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REFFR 10 MAY 15 1989

To: Government Bureaus, Agencies, Interested
Organizations and Individuals

This is the second printing of the Glen Canyon Environ-
mental Studies Final Report, originally published in
January 1988. Minor changes have been made to this
document as outlined below:

1. Table II-1 (page 15) has been revised
based on corrected hourly flow data from
Glen Canyon Dam.

2. Figure I-2 has been reduced and placed on
a single sheet and Figure III-1 has been
deleted. This has required a renumbering
of the document.

3. A list of individual Glen Canyon Environ-
mental Studies technical reports has been
amended to include the National Technical
Information Service accession numbers.
An additional recreation report has been
added.

4. A conversion table for metric and U.S.
Customary units have been added.

Requests for technical information regarding the Glen
Canyon Environmental Studies Phase I and II program
should be directed to David L. Wegner, Study Manager,
at the above address, or by phone at (801) 524-6086.




United States Department of the Interior

BUREAU OF RECLAMATION
UPPER COLORADO REGIONAL OFFICE
P.0. BOX 11568
SALT LAKE CITY, UTAH 84147

IN REPLY
REFER TO: ..
UC-410 FEB 291988
To: Government Agencies and Interested Organizations and Individuals

The Glen Canyon Environmental Studies (GCES) were initiated in December 1982
to evaluate the technical impact of the operation of Glen Canyon Dam on the
downstream natural and recreation resources of Glen and Grand Canyons. That
objective is finalized with the attached Final GCES Technical Report.

The GCES program was not designed nor ever intended to be a National Environ-
mental Policy Act (NEPA) compliance process. The need for the GCES program
arose out of concerns that were raised by environmental and recreational
groups and the public pertaining to the impacts associated with the operation
of Glen Canyon Dam. The GCES program was a data collection and analysis
effort.

This technical report represents one component of the decision process. From
this report and the review comments of the National Academy of Science, a
group of Federal managers, the Executive Review Committee, will develop rec-
ommendations to the Department of the Interior. Those recommendations along
with the technical information presented here, and the National Academy of
Science report will serve as the basis for determining future Department of
the Interior actions at Glen Canyon Dam. We anticipate that the decision
process within the Department of the Interior will occur during the summer of
1988.

We appreciate your concerns regarding the management of the Colorado River in
the Glen and Grand Canyon areas. The future management will require a contin-
ual balancing of the legally defined water requirements of the Colorado River
with the environmental, recreational, power and other societal needs of the
people. If you have any questions concerning this document please feel free
to contact this office or the Grand Canyon Study Manager, David L. Wegner, at
(801) 524-6086.

. Barrett
Regional Director

attachment
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SUMMARY AND PRINCIPAL CONCLUSIONS

Inter-Agency S8tudy Assessed Impacts Of Glen Canyon
Dam Operations

This report presents the findings of the Glen Canyon
Environmental Studies (GCES). In December of 1982, the
Secretary of the Interior directed the Bureau of
Reclamation (BOR) to initiate a multi-agency study to
address the concerns of the public and other federal
and state agencies about possible negative effects of
the operations of Glen Canyon Dam on downstream
environmental and recreational resources. This study

was not intended nor designed to lead directly to

changes in dam operations. Any decision to make
operational changes would require feasibility studies

and National Environmental Policy Act (NEPA) compliance
activities to assess the impact of those changes on the
primary mandate of the Colorado River Storage Project
(water storage and delivery), power dgeneration, and
economic considerations, as well as on the environment
and recreation.

The GCES study goals were, first, to investigate the
impact of several aspects of current dam operations on
the existing environmental and recreational resources
in the Glen Canyon National Recreation Area and Grand
Canyon National Park--specifically the effect of very
high, very low, and strongly fluctuating releases from
the dam. Second, if adverse impacts to downstream
resources were found, the study was to determine
whether modifications made to dam operations, within
the constraints of Colorado River Storage Project water
delivery requirements, could reduce those impacts.
These modifications were to be based on environmental
needs and did not include a full economic, cost-benefit
analysis. To accomplish the study goals, over 30
technical studies in the fields of biology, recreation,
and sediment and hydrology were conducted by over 100
researchers.




