with the expected performance
if uncertainty can be resolved before committing to a decision.
This contrast, known as the EVPL, sets an upper bound on the
value of experimental or adaptive management measured on
the scale of the management objective(s). To make a decision

in the face of uncertainty, a decision maker chooses to imple-
ment an action that achieves the highest expected performance
against the uncertainties, but that decision carries the risk of
being wrong (because some other action could have performed
better); the value of information measures how important it is
to eliminate that risk. There are two related methods: (1) the
expected value of partial information (EVXI) allows calcula-
tion of the value of reducing some component of uncertainty,
while remaining uncertain about the rest; and (2) the expected
value of sample information takes into account the noise in the
monitoring.

To calculate the value of information, uncertainty must be
explicitly articulated (as competing hypotheses with eviden-
tiary weights or as a probability distribution on a set of param-
eters). With a small set of competing hypotheses, the calcula-
tions involve several steps: (1) forecasting the performance of
each long-term strategy under each hypothesis, (2) calculating
a weighted performance across hypotheses to identify an
optimal decision in the face of uncertainty, (3) calculating the
expected performance if uncertainty could be fully resolved
before the management alternative was chosen, and then (4)
comparing the expected values in steps 2 and 3.

In a single-objective setting, the EVPI is measured on the
scale of that objective; thus, it could be expressed, for exam-
ple, as the expected increase in the probability of persistence
of HBC if uncertainty could be resolved before committing
to a long-term management strategy. In a multiple-objective
setting, EVPI is calculated on the composite utility scale (in
which the full array of objectives is weighted); thus, an evalu-
ation of the importance of uncertainty cannot be calculated
without first completing a MCDA to understand the value
weights on the resource goals. The sequence of assessment
matters; the LTEMP EIS process was crafted to accommodate
this series of steps. First, the long-term strategies (the ele-
ments of the full alternatives broken down into their constitu-
ent parts) were analyzed against the array of performance
metrics under all the competing hypotheses. Second, using the
expected value across hypotheses, MCDA (with input from
stakeholders) was used to generate a preliminary weighting of
fundamental objectives. Third, with those weights, the individ-
ual competing hypotheses were investigated, and the expected
value of information (perfect and partial) was calculated.

3.3.5 Experimental and Adaptive Design

The motivation for the EVPI analysis was to provide
guidance useful for developing an experimental or adaptive
design for implementing management actions, taking into
account their value as long-term strategies and the value of
reducing uncertainty. This report only describes the results
from the decision analysis, with a brief discussion of the
implications of the results for experimental design (section
9.2, “Motivation for Adaptive Management”); the develop-
ment of the experimental design is described in the DEIS.
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4 Resource Goals and Performance
Metrics

In February 2010, the Assistant Secretary of the Inte-
rior asked an ad hoc group of the AMWG to develop a set
of DFCs, which were outcomes of fundamental importance
that were “achievable through the operation of Glen Canyon
Dam, subject to the Law of the River and consistent with the
Grand Canyon Protection Act” (Castle, 2010, p. 2) During
the next 2 years, this ad hoc group worked with the AMWG
and DOI to develop the set of DFCs, which were adopted by
the AMWG and recommended to the Secretary of the Interior
in February 2012. The set of DFCs formed the basis for the
development of the resource goals for the LTEMP EIS. The
resource goals express the fundamental objectives for the
LTEMP EIS and are described in the nine subsections that fol-
low (4.1 through 4.9).

Associated with the resource goals, the joint-lead agen-
cies developed metrics to evaluate the relative performance
of the LTEMP alternatives. These scientifically based per-
formance metrics were developed in a series of workshops
among SMEs working on the LTEMP EIS and were revised
to incorporate feedback from Cooperating Agencies and other
stakeholders. The performance metrics are intended to be
objective measures of the performance of alternatives rela-
tive to goals for each affected resource being evaluated in the
LTEMP EIS. Note that these performance metrics are not the
full impacts analysis for the LTEMP EIS. Other sources of
quantitative and qualitative information, in addition to the per-
formance metrics, were used to assess the overall and relative
performance of alternatives and their constituent elements for
the LTEMP EIS. A summary of the performance metrics used
in the decision analysis is given in table 1.

41 Aquatic Ecology

The resource goals associated with aquatic ecology
focused on the persistence of HBC and other native fish, the
quality of the rainbow trout (RBT) (Oncorhynchus mykiss)
fishery, and absence or containment of nonnative aquatic
species.

4.1.1 Humpback Chub

Resource Goal.—Meet HBC recovery goals including
maintaining a self-sustaining population, spawning habitat,
and aggregations in the natural range of the HBC in the Colo-
rado River and its tributaries below the Glen Canyon Dam.

Performance Metric 1.—Expected minimum number of
adult (greater than or equal to [>] 200 millimeters [mm]) HBC
in the Little Colorado River population during the LTEMP
planning period (20 years).

Performance Metric 2.—Average temperature suitability
index (scale 0—1) for HBC at RM 157 (Havasu Creek) and
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RM 213 (Pumpkin Spring) (fig. 1). The potential for a self-
sustaining aggregation of HBC at each of these locations was
based on a temperature suitability model that considered how
well water temperatures met requirements for important HBC
life-history stages (spawning, egg incubation, and growth)
using triangular probability functions based on the reported
ranges of suitable temperatures for each life-history stage
(Valdez and Speas, 2007). The composite temperature suitabil-
ity index was the geometric mean of the suitability indices for
each of the life-history stages.

4.1.2 Other Native Fish

Resource Goal.—Maintain self-sustaining native fish
species populations and their habitats in their natural ranges on
the Colorado River and its tributaries.

In the analysis for the EIS, temperature suitability
indexes for other native fish, similar to the one for HBC, were
developed. They did not, however, show much differentiation
among alternatives, and they did not differ much from each
other and from the HBC temperature suitability metric. These
metrics were not, subsequently, used in the decision analysis;
the HBC temperature suitability metric was assumed to stand
in for other native fish as well.

41.3 Rainbow Trout Fishery

Resource Goal.—Achieve a healthy high-quality recre-
ational RBT fishery in the Glen Canyon National Recreation
Area and reduce or eliminate downstream RBT migration
consistent with NPS fish management and ESA compliance.

Performance Metric 3.—Rainbow trout catch rate in
Glen Canyon National Recreation Area (age 2+ fish per
angler-hour).

Performance Metric 4.—Rainbow trout emigration rate
(number of age-0 RBT moving into Marble Canyon from Glen
Canyon per year).

Performance Metric 5.—Abundance of high-quality RBT
(greater than [>] 16 inches total length) in the Glen Canyon
reach.

41.4 Nonnative Aquatic Species

Resource Goal—Minimize or reduce the presence and
expansion of aquatic nonnative invasive species.

In the analysis for the EIS, temperature suitability metrics
for nonnative warm-water and cold-water fish and aquatic
parasites, similar to the one for HBC, were developed. They
did not, however, provide much differentiation among the
alternatives. These metrics are reported in the EIS but were
not used in the decision analysis.
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Table 1.

Summary of the 18 performance metrics used in the decision analysis.

[The range for each performance metric captures the amount of variability in the metric because of the effects of the different alternatives, the hydrological and
sediment traces, and structural and parametric uncertainty. The range shown was used in the swing-weighting elicitation. HBC, humpback chub; RBT, rainbow

trout; #, number; >, greater than]

Number Resource goal Performance metric Units I?esugd Range
direction
1 Minimum number of adult HBC # adults Increase 3,000-8,500
Humpback chub o
2 HBC temperature suitability Index (0-1) Increase 0.0-0.2
3 RBT catch rate Fish/angler-hour Increase 1.0-5.0
4 RBT fishery RBT emigration rate Trout/year Decrease 15,000-125,000
5 Abundance of high-quality RBT ~ # fish > 16 inches Increase 400-1,200
6 _ Wind transport of sediment index  Index (0-1) Increase 0.0-0.5
7 Archacological and Glen Canyon flow index Days/year Decrease 0-75
cultural resources
8 Time-off-river index Index (0-1) Increase 0.60-0.95
9 Hydropower generation Million $/year Increase 120-200
Hydropower and energy . .

10 Hydropower capacity Million $/year Increase 10-50
11 Camping area index Index (0-1) Increase 0.0-0.5
12 Recreation Fluctuation index Index (0-1) Increase 0.0-1.0
13 Rafting use index Visitor-days/year Decrease 0-1,300
14 Riparian vegetation Riparian vegetation index Sum of ratios Increase 2.0-6.0
15 Sediment Sand load index Proportion (0—1) Increase 0.0-0.6
16 Marsh vegetation ratio Ratio Increase 0.0-1.5
17 Tribal resources Mechanical removal Years (out of 20) Decrease 0-5
18 Trout management flows Years (out of 20) Decrease 0-20

4.2 Archaeological and Cultural Resources

Resource Goal.—Maintain the integrity of potentially
affected National Register of Historic Places eligible or listed
historic properties in place, where possible, with preservation
methods used on a site-specific basis.

Performance Metric 6.—Wind transport of sediment
index (WTSI). This WTSI metric captures the availability of
fine sediment for movement by wind. The potential settlement
of such sediment over historic properties may provide protec-
tion from erosion. The WTSI is the product of the sand load
index (SLI; see section 4.7, “Sediment”), which is a proxy for
the availability of sediment, and a flow factor, which is higher
when low flows happen during the windy season. The WTSI
can range between 0 and 1, with higher values indicating more
opportunity for transport of sediment.

Performance Metric 7.—Glen Canyon flow index (num-
ber of days per year that the maximum daily flow is greater
than 23,200 cubic feet per second [ft’/s]). There are a number
of archaeological sites within the Glen Canyon National Rec-
reation Area that could be negatively affected by high flows.
Ninemile Terrace is considered representative of other archaeo-
logical sites on terraces within the Glen Canyon National
Recreation Area; the toe of its slope is at an elevation that cor-
responds to flows from Glen Canyon Dam of 23,200 ft*/s.

Performance Metric §.—Time-off-river index. This
metric reflects the availability of discretionary time off river
for rafting parties, which allows for greater visitation of
archacological sites. From the standpoint of protection of
archacological and cultural sites, such discretionary time is
not desirable. The time-off-river index is calculated from
the mean daily flow levels in the river: daily flows less than
10,000 ft*/s receive a score of 1 (because rafting progress is
slow and there is little discretionary time); daily flows greater
than 31,500 ft*/s receive a score of 0 (because rafting progress
is fast, allowing the most discretionary time); and daily flows
between 10,000 and 31,500 ft*/s receive a score based on
linear interpolation. The daily scores are averaged within sea-
sons: summer (May—August), winter (November—February),
and spring and fall (March—April and September—October,
respectively). An annual value is calculated using a weighted
average across seasons, with higher weight (0.54) given to
summer than to spring and fall (0.31) or winter (0.15). The
final metric ranges between 0 and 1, with higher values indi-
cating better potential to protect archaeological resources.
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4.3 Hydropower and Energy

Resource Goal.—Maintain or increase Glen Canyon
Dam electric energy generation, load following capability, and
ramp rate capability; and minimize emissions and costs to the
greatest extent practicable, consistent with improvement and
long-term sustainability of downstream resources.

Performance Metric 9. —Value of hydropower generation
(million dollars per year). The value of hydropower energy
production over a 20-year trace is discounted at 3.375 percent
per year. The total net present value of energy production is
divided by 20 to provide an annualized measure.

Performance Metric 10.—Value of hydropower capac-
ity (million dollars per year). The WAPA enters into long-
term firm contracts that obligate them to deliver firm electric
service to their customers. For the purpose of the LTEMP EIS,
the value of these contracts is estimated by first calculating the
amount of power (megawatt [MW]) that can be contracted,
then multiplying by the replacement cost for that capacity
(dollars per MW-year). The capacity itself is calculated by
finding the 90-percent exceedance value (10th percentile) for
the daily maximum generation in August (August is the month
with the highest demand) during a 20-year trace. The replace-
ment cost used was $50,100/MW-year based on a natural gas
combustion turbine.

Additional metrics associated with hydropower genera-
tion, including the retail rate effects on residential and nonresi-
dential consumers, are examined in the LTEMP EIS but were
not available in time to be included as part of the decision
analysis.

4.4 Natural Processes

Resource Goal.—Restore, to the extent practicable,
ecological patterns and processes within their range of natural
variability, including the natural abundance, diversity, and
genetic and ecological integrity of the plant and animal species
native to those ecosystems.

A quantitative performance metric to capture this
resource goal was not developed because of its multifaceted
complexity. In the EIS, the alternatives are compared quali-
tatively against this resource goal, but it was not used in the
decision analysis.

45 Recreational Experience

Resource Goal.—Maintain and improve the quality of
recreational experiences for the users of the Colorado River
ecosystem. Recreation includes, but is not limited to, flatwater
and whitewater boating, river corridor camping, and angling in
Glen Canyon.

Performance Metric 11.—Camping area index. This
metric captures the availability of medium (16-25 people) and
large (>25 people) campsites on beaches along the Colorado
River. The camping area index is the product of the SLI (see
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section 4.7, “Sediment”), which measures the availability of
sediment for beach forming, and a flow factor, which reflects
exposure of the beaches. The flow factor is calculated from the
maximum daily flows. A score of 1 is given to flows less than
8,000 ft’/s (because the lower flow means a lower elevation
of the water and hence more beach exposure); a score of 0 is
given to flows greater than 31,500 ft¥/s; and an intermediate
score is determined by linear interpolation for flows between
8,000 and 31,500 ft*/s. The flow factor is averaged over days
within each season, and then over seasons, with higher weight
given to the summer season (0.54) than the spring and fall
(0.31) or winter (0.15) seasons. The camping area index can
range between 0 and 1, with higher values indicating greater
availability of medium and large campsites.

Performance Metric 12.—Fluctuation index. This index
measures the fraction of time that the daily fluctuations in
flow are within a tolerable range; tolerable is defined based
on the study by Bishop and others (1987). As the mean
daily flow increases, greater fluctuations are tolerable. For
mean daily flow in the range from 5,000 to 8,999 ft/s, the
daily fluctuation index is 1 if the daily fluctuation is less
than 3,400 ft*/s; for daily flow in the range from 9,000 to
15,999 ft¥/s, the fluctuation index is 1 if the daily fluctuation
is less than 4,800 ft/s; for daily flow in the range from 16,000
to 31,999 ft¥/s, the fluctuation index is 1 if the daily fluctua-
tion is less than 7,200 ft*/s; and for daily flow greater than
32,000 ft¥/s, the fluctuation index is 1 if the daily fluctuation
is less than 9,800 ft/s. In all cases, the daily fluctuation index
is 0 if the daily fluctuation is greater than 10,000 ft*/s. For
fluctuation index values between 1 and 0, the index is deter-
mined by linear interpolation between the tolerable threshold
and 10,000 ft*/s. The daily values for the fluctuation index are
averaged within seasons, then averaged across seasons with
higher weight (0.54) given to summer months than to spring
and fall (0.31) or winter months (0.15). The fluctuation index
can range between 0 and 1, with higher values indicating a
better visitor experience as influenced by fluctuation in water
levels.

Performance Metric 13.—Glen Canyon rafting use metric
(average boat seats lost per year because of high-flow experi-
ments [HFEs]). During HFEs and for 2 days before and after,
Glen Canyon day-rafting operators cannot take recreational
passengers. This metric calculates the average number of boat
seats lost per year.

Several other metrics reflecting the recreational experi-
ence were analyzed in the LTEMP EIS. In some cases, these
did not help to discriminate among the alternatives, and in
other cases, these metrics were highly correlated with other
metrics. For these reasons, the metrics were not included in
the decision analysis and are not described here.

4.6 Riparian Vegetation

Resource Goal.—Maintain native vegetation and wild-
life habitat, in various stages of maturity, such that they are
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diverse, healthy, productive, self-sustaining, and ecologically
appropriate.

Performance Metric 14—Riparian vegetation index.
This index summarizes predicted changes during the 20-year
LTEMP period in the relative cover of native vegetation com-
munity types and the relative diversity of community types, as
described by a seven-state state-and-transition model (Ralston
and others, 2014). The index is calculated as the sum of four
component ratios: the ratio of final to initial native vegetation
cover, the ratio of final to initial vegetation state diversity, the
ratio of final to initial native to nonnative dominant vegetation
state, and the ratio of initial to final cover of arrowweed. An
index value of 4.0 indicates an unchanged vegetation condi-
tion; values greater than 4.0 indicate improved vegetation
conditions; values less than 4.0 indicate degraded vegetation
conditions.

47 Sediment

Resource Goal.—Increase and retain fine sediment
volume, area, and distribution in the Glen, Marble, and Grand
Canyon reaches above the elevation of the average base flow
for ecological, cultural, and recreational purposes.