The GCES Determined That S8ome Aspects Of The
Operation Of Glen Canyon Dam Have Substantial
Adverse Effects On Downstream Environmental
And Recreational Resources

Construction of the dam and subsequent regulation of
river flows have changed downstream resources in many
ways. Some of these changes, such as the increase in
riparian vegetation, the development of an exceptional
trout fishery, and the extended white-water boating
season are beneficial. However, two aspects of current
operations, flood releases and fluctuating releases,
were found to have substantial adverse effects on down-
stream resources. Impacts were assessed by comparing
current operations, which include floods and fluc-
tuations, to operations which would avoid floocd rele-
ases and which would convert fluctuating releases to
steady releases.

Flood Releases Cause Damage To Beaches And
Terrestrial Resources

A flood release is defined in this report as a
discharge greater than the maximum powerplant release.
During the course of the GCES, maximum powerplant rele-
ases were 31,500 cubic feet per second (cfs). During
flood releases, substantial quantities of riparian veg-
etation are scoured away, drowned, or buried by re-
deposited sand. As a result of the flood releases of
1983, vegetation loss in some areas reached 50 percent,
and 95 percent of the marshes and 75 percent of the
nests of some riparian bird species were destroyed.

Because the dam cuts off the main pre-dam source of
sediment to the river downstream, flood releases of
sediment-free water cause significant and irreversible
degradation of the environment by eroding a substantial
portion of the sand deposits. These deposits provide
substrate for riparian vegetation and wildlife habitat
and are highly valued as campsites by boaters. Signif-
icant 1loss of sand beaches would reduce by approx-
imately 50 percent the recreation benefits (not com-
mercial revenues) associated with white-water boating.




Under Current Operations, Flood Releases Will Occur
In About One Of Every Four Years

Flood releases occur about one in four years due to
reservoir storage targets and errors in forecasted
runoff (among other variables). Current data are
sufficient to show that this frequency of flooding
would be damaging to downstream resources, but are
insufficient to determine precisely the frequency of
flooding that resources can tolerate in the long-term.
Based on observations of the natural system in Grand
Canyon, flood releases should be avoided until a
tolerable frequency can be better defined. Current
knowledge indicates that even a frequency as low as one
flood in twenty years will produce a net long-term loss
of camping beaches and substrate, although at a rate
reduced from that caused by current operations.

Two methods of frequency analysis were used to arrive
at the one-in-four-year flood frequency. Operating
procedures and methods in place during the GCES study
period were used in calculating the frequency of
spills.

Fluctuating Releases Primarily Affect Recreation
and Aquatic Resources

Except during periods of very high runoff, the amount
of water released from Glen Canyon Dam is varied on an
hourly basis, often with two peaks and two troughs
daily. This is done to provide electrical power when
it is most needed during the day. These fluctuations
can cause the river level to change by up to 13 feet.
Fluctuating releases stay below 31,500 cfs and are
therefore not as detrimental as floods for terrestrial
resources. However, they have a deleterious effect on
recreation and aquatic resources. The quality of fish-
ing and white-water boating is reduced by approximately
15 percent under fluctuating releases as compared to
steady releases.

Fluctuating releases have a greater impact on aquatic
than on terrestrial resources. Fluctuations at any




time of the year strand fish. Fluctuations during the
summer months reduce habitat for larval native fishes.
Fluctuations in the winter months reduce the natural
reproduction of trout by exposing spawning beds and
denying access of reproducing adults to tributaries.
However, short periods of fluctuations at other times
may increase food availability and trout growth.

Beaches deposited during high, steady flows are rapidly
eroded when exposed to either fluctuating or steady
lower flows, but the rate of erosion diminishes and
equilibrium is reached after several years of similar
releases. The stable beach area that develops in
response to fluctuating flows is smaller than that
developed during steady flows of the same annual
volume, and could be substantially smaller depending
upon release patterns.

Modified Operations Could Protect Or Enhance
Most Resources

The GCES found that changes in operation of the dam to
reduce fluctuations and avoid flood releases could
reduce the resource losses occurring under current
operations and, in some cases, even improve the status

of the resources. Five modified patterns of op-
erations were designed, each to address one or more
critical resources. These patterns have been con-

strained only by the need to release a minimum of 8.23
million acre feet (maf) per year, maintain minimum
flows of 1,000 cfs in winter and 3,000 cfs in summer,
and stay within the designated powerplant capacity of
31,500 cfs. These modifications only approximate ideal
release patterns for individual downstream resources.
They illustrate the types of changes that would protect
or enhance resources, but do not represent the full
range of possible options. These modifications should
not be considered as fully developed or recommended
operational schenmes.




our Understanding of the Relationships Between
Dam Operations And Downstream Resources Is Not
Complete

The limited time available for the Glen Canyon
Environmental Studies increases the uncertainty of
long-term predictions made from data collected during
the study. The coincidence of the GCES with high flows
that were not typical of pre~1983 releases limited our
ability to determine the response of resources to 1low

and fluctuating flows. These high releases required
major changes in research design as the studies were in
progress. We believe, however, that the more general

conclusions that dam operations affect downstream
resources and that modified operations would better
protect these resources, would not change due to these
uncertainties.