Performance Metric 15.—The SLI (the cumulative sand
load transported by high flows [greater than 31,500 ft/s]
divided by the cumulative sand load transported in total). The
range of this metric is 0—1, with higher values reflecting the
potential for larger sandbars because more of the sediment is
transported at higher river volumes and hence higher eleva-
tions. A number of other metrics that summarize the transpor-
tation and deposition of sediment were analyzed in the LTEMP
EIS. They were all fairly highly correlated; only the SLI was
used in the decision analysis.

4.8 Tribal Resources

Resource Goal.—Maintain the diverse values and
resources of traditionally associated tribes along the Colorado
River corridor through Glen, Marble, and Grand Canyons.

In discussions with tribal representatives during the
course of the development of the LTEMP EIS, a large number
of important resource goals were identified. A concerted effort
was made to understand these goals as clearly as possible, but
it was challenging to express some of them in terms ame-
nable to measurement. Although all these goals are important
aspects of the importance to the tribes of the Grand Canyon,
the Colorado River, and their management, not all of them will
be affected by the alternatives being considered in the LTEMP
EIS. All of these resource goals are discussed and evaluated
in the LTEMP EIS. The full set of goals is described in this
section, but only those for which performance metrics were
identified are included in the decision analysis.

4.8.1

The ecosystem in Glen, Marble, and Grand Canyons is
more than the sum of its parts and, in the view of the tribes,
should be healthy as a whole. Historically, in the GCDAMP,
the overall health of the ecosystem has been examined
by evaluating the status of each part, but this reductionist
approach might possibly miss some important aspects. There
are a variety of indicators of ecosystem health that could be
considered including, but not limited to, the following: the
health of the river and its ability to sustain life; the color of
the water; the absence of contaminants, pollutants, and disease
in the water; the potability of the water; the quality of the
water that reaches Lake Mead; and the viability and health of
wildlife and plants in Glen, Marble, and Grand Canyons. It is
important to understand that, for many tribes, the Colorado
River is a sentient being and the spiritual center of the ecosys-
tem because it has the capability of giving and taking life and
is prone to anger if mistreated. The health of the ecosystem
depends on the health of the Colorado River.

Because of the holistic nature of this resource goal, it was
difficult to find a single performance metric that summarized
it. A narrative analysis of this resource goal is found in the
LTEMP EIS, but it was not included in the decision analysis.

Health of the Ecosystem

4.8.2 Sites of Cultural Importance

There are specific sites within Glen, Marble, and Grand
Canyons that are important for cultural reasons; and for
preservation of tribal, religious society, kiva group, and clan
history (for example, shrines, sacred sites, ancient burial sites,
springs, plant collection areas, mineral collection areas, offer-
ing places, and other elements). These sites can be threatened
by erosion, loss of sediment inputs, and intrusive human use
(especially nontribal, outside visitors). Flow and nonflow
actions (for example, education, permitting, research and
monitoring, and interpretation) may affect these sites.

Performance Metric 16.—Marsh vegetation ratio (ratio
of frequency of wetland states during the course of 20 years to
frequency of wetland states if the initial abundance remained
unchanged). Wetlands are a rare and important habitat type
along the Colorado River; within Glen, Marble, and Grand
Canyons, there are currently approximately 4.6 acres of such
habitat. Maintenance and increase of marsh vegetation is
important from a tribal perspective. The metric is calculated
by looking at the marsh and shrub wetland states in the ripar-
ian state-and-transition model (Ralston and others, 2014)
during the course of a 20-year projection and comparing that
to the current abundance. The metric is a ratio; thus, a value of
1.0 indicates an unchanged abundance of marsh (on average),
a value greater than 1.0 indicates an average increase, and a
value less than 1.0 indicates an average decrease.

A number of aspects of this resource goal are also
reflected in other performance metrics described in previous
sections. The WTSI (performance metric 6) focuses on the
availability of fine sediment for transfer to protect National
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Register eligible or listed sites. Such sites, however, do not
represent the full set of places of tribal concern, so other
metrics must also be considered. The Glen Canyon flow

index (performance metric 7) reflects the protection of some
important sites in Glen Canyon. The time-off-river index (per-
formance metric 8) measures the degree to which the discre-
tionary time off river of rafters might affect cultural resources,
including those of tribal importance.

In additions to these performance metrics, a number of
other considerations are evaluated narratively in the LTEMP
EIS, including riparian vegetation diversity, native fish diver-
sity, and access to springs.

483 Respectfor Life

To many of the tribes associated with the Colorado River
and Glen, Marble, and Grand Canyons, life itself is sacred.
Human activities should protect and promote life, not destroy
it. There are two aspects to this resource goal: first, minimize
the taking of life; and second, encourage the expansion and
proliferation of life. These are both complex concepts. The
tribes recognize that it is appropriate for humans to take other
life in some circumstances, especially when it promotes other
life (particularly, our own consumption for survival), but this
taking needs to be minimal and respectful because there are
spiritual consequences associated with the taking of life. The
promotion of life is also important but does not necessarily
imply a return to historical or “natural” conditions. The Glen
Canyon Dam has encouraged new life in Glen, Marble, and
Grand Canyons, so a return to predam conditions is not neces-
sarily implied by this objective. It is worth noting that many of
the tribes do not make a strong distinction between native and
nonnative species.

Performance Metric 17.—Frequency of mechanical
removal, as measured by the average number of years in
which trout mechanical removal trips happen. Several of the
alternatives considered in the LTEMP EIS include the use of
electrofishing and removal of nonnative trout at the conflu-
ence of the Colorado River with the Little Colorado River in
an effort to reduce the piscivory of juvenile HBC by trout.

A number of tribes, especially Hopi and Zuni, have raised
concerns about this taking of life. As a coarse measure of the
cultural, spiritual, and ethical effects of killing trout, this per-
formance metric allows distinctions among alternatives, favor-
ing those that make an effort to minimize mechanical removal.
But the nature of the take, the purpose behind it, the methods
of the take, the disposition of the trout taken, and the mind set
of those killing the fish all also affect the sacred treatment of
living beings.

Performance Metric 18.—Frequency of trout manage-
ment flows, as measured by the average number of years in
which TMFs happen. Several of the alternatives considered
in the LTEMP EIS include the potential for use of TMFs. The
TMFs, designed to reduce reproduction or survival of juvenile
trout, are considered to be killing by some tribes and should
be minimized. Alternatives that include TMFs are likely to
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differ in how often the flows are triggered, so this performance
metric helps to distinguish among the alternatives.

484 Sacred Integrity of Grand, Marble, and
Glen Canyons

Glen, Marble, and Grand Canyons are sacred to many
tribes, and the preservation of their sacred integrity is impor-
tant. The sanctity of Glen, Marble, and Grand Canyons may
be threatened by human activities and behaviors, develop-
ment, and the presence of artificial structures and activities. An
important aspect of the sanctity is the intentionality of visitors:
when outsiders enter Glen, Marble, and Grand Canyons (on
boat or hiking trips), the respect they show to the canyons
and Colorado River can affect the spiritual integrity. There
are many consequences of the disturbance of this sanctity,
including, but not limited to, the following: a reduction of the
spiritual strength of plants gathered and used by the Navajo
for medicinal and cultural purposes; an inability to retire
Navajo sacred objects into the Colorado River when they have
become too old for continued use; weakening of the sacred
role the canyons play as a final resting place for Hopi; and
an overall disruption of the state of mind and spirit of Zuni
religious leaders and of their experience of being within a very
sacred place that embodies the Zuni emergence, migrations,
and communion with the spirits of Zuni ancestors.

This resource goal, although of profound importance
to the tribes, is not thought to differ measurably across the
alternatives under consideration in the LTEMP EIS because
it is not driven by flow operations from Glen Canyon Dam or
currently envisioned attendant activities. This goal is evaluated
in the narrative EIS analysis but not in the formal decision
analysis.

485 Stewardship

According to their traditions, several of the tribes
understand that they have been given a sacred stewardship
responsibility for the preservation and harmony of the world;
for example, the Hopi have a covenant with the caretaker of
this world, Masaw, to be stewards of the earth; other Tribes
have similar stewardship ethics grounded in spiritual tradi-
tions. To maintain these stewardship responsibilities, the tribes
need to be an active part of stewardship of the Glen, Marble,
and Grand Canyons. This stewardship includes the following:
ceremonial activities, whether performed in the canyons or
in the villages; participation in management of the canyons,
including water management, through traditional practices and
western management activities; and education to maintain cul-
tural knowledge and connection with the canyons. The tribes
note that the Federal government also has stewardship respon-
sibilities that arise out of Federal legislation; because Federal
involvement has sometimes taken stewardship responsibility
from the tribes, it is critical that the Federal government be
accountable for its stewardship. At times, some tribes believe
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the presence of the Federal government has made it more dif-
ficult for them to carry out their stewardship responsibilities.
Successful development of joint stewardship among the tribes
and Federal government will require continued building of
mutual respect and trust between those entities.

Tribal stewardship opportunities are not tied to individual
alternatives being considered in the LTEMP EIS but could be
crafted to apply to any of the alternatives; thus, this resource
goal, although of critical importance to the tribes individually
and to the ongoing relationship between the tribes and Federal
government, may not help distinguish among the alternatives.
This goal is evaluated in the narrative EIS analysis but not in
the formal decision analysis.

4.8.6 Tribal Connections to the Canyons

The spiritual, historical, and cultural connections that
tribes have to Glen, Marble, and Grand Canyons require the
protection of sacred sites and the integrity of the canyons as a
whole, but protection alone is not enough. The tribes also need
opportunities for access, education, and stewardship to keep
their connections vibrant. Access can be undermined by physi-
cal barriers and by the effects of human activity that decrease
the power of those sites and the experience when at them (for
example, lack of privacy, disturbance of the soundscape, and
viewshed).

Like the sacred integrity and stewardship resource goals,
this resource goal is not thought to differ across the alterna-
tives. The flow operations of Glen Canyon Dam are not likely
to affect tribal access, education, spiritual ceremonies, or
other connections to Glen, Marble, and Grand Canyons. This
resource goal may be more appropriately addressed through
government-to-government consultation in other forums. This
goal is evaluated in the narrative EIS analysis but not in the
formal decision analysis.

4.8.7 Economic Opportunity

The Glen, Marble, and Grand Canyons, Colorado River,
and Glen Canyon Dam are sources of economic benefit for
the tribes in the area. The canyons provide tourism and other
opportunities that enhance the economic well-being of tribes.
(As an important note, tourism can also undermine the well-
being of tribes in aspects other than economic; see the other
tribal resource goals.) The Glen Canyon Dam provides afford-
able electricity for tribal needs and for development projects.

The hydroelectric performance metrics (especially hydro-
electric generation, performance metric 9) may reflect one
aspect of economic opportunity in that provision of affordable
hydroelectricity is a component of economic development.
Other economic effects are evaluated in the narrative EIS but
were not included in the formal decision analysis.

4.8.8 Tribal Water Rights and Supply

Tribes in the area depend on the Colorado River for
many of their water needs; so the preservation of established,
traditional, and desired water rights, now and into the future,
is important to them. There are a number of claims to water
rights that have been asserted by the tribes but for which there
are not yet quantified rights through decree or negotiated
settlement; some Tribes have indicated that these claims to
water rights are as important as established water rights.

Based on its purpose and need, the LTEMP EIS was not
intended to include any alternative that violated agreed-upon
water rights. The effect of the Lake Powell water elevation on
Navajo access to water was examined and was not determined
to differ across alternatives.

489 Process Objectives

The tribes also expressed several important process
objectives—objectives that govern how the LTEMP decision
is made, rather than what decision is made. The first of these is
the genuine incorporation of tribal input to the LTEMP process
as a reflection of Federal trust responsibilities. The second is
the importance of incorporating learning to improve manage-
ment with time; in this spirit, an experimental approach that
can result in adaptive management is favored.

Because these were process objectives, they were not
evaluated in the formal decision analysis, which focused on
objectives that could help discern among the alternatives.

4.9 Water Delivery

Resource Goal.—Ensure that water delivery contin-
ues in a manner that is fully consistent with and subject to
the Colorado River Compact, Upper Colorado River Basin
Compact, Water Treaty of 1944 with Mexico, decree of the
Supreme Court in Arizona v. California, and provisions of the
Colorado River Storage Project Act of 1956 and the Colorado
River Basin Project Act of 1968 that govern allocation, appro-
priation, development, and exportation of the waters of the
Colorado River Basin; and consistent with applicable deter-
minations of annual water release volumes from Glen Canyon
Dam made pursuant to the Long-Range Operating Criteria
for Colorado River Basin Reservoirs, which are currently
implemented through the 2007 interim guidelines (Bureau of
Reclamation, 2007).

The scope and need of the LTEMP EIS was designed to
preserve existing agreements concerning water delivery; thus,
none of the alternatives considered were meant to differ with
regard to aspects of water delivery. A number of water deliv-
ery metrics were evaluated to make certain that this part of the
purpose and need was upheld. None of the alternatives were
determined to differ with regard to these metrics; thus, they
were not included in the decision analysis.
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5 Alternatives

Seven alternatives were considered in the LTEMP EIS.
Each of these alternatives is a complex combination of flow
and nonflow actions, often with condition-dependent and
information-dependent triggers for various components.

Four of the alternatives (B, C, D, and E) also contain variants
(called long-term strategies) to represent different combina-
tions of actions that would be taken once critical uncertainties

were resolved. In total, 19 long-term strategies were evaluated.

A brief summary of these alternatives is given here to provide
context for the decision analysis with an emphasis on those
elements that differ across alternatives. A full description of
these alternatives, with the rationale for each, is given in chap-
ter 2 of the LTEMP EIS.

5.1 Action Elements

The alternatives are composed of flow actions, which
govern how water flow through Glen Canyon Dam is to be
managed on hourly, daily, and monthly scales, as well as non-
flow actions, which govern other activities meant to comple-
ment the flow actions to achieve the resource goals.

5.1.1 Monthly Release Pattern and Other Base
Operations

The seven alternatives differ in the operational charac-
teristics that govern flow through Glen Canyon Dam (table 2).
All alternatives follow the 2007 interim guidelines (Bureau
of Reclamation, 2007), which specifies the annual volume
of water to be passed through Glen Canyon Dam. The alter-
natives differ in how they apportion the annual volume to
monthly volumes, ranging from patterns that match releases
under the previous EIS to patterns that match monthly demand
for electricity to patterns that approximate the unregulated
flow in the Colorado River. The minimum flow at any
time differs across alternatives, with a range from 5,000 to
8,000 ft*/s. The maximum flow for base operations is the same
for all alternatives (25,000 ft’/s). The daily range specifies the
limit to how much variation there can be between the mini-
mum and maximum flow on a given day and ranges between
0 and 12,000 ft*/s across alternatives. The ramp rates limit
how quickly the flow can change; for all alternatives the ramp
rate for increasing flow is 4,000 cubic feet per second per hour
(ft*/s-h); the ramp rate for decreasing flow is lower, ranging
from 1,500 to 4,000 ft*/s-h.

5.1.2 High-Flow Experiments

Since 1996, there have been a number of experimen-
tal high-flow releases of water through Glen Canyon Dam,
designed to mimic natural high flows and deposit sediment at
higher elevations, in an effort to rebuild sandbars and restore
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other ecosystem processes in Glen, Marble, and Grand Can-
yons. High-flow releases exceed the operational maximum
daily flow and can be as high as 45,000 ft’/s depending on the
number of generation units available. The Bureau of Reclama-
tion (2011a) established a protocol for determining when HFE
releases were warranted and how they should be implemented.
To date, the HFEs that have been implemented under the 2011
HFE protocol have happened in the fall, although the HFE
protocol allows them to happen in the spring after 2015. The
LTEMP EIS alternatives differ in if, when, and how they allow
fall HFEs and spring HFEs (table 3). In addition, some of

the alternatives allow proactive spring HFEs; these are HFE
releases designed to protect sand supply in years when the
annual guidelines call for high annual volumes (>10 million
acre-feet). Most of the HFEs are limited to a maximum dura-
tion of 96 hours, but some of the alternatives allow extended-
duration HFEs if adequate sediment supply is available

(table 3).

5.1.3 Trout Management Flows

High flows, whether through high annual volumes or
HFEs, have been determined to increase RBT production in
the Glen Canyon reach. Because of the concern about the
effect of RBT on HBC, methods have been sought to man-
age RBT populations. One proposed method is TMFs. These
are patterns of high-water release (for example, 20,000 ft*/s)
for 2-7 days to encourage young-of-the-year trout to move to
higher elevation shallow-water habitats followed by a rapid
drop to a low flow (for example, 5,000 to 8,000 ft*/s) during
the day to strand young trout and expose them to sunlight and
heat. The intention is to reduce RBT production and, hence,
reduce emigration of trout from Glen to Marble Canyon, low-
ering the risk to HBC farther downstream. The TMFs have not
previously been implemented at Glen Canyon Dam. They are
considered an experimental element in several of the alterna-
tives (table 3).

5.1.4 Other Flow Manipulations

A variety of other flow manipulations are built into the
alternatives. Low summer flows are designed to produce
warmer conditions for juvenile HBC growth in the Colorado
River at the confluence with the Little Colorado River by
reducing flows from July through September. These flows
would be implemented experimentally in those alternatives
that allow them (table 3).

Sustained low flows for benthic invertebrate production
(“bug flows”) are an experimental action considered under
Alternative D for restoring mayflies, stoneflies, and caddis-
flies to Glen and Marble Canyons. If implemented, steady
minimum flows would be provided every weekend from May
through August, to ensure that eggs laid during weekends
would not be subject to drying because of lower water levels
during egg development. Demand for electricity is lower on
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Table 3. Triggered and experimental elements of the Long-Term Experimental and Management Plan long-term strategies.

[A filled circle (®) indicates the element in question is implemented fully in the long-term strategy; an open circle (©) indicates the element in question is
implemented in some partial degree; and -- indicates that element is not part of that long-term strategy. HFE, high-flow experiment]

Alternative

Element

;02 o bélE BB BB E|F G

Fall HFEs

Spring HFEs

Proactive spring HFEs

HFEs longer than 96-hour duration

Trout management flows

Low summer flows

Bug flows

Hydropower improvement flows

Steady flows before HFEs

Steady flows after HFEs

Mechanical trout removal

weekends, so timing the benthic invertebrate production flows
during the weekends minimizes the effect on the value of
hydropower generation.

Hydropower improvement flows are an experimental
action considered under Alternative B to increase hydropower
generation during high-demand months (December—February
and June—August) in years when the annual volume is less
than or equal to (<) 8.23 million acre-feet. These flows work
largely by allowing a greater daily range and higher ramp
rates.

Some of the alternatives use steady flows before an
HFE to conserve sediment for the high-flow release, after
an HFE to reduce erosion of newly built sandbars, or both
(table 3). These steady flows stop the load-following patterns
of hourly releases and are sometimes called “load-following
curtailment.”

5.1.5 Nonflow Actions

Under a 2011 assessment (Bureau of Reclamation,
2011b), experimental methods of controlling trout popula-
tions were evaluated and implemented. These methods include
mechanical removal of brown trout (Sa/mo trutta) and RBT
at the Little Colorado River through electrofishing, selective
removal, and beneficial use of the fish removed. Many of the
LTEMP EIS alternatives allow for continued use of mechani-
cal removal with specific requirements for when such removal
would be triggered (table 3).

Under all alternatives except Alternative A (no-action
alternative), the NPS would implement experimental vegeta-
tion restoration to modify the cover and distribution of plant
communities along the Colorado River. This restoration would
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include removal of nonnative species, prevention of new intro-
ductions, planting of native species, management of vegeta-
tion at campsites, and removal of windrows that block wind
transport of sediment.

5.1.6 Long-Term Strategies

Four of the seven alternatives (Alternatives B, C, D, and
E) were conceived as experimental and adaptive strategies,
with elements that would be deployed experimentally to allow
resolution of uncertainty and subsequent adaptation of the
strategy in response to the information acquired; thus, within
each of these alternatives are a number of implicit long-term
strategies that might result after resolution of uncertainty.
Not all of those possible long-term strategies were analyzed,
but a representative set from each alternative was articulated
and analyzed to capture the possible range of environmental
effects and evaluate the importance of resolving the under-
lying uncertainty; thus, for example, under Alternative C,
whether or not to implement fall HFEs, spring HFEs, TMFs,
low summer flows, or mechanical removal will depend on the
efficacy of those actions in achieving their intended purpose,
the strengths of undesirable side effects of those actions, and
the underlying effect of RBT on HBC. The long-term strate-
gies C1, C2, C3, and C4 represent a range of possible solu-
tions once such uncertainty is resolved; if, for instance, spring
HFEs have a beneficial effect on sediment deposition and only
a small effect on RBT production, TMFs are ineffective, but
low summer flows benefit HBC, then long-term strategy C2
might be the best version of Alternative C to use. All of the 19
long-term strategies (table 3) were evaluated against the criti-
cal uncertainties described in sections 6.2.1, 6.3.1, and 6.5.1.
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5.2 Alternative A (No Action)

Alternative A, the no-action alternative, represents
continued operation of Glen Canyon Dam under the existing
guidelines in Bureau of Reclamation (1996), interim guide-
lines in Bureau of Reclamation (2007), and the two 2011 EAs
(Bureau of Reclamation, 2011a, 2011b), as well as other appli-
cable guidance. This alternative has a base operation pattern
that was called MLFF in Bureau of Reclamation (1996). Both
of the 2011 EAs expire after 2020, so the elements specified
in them (HFEs and mechanical removal) would cease at that
point (Bureau of Reclamation 2011a, 2011b). Beyond the
actions discussed in Bureau of Reclamation (2011a, 2011b),
there are limited experimental options that can be tested under
this alternative.

5.3 Alternative B

Alternative B was designed to increase the value of
hydropower generation while limiting negative effects to other
resources. This alternative was submitted by the Colorado
River Energy Distributors Association (CREDA), a mem-
ber of AMWG. The base operations are designed to gener-
ate more valuable power than Alternative A by increasing
the daily range and ramp rates to allow power generation to
more closely follow power demand. This alternative limits
the implementation of HFEs to one every other year because
HFEs release water without generating power and require
water volumes to be shifted from months when the value of
power is potentially higher to other months. To moderate some
of the negative effects of this water-release pattern on other
resources, Alternative B includes mechanical removal, evalua-
tion of TMFs, and experimental implementation of vegetation
restoration.

5.3.1

Alternative B includes two long-term strategies, one with
its base operations (B1) and one that includes hydropower
improvement flows (B2), maximum power plant capacity
flows implemented as many as four times during the LTEMP
period, in years when the annual volume is <8.23 million
acre-feet (table 3). Such years, because of their lower volume
of release, typically require the most purchases by WAPA to
meet contractual demand, so the higher flows could mitigate
costly purchases in high-demand months. Whether B1 or B2 is
a better long-term strategy, when the effects across all resource
goals are taken into account, depends on the strength of nega-
tive effects of greater power generation on other resources.
Specific hypotheses for these negative effects, which are
uncertain, were not explicitly articulated when Alternative
B was submitted. The long-term strategies B1 and B2 were
evaluated, however, against the set of uncertainties developed
in the context of other alternatives.

Alternative Long-Term Strategies

5.4 Alternative C

Alternative C was developed by the joint-lead agencies
to maintain or improve multiple resources, with some priority
placed on HBC, sediment, and hydropower. Called the “condi-
tion-dependent adaptive strategy” in interim public documents
during the preparation of the EIS (Bureau of Reclamation and
National Park Service, 2014), Alternative C has information-
dependent and condition-dependent triggers, seeks to test
critical hypotheses, and contains explicit instructions for how
new insights will affect subsequent implementation of action
elements.

Compared to many of the other alternatives, the base
operations for Alternative C shift monthly volumes from
the monsoon months (August through November) to high-
demands months (December, January, and July) to reduce
sediment transport during the monsoonal high-sediment-input
period and limit effects on the value of power generation. The
reduced volume in late summer is also intended to provide
warmer river temperatures for the benefit of HBC and other
native fish.

Alternative C includes a number of condition-dependent
(triggered) elements; among them are fall HFEs, spring HFEs,
proactive spring HFEs, extended duration HFEs, TMFs, low
summer flows, load-following curtailment, and mechani-
cal removal of trout. The specific details of the triggers for
these events are found in chapter 2 of the EIS. Most of these
elements are experimental, and so there are information-
dependent triggers as well; that is, monitoring and evaluation
of all these elements would be completed, and elements would
be dropped or retained depending on if the evidence supported
their retention.

5.4.1

Four long-term strategies (C1, C2, C3, and C4) were
developed to capture the range of possible outcomes from
adaptive implementation of Alternative C (table 3). The
motivation for the creation of these long-term strategies was
the recognition that there are critical uncertainties that impede
identification of the best long-term strategy. The key questions
concerned the following: the magnitude of increase in RBT
production in the Glen Canyon reach caused by fall HFEs, the
relative effects of temperature and trout density on survival
and growth of juvenile HBC at the Little Colorado River, and
the effectiveness of TMFs in reducing RBT production. The
relevance of these uncertainties arises because of the possible
tradeoffs among the objectives of supporting the HBC popula-
tion, maintaining a strong rainbow trout fishery, increasing
sediment deposition and sandbar building, and affirming
tribal values concerning the respect for life (especially aquatic
life). Each of the action elements under consideration (HFEs,
TMFs, low summer flows, and mechanical removal) is meant
to increase achievement of one or more of those objectives,
but the question is if the benefits to one objective come at
the expense of others. Alternative C was designed under the

Alternative Long-Term Strategies
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assumption that the best mix of action elements (the best
long-term strategy) depends on resolution of the critical
uncertainties.

Long-term strategy C1 allows use of all the triggered
elements from Alternative C except for low summer flows and
mechanical removals; such a strategy has been hypothesized
to be warranted, for instance, if the effect of spring HFEs on
trout production was weak, TMFs were effective, and low
summer flows were not effective. Long-term strategy C2 is
similar to C1 except that it calls for low summer flows but not
TMFs. Long-term strategy C3 does not allow HFEs and might
be called for if HFEs are determined to cause a very strong
increase in trout recruitment and other actions are ineffective
at mitigating the effect of trout on HBC. Long-term strategy
C4 allows fall HFEs but not spring HFEs and manages the
effect of trout on HBC through mechanical removal.

Whether or not the resolution of the critical uncertainties
actually matters to the ranking of the long-term strategies is
one of the central questions in section 8.3, “Expected Value of
Information.”

5.5 Alternative D

Alternative D was developed by the joint-lead agencies
after a full analysis of the other six LTEMP alternatives had
been completed. The initial analysis suggested that there were
strong characteristics of Alternatives C and E that contributed
to achievement of resource goals and motivated creative think-
ing about how to achieve more of those benefits in a single
alternative. Alternative D adopts characteristics of Alternatives
Cand E.

The base operations for Alternative D are in many
respects a compromise between those of Alternatives C and E
(table 2). The monthly pattern of release is most similar to that
of Alternative E, with an increase in the August and September
volumes (and a corresponding decrease in the January through
June volumes). The daily range for flows is about midway
between the ranges from Alternatives C and E.

The experimental and adaptive options for Alternative D
include all the elements considered in the any of the alterna-
tives, except for hydropower improvement flows (table 3). The
experimental implementation calls for early testing of TMFs
in the first 2-5 years without having to meet the condition-
dependent triggers and delayed consideration of spring HFEs
until the third year of implementation.

5.9.1

Four long-term strategies (D1, D2, D3, and D4) were
developed to capture the range of possible outcomes from
adaptive implementation of Alternative D (table 3). The long-
term strategies in this set look more similar than in the sets for
Alternatives C and E because they were created after an initial
analysis of the other six alternatives and, thus, reflect insights
from that analysis. For instance, long-term strategies D1

Alternative Long-Term Strategies
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through D4 are all similar with regard to implementation of
HFEs because the initial analysis suggested that the benefits of
HFEs outweighed the costs, even in the face of the uncertain-
ties tested. There remain, however, other long-term strategies
implicit in Alternative D; for example, if spring, proactive, or
extended HFEs are determined to have very strong negative
effects on resources of importance that cannot be mitigated by
other actions, they could be removed from long-term imple-
mentation. The four long-term strategies for Alternative D,
however, are thought to capture the most important differences
that might arise in long-term implementation.

Long-term strategy D4 might be considered the base
strategy under Alternative D because all action elements
except low summer flows and bug flows are in operation
(table 3). Long-term strategy D1 adds low summer flows.
Long-term strategy D2 adds implementation of bug flows and
would be supported if early experimental tests of bug flows
determined they had the intended effects in restoring impor-
tant native benthic invertebrate communities without hav-
ing adverse effects on other resources. Under this long-term
strategy, low summer flows would only be implemented in the
second 10 years. Long-term strategy D3 is similar to D1 but
removes TMFs.

The motivations for the different long-term strategies in
Alternative D are the same critical uncertainties that motivate
the long-term strategies in Alternative C, with a specific focus
on the effectiveness of TMFs, the influence of temperature on
juvenile HBC growth and survival, and the effect of bug flows
on other resources.

5.6 Alternative E

Alternative E was developed by representatives of
the seven states in the Colorado River Basin to provide for
recovery of HBC while protecting other important resources,
including sediment, the RBT fishery at Lees Ferry, aquatic
food base, and hydropower resources. Called the “resource-
targeted condition-dependent” strategy in interim public
documents during the preparation of the EIS (Bureau of
Reclamation and National Park Service, 2014), Alternative E
has information-dependent and condition-dependent triggers,
seeks to test critical hypotheses, and contains explicit instruc-
tions for how new insights will affect subsequent implementa-
tion of action elements.

The base operations for Alternative E seek greater value
of hydropower production than Alternatives C and D (table 2).
The monthly volumes largely follow hydropower demand
and are proportional to the contract rate of delivery but with
a reduction in August through October volumes to conserve
sediment during the monsoon period. The daily range is large
compared to the other alternatives. The ramp rates are the
same as in Alternative C and D.

Alternative E includes a number of condition-dependent
(triggered) elements; among them are fall HFEs, spring
HFEs, TMFs, low summer flows, load-following curtailment
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(before but not after HFEs), and mechanical removal of trout
(table 3). Implementation of spring HFEs is delayed until the
second 10 years to allow testing of TMFs in the early years
(with long-term implementation of spring HFEs conditional
on TMFs being an effective tool). An important experimental
element of Alternative E is early testing of the response of
RBT populations to TMFs and fall HFEs in a 2x2 factorial
design, replicated two to three times (in hopes of experiencing
both cold and warm water temperatures). The specific details
of the triggers for these events are found in chapter 2 of the
EIS. Most of these elements are experimental, and so there
are information-dependent triggers as well; that is, monitoring
and evaluation of all these elements would be completed, and
elements would be dropped or retained depending on if the
evidence supported their retention.

5.6.1

Six long-term strategies (E1, E2, E3, E4, E5, and E6)
were developed to capture the range of possible outcomes
from adaptive implementation of Alternative E (table 3). The
motivation for the creation of these long-term strategies was
the recognition that there are critical uncertainties that impede
identification of the best long-term strategy. The key questions
concerned the following: the magnitude of increase in RBT
production in the Glen Canyon reach caused by fall HFEs, the
relative effects of temperature and trout density on survival
and growth of juvenile HBC at the Little Colorado River, the
effectiveness of TMFs in reducing RBT production, and the
effect of high flows on sediment retention.

Long-term strategy E1 uses spring and fall HFEs when
triggered, along with TMFs to manage the trout populations;
this long-term strategy would be favored, for example, if
HFEs are determined to be beneficial to sediment conservation
and TMFs are effective in controlling trout populations. Long-
term strategy E2 also uses spring and fall HFEs but uses low
summer flows instead of TMFs; this strategy might be favored
if temperature is a more important factor in HBC survival
than trout predation and TMFs are ineffective. Long-term
strategy E3 does not allow HFEs, TMFs, or low summer flows
and uses mechanical removal to manage trout density at the
Little Colorado River when needed; such a strategy might be
favored if HFEs greatly increase production of trout, TMFs are
ineffective in managing trout populations, HBC are strongly
affected by trout predation, and low summer flows do not
provide enough advantage to HBC to warrant use. Long-term
strategy E4 allows fall HFEs but not spring HFEs and relies
on mechanical removal to manage trout at the Little Colorado
River. Long-term strategy ES5 is like E3 in not allowing HFEs
but uses low summer flows rather than mechanical removal to
support HBC population growth. Long-term strategy E6 also
does not use HFEs and uses TMFs when needed to manage
trout. As with Alternatives C and D, these long-term strate-
gies are not meant to be a comprehensive set of the possible
permutations of Alternative E that might arise from adaptive
implementation but, rather, are meant to represent a broad

Alternative Long-Term Strategies

range of possible outcomes, effectively bracketing the strate-
gies that might arise.

As with Alternative C and D, whether or not the resolu-
tion of the critical uncertainties actually matters to the ranking
of the long-term strategies is one of the central questions in
section 8.3, “Expected Value of Information.”

5.7 Alternative F

Alternative F was designed to follow a more natural
pattern of flows, limiting sediment transport and provid-
ing warmer temperatures in the summer months. The base
operations provide higher release volumes in April-June (to
mimic spring runoff), including a May 1 high-flow spike
0f 45,000 ft*/s (essentially an untriggered HFE) and lower
volumes the remainder of the year. The daily flows are steady
with no daily fluctuations (no hydropeaking). The only
modification to base operations would be sediment-triggered
HFEs (fall and spring). In keeping with the desire to have this
alternative better match predam conditions than the other alter-
natives, it does not use TMFs or mechanical removal.