Nowhere were time and flow limitations more strongly
felt than in determining the effects of dam operations
on the humpback chub. The legal and biological status
of this species makes decisions based on inadequate or
incomplete information particularly dangerous. In this
respect, we have erred on the side of caution and wish
to reemphasize the need for further studies with
appropriate flow regimes to correctly assess the
effects of dam operations on this endangered species.
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Glen Canyon Unit, Colorado River Storage Project,
general view of Glen Canyon Dam and powerhouse from
Pump Plant Road, downstream, by Stan Rasmussen, June
24, 1964. Photo courtesy of Bureau of Reclamation,
Upper Colorado Region, (#P 557 400 252 NA). Mean daily
release of 980 cubic feet per second.
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SECTION I: INTRODUCTION

The Glen Canyon Environmental Studies Assessed The
Impact of Dam Operations

The Glen Canyon Environmental Studies (GCES) are a
multi-agency effort to study the impacts of Glen Canyon
Dam operations on the environmental and recreational
resources of the Colorado River downstream of the danm.
This reach of river flows first through 15 miles of
Glen Canyon, then through 277 miles of the Grand Canyon
before entering Lake Mead (see location maps in Figures
I-1 and I-2).

In recognition of the concerns of the public and other
governmental agencies, the Bureau of Reclamation (BOR)
was directed by the Department of the Interior to
conduct a general study of the short- and 1long-term
effects of current Glen Canyon Dam operations on
vegetation, wildlife, fisheries, recreation, beaches,
and other environmental resources. These studies were
to evaluate fluctuating flows, low flows, and high
flows to determine their effect on resources. The
GCES were a cooperative effort between the BOR, the Na-
tional Park Service (NPS), and the U.S. Fish and
Wildlife Service (FWS). Cooperation and contributions
to the study came from the Arizona Department of Game
and Fish (AGF), the U.S. Geological Survey (USGS),
private consultants, universities, and private and com-
mercial river runners and guides.

The studies were formulated by the Department of the
Interior on December 8, 1982, to answer two questions:

(1) Are current operations of the dam, through control
of the flows in the Colorado River, adversely affecting
the existing river-related environmental and recreat-
ional resources of Glen Canyon and Grand Canyon?

(2) Are there ways to operate the dam, consistent with
Colorado River Storage Project (CRSP) water delivery
requirements, that would protect or enhance the envi-
ronmental and recreational resources?

The modified dam operations developed and evaluated 1in
answer to the second question were designed only with
the goal of protecting or enhancing downstream environ-
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mental and recreational resources, constrained by the
operating objectives to deliver 8.23 million acre-feet
(maf) of water annually, maintain minimum flows of
1,000 cfs in winter and 3,000 cfs in summer, and stay
within the designated powerplant capacity of 31,500
cfs. These modified schemes are illustrations of flow
patterns that could protect resources during the
periods of the year when they are sensitive to flows.
It should be recognized that changes to operations to
protect or benefit downstream resources might have
negative consequences for other CRSP functions. In
evaluating possible modifications to operations, these
studies have assessed only benefits and costs to the

environment and recreation. Assessment of the
implications for power generation, revenue, water
delivery, or other system and legal requirements was
not within the scope of the GCES. These studies,

therefore, were not intended nor designed to lead
directly to changes in dam operations but to provide
the technical information necessary to enable decision
makers to assess the significance of impacts.

studies Provide Basis For Secretarial Decision

This report has been reviewed for technical accuracy by
the participating agencies. In addition, an Executive
Review Committee composed of representatives from these
agencies will determine the policy implications of the
studies. The report is also being reviewed by a
committee of the National Research Council of the Na-
tional Academy of Sciences. The participating agencies
on the Executive Review Committee and the National
Academy of Sciences GCES Review Committee will sepa-
rately make recommendations concerning the technical
adequacy of the report and future courses of action
that should be taken.

In addition, the Fish and Wildlife Service is reviewing
the GCES data on the humpback chub to develop a new
biological opinion for the protection or recovery of
the species.