5.8 Alternative G

Alternative G was designed to maximize the conservation
of sediment by providing year-round steady flows. The base
operations provide equal monthly volumes and steady daily
flows. In practice, the monthly volumes would have to be
adjusted as the forecasts for annual volume change through the
year, but the intent is to keep flows quite steady. This alterna-
tive does allow all forms of HFEs to be used to maximize
sandbar building and sediment conservation.

6 Quantitative Methods

The 19 long-term strategies were evaluated against the
18 performance metrics and 5 sources of uncertainty: the
hydrology during the 20-year LTEMP period of performance,
the sediment inputs during the 20-year LTEMP period of
performance, the relative effects of temperature and trout
predation on juvenile HBC survival and growth, the effective-
ness of trout management flows, and the effect of fall HFEs on
trout recruitment. A total of 10 modeling teams built a linked
set of analyses to simulate the performance of the long-term
strategies; the performance metrics were calculated from the
simulation outputs. This section describes the methods used to
complete these analyses.

6.1 Modeling Overview

The basis of the analysis of the alternatives was a large,
linked set of simulation models that were meant to represent the
Colorado River ecosystem below Glen Canyon Dam (fig. 2).
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Each long-term strategy encoded a set of rules that governed
annual, monthly, daily, and hourly flow through the dam, as
well as mechanical removal of nonnative fish from the Colo-
rado River at its confluence with the Little Colorado River and
vegetation treatments along the river corridor. The long-term
strategy, coupled with 21 hydrological traces and 3 sediment
traces (to represent environmental variation), determined the
flows through the Glen Canyon Dam. The daily and hourly
flows then were sent to models for vegetation, sediment, and
temperature. The temperature and flow outputs then informed
models for RBT, HBC, and other aquatic organisms. The out-
puts of all these models were collected and used to calculate
performance metrics under all the resource goals. The details
of all these modeling methods are provided in the technical
appendixes to the LTEMP EIS; a synopsis is provided here.

6.2 Hydrology

The hydrological modeling requires three sets of input:
a time series of hydrological flow into Lake Powell, a time
series of sediment input into the Colorado River from the
Paria River and the Little Colorado River, and the operational
rules determined by a long-term strategy. The output of the
hydrological modeling is the monthly, daily, and hourly flows
through Glen Canyon Dam for the 20-year LTEMP period
of performance. This requires three modeling systems. First,
the Colorado River Simulation System (CRSS), built with
the commercial software package RiverWare™ (Zagona and
others, 2001), generates monthly volumes and lake elevations
taking into account the operations of the 12 primary reservoirs
on the Colorado River. Second, the Generation and Trans-
mission Maximization model (GTMax-Lite) generates daily
and hourly flows taking into account patterns of demand and
supply of electric power in the Colorado River Storage Project
(CRSP) region. Third, a sand budget model tracks sediment
in Glen, Marble, and Grand Canyons; and is used to indicate
when sediment conditions warrant high-flow experiments
(if the long-term strategy in question allows them). After the
HFEs are identified, a second pass through GTMax-Lite is
required to refine the daily and hourly flows. Note that the
effect of TMFs on hydrology were not modelled because this
would have required a full coupling of the hydrology and fish
models (with feedback from the fish models to the hydrology
models), which was a computing task that was beyond the
resources available.

6.2.1

To model uncertainty in future inflow, the indexed
sequential method (Ouarda and others, 1997) was used to
resample the historical record of natural flow in the Colorado
River system during the 105-year period from 1906 through
2010. Every fifth trace was selected from this series to produce
21 hydrological traces; every long-term strategy was evaluated
against all 21 hydrological traces.

Critical Uncertainty

To investigate the possible effects of climate change on
the performance of the long-term strategies, CRSS was run
with 112 natural flow traces developed from downscaled gen-
eral circulation model projected hydrological traces (Bureau
of Reclamation, 2012). These climate scenarios were based
on 16 general circulation models from the Coupled Model
Intercomparison Project Phase 3 (CMIP3) using three forc-
ing scenarios (A2, high; Alb, medium; and B1, low) (Maurer
and others, 2007). The LTEMP models were not run with the
112 hydrological traces; rather, the 112 hydrological traces
from the climate-change scenarios were used to place weights
on the 21 index sequential historical traces. The model results
are compared using historical (equal) and climate-change
weights on the 21 hydrological traces.

6.3 Sediment Dynamics

A sand budget model (Russell and Huang, 2010; Wright
and others, 2010) was used to track sand storage and trans-
port from Lees Ferry (RM 0) to Bright Angel Creek (RM 87)
(fig. 1). The sand budget model takes as input hourly hydro-
graphs at the reach boundaries (RM 30, RM 61, and RM 87)
developed based on release schedules from Glen Canyon Dam
and hourly sand delivery from the Paria and Little Colorado
Rivers. The model tracks sand storage and movement through
three reaches (Upper Marble Canyon, RM 0 to 30; Lower
Marble Canyon, RM 30 to 61; and Eastern Grand Canyon,
RM 61 to 87) using empirically-based rating curves formu-
lated on a particle-size-specific basis. The outputs of the model
include hourly time series of the sand transported at the down-
stream border of each reach, and the sand budget for each
reach. From these outputs a variety of performance metrics,
including the SLI (performance metric 15), can be calculated.

6.3.1

Sediment input to the Colorado River between Lees Ferry
and Bright Angel Creek comes primarily from the Paria River
and the Little Colorado River (fig. 1). Variation in sediment
input is driven by spatial and temporal variation in precipita-
tion. To capture uncertainty about the time series of future
sediment input, three 20-year traces of sediment input were
created from historical records using an index sequential
method. For Paria River input, 49 reconstructed historical
traces were available (index years 1964-2012). For Little
Colorado River input, 18 reconstructed historical traces were
available (index years 1995-2012). The cumulative 20-year
sediment delivery for each trace was calculated; and the traces
corresponding to the 10th, 50th, and 90th quantiles of cumula-
tive sediment delivery were selected to represent the range of
possible uncertainty. The traces from corresponding quantiles
for the Paria River and Little Colorado River delivery were
coupled in the simulations. Weights were placed on the three
sediment traces so that the weighted mean and standard devia-
tion of the 20-year Paria River sediment delivery for the three

Critical Uncertainty
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traces matched the mean and standard deviation for the full set
of index sequential Paria River traces.

6.4 Temperature

The average monthly water temperatures along the river
corridor from Glen Canyon Dam to Lake Mead were forecast
using the monthly flow and air temperatures forecasts. The
release temperature from Glen Canyon Dam was simulated
with the CEFQUAL-W2 model (Cole and Wells, 2006). This
served as an input to a river temperature model that calculated
the gains and losses of heat as the water moved downstream
(Wright and others, 2009). For the purposes of the decision
analysis, water temperature was an intermediate variable used
as input to the fish models but not used directly as a perfor-
mance metric.

6.5 Coupled Rainbow Trout-Humpback Chub
Dynamics

A coupled RBT-HBC model was used to simulate the
population dynamics of RBT in the Glen Canyon reach,
movement of RBT from Lees Ferry to the Little Colorado
River confluence, and the population dynamics of HBC in
the Little Colorado River reach. The RBT population dynam-
ics were simulated with an age-structured population model
that accounted for the effects of water flow on recruitment,
survival, growth, and downstream emigration (Korman and
others, 2012). The RBT performance metrics are calculated
from this model. The RBT catch rate (performance metric 3)
was calculated from the age-specific abundances, age-specific
vulnerabilities, and a catchability coefficient. The abundance
of RBT greater than 16 inches (considered high-quality RBT;
performance metric 5) was calculated from the age-specific
abundances and size-at-age characteristics. The annual emi-
grants (performance metric 4) were computed as a fraction of
the recruitment.

The RBT movement model predicts the monthly abun-
dance of RBT in each 1-mile segment of the Colorado River
from RM 0 to RM 150 taking into account movement rates,
natural mortality, and implementation of mechanical removal.
Movement and survival were density independent and were
not affected by flow or temperature.

A size- and location-structured population model was
used to predict the adult population size of HBC at monthly
intervals (Yackulic and others, 2014). The HBC population
size in two locations, the Colorado River and the Little Colo-
rado River (a tributary of the Colorado River), was accounted
for in the model. Survival of juvenile HBC in the Colorado
River depended on the abundance of RBT in the Little Colo-
rado River reach of the Colorado River; their growth depended
on RBT abundance and temperature. Growth rates in other
size classes in the Colorado River depended on water tempera-
ture. From this model, the minimum number of adult HBC
during each 20-year trace was calculated, and the expected
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minimum value (performance metric 1) was calculated by tak-
ing the mean across traces.

6.5.1

A number of critical uncertainties concerned parameters
in the RBT and HBC models. Each of these uncertainties was
expressed as alternative sets of model parameters. All long-
term strategies, with all sediment and hydrology traces, were
run separately against the combinations of model parameters.
The alternative sets of model parameters were assigned
weights to represent their empirical support, and weighted
averages of the performance metrics were calculated across
them.

Uncertainty about the effect of fall HFEs on recruit-
ment of RBT in the Glen Canyon reach was expressed as two
hypotheses: one that there is no effect on recruitment, and
another that proposed recruitment would increase at the same
rate as seen with spring HFEs (Korman and others, 2011) but
for only 1 year instead of 2 years. An expert panel consisting
of four fish biologists who were familiar with RBT dynamics
in the Colorado River was convened in March 2014. A modi-
fied Delphi process with four-point elicitation (Speirs-Bridge
and others, 2010) was used to estimate the likelihood of the
two hypotheses; the resulting individual estimates were aggre-
gated by simple averaging.

Uncertainty about the effect of TMFs in reducing RBT
recruitment in the Glen Canyon reach was expressed as two
hypotheses by the expert panel: TMFs reduce recruitment by
10 percent, and TMFs reduce recruitment by 50 percent. The
two levels of effectiveness were chosen to represent equally
plausible extremes.

The final area of uncertainty concerned the effects of
RBT abundance and temperature on the growth and survival
of juvenile HBC in the Little Colorado River reach of the
main stem Colorado River. Four hypotheses were generated
(fig. 34 and 3B): a strong effect of temperature on growth and
a strong effect of RBT on growth and survival (f1), a weak
effect of temperature on growth and a weak effect of RBT on
growth and survival (f2), a weak effect of temperature and a
strong effect of RBT (gl), and a strong effect of temperature
and a weak effect of RBT (g2). The parameter values for the
four hypotheses were chosen from the ends of diameters on
the 90-percent confidence ellipsoid for the joint parameter
likelihood (Yackulic and others, 2014) and, thus, were equally
weighted.

Critical Uncertainties

6.6 Fish Habitat Suitability

Temperature suitability for HBC and other native and
nonnative fish at a number of sites between Lees Ferry (RM 0)
and Diamond Creek (RM 225) (fig. 1) was evaluated with
species-specific models for the effect of temperature on sur-
vival, reproduction, and growth (Valdez and Speas, 2007). The
details of all these methods and results are in the LTEMP EIS.
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Figure 3. Uncertainty in the humpback chub population dynamics as represented by four alternative sets of parameters. A,

survival parameters; and, B, growth parameters

The only one of those metrics that was retained for the deci-
sion analysis was the average temperature suitability for HBC
at Havasu Creek (RM 157) and Pumpkin Spring (RM 213)
because most of the other metrics exhibited very little dif-
ference across alternatives. Monthly water temperatures in
the main stem Colorado River at the various sites under each
long-term strategy were used to calculate the suitability for
spawning, incubation, and growth during critical periods of
the annual cycle. The overall temperature suitability at a site
was the product of the suitability for the three component
processes during the course of the year and could theoretically
vary between 0 and 1 (performance metric 2).

6.7 Archaeological and Cultural Resources

The performance metrics associated with archaeological
and cultural resources (performance metrics 6-8; table 1) did
not require separate models but, rather, were calculated from
intermediate sediment and flow variables.

6.8 Hydropower

As noted above in the “Hydrology” section (section 6.2),
CRSS, the sand budget model, and GTMax-Lite are used
in combination to simulate the water release and, therefore,
hydropower generation on an hourly basis for each long-term
strategy (fig. 2). The GTMax-Lite optimized the economic
value of hourly energy produced at Glen Canyon Dam. This
model determined an hour-by-hour pattern of generation (in
megawatt hours) and water releases (in cubic feet per second)
that satisfied the operating constraints imposed by each alter-
native, such as upramp and downramp rates, maximum change
in the release during a rolling 24-hour period, maximum
hourly release, and others. Hourly electricity market prices
during the 20-year LTEMP period were determined using the

AURORAxmp (Aurora) model to simulate the operation of the
Western Interconnection of which Glen Canyon Dam is one of
several thousand generating plants. Hourly prices determined
by Aurora for 2013 were benchmarked against 2013 day-ahead
market prices published by the Intercontinental Exchange.
Prices forecast by Aurora for 2013 were compared against his-
torical Intercontinental Exchange prices, and future electricity
prices were adjusted accordingly.

For a given long-term strategy, the value of hydropower
generation (performance metric 9) was calculated by combin-
ing the forecasts of the hourly generation profile and electric-
ity market price. The net present value (NPV) of this 20-year
time series was calculated assuming a 3.375 percent discount
rate, and then divided by 20 to present the results on an annu-
alized scale.

Hydropower capacity from Glen Canyon Dam is also
marketed in the form of long-term firm contracts to pro-
vide power up to a given level. Energy demand is highest in
August, so to calculate the marketable capacity (in mega-
watts), the peak daily generation was tabulated for each day
in August across the 20 years of a trace (for each long-term
strategy). From these 620 daily values (20 years x 31 days
in August), the 90-percent exceedance value (10th quantile)
was calculated, representing the marketable capacity for that
trace. In 90 percent of August days (and much more often in
other months), WAPA can be confident of being able to deliver
that amount of power without having to purchase it. The net
present value of that capacity (performance metric 10) was
calculated by multiplying by the levelized cost of capacity
plus fixed annual operating and maintenance (O&M) expenses
of a thermal power plant constructed to replace capacity
lost at Glen Canyon Dam. The selection of the replacement
technology was based on insights obtained from the power
systems economic analysis. The Aurora model runs made for
this analysis determined that a natural gas combustion turbine
would be the type of generating unit most likely constructed
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as a replacement for lost Glen Canyon Dam capacity. The cost
to construct that type of unit, spread over its book life, was
determined to be $50,100/MW-year, including capital invest-
ment costs, allowance for funds during construction, and fixed
O&M costs. The source of cost data for replacement power
plant capacity was U.S. Energy Information Administration
(2014). In the analysis in the LTEMP EIS (chapter 4 and
appendix K), the daily August generation values for all traces
were combined before the exceedance value was calculated;
this results in some slight differences in the median values
presented but not systematic bias.

6.9 Recreation

The performance metrics associated with recreation
(performance metrics 11-13; table 1) did not require separate
models but, rather, were calculated from intermediate sedi-
ment and flow variables.

6.10 Riparian Vegetation

The effects of the long-term strategies on riparian veg-
etation were simulated with a state-and-transition model for
Colorado River riparian vegetation downstream from Glen
Canyon Dam (Ralston and others, 2014). The model tracks
seven vegetation communities (bare sand, marsh, shrub wet-
land, tamarisk, cottonwood-willow, arrowweed, and mesquite)
on channel margins and sandbars in the New High Water
Zone and Fluctuation Zone as affected by the depth, timing,
and duration of inundation. Six geomorphic submodels are
included: lower separation bar, upper separation bar, lower
reattachment bar, upper reattachment bar, lower channel mar-
gin, and upper channel margin; only four of these are unique
(the parameters for the upper separation bar, upper reattach-
ment bar, and upper channel margin are all equal). The model
starts in 1 of 25 possible states (the 7 vegetation communities
crossed with the 6 geomorphic submodels; not all of the 42
combinations are possible) and then tracks the vegetation state
in each subsequent year as affected by the alternative-specific
flows. The output is the number of years spent in each vegeta-
tion state during the 20-year LTEMP period of performance.
These results are summed across the 25 starting states and then
compared to the results that would have happened if the start-
ing state was maintained for the 20-year period. In comparing
the native to nonnative states, and in calculating the native
diversity, the results are weighted by the current estimated area
of each vegetation state.

Four component ratios are calculated as intermedi-
ate results: the ratio of cumulative to initial native vegeta-
tion cover, the ratio of cumulative to initial vegetation state
diversity, the ratio of cumulative to initial native to nonnative
dominant vegetation state, and the ratio of initial to cumula-
tive cover of arrowweed. The final value (riparian native states
and diversity index; performance metric 14) is the sum of the
four component ratios; thus, an index value of 4.0 indicates
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an unchanged vegetation condition, values greater than 4.0
indicate improved vegetation conditions, and values less than
4.0 indicate degraded vegetation conditions.

7 Consequence Analysis Results

In this section, the results for the individual performance
metrics are presented. In most cases, these results are reported
as means over all sources of uncertainty with boxplots used
to show the variance induced by uncertainty. Unless other-
wise noted, the historical weighting of hydrological traces
was used; the sensitivity of the results to climate change (as
captured by weighting of the hydrological traces) is discussed
in section 8.4, “Effects of Climate Change.”

7.1  Humpback Chub Results

Across alternatives, the expected (mean) minimum num-
ber of adult HBC during the 20-year LTEMP period of perfor-
mance differed by about 500 from Alternative A (fig. 4, bottom
panel). The variation across hydrological traces within an
alternative was greater than the magnitude of variation across
alternatives. Many of the long-term strategies were demon-
strably better than Alternative A; the biggest exceptions (C2
and F) were long-term strategies that increased RBT recruit-
ment (through HFEs) without tools to manage RBT popula-
tions (TMFs and mechanical removal). The best-performing
long-term strategy (E6) did not allow HFEs of any type and
included triggered use of TMFs if needed. The benefit of low
summer flows to HBC (compare D1 to D4) is not discernible,
likely because of their infrequent use.

The set of 16 scenarios that captured critical uncer-
tainty did not affect the dominance of long-term strategy E6
(table 4); that is, if the only desired outcome is to maximize
the HBC metric, the best long-term strategy is E6 regardless
of the effect of fall HFEs or TMFs on RBT recruitment or
the relative effects of temperature and RBT on juvenile HBC
growth and survival. For the purpose of the HBC objective,
therefore, the expected value of information across the critical
uncertainties that were articulated is 0.

Across the uncertainty represented by the hydrological
traces, there is a small value of information (table 5). For most
hydrological traces, the best long-term strategy for HBC was
E6; but long-term strategies B2, C3, D1, and E5 were also
favored in some traces. In the face of uncertainty, the best
strategy is E6 with an expected (mean) minimum adult popu-
lation size of 5,708. If the hydrological trace could be known
in advance of choosing an action, the appropriate strategy (B2,
C3, D1, ES5, or E6) would be chosen; the expected minimum
adult population size would be 5,725, which is an increase
of 0.30 percent. Of course, the hydrological trace cannot be
known in advance of choosing an action because it represents
environmental variation during the next 20 years, but the
inclusion of these results is helpful in understanding the value
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Figure 4. Minimum number of adult humpback chub (performance metric 1) forecast for 19 long-term strategies with equal weighting

of traces.

of information for resolvable uncertainty (the 16 scenarios)
relative to the value of information for background environ-
mental variation.

The value of information depends on the set of long-term
strategies evaluated. The calculations just described assume
the decision maker is choosing from the entire set of 19 long-
term strategies. In practice, it is more likely that one of the
alternatives would be chosen, and the long-term strategy
would be chosen from within the set associated with that
alternative. The value of information in resolving the criti-
cal uncertainties is 0 for all alternatives except Alternative C,
which has a value of information of 8.5 adult HBC (table 6).

Temperature suitability for HBC was forecast at a
number of locations in the main stem Colorado River, and in
most cases the suitability was low (less than 0.03 on a scale
of 0 to 1). At the two locations farthest downstream (Havasu
Creek, RM 157; Pumpkin Spring, RM 213; fig. 1), the average
suitability was around 0.1 (on a scale of 0 to 1). The tem-
perature suitability for HBC was affected more by hydrology
than by the long-term strategy; only Alternative F stood out
from the other alternatives (fig. 5). Alternative G, with its
year-round steady flows, provided the best suitability (mean
0.102); its ranking above the other long-term strategies was
not affected by any of the critical uncertainties (table 6). There
was a small effect of the hydrological trace on the ranking of
alternatives based on temperature suitability (EVXI; 0.77 per-
cent; table 6).

7.2 Rainbow Trout Fishery Results

The RBT performance metrics differed substantially
across long-term strategies (figs. 6—8). The RBT catch rate
(performance metric 3) and RBT emigration rate (performance
metric 4) were highly correlated with one another because
both were driven by the RBT population size. Catch rate and
emigration rate were highest for those long-term strategies that
implemented many HFEs but did not allow TMFs (C2, C4,
D3, E2, and F) or that provided steady flows that supported
RBT recruitment (G) (figs. 6-7). The abundance of high-
quality RBT (greater than 16 inches in length, performance
metric 5) was negatively correlated with RBT population size;
the best long-term strategies were those that restricted or did
not allow HFEs (B1, B2, C3, E3, ES, E6) (fig. 8).

Apart from the HBC metric when only the strategies
under Alternative C were considered, the RBT performance
metrics were the only ones affected by the critical uncertain-
ties; the fall HFE hypothesis had an EVXI of 0.26 percent,
3.50 percent, and 0.98 percent for the three performance
metrics, respectively (table 6). Across all performance metrics
and all uncertainties, the strongest effect was the effect of the
combined hydrological/sediment trace on the RBT catch rate
with an EVXI of 7.53 percent (table 6). The uncertainty about
the effectiveness of TMFs did not affect the top ranked long-
term strategy for any of the trout or other performance metrics
(table 6).
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Performance of each long-term strategy
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Figure 5. Temperature suitability index for humpback chub at river mile 157 and 213 (performance metric 2) forecast for 19 long-term
strategies with equal weighting of traces.
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Figure 7. Rainbow trout emigration rate from Glen Canyon (performance metric 4) forecast for 19 long-term strategies with equal
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7.3 Archeological and Cultural Resources
Results

The protection of archeological and cultural resources
was reflected in three performance metrics. The WTSI (perfor-
mance metric 6) was largely driven by the SLI (performance
metric 15) and was highest for those long-term strategies that
implemented HFEs often (fig. 9). The best-performing alterna-
tive for WTSI was Alternative G (mean WTSI, 0.465); this
ranking was not affected by any of the critical uncertainties or
uncertainty in the sediment input (table 6). For some hydro-
logical traces, long-term strategy C1 outperformed G, but the
value of information related to hydrological uncertainty was
small (0.44 percent).

The Glen Canyon flow index (performance metric 7) dif-
fered little among alternatives with a mean of around 20 days
per year in which the flow exceeded 23,200 ft*/s (fig. 10).
Only Alternative F differed from the other long-term strategies
(mean 36.8 days/year). The long-term strategies that did not
allow HFEs (C3, E3, ES, and E6) had the best performance
(smallest Glen Canyon flow index). The top ranking long-term
strategy was not affected by critical uncertainty or sediment
trace (table 6) but did vary depending on the hydrological
trace (EVXI, 4.77 percent).

The time-off-river index (performance metric 8) was
affected most strongly by the hydrological trace but was also
weakly affected by the long-term strategy (fig. 11). Alter-
natives B and C were indistinguishable from Alternative
A; Alternatives D, E, and G performed slightly better than
Alternative A; and Alternative F performed noticeably worse
because high flows during the peak rafting season allow
quicker trips and more discretionary time at camping stops.
Long-term strategies E1 and G were the best-performing
strategies across hydrological and sediment traces, with only
a small value of information associated with the trace uncer-
tainty and no value of information associated with the critical
uncertainties (table 6).

7.4 Hydropower Generation and Capacity
Results

The best-performing long-term strategy for hydropower
generation (performance metric 9) was B2, a long-term
strategy designed to match power generation more closely
to demand (fig. 12). For most of the long-term strategies, the
annual value of hydropower generation is within $3 million
of the value from Alternative A, except for Alternatives F and
G for which annual generation is $6 million to $8 million less
than Alternative A (fig. 12). The effect of hydrology on hydro-
power generation is much greater than the effect of the alterna-
tives, with the average annual power generation over 20 years
varying more than $60 million across hydrological traces (fig.
12). The dominance of B2 as the best long-term strategy for
hydropower generation, however, is robust to uncertainty in
hydrology with a value of information of only $350,000 per

year (EVXI, 0.23 percent, table 6); for 4 out of 21 hydrologi-
cal traces, long-term strategy E3 outranked B2.

The value of hydropower capacity (performance metric
10) was more sensitive to the choice of long-term strategy than
hydropower generation with long-term strategies differing
by nearly $20 million per year (fig. 13). Long-term strategy
B2 was the best-performing strategy across all uncertain-
ties, including hydrological trace. The long-term strategies in
Alternative B outperformed Alternative A; all the remaining
long-term strategies had a lower value of hydropower capacity
than Alternative A (fig. 13). The value of capacity was some-
what sensitive to hydrological trace (the range of performance
within a long-term strategy varied by $8 million to $17 million
per year across hydrological traces), but the identification of
the best-performing alternative was not (EVXI, 0).

1.5 Recreational Experience Results

The camping area index (performance metric 11), a met-
ric composed from the SLI to represent beach formation and a
flow factor to represent beach exposure, was highly correlated
with the SLI (performance metric 18). The best-performing
long-term strategies (especially C1, F, and G) include frequent
implementation of HFEs; the worst-performing long-term
strategies (for example, C3, E3, ES, and E6) do not permit
HFEs (fig. 14). The identification of the top-ranked long-term
strategy was affected by the combination of hydrological and
sediment trace (EVXI, 1.96 percent) but not by any other
uncertainties (table 6).

The fluctuation index (performance metric 12), which
reflects the fraction of time the daily flow fluctuations are in a
tolerable range for recreation, was highest for Alternatives F
and G and lowest for Alternative B (fig. 15). Alternative D was
comparable to Alternative A. The effect of the long-term strat-
egies within an alternative was small compared to the effect
of the base operations within each alternative. The fluctuation
index was not strongly affected by any of the uncertainties,
including hydrological trace.

The Glen Canyon rafting use metric (performance met-
ric 13), which reflects the visitor-days lost per year because
of HFEs, was best for those long-term strategies that did not
permit HFEs (for example, C3, E3, E5, and E6) and worst for
Alternative F (fig. 16). Under Alternative F, nearly 1,000 boat
seats per year in Glen Canyon are expected to be lost because
of HFEs. The rafting use metric showed variation as a result
of hydrological trace, but the identification of the best-per-
forming long-term strategies was not affected by any of the
uncertainties.

7.6 Riparian Vegetation Results

The riparian vegetation index (performance metric 14)
was the sum of four ratios that represented measures of
different aspects of the vegetation community with a
score of 4 indicating maintenance of current conditions.
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Figure 10. Glen Canyon flow index (performance metric 7) forecast for 19 long-term strategies with equal weighting of traces.
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Figure 11. Cultural resources time-off-river index (performance metric 8) forecast for 19 long-term strategies with equal weighting of
traces.
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Figure 12. Annualized net present value of hydropower generation (performance metric 9) forecast for 19 long-term strategies with
equal weighting of traces.
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Figure 13. Annualized net present value of hydropower capacity (performance metric 10) forecast for 19 long-term strategies with
equal weighting of traces.
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Figure 14. Camping area index (performance metric 11) forecast for 19 long-term strategies with equal weighting of traces.
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Figure 15. Fluctuation index (performance metric 12) forecast for 19 long-term strategies with equal weighting of traces.
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Figure 16. Glen Canyon rafting use metric (performance metric 13) forecast for 19 long-term strategies with equal weighting of traces.
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The index ranged between 2 and 6 across alternatives and
traces (fig. 17), indicating a 50-percent degradation or a
50-percent improvement in vegetation conditions, respec-
tively. The highest mean vegetation index was associated with
long-term strategy D4 (riparian vegetation index, 3.954), but
13 of the 19 long-term strategies were ranked first depending
on the hydrological and sediment trace. The value of infor-
mation for resolving uncertainty about the hydrological and
sediment trace before committing to a long-term strategy was
0.224 (an improvement of 5.66 percent; table 6). The choice
of the long-term strategy was not affected, however, by any of
the critical uncertainties (table 6).

1.7 Sediment Results

The SLI (performance metric 15) measured the potential
for sand bar formation by reporting the proportion of sand
transported during flows greater than 31,500 ft*/s. The SLI was
most strongly affected by the frequency of HFEs; the long-
term strategies with the highest SLI (especially C1, C2, D1,
D2, F, and G) allowed frequent HFEs, and the long-term strat-
egies with the lowest SLI (C3, E3, ES, and E6) did not permit
HFEs (fig. 18). Uncertainty in the combination of hydrological
and sediment trace did affect the ranking of the alternatives
(EVXI, 3.57 percent; table 6) with 6 of the 19 long-term strat-
egies favored in at least 1 trace.

1.8 Tribal Resources Results

Several performance metrics were developed to evaluate
resources of specific importance from a tribal perspective. The
marsh vegetation ratio (performance metric 16) forecast the
preservation or expansion of the wetland vegetation communi-
ties along the Colorado River (fig. 19). For context, the current
extent of marsh vegetation is 4.6 acres. The long-term strategy
with the highest mean marsh vegetation ratio was E6 (mean
marsh vegetation ratio, 1.101), representing about a 10-percent
increase in marsh community area, but long-term strategy E3
was most commonly ranked first among the 63 traces. Alterna-
tives C, F, and G exhibited consistent losses of marsh vegeta-
tion compared to Alternative A, whereas Alternatives D and E
exhibited modest increases (fig. 19). The variance in the index
induced by variation in hydrology was larger than the vari-
ance across alternatives (fig. 19). The value of information for
resolving hydrological and sediment uncertainty before com-
mitting to a long-term strategy was 3.20 percent (table 6).
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The frequency of mechanical removal (performance met-
ric 17) was 0 for those long-term strategies that do not permit
this management tool (C1, C2, E1, E2, ES, E6, and F) and
varied between 0 and 6 years out of 20 for the other long-term
strategies (fig. 20). For those long-term strategies that permit-
ted mechanical removal, the frequency was influenced by the
emigration rate of RBT from Glen Canyon (performance met-
ric 4), which in turn was influenced by the frequency of HFEs.
Because the long-term strategies with the lowest frequency
were determined simply by whether mechanical removal was
allowed or not, the identification of the top-ranked strategy
was not influenced by any of the uncertainties.

The frequency of trout management flows (performance
metric 18) was 0 for those long-term strategies that did not
allow their use (10 out of the 19 long-term strategies) and
varied between 0 and 20 years out of 20 for the remaining
strategies (fig. 21). Under Alternative G, TMFs were triggered
on average more than one-half of the years, and sometimes in
all 20 years, depending on the hydrological trace. For the strat-
egies that allowed TMFs, the frequency of their use was cor-
related with RBT abundance and, hence, with the RBT catch
rate (performance metric 3) and emigration rate (performance
metric 4). Again, because the long-term strategies with the
lowest frequency of TMFs were determined by the admissible
tools in the strategy, the value of information associated with
the various uncertainties was 0.

7.9 Full Consequence Table

A summary of the performance of the 19 long-term strat-
egies against the 18 performance metrics is represented in a
consequence table (table 7). There is neither a single long-term
strategy that performs best for all performance metrics (such
a strategy would be shaded in yellow across the correspond-
ing row), nor a single long-term strategy that performs worst
for all performance metrics (such a strategy would be shaded
dark blue across the row); furthermore, no long-term strategy
is either consistently better or consistently worse than Alter-
native A across all performance metrics. Interestingly, the
strategies that are worst for a number of performance metrics
(for example, B2, C3, ES5, F, and G) are also best for other per-
formance metrics. Other long-term strategies are neither best
nor worst on any performance metrics (for example, B1, C4,
D1, D2). This pattern of performance indicates that there are
important tradeoffs among the long-term strategies, and the
best alternative cannot be identified without considering the
relative value of the resource goals and performance metrics.
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Figure 17. Riparian vegetation index (performance metric 14) forecast for 19 long-term strategies with equal weighting of traces.
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Figure 18. Sand load index (performance metric 15) forecast for 19 long-term strategies with equal weighting of traces.
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Figure 20. Frequency of mechanical removal (performance metric 17) forecast for 19 long-term strategies with equal weighting of

traces.
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Figure 21. Frequency of trout management flows (performance metric 18) forecast for 19 long-term strategies with equal weighting of

traces.
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8 Decision Analysis Results

The purposes of completing a formal decision analysis
as a component of the evaluation in the LTEMP EIS was to
explicitly examine the influence of the relative importance
assigned to the resource goals on the ranking of the alterna-
tives and long-term strategies, and to understand the effect of
uncertainty on this same ranking. As described in section 3,
“Decision Analysis,” the two primary tools used to support
this investigation were MCDA and the expected value of
information.