Although the range of decisions that might wultimately
be made by the Secretary of the Interior in response to
the GCES has not yet been determined, several outcomes
are possible, including:



m Determination that the defined impacts are accep-
table and that no change in the basic operating
criteria is indicated.

m Determination that sufficient data is lacking to
make an operational decision. The monitoring of
specific resources and/or initiation of specific
studies may be required.

m Recommendation to explore new operating criteria
and order the National Environmental Policy Act
(NEPA) process to begin. Through the NEPA process,
all impacts, including physical, social, and
economic would be evaluated for each operating
alternative and full public involvement would be
initiated.

Over Thirty Studies Are Integrated In This
Final Report

This report 1is based upon the results of over 30
technical studies, background analyses, and associated
literature reviews. Over 100 researchers from govern-
ment agencies, universities, and private consulting
firms participated in the four-year GCES effort.

Many kinds of data were collected and analyzed for the
study. Hourly dam release records for 25 years were
tabulated and analyzed. Aerial and ground photographs
taken over a 30-year period were used 1in assessing
temporal changes in river hydraulics, backwater
availability, changes in camping beaches and sand
volume, and broad scale changes in riparian vegetation.

Three ecological studies, including monitoring of
14,000 individual plants and 900 seedlings, related
river flows to seedling establishment, growth, and mor-
tality 1in order to predict future changes in the veg-
etative community. Although other groups of verte-
brates were studied, riparian birds were emphasized;
approximately 30 species and over 500 nests were stud-
ied over six years.

Studies of the impact of dam releases on fish and the
aquatic food base involved analyzing the chemical and
physical properties of water, and collecting and




examining over 30,000 fish to determine fish habitat
preference, movement patterns, reproduction require-
ments, and food habits.

Surveys of 286 white-water guides, 1,038 white-water
boaters, 446 Glen Canyon anglers, and 415 Glen Canyon
day-rafters were conducted to assess the effect of dam
releases on the quality of these recreational
activities. To assess the impact of dam releases on
Grand Canyon and Glen Canyon boating accidents, eight
years of NPS accident records were studied and over
5,000 boats were observed running rapids under
different flow conditions.

Factors affecting transport and storage of sediment in
the river channel were assessed from discharge records
from 1922 to 1984, as well as from 874 discharge mea-
surements and 1,943 suspended sediment and 976
riverbed samples taken during the study. Thirty-six
tributaries were examined to assess the contribution of
sediment by small tributaries to the main channel.
Sediment data from the three largest tributaries were
used to estimate the amount of sand contributed by
these major sources. The data from sediment sampling
and surveys of river cross sections were used in the
development of predictive models of sediment transport.

Changes in camping beaches and other sand deposits
along the channel margins were measured at 41 sites
during the study. Characteristics of local river geom-
etry and flow were measured in order to relate changes
in deposits to flows. surveys of deposits made prior
to the study and historical photographs were examined
to extend the study results in time and to other sites.

Detailed topographic and hydraulic mapping of the
channel and flow in the vicinity of 12 of the largest
rapids yielded information on the flows required to
adjust the coarse debris which forms rapids and on how
waves in rapids changed with flow.

The results of these studies have been published in
technical reports which are available from the National

Technical Information Service, U.S. Department of
Commerce. A list of these technical reports is
provided at the back of this document. Information

from the technical reports has been combined and
summarized in the three Subteam Reports which are
provided as appendices to this document. The Sediment,
the Biology, and the Recreation Subteam Reports each
give more detail on the individual technical studies




than is given in the main body of this report. The
Operations Summary provides additional background

the current operating criteria for Glen Canyon Dam.

glossary can be found at the back of this document.
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SECTION II: MOTIVATION AND BACKGROUND FOR THE STUDIES

Valued Environmental And Recreational Resources
Exist Below Glen Canyon Dam

A great many people from around the country and the
world are concerned about the resources along the
Colorado River below Glen Canyon Dam. Each year, more
than 10,000 anglers fish for trophy-size rainbow trout
in the 15-mile reach below the dam. Additional anglers
fish for trout along the Colorado River and its

tributaries 1in Grand Canyon. Another 9,000 visitors
annually take half-day raft tours of Glen Canyon in
this reach. An additional 15,000 individuals take

white-water float trips through the Grand Canyon each
year. Many more people would like to take these trips,
but the NPS limits the number in order to protect the
environment.