8.1 Swing-Weighting Method and Results

The swing-weighting method (Winterfeldt and Edwards,
1986) was used to develop weights for the performance
metrics, reflecting individual stakeholder expressions of the
relative importance of those metrics. In April 2014, a 2-day
workshop was held to present a preliminary analysis of
the long-term strategies against the performance metrics to
interested stakeholders. After discussion of the meaning and
interpretation of each of the performance metrics, the stake-
holders were given a swing-weighting response form with
instructions (table 8) to complete within several weeks. The
swing-weighting method asks a decision maker or stakeholder
to consider each resource goal, the performance metric that
reflects it, and the range over which the performance metric
varies; and to compare the relative importance of the per-
formance metrics by evaluating how valuable it would be to
change the performance of an alternative from the worst score
for a performance metric to the best score. The stakehold-
ers were first asked to rank the performance metrics in this
manner and then to assign a score between 0 and 100 to each
metric to reflect a more nuanced interpretation of the rank-
ing. Because it is difficult to evaluate 18 performance metrics
simultaneously, and because there were natural groupings of
the metrics, the swing-weighting exercise used a two-level
structure. The 18 performance metrics were assigned to
8 higher-level groups (table 8). The stakeholders first ranked
and scored the metrics within each group. Then, to rank and
score the higher-level groups, the stakeholders were asked to
think about the importance of changing the scores of all the
metrics within a group for their worst levels to their best levels
at the same time. While completing this exercise, the stake-
holders had access to a preliminary consequence table (similar
to table 7) and a spreadsheet that automatically calculated the
weights on the performance metrics as the swing-weighting
sheet was filled in.

A total of 27 Federal, State, tribal, and private agencies
and organizations were invited to participate in the decision
analysis by expressing their view of the relative importance of
the performance metrics using the swing-weighting method
(Winterfeldt and Edwards, 1986). The invitations were sent to
agencies that were either members of AMWG or Cooperating

Agencies for the LTEMP EIS; 14 agencies, including the 2
joint-lead agencies, elected to participate (table 9).

From the responses to the swing-weighting exercise,
weights were calculated for the 18 performance metrics
separately for each participating stakeholder. To compare these
vectors of weights, principal components analysis was used to
reduce the dimension of the comparison from 18 to 2. The first
two principal components explained 52.6 percent of the varia-
tion in weights across stakeholders. The first principal compo-
nent was positively correlated with the weight on the fre-
quency of mechanical removal, SLI, WTSI, fluctuation index,
and riparian vegetation index; and negatively correlated with
hydropower generation and capacity (fig. 224). The second
principal component was positively correlated with HBC pop-
ulation size, Glen Canyon rafting use, and the camping area
index; and negatively correlated with RBT emigration and the
Glen Canyon flow index (fig. 224). The differences among the
participating stakeholders can then be plotted with these two
components (fig. 22B). Representatives from the utility indus-
try (CREDA, UAMPS, and SRP) tended to put more weight
on the hydropower generation and capacity metrics than other
stakeholders. The agencies concerned with management of the
RBT fishery (International Federation of Fly Fishers [I[FFF]
and Arizona Game and Fish Department [AZGFD]) were in
the middle of the spectrum on the first component but had
strong positive values for the second component, reflecting
an emphasis on HBC, high-quality RBT, and RBT catch rate.
The FWS, Arizona Department of Water Resources (ADWR)
and the Hopi, Hualapai, and Navajo Tribes placed relatively
more emphasis on increasing vegetation and minimizing RBT
emigration than other stakeholders. The principal components
for two of the nongovernment organizations (Grand Canyon
River Guides [GCRG] and National Parks Conservation Asso-
ciation [NPCA]) placed an emphasis on camping area index,
SLI, and WTSI. Note that the joint-lead agencies (Reclamation
and NPS) separately completed the swing-weighting exercise,
and their separate weights were used as input to the principal
components analysis, but they elected to average their weight-
ing vectors for presentation and discussion. The joint-lead
principal components fall near the center of the spectrum of
stakeholders. Although some of these patterns compare well
with the expressed views of the stakeholder agencies, others
are harder to explain; it is important to note that the higher-
order principal components still contained explanatory power,
so not all the differences among agencies can be summarized
with the first two components.

8.2 Multicriteria Decision Analysis

The weights on the performance metrics, unique to
each agency, tribe, or organization, were combined with
the consequence table to generate a weighted performance
metric for each long-term strategy, allowing a comparison
of the long-term strategies that integrates the differences in
response across performance metrics and the relative value
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Table 9. Agencies participating in the swing-weighting exercise.

Decision Analysis to Support Development of the Glen Canyon Dam Long-Term Experimental and Management Plan

[Representatives from 27 Federal, State, tribal, and private agencies were invited to participate in the swing-weighting exercise. The set of invited agencies
included the Adaptive Management Working Group and cooperating agencies for the Long-term Experimental and Management Plan Environmental Impact
Statement. Of the 27 agencies invited, 14 participated. AMWG, Adaptive Management Working Group; CA, cooperating agency; NGO, non-governmental

organization]
Agency Affiliation AMWG CA Participant
Bureau of Indian Affairs Federal Yes Yes No
National Park Service Federal Yes Yes Yes
Bureau of Reclamation Federal Yes Yes Yes
U.S. Fish and Wildlife Service Federal Yes Yes Yes
Western Area Power Administration Federal Yes Yes No
Havasupai Tribe Tribe No Yes No
Hopi Tribe Tribe Yes Yes Yes
Hualapai Tribe Tribe Yes Yes Yes
Navajo Nation Tribe Yes Yes Yes
Pueblo of Zuni Tribe Yes Yes No
Southern Paiute Consortium Tribe Yes No No
Fort Mojave Indian Tribe Tribe No Yes No
National Parks Conservation Association NGO Yes No Yes
International Federation of Fly Fishers NGO Yes No Yes
Grand Canyon River Guides NGO Yes No Yes
Arizona Department of Water Resources State Yes No Yes
Arizona Game and Fish Department State Yes Yes Yes
Colorado River Board of California State Yes Yes No
Colorado Water Conservation Board State Yes No No
Colorado River Commission of Nevada State Yes Yes No
New Mexico Interstate Stream Commission State Yes No No
Wyoming State Engineer’s Office State Yes No No
Utah Division of Water Resources State Yes No No
Salt River Project Public power utility No Yes Yes
Upper Colorado River Commission State and Federal No Yes No
Colorado River Energy Distributors Association Power purchase contractor Yes No Yes
Utah Associated Municipal Power Systems Power purchase contractor Yes Yes Yes

the particular agency places on those performance metrics.
For the joint-lead agencies, using their average set of weights,
Alternative D (and specifically, long-term strategy D4) per-
formed better than the other alternatives (fig. 23). Alternatives
C, D, E, F, and G all substantially outperformed Alternative A
(status quo), provided HFEs were implemented. The long-term
strategies that did not implement HFEs (C3, E3, E5, and E6)
were all demonstrably poorer than Alternative A, as measured
by the weighted performance. The weighted performance of
Alternative B was similar to that of Alternative A, with long-
term strategy B1 slightly better than long-term strategy B2.
Alternative D was created after a preliminary analysis of
the other alternatives. In the April 2014 preliminary analysis,
the results of which were discussed by the joint-lead agencies
and the Cooperating Agencies, Alternative C and E exhibited

roughly equivalent performance with some differences in
ranking across stakeholders. Alternative D was created as a
hybrid between Alternative C and E, taking features of each
that had contributed to positive performance in the prelimi-
nary analysis. One of the advantages of separating objective
weighting from alternative evaluation in MCDA is that the
weights only depend on the ranges of the performance metrics,
not on the alternatives under consideration, so new alternatives
can be evaluated without having to re-elicit the swing weights.
Because Alternative D was created from the insights gained in
the preliminary analysis of alternatives, it stands to reason that
Alternative D outperformed Alternatives C and E. It is inter-
esting, however, that the gain in performance is fairly small,
suggesting that only marginal gains in performance remain
with the management tools available, against the backdrop
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Figure 22. Principal components analysis of the weights on the performance metrics across stakeholder agencies. A, loading plot;
and, B, score plot.
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Figure 23. Joint-lead agency weighted performance across 18 metrics forecast for 19 long-term strategies using equal weighting of

hydrological traces.

of uncertainty in hydrology and the complex set of tradeoffs
among the resource goals.

One of the important motivations for MCDA was the
opportunity to include and analyze differing viewpoints from
stakeholder agencies regarding the importance of the various
resource goals and their performance metrics. The agency-
specific weightings did affect the ranking of alternatives
(table 10). For most of the participating agencies, long-term
strategy D4 had the highest mean-weighted performance
(with the mean taken over hydrology and sediment traces
and critical uncertainties). For two of the agencies (UAMPS,
CREDA), long-term strategy B2 had the highest weighted
score, and for one organization (GCRG), Alternative G had the
highest weighted score. For all participating agencies except
CREDA, long-term strategy D4 outperformed Alternative
A. For all agencies, long-term strategy C3 performed worse
than Alternative A, and for most of those agencies, it was
the worst-performing long-term strategy. Alternative F was
a polarizing strategy: for three agencies it was the worst-per-
forming strategy, whereas for four others, it performed better
than the status quo. Most of the differences across stakehold-
ers in the MCDA ranking of the long-term strategies can be
explained by the first principal component in the weighting
(fig. 22). For those agencies that placed more weight on the
performance metrics on the left side of the diagram (fig. 224),
Alternative B performed very well because it performs best
for power generation and capacity; for those agencies that

placed more weight on the performance metrics on the right
side of the diagram (fig. 224), Alternative B was outperformed
by Alternative D. Across all participating stakeholders, the
mean values for the long-term strategies in Alternative D were
greater than those for Alternatives C and E, suggesting that the
improvements made in crafting Alternative D are robust to the
weights on the performance metrics.

Across stakeholders, the top-ranked long-term strategy
was effectively tied with a number of other long-term strat-
egies, against the backdrop of uncertainty induced by the
hydrology and sediment traces; for example, using the joint-
lead agency weights on the objectives, Alternative D4 had the
highest mean performance, but the differences between D4
and next nine long-term strategies (D1, C1, D2, G, C2, D3,
El, E2, and E4) had ranges that included zero (fig. 24, bottom
panel); that is, based on the results of the MCDA, alterna-
tives C, D, E, and G were nearly indistinguishable using the
joint-lead agency weights. This pattern held for the weights
from most stakeholders as well (fig. 25), with between 2 and
11 long-term strategies effectively tied. For all stakeholders
except CREDA, long-term strategies D4 and D1 were either
the best-performing or effectively tied with the best-perform-
ing long-term strategy.

The differences among the long-term strategies within
Alternative D are difficult to discern (fig. 23). The tradeoffs
associated with using TMFs are marginal (compare D1 to D3).
Similarly, the tradeoffs associated with “bug flows” do not
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Figure 24. Joint-lead agency weighted performance across 18 metrics, sorted by mean performance, forecast for 19 long-term

strategies using equal weighting of hydrological traces.

produce a clear favorite (compare D1 to D2). Finally, although
there is the suggestion that the costs of low summer flows out-
weigh the benefits (compare D1 to D4), the difference is small
against the backdrop of the variation driven by hydrology.

The patterns within Alternative D are shown for the joint-lead
agency weighting (figs. 23—24) but hold for the other stake-
holder weightings as well (fig. 25).

8.3 Expected Value of Information

A second important purpose for the use of formal deci-
sion analysis tools was to examine the effect of uncertainty on
the ranking of the alternatives. Although the effect of uncer-
tainty on the ranking of alternatives based on single perfor-
mance metrics was generally small (table 6), it is conceivable
that the weighted performance could be more sensitive to
uncertainty if the effects of the uncertainties affect the subtle
balancing of tradeoffs. The analysis of the value of informa-
tion on the weighted performance, however, revealed that
the effect of the uncertainties was nearly O (table 11). For the
joint-lead agency weighting and all but two of the participat-
ing stakeholders, the best-performing long-term strategy was
the same across the 16 hypotheses that represented critical
uncertainty (table 11); for example, long-term strategy D4
was preferred in the joint-lead agency weighting regardless of
whether fall HFEs have an effect on RBT recruitment or not,
regardless of whether TMFs are 10 or 50 percent effective in

reducing RBT recruitment, and regardless of the relative influ-
ence of temperature and RBT on juvenile HBC survival and
growth. For two stakeholders, there was a very small effect of
the critical uncertainty: for IFFF, C2 was preferred more than
D4 in 2 of the 16 hypotheses; and for GCRG, D4 was pre-
ferred more than G in 1 of the 16 hypotheses (table 11). Even
in these two cases, however, the expected value of information
for resolving the uncertainty represented by the 16 hypotheses
was less than 0.1 percent.

At first glance, these results may seem puzzling. Many
intense discussions within AMWG through the years have
focused on concern that uncertainty about the response of the
system to management prevents the identification of a best
management strategy, and differences concerning recommen-
dations for management have been explained as differences
in interpretation of the scientific evidence. The uncertainties
examined in this analysis (effect of fall HFEs, effectiveness
of TMFs, and relative influence of temperature and RBT on
juvenile HBC) have been central to previous discussions.

But the results of this analysis do not support the conclusions
that resolution of this uncertainty is important in choosing
among the long-term strategies examined. There are several
explanations for these results. First, there is less uncertainty
than informal conversations imply. After several decades of
intense study of the resources affected by the operation of
Glen Canyon Dam, the AMWG partners have learned a great
deal. Uncertainty remains, of course, but it is bounded; for

C-64

October 2016



Glen Canyon Dam Long-Term Experimental and Management Plan
Final Environmental Impact Statement

8
0 N S S
o) TTET P |
S
S A AL L LR T T

B2 B1 A D4 E6 DI E3 E1 D3 E4 E5 E2 D2 C3 C1 C4 G C2 F

LT

-0.1

D4 DI E1 C2 E2 D3 C1 D2 E4 C4 G BT A B2 F E6 E3 E5 C3

Weighted performance (pairwise difference from best, controlling for trace)

-06 &

LT

-04 .
G D4 DI D2 CI D3 C2 F E2 El C4 E4 BI E5 C3

Long-term strategy

October 2016

Decision Analysis Results 49

EXPLANATION

—— Maximum value

— 75th percentile

Interquartile
range

Mean

—— 50th percentile
value

(median)
—— 25th percentile
—— Minimum value

Figure 25. Weighted performance across 18 metrics, for four stakeholder agencies, sorted in descending order of mean performance.
The four panels show the results for the stakeholders at the outer boundary of the score plot (fig. 22B; U.S. Fish and Wildlife Service,
Colorado River Energy Distributors Association, International Federation of Fly Fishers, and Grand Canyon River Guides).
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example, the uncertainty in the effect of temperature and RBT
on juvenile HBC is large, in the sense that the parameters gov-
erning those relations are uncertain by a factor of two (fig. 34
and 3B); the trout effect on survival could be as small as -0.15
or as large as -0.4. But, the decades of study of the interac-
tions of RBT and HBC have indicated conclusively that there
is an effect of RBT on juvenile HBC survival, and there are
effects of both RBT and temperature on juvenile HBC growth.
Second, the value of information is strongly affected by the
set of alternatives considered. It only asks if the uncertainty
impedes the choice of a best alternative from among the set
evaluated. It does not ask if there could be another alternative,
not yet identified, that would be sensitive to the uncertainty.
So, for example, it was thought that the value of low sum-
mer flows would be sensitive to the effect of temperature on
HBC growth; therefore, C2, for example, might be favored
compared to C1 if model f1 holds, but C1 might be favored
compared to C2 if model {2 holds. This presumes, though,
that low summer flows are triggered in enough years and
involve flows low enough to lead to substantial changes in the
temperature in the Colorado River at the confluence with the
Little Colorado River to produce a demonstrable difference
between models f1 and f2; this was not the case. But, if there
were another alternative that could produce large differences
in temperature (for example, a temperature control device on
Glen Canyon Dam), these uncertainties may have played a
greater role. Third, in a multiple-objective decision, the influ-
ence of the weights on the objectives might override the effect
of uncertainties; for example, the costs associated with low
summer flows (on recreation and hydropower, for example)
may override the potential benefits (to HBC) enough that the
effect of the uncertainty does not matter.

8.4 Effects of Climate Change

Although the value of information associated with resolv-
ing critical uncertainty was small, there was an indication that
the uncertainty associated with hydrological input had some
influence on the ranking of the long-term strategies (table 11).
For the joint-lead agency weighting, foreknowledge of the
hydrological and sediment trace could lead to a 1.5 percent
improvement in the weighted performance across objectives
(table 11). Such knowledge is not possible because it would
require accurate prediction of the monthly precipitation in the
Colorado Basin over the next 20 years. But in demonstrating
that hydrological input might be important in the selection of
a long-term strategy, it raises the question about the potential
influences of climate change.

The 21 reconstructed historical hydrological traces that
were used in the LTEMP analysis represent possible 20-year
sequences if the future is like the recent past (1906-2010).
The 112 hydrological traces generated as part of the Basin
Study (Bureau of Reclamation, 2012) represent the best cur-
rent understanding of what might happen because of climate
change. Mean annual inflow to Lake Powell is quite different
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under these two sets of traces (fig. 26). The median flow

over the climate-change traces is lower than for the histori-
cal traces, although it is within the interquartile range of the
historical traces. About 30 percent of the potential future dis-
tribution of flows, however, is not captured by the distribution
of the historical traces. The historical 20-year trace with the
lowest mean inflow has an annual flow of about 8.5 million
acre-feet; 30 percent of the climate-change traces fall below
this point, suggesting that the set of historical traces may not
be representative of future conditions.

To examine part of the potential influence of climate
change, a reweighting of the historical traces was calculated
to better match the mean and variance of Lake Powell inflow
seen in the climate-change traces. The climate-change weigh-
ing put about 18 percent of the weight on the single hydrology
trace with the lowest input to Lake Powell. This reweighting
of the hydrological traces was then used in all the MCDA
calculations to examine the effect of those weights on the
performance of the long-term strategies. For the joint-lead
agency weights on the performance metrics, the weights on the
hydrological traces had a small effect on the aggregate perfor-
mance but did not change the rankings of alternatives (fig. 27).
A similar pattern was seen for other stakeholder weightings.
Although this result suggests the ranking of alternatives is
robust to uncertainty about climate change, it is important to

Lake Powell inflow,
in millions of acre-feet per year

| [

Historical traces

Climate change traces

EXPLANATION

Maximum value

—— 75th percentile

Interquartile
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Figure 26. Mean annual inflow to Lake Powell during the 20-year
period of the Long-Term Experimental and Management Plan

for 21 historical hydrological traces and 112 climate-change-
influenced hydrological traces.
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keep in mind that the traces that were run through the model-
ing did not include plausible scenarios from the low end of the
climate-change distribution.

9 Discussion

The analysis in this report is meant to add to the analysis
in the LTEMP EIS itself. For those resource goals that could
be evaluated with quantitative performance metrics, the tools
of decision analysis allowed us to integrate the consequence
analysis with the value judgments of stakeholders to for-
mally evaluate the tradeoffs among the resource goals and to
examine the influence of uncertainty on the performance of the
long-term strategies. It is important to note, however, that not
all the resource goals of importance could be evaluated quan-
titatively. The LTEMP EIS contains a narrative analysis of a
greater number of resource goals than were included in the
decision analysis, and this greater set of goals may be influen-
tial for the stakeholders and joint-lead agencies.

9.1 Evaluation of Alternatives

The alternatives examined in the LTEMP EIS and their
long-term strategies differed in performance across the metrics
considered. The full consequence table (table 7) shows strong

NI
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E2 F G

etrics forecast for 19 long-term strategies using the climate-change

tradeoffs: long-term strategies that perform well on any one
performance metric may not perform well on others; thus, the
choice of a preferred alternative will require the Secretary of
Interior to weigh the importance of the various resource goals.
The MCDA was designed as one way to provide input to the
Secretary in her decision, by allowing the joint-lead agencies
and stakeholders to express their interpretation of the impor-
tance of those resource goals and trace that interpretation
through to the rankings of the alternatives. The best-perform-
ing long-term strategy did depend on the weights given to the
performance metrics. Among the participating agencies, three
alternatives rose to the top: Alternatives B, D, and G. Alterna-
tive B (especially long-term strategy B2) was favored by those
agencies that emphasized the importance of the hydropower
resource. Alternative G was the top- or second-ranked alterna-
tive for those agencies that emphasized restoration of natural
processes, like beach building and native vegetation. For the
remainder of the participating agencies, the analysis ranked
Alternative D (especially long-term strategy D4) the highest.
Alternative D was created after preliminary analysis revealed
the strengths and weaknesses of the other alternatives and
performs marginally better than the alternatives from which it
was designed (C and E).

A number of other suggestions arise from the decision
analysis regarding the long-term strategies. For most of the
stakeholders, the benefits of HFEs seem to outweigh the costs,
even in the face of uncertainty about their effects, at least as
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measured by the performance metrics included in this analy-
sis. The other modifications (for example, TMFs, mechanical
removal, low summer flows, and bug flows) produce equivocal
results; their inclusion is neither convincingly demonstrated
nor precluded by the decision analysis.

Several caveats are warranted in interpreting this report.
First, the performance metrics evaluated represent only a sub-
set of the resource goals that might be influenced by the alter-
natives. The LTEMP EIS provides a fuller discussion of other
goals, and the stakeholders and decision makers will need to
judge if the formal decision analysis represents a sufficient
degree of completeness. Second, not all stakeholders with an
interest in the LTEMP EIS chose to participate in the deci-
sion analysis; thus, the array of viewpoints represented (for
example, fig. 22 and table 10) may not capture the full range
or appropriate distribution of viewpoints. Third, even for those
stakeholders that participated, it may be difficult to express a
nuanced set of values through the swing-weighting process.
The set of MCDA methods used assumes the resource goals
can be traded against each other in a linear, additive, and inde-
pendent fashion. In fact, the value a stakeholder places on one
objective might depend on how well an alternative is also per-
forming on another objective; such dependencies require other
decision analysis methods that were not used here. Fourth,
some of the performance metrics may not have directly
captured the resource goals they were meant to represent. For
instance, the SLI is a proxy for sediment deposition and reten-
tion but not necessarily directly correlated with it. Fifth, some
of the performance metrics (like hydropower generation) were
expressed on natural scales that can be readily understood,
but some of the performance metrics were expressed on proxy
scales (for example, SLI) or constructed scales (for example,
fluctuation index) that are difficult to understand; this mixture
of scales makes the swing-weighting judgments challenging.

The structuring of objectives and the development of
appropriate performance metrics are critical steps in MCDA
and require diligence to meet the assumptions of a linear,
additive value model (the form of MCDA used in this analy-
sis). One of the concerns is the possible inclusion of means
objectives, leading to possible double counting in the weight-
ing process; for example, there was considerable discussion
about the inclusion of the RBT emigration rate (performance
metric 4)—was it fundamental or merely a means to conserv-
ing native fish populations? For some stakeholders, it was
fundamental as an expression of the conservation of natural
processes. But for other stakeholders, weight may have been
placed on this objective as an expression of the effect of trout
on native fish, thus, leading to possible double counting.
Another concern is the possible inclusion of preferentially
dependent objectives; for example, were RBT catch rate
(performance metric 3) and abundance of high-quality RBT
(performance metric 5) treated as independent in the swing-
weighting exercise, or did the participants assume that if you
had one, you would have the other and so assign weight based
on simultaneous achievement? The two-stage swing-weighting
may have helped reduce this concern, but with the large
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number of performance metrics being evaluated, cognitive
mistakes in the swing-weighting exercise could still have hap-
pened. When applying decision theory to real problems, with
all their subtleties and complexities, it is difficult to achieve
perfect adherence to the assumptions of the analysis, but dili-
gence toward those assumptions is needed.

All these caveats are fair, and the interpretation of the
results should account for them. But the analysis also rep-
resents an effort to use the best available science to explic-
itly examine the ranking of alternatives as influenced by an
analysis of consequences and the relative values placed on the
resource goals.

9.2 Motivation for Adaptive Management

The purpose of doing the EVPI calculation was to under-
stand the importance of resolving uncertainty (and the relative
importance of resolving the different sources of uncertainty)
before beginning experimental design. This puts the focus of
uncertainty on its value to the decision maker, rather than its
value as a point of scientific discovery. Although much has
been written about the many scientific uncertainties about
how the Colorado River ecosystem responds to management,
less has been documented about how resolution of those
uncertainties would explicitly affect and improve manage-
ment decisions. The value of information analysis identifies
the following: what long-term management alternative is best
assuming each of the competing hypotheses, what long-term
management alternative is best in the face of uncertainty (if
uncertainty cannot be resolved), how much long-term man-
agement can improve through resolution of uncertainty, and
which components of uncertainty contribute most to the value
of information. Of course, what constitutes “best” depends
on how the decision maker values the multiple resource goals
within their statutory framework, so the analysis includes the
sensitivity of the value of information to the weights on the
objectives.

The results presented in this report (including the MCDA
and EVPI analyses) provide valuable information for the con-
struction of an experimental or adaptive design that is targeted
to the most importance sources of uncertainty and has the best
chance of resolving that uncertainty. The design of an adaptive
strategy needs to consider three important elements: the value
of the information being sought, the power of any experi-
mental or adaptive design to resolve that uncertainty, and the
short-term costs to the resource goals of pursuing the reduc-
tion of uncertainty. Although there are optimization algorithms
to derive adaptive strategies taking these factors into account,
for example, active adaptive stochastic dynamic program-
ming (Williams, 1996), such tools are difficult to use in such a
complex system.

Interestingly, the EVPI analysis suggests that there is not
much advantage in an experimental approach because the res-
olution of the uncertainties articulated is not expected to alter
the choice of long-term strategy. This suggestion, however,
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hinges on the assumption that the uncertainties examined are

a complete set. What about the “unknown unknowns,” the
uncertainties that we cannot yet articulate, but which we might
nevertheless discover? We cannot analyze their importance,
without being able to estimate their effect, and we also cannot
design a monitoring system to detect them reliably. But, ongo-
ing monitoring of the important resource goals, coupled with
experimental implementation of the novel elements of any
chosen alternative, is likely to reveal any surprises that would
affect the achievement of the resource goals.

9.3 Decision Analysis and the National
Environmental Policy Act

A typical analysis under the NEPA looks quite a bit
like a formal decision analysis: resource goals (objectives)
are articulated, alternatives are designed and described, and
alternatives are evaluated against the individual resources of
concern. These analyses are often qualitative, but a mix of
qualitative and quantitative tools is also common. What is
often missing from such analyses is a formal way to synthesize
the results across the resources of concern. To the extent that
NEPA is meant as a way to disclose to the public the environ-
mental effects of the considered actions, such a synthesis is
not needed. What decision analysis adds is a formal, quantita-
tive way for the decision maker to consider and express the
relative importance of the various resource goals in choosing a
preferred alternative. In our view, then, decision analysis pro-
vides a useful companion to the analyses completed in an EIS.

The use of formal decision analysis in the context of a
NEPA process was unfamiliar to a number of the Cooperat-
ing Agencies and other stakeholders, and several noted their
discomfort with its use in comments to the joint-lead agencies.
One-half of those stakeholders invited to participate in the
swing-weighting exercise chose not to do so (table 9). They
cited a number of concerns: skepticism that all the resources
could be evaluated quantitatively, distrust of the methods of
MCDA generally, a preference for providing input in a format
they felt comfortable with, and a desire not to be forced to
make an explicit value judgment on all the resource goals.
Underlying the concerns was a stated fear that the decision
analysis methods would be used to make the decision rather
than just support an understanding of the alternatives. At all
points, the joint-lead agencies and DOI leadership assured the
stakeholders that the decision analysis was an effort to explore
the performance of the proposed alternatives as deeply as pos-
sible with quantitative tools but was being used as only one of
many sources of input in the transparent, deliberative process
sought under NEPA. The effective use of decision analysis
tools in the context of future NEPA processes will benefit from
the insights of additional case studies, and from improved
communication and training with regard to the theory, prac-
tice, justification, and benefits of decision analysis.

10 Summary

This report describes a formal decision analysis led by
the U.S. Geological Survey, in cooperation with the Bureau
of Reclamation, National Park Service, and Argonne National
Laboratory, to support the development and evaluation of
alternatives for the Glen Canyon Dam Long-Term Experimen-
tal and Management Plan. A set of 12 resource goals formed
the basis of this evaluation, with 18 performance metrics used
to provide quantitative measures of the resource goals. A total
of 19 long-term strategies associated with 7 alternatives were
evaluated against the performance metrics using a series of
linked simulation models. Stakeholder input was elicited using
the swing-weighting method, and this input was coupled with
the quantitative evaluation of the alternatives in a multicriteria
decision analysis. For 10 out of 13 stakeholder weightings
presented, Alternative D (in particular, long-term strategy
D4) outperformed the other alternatives. For the remaining
stakeholder weightings, Alternatives B and G were the top
performers. These rankings were robust to the uncertainties
examined; the value of resolving uncertainty was never greater
than 7.5 percent for any performance metric, and never greater
than 2.5 percent for any stakeholder-weighted performance.
This analysis is not a substitute for the full qualitative analysis
found in the Long-Term Experimental and Management Plan
Environmental Impact Statement, but does provide a transpar-
ent way to synthesize the analyses that could be quantified.
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12 Appendix1. Disclaimers

In preparatory discussions with the Adaptive Manage-
ment Working Group (AMWG) stakeholders and Cooperating
Agencies, the joint-lead agencies and U.S. Department of the
Interior (DOI) wanted to be clear about the role of the deci-
sion analysis in the Long-Term Experimental and Manage-
ment Plan (LTEMP) Environmental Impact Statement (EIS)
process. The following disclaimer is to be included in the EIS
when describing the use of formal decision analysis. (Note that
during the discussions with the stakeholders, the term “struc-
tured decision analysis” was used as shorthand for the process
being used. In this report, we follow the common practice
in the literature and simply refer to the process as “decision
analysis.” The disclaimers below are reproduced verbatim, and
so retain the use of the term “structured decision analysis”). A
number of the participating stakeholders added disclaimers of
their own when they submitted their swing-weighing results;
these are also included below.

121 Standard Disclaimer

In an effort to provide multiple opportunities for inter-
ested stakeholders to provide input in the LTEMP process,
the National Park Service (NPS) and Bureau of Reclamation
(hereinafter referred to as “Reclamation”) have decided to
incorporate facilitated structured decision analysis (SDA) into
the LTEMP EIS process. The SDA has been used previously
for one aspect of the Glen Canyon Dam Adaptive Manage-
ment Program (GCDAMP), the “Environmental Assessment
for Non-Native Fish Control below Glen Canyon Dam.”

The use of SDA in the LTEMP process is not required by
the National Environmental Policy Act (NEPA), nor does it
replace the NEPA impact analysis.

Participation in the SDA process is a voluntary opportu-
nity for stakeholder input. The NPS and Reclamation recog-
nize that any input provided during the SDA effort does not
replace the need and opportunities for formal public comment
that are required steps in the NEPA process. Such formal
comments on the Draft and Final EISs will be regarded as the
formal and official positions of any commenting entity.

The use of SDA is an effort to cast a complex decision
setting into a transparent, comprehensive but compressed
form to help the decision makers and stakeholders see the
essential elements; it may not, however, capture all nuances
perfectly. The NPS and Reclamation recognize that the metrics
for identified resource goals in the SDA do not necessarily
reflect consensus or agreement among participants; moreover,
the swing-weighting values to be applied to the metrics for
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identified resource goals may not reflect the broader poli-

cies or the importance of issues for any participant or agency.
Stakeholders have had and will have formal opportunities

to express their values through standard steps in the NEPA
process, especially the submission of alternatives and public
comments; for some stakeholders, these steps may allow them
more flexibility to express their values in a familiar form than
the decision analysis.

For these and other reasons, neither the co-leads nor the
swing-weighting participants are bound by any outcomes or
results of the SDA process. The NPS and Reclamation will use
the results of the SDA process as one of multiple sources of
information to inform the NEPA process, but the SDA process
itself will not be used in isolation from other input to select
the preferred alternative; rather, the NPS and Reclamation will
choose a preferred alternative based on their statutory missions
and responsibilities, giving consideration to legal, economic,
environmental, technical, and other factors, as well as formal
public input.

12.2 Arizona Department of Water Resources
Disclaimer

The Arizona Department of Water Resources (ADWR)
understands that the use of SDA in the LTEMP process is
not required by NEPA, nor does it replace the NEPA impact
analysis; furthermore, the ADWR recognizes that any input
provided during the SDA effort does not replace the need and
opportunity for formal public comment that are required steps
in the NEPA process. Such formal comments on the Draft and
Final EISs, in addition to the attached swing-weight exercise
input, will be regarded as the formal and official positions of
the ADWR.

The ADWR further recognizes that the swing-weighting
values that have been applied to the metrics for identified
resource goals do not reflect the broader policies or the impor-
tance of issues for the State of Arizona. The importance and
priority of the values of ADWR are more accurately reflected
within the “Resource Targeted Condition-Dependent” alterna-
tive, being necessarily incorporated during alternative cre-
ation. For these and other reasons, the ADWR is not bound by
any outcomes or results of the SDA process.

Moreover, ADWR understands that the NPS and Recla-
mation will not solely rely on the results of the SDA process
to select a preferred alternative; rather, the NPS and Reclama-
tion will choose a preferred alternative based on their statutory
missions and responsibilities, giving consideration to legal,
economic, environmental, technical formal public input and
other factors.
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12.3 Arizona Game and Fish Department
Disclaimer

The Arizona Game and Fish Department (AGFD)
understands that the use of SDA in the LTEMP process is not
required by NEPA, nor does it replace the NEPA impact analy-
sis; furthermore, the AGFD recognizes that any input provided
during the SDA effort does not replace the need and opportu-
nity for formal public comment that are required steps in the
NEPA process. Such formal comments on the Draft and Final
EISs will be regarded as the formal and official positions of
the AGFD, in addition to the attached swing-weight exercise.