The Colorado River in the Grand Canyon supports an un-
usual and important community of plants and animals.

In the desert Southwest, streamside (riparian)
ecosystems are scarce and decreasing 1in extent along
most rivers. In contrast, the Colorado River gorge in

Grand Canyon 1is a protected 277-mile corridor within
which riparian vegetation has increased in area since
1963, the vyear Glen Canyon Dam was completed. The
river itself provides habitat for the largest remaining
self-sustaining population of humpback chub (a
federally-listed endangered species) as well as sev-
eral other species of native fish.

Flow In The Colorado River Through Glen And Grand
Canyons Is Controlled By Glen Canyon Dam

Glen Canyon Dam impounds the water of the Colorado
River forming Lake Powell, one of the 1largest res-
ervoirs in the western United States. By storing and
regulating the waters from the Upper Coloradc River
Basin states of Colorado, Wyoming, New Mexico, and
Utah, Glen Canyon Dam enables delivery of water each
year to Arizona, Nevada, California, and Mexico, as re-




quired by the laws and agreements regulating the
management of the Colorado River (Law of the River).
Glen Canyon Dam is also a major producer of electricity
for the western United States. Its average generation
of 4.4 billion kilowatthours produces approximately $80
million annually in gross power revenues (Source:
Colorado River Basin Annual Operations Reports 10
through 15).

Of the accumulated legislation and agreements that
define the operation and management of the Colorado
River, the primary legal mandates include:

Colorado River Compact of 1922

Boulder Canyon Project Act (45 Stat. 1057)

Upper Colorado River Basin Compact (63

Stat. 31)

m Water Treaty of 1944 with the United
Mexican States (Treaty Series 944, 59 Stat.
1219)

m Colorado River Storage Project Act (Public
Law 84-485)

m Colorado River Basin Project Act (Public

Law 90-537)

Fluctuating Releases From The Dam Caused Public
Concern

The powerplant at Glen Canyon Dam is designed to be
operated as a multiple-use facility capable of baselocad
and peaking power operation. Glen Canyon Dam can vary
the release of water on a daily, monthly, and seasonal
basis to produce electricity when it is most needed
and its economic value is greatest. For example, it is
not uncommon for flows to be varied from 5,000 cfs to
30,000 cfs in a day. This causes the river level to
change by 7 to more than 13 feet, depending upon the
width of the river and distance downstream of the dam.

Fluctuating releases associated with peaking power
operations have caused concern among river users,
primarily those who fish in Glen Canyon and who take
white-water raft trips in Grand Canyon, and among envi-
ronmental groups concerned about possible detrimental
effects on downstream riparian and aquatic habitats.
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Public concern 1is centered on the impact of dam
operations on:

the quality and safety of fishing in Glen Canyon
the quality and safety of white-water boating
erosion of beaches in the Grand Canyon
terrestrial vegetation and wildlife

endangered and common native fish species

These concerns were expressed most forcefully during
two BOR studies of possible increases in peaking power
generation at Glen Canyon Dam. The studies were made
to determine costs and benefits of (1) adding one or
more generators at Glen Canyon Dam (the "Peaking Power"
study) and (2) increasing the capacity of the existing
generators (the "Uprate and Rewind" study).

Either of these actions could affect the daily
fluctuation in dam releases. Implementation of the
Uprate and Rewind Program would increase peak
powerplant releases only from 31,500 cfs to 33,100
cfs, whereas the Peaking Power Program would raise peak
releases to about 40,000 cfs. Adverse public reaction
to the Peaking Power proposal led to its termination in
1980.

BOR published an environmental assessment in December
1982 of the impacts of the Uprate and Rewind Progranm.
No significant impact of increasing the peak powerplant
capacity from 31,500 to 33,100 cfs was found, but the
close association in time with the Peaking Power study
tended to blur the separate issues in the public's mind
and again provided a focus for existing concerns about
impacts of current operations.

The BOR proceeded with the Uprate and Rewind Program
for the generators at Glen Canyon Dam, but agreed not
to use the increased powerplant capacity to exceed
powerplant release of 31,500 cfs until a more
comprehensive study of the impacts of historic and
current dam operations was completed.