The AGFD further submits that the swing-weighting
values that we have provided for the metrics for identified
resource goals do not reflect the broader policies or the impor-
tance of issues for the State of Arizona as a whole; rather, they
represent AGFD values as they relate to our specific statutory
authority and mission. For these and other reasons, the AGFD
is not bound by any outcomes or results of the SDA process.

The AGFD understands and expects that the NPS and
Reclamation will not solely rely on the results of the SDA
process to select a preferred alternative; rather, the NPS and
Reclamation will choose a preferred alternative based on their
statutory missions and responsibilities, giving consideration to
legal, economic, environmental, technical, formal public input
and other factors.

12.4 Salt River Project Explanatory Letter

The Salt River Project (SRP) submits the attached swing-
weighting exercise response under the following conditions:

» that this letter entitled “SRP’s SDA Evaluation” remain
attached to the SRP swing-weighting response table,
and

* that the information submitted herein is not authorized
for use, or attribution, beyond the purposes of this spe-
cific exercise in the current LTEMP EIS process.

1. Hydropower (100).—The SRP believes that the hydro-
power resource goal is the only one that represents both
societal and environmental benefits. Greater quantities
of hydropower provide cost effective service to people
who value electricity to support many aspects of their
lives. Greater quantities of this renewable, carbon-free
resource also serve to avoid emissions and water use by
other electric generating facilities. In the initial round of
swing weighting, energy and capacity are valued equally.

1. The energy metric does not appear to function in a
consistent, intuitive manner; for example, a more
flexible alternative with more energy production in
higher-value months sometimes performs worse than
a less flexible alternative with less energy production
in higher-value months.

2. While the capacity metric currently looks at July,
SRP’s peak demand requirement most often occurs
in August, and our understanding from the Western
Area Power Administration (WAPA) is that August is
a better choice for peak planning purposes from their
perspective as well. The SRP believes that utilizing
August for peak demand planning would produce
more credible capacity metric results.

Humpback Chub (75).—The SRP recognizes the envi-
ronmental significance of the endangered humpback
chub (HBC) (Gila cypha). The SRP supports the assem-
bly of scientific evidence that establishes clear cause and
effect relationships between flow regimes and a recov-
ery of this endangered species. The “Number of Adult
Humpback Chub” metric looks specifically at chub
population, so the SRP places more emphasis on this
metric than the “Temperature Suitability Index” metric.

Archaeological and Cultural Resources (60).—The
Archeological and Cultural Resources goal represents an
important societal benefit that the SRP supports; further-
more, SRP’s perception is that, as presently crafted, the
Archeological and Cultural Resources goal contains a
more accurate representation of tribal interests than the
“Tribal” resource goal. The SRP supports alternatives
that science shows will preserve these resources.

1. At the April Workshop, it was mentioned that the
Time-off-river index was the issue that could lead to
degradation of archeological and cultural resources;
thus, this metric was scored highest.

2. There has been some discussion about the wind
transport of sediment index (WTSI). Specifically,
some LTEMP representatives indicated that they
would not want architectural and cultural sites buried
by sand. This metric was, therefore, scored less
highly.

3. Based on new data from high-flow experiments
(HFE?s), it is unclear how HFEs and sediment affect
downstream architectural and cultural sites. Because
there are some winners and some losers, it is uncer-
tain how the single “GLCA flow effects of historic
properties (Ninemile)” metric can be representative
of all sites; for example, science shows that HFEs
will not increase sand bars before river mile (RM)
30 since there is no silt inflow. Even below RM 30,
some sandbars cannot be built up to previous levels
because even the maximum output of GCD cannot
push sand high enough; thus, the SRP is not weigh-
ing this option as heavily as the others.

Trout Fishery (40).—The SRP recognizes the recre-

ational value of the trout fishery and weighs the benefits
against the environmental dangers of trout migration on
downstream resources in the Grand Canyon ecosystem.
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Since science appears to show that trout stay relatively
close to Lees Ferry, SRP would not weigh “Lees Ferry
trout emigration estimate” metric as heavily as if trout
emigrated more through the canyon. As long as trout are
not affecting downstream resources, the other metrics
are also important to the trout fishery; thus, the “Angler
Catch Rate Index” and “Number of trout > 16 inches
total length” sublevel metrics are scored lower than the
emigration metric but are still valued.

Recreation (20).—The SRP recognizes the societal value
of recreation and believes Glen and Grand Canyons
should be enjoyed by anyone who visits. While most
visitors who visit the Grand Canyon do not raft down
the canyon, the subset of people who do so should be
considered.

1. The “GRCA camping area index” is an important
metric because people need safe areas to camp for
the night. This is the highest rated metric.

2. The fluctuation index is less highly rated because it
does not take the time of day of the fluctuation into
account.

3. The GLCA rafting use index does not appear to have
enough swing from low to high values to be rated
highly. The swing of 600 people per year that could
not take a trip down the river is not the same scale
of an impact as a 1,000 fish population increase for
HBC or a $9 million per year increase in hydro-
power energy value.

Riparian Vegetation (20).—The SRP recognizes the
effect of riparian vegetation on the ecosystem of the
Grand Canyon and believes it is has valuable environ-
mental impacts. The aggregation of all metrics into
this single metric hides some of the complexities; for
example, CDAS and SASF perform worst for native/
nonnative ratio but best for arrowweed. These are not
able to be considered separately, which makes specific
value judgments difficult.

Sediment (().—The SRP observes that the effects of
sediment are accounted for in the HBC, Archaeological
& Cultural, Recreation, and Riparian Vegetation metrics.
The SRP’s perception is that sediment is a means to an
end. We believe that a separate sediment metric does not
make sense in the same manner that a separate tempera-
ture or HFE metric does not make sense.

Tribal (0).—The SRP believes that tribal interests should
be recognized as a valued dimension of the LTEMP EIS
process; however, as presented assembled and stated,
the Tribal Resource goal does not appear to effectively
represent tribal interests. The results for “Change in
Marsh Vegetation” were questioned at the April Work-
shop and were not changed before this swing weighting.
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Trout should only be removed when they are endanger-
ing HBC, and the decision of how to remove them would
preferably comply with tribal interests.

125 Utah Associated Municipal Power
Systems Explanatory Letter

Utah Associated Municipal Power Systems (UAMPS)
representing over 30 UAMPS members contracting for
power generating output of Glen Canyon Dam is pleased to
submit our response to the swing-weight exercise related to
the LTEMP EIS process. The UAMPS is both an LTEMP
EIS Cooperating Agency, a member of Glen Canyon Dam
Adaptive Management Workgroup, and has been involved
with most activities related to the operation of Glen Canyon
Dam since environmental studies began in the mid-1980s.
The UAMPS is grateful for the opportunity to participate in
the EIS process as a member of the AMWG and as a Coop-
erating Agency contributor. We are appreciative of the great
amount of work performed by both Federal government
employees and contractors performing studies and assembling
vast amounts of reporting documents, as well of those inter-
ested parties who have been following this LTEMP process.

We continue to be concerned with the valuation of the
electric generation from Glen Canyon Dam and the reduc-
tion of power capacity and see this loss will be required to
be replaced by resources using fossil fuels emitting carbon
dioxide, which create other environmental problems and
considerations. Thus far, we have not seen any expression of
impacts of capacity switching except for some costs of capac-
ity data for natural gas generation. In that regard, we wish to
support the comment submitted by the Colorado River Energy
Distributors Association (CREDA) that the cost estimates
for natural gas combined-cycle generation in today’s costs
included in the performance metrics are way undervalued and
should be corrected. We also hope additional cost analysis will
eventually be included to address the lost power generating
flexibility at Glen Canyon Dam needed for the western power
grid. The flexibility provided by this hydropower is not free
and will need to be made-up by some other power generating
resource paid for by all utilities connected to the WECC power
grid. Thus far, this loss of generating flexibly and the environ-
mental impacts resulting from the shift to fossil fuels has only
been casually addressed. We see the environmental objectives
in this EIS seem to have priority over the far reaching climate
change impacts that the electric industry in the west faces
more and more as it struggles meet electric demands.

126 Colorado River Energy Distributors
Association Submittal Letter

This letter [dated April 18, 2014] is an integral part of
CREDA’s SDA swing-weighting exercise submittal. CREDA
members are all non-profit wholesale customers of the Salt
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Lake City Area Integrated Projects (SLCA/IP) firm electric
and transmission resources, of which Glen Canyon Dams
is the largest generating facility. Although all members are
non-profit entities, CREDA membership is diverse. There-
fore, responses provided on the attached exercise cannot be
ascribed to any individual CREDA member, as individual
members did not have the ability to participate in the 5 days of
workshop nor complete the exercise individually. Further, the
responses are submitted with the understanding that the results
will be reported with participant attribution and included in
the draft/final Long-Term Experimental and Management Plan
(LTEMP) Environmental Impact Statement (EIS). Further,
it is not clear to CREDA in what other forums this submittal
is intended for use or attribution. Given those assumptions,
CREDA submits its SDA swing-weighting response under the
conditions that a) this letter shall remain attached to the SDA
swing-weighting response table, and 2) the information sub-
mitted herein is not authorized for use or attribution beyond
purposes of this specific exercise in the LTEMP EIS processes
and documents.
SDA AND LTEMP: Having participate fully in the
August and March-April SDA workshops, it has become
clear to CREDA this this process may not lend itself read-
ily to a system and resources as complex and interdepen-
dent as we see in the resources of interest in the LTEMP. As
the performance metrics and models have been developed
and evolved, CREDA still has concerns about some of the
underlying Resource Goals, and their inconsistency with the
AMWG-approved Desired Future Conditions. Although many
comments and concerns have been expressed on some of the
Goals in various forums and through various medium, the
Goals have remained unchanged since LTEMP scoping, As we
were advised on April 1, if a participant still has concerns with
a Resource Goal, or if the participant believes the elements
of a metric are contradictory, inappropriately “linked” to a
Resource Goal, or a create a potential legal or policy conflict,
the participant should value the metric with a very low or 0
value. We appreciate the time and effort involved in develop-
ing and facilitating the SDA process, but suggest that it may be
more applicable and useful for either determining stakeholder
values of individual attributes of a resource, or analyzing a
reduced number of alternatives (particularly when many of
the LTEMP alternatives were “split up” for this exercise). We
commend the stakeholders who devoted a significant amount
of time and effort to the August 2013 and this year’s process.
SDA, HYDROPOWER ANALYSIS AND LTEMP:
As you are aware, CREDA is participating in this process as
a member of the Glen Canyon Dam Adaptive Management
Work Group (AMWG), representing “contractors for the
purchase of Federal power produced at Glen Canyon Dam”.
As such representative, CREDA’s submittal of the Balanced
Resource Alternative represents the value we ascribe to the
hydropower resource, notwithstanding we have some out-
standing questions about how this alternative was ultimately
modeled for the SDA process. Participants in the April work-
shop were advised that the hydropower performance metric

was incomplete, and that a key component of the metric,
capacity, had to be developed by Argonne in an inordinately
short period of time (April 1-8), further, that the “ratepayer
analysis” portion of the hydropower analysis was noted as
“still under discussion” in the Performance Metrics document
provided to the workshop participants. CREDA offers detailed
comment herein on the energy, capacity and ratepayer analysis
components of the hydropower resource, as we were invited to
do as soon as possible after the April 1 workshop. We under-
stand and expect that the electric resource flexibility compo-
nent of the metric will be assessed as part of the draft/full EIS
process, and that air quality impacts, such as carbon offsets
will also be a part of the overall hydropower analysis. We offer
the following comments and suggestions for use in assessing
hydropower resources going forward in the LTEMP process.
ENERGY: The information provided to the SDA
workshop participants on April 1 has results that are unin-
tuitive. For example, one can compare RTCD4 with BR1.
Both have Fall HFEs. BR1 has an average output of 14,500
cfs during July and August, while RTCD4 has an average
output of 12,000 cfs and 11,000 cfs respectively. Further-
more, BR1 has an average fluctuation range that is 140%
of MLFF, while RTCD4 has an average fluctuation range
that is 114% of MLFF. Based on common knowledge, BR1
should perform better for energy than RTCD4. However,
based on modeling results, RTCD4 performed better. This
example, along with others discussed during the April 4
meeting, call the energy results into question. We urge the
LTEMP co-leads to utilize the expertise of the cooperating
agency utility experts in energy analysis. We would also
like to see more detailed energy results, as was agreed in
the April 4 conference call.
CAPACITY: The information provided to the
SDA workshop participants on April 10 indicates that
the capacity metric uses July as its peak month. CREDA
reaffirms its suggestion on March 31 that August be used
as the peak month to reflect actual utility peak demand
experience, both past and as projected for the period of the
LTEMP EIS. Also included in the April 10 information is a
capacity value of $65,000/MW-yr to be used in the swing-
weighting process, based upon the following factors:

* 620-MW natural gas combined cycle plant

+ Capital cost of $917/kW

* Fixed operation and maintenance cost of $13.17/kW
* 30-year lifetime

¢ Discount rate of 3.8%

CREDA believes, based on discussion with its
utility members who are also cooperating agencies in the
LTEMP, that a more accurate estimate of the capacity value
for a large, natural gas combined cycle facility is in the
range of $82,000/MW-yr—$132,000/MW-yr.

As a consulting service to the electric utility indus-
try, the Electric Power Research Institute (EPRI) regularly
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prepares estimates of the costs associated with developing
various types of energy resources, including gas-fired com-
bined cycle facilities. EPRI’s publicly available Generation
Technology Options Report (published 2/19/2013) can

be accessed at the linked site. EPRI information provided
below can be found in Table 1-2 of their report.

Having worked with EPRI for a number of years
with respect to resource characteristics and cost informa-
tion for various electric resource technologies, a CREDA
member’s experience suggests that EPRI’s valuations often
do not fully account for the generally higher elevations and
harsher ambient conditions that exist in CREDA member
service regions relative to the assumptions used in EPRI’s
technology assessment efforts. Consequently, the CREDA
member’s internal cost estimates are higher. A comparison
of key factors is provided below.

In summary, CREDA believes that the currently
proposed values for LTEMP capacity valuation result in an
understatement of Glen Canyon hydropower capacity value
on the basis of a credible, publicly available, industry stan-
dard source for such information (EPRI) as well as on the
basis of utility specific information and experience. We urge
the LTEMP co-leads to utilize the expertise of the cooperat-
ing agency utility experts in capacity analysis.

RATEPAYER ANALYSIS: As was recently
communicated to Ass’t. Secretary Castle, CREDA and
its electric utility members believe that this analysis must
be based on and reflect impacts to the product/resource
produced through the operation of Glen Canyon Dam,
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which is wholesale electric power and energy. On 4/1/14,
we again objected to an attempt to develop and include a
retail rate analysis, which is not required by NEPA, and
which will likely be incorrect and misleading because it
will not be possible to obtain sufficient and credible data
given the time constraints and budget dollars associated
with the LTEMP process. The chart below provides some
perspective about the complexities involved in electric
utility retail rate development. Consistent with the scope of
federal agency responsibility, to the extent any ratepayer
analysis is required (which we don t believe is the case
under NEPA), we urge the LTEMP co-leads to focus on the
wholesale level, and consider utilizing cooperating agency
utility expertise.

Finally, CREDA recognizes the time and effort spent by
all the SDA participants and believes that a key outcome from
the workshops and exercises is the opportunity afforded the
AMWG stakeholders, LTEMP co-leads, Argonne National
Labs and GCMRC personnel and contractors to learn more
about and appreciate the complexities and interdependencies
of the resources addressed through the Adaptive Management
Program, as well as the challenges faced by the Secretary of
the Interior in balancing the resources associated with the
operation of Glen Canyon Dam. It has also become clear
through the model development and results supporting the
SDA process that the resources of concern are “performing
well” under the current operational and management param-
eters. The LTEMP co-lead and cooperating agencies should
strongly consider this information.

Factor LTEMP EPRI CREDA
1 Capital Cost $917/kw $1,025/kw—1,325/kw $1,130/kw—$1,426/kw
2 Fixed O&M Cost $13.17/kw-yr $15/kw-yr $23/kw-yr-$25/kw-yr
3 Discount Rate (1) 3.8% 5% Higher than 5%
4 Resulting Capacity Cost (2)  $65,000/MW-yr  $82,000/MW-yr-$101,000/MW-yr  $108,000/MW-yr-$132,000/MW-yr

(1) The discount rates of CREDA members are proprietary and confidential information.
(2) Lower cost represents wet cooling, higher cost represents dry cooling.
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