11




Large Releases From Glen Canyon Dam Are More Common
Since The Filling Of Lake Powell And Are A Cause
Of Public Concern

From the start of flow regulation in 1963 until the
filling of Lake Powell in 1980, releases generally
stayed between 1,000 cfs and 31,500 cfs. Higher re-
leases were Vvery rare. Although the dam produced
fluctuating flows which recreationists found undesir-
able, it also eliminated the very large spring and
summer floods which had annually scoured Glen and Grand

Canyons. Pre-dam peak flows averaged 93,400 cfs
(1921-1962), and reached approximately 300,000 cfs
(July 7, 1884). The elimination of annual flooding

allowed a much more diverse and extensive riparian veg-
etative and wildlife community to colonize the old
“"flood zone" along the river.

However, when Lake Powell filled in 1980, the capacity
of the reservoir to store unusually high spring runoff
was severely reduced, leading to the current situation
in which "flood" releases (over 31,500 cfs) are more
common. Concerns were raised over the effect of these
flood releases on sediment deposits and vegetation in
the river corridor, aquatic and terrestrial wildlife,
and on the quality and safety of river recreation.
Concern over the short- and long-term impact of these
large releases provided another focus for the study.

Reduced River Temperature Resulting From
Construction Of Glen Canyon Dam Diminished Habitat
For Humpback Chub

On May 25, 1978, FWS concluded that construction and
operation of Glen Canyon Dam had jeopardized the
continued existence of humpback chub by reducing water
temperature and changing the aquatic system. They also
concluded that dam operations were limiting the poten-
tial for recovering humpback chub, Colorado squawfish,
bonytail chub, and razorback sucker. Because 1little
information was available on habitat needs of these
fishes, the FWS was unable to recommend any changes in

12



dam operation which would aid recovery of the fish.
Additional study was therefore requested.

our Understanding Of The Relationships Between
Dam Operations And Downstream Resources Is Not
Complete

The GCES occurred at a critical juncture in the history
of Glen Canyon Dam, when significant releases above
powerplant capacity were occurring with regularity for
the first time. When Lake Powell filled in 1980, a
17-year period with virtually no releases over 31,500
cfs came to an end. Because the reservoir no longer had
a vast amount of unfilled space to store spring runoff,
the likelihood of releases exceeding powerplant
releases 1in spring and early summer increased sub-
stantially.

The filling of the reservoir corresponded with years of
unusually high basin runoff in 1983 through 1986. This
combination of events led to the flood releases seen in
five of the past seven years. Figure II-1 shows how
dam releases changed beginning one year before start of
the GCES and continuing through to near the end of the
study. Operations, the physical and biological environ-
ment, and recreational users were all adjusting to this
changing situation throughout the study period.

Flows during the study period varied considerably and
included flood flows, flows of less than 5,000 cfs,

nearly steady flows, and fluctuating flows. Low to
medium flows were uncommon during the study period
(Table II-1). Most flows were at the high end of
powerplant releases. Although 31 percent of the days

during the study had flows which fluctuated more than
10,000 cfs during a 24-hour period, this generally
occurred before field work for most studies had begun,
or were at times not seasonally important for the
studied resources.
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Table II-1. Flow distribution during the GCES study
period and the Lake Powell filling period (based on
hourly flow data from Glen Canyon Dam).

Study Period Filling Period
(1983-1986) (1963-1980)

Flow in cfs

less than 10,000 8% 44%
10,000-16,000 9% 27%
16,000-31,500 68% 29%
31,500-48,000 12% 0%
over 48,000 3% 0%
Fluctuations greater
than 10,000 cfs 31% 78%

The results of the GCES must be evaluated with an
awareness of the uncertainty induced by a short study
period and the 1limited range of flow conditions
available during that period. Also, because few data
were available from the pre-dam period or from the
post-dam period prior to 1983, our understanding of the
initial adjustment of resources to dam operation and
status of resources prior to GCES is limited. The GCES
also spanned a period of change in dam operations,
which further restricted our ability to predict future
conditions from past trends. Our projections of
long-term system responses have necessarily been based
upon study of a 1limited number of sites over a
relatively short period of time. Nonetheless, we be-
lieve that collection of data at more locations over a
longer time period would not change the major conclu-
sions that (1) dam operations affect downstream re-
sources, and (2) modified operations would better pro-
tect selected environmental and recreational resources.
Additional data collection, however, would permit us to
refine our estimates and increase the certainty of our
forecasts,
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SECTION III: SETTING AND RESOURCES STUDIED

Below Glen Canyon Dam, the Colorado River passes
through the Glen Canyon National Recreation Area (Glen
Canyon) . In this 15-mile reach of river between Glen
Canyon Dam and Lees Ferry can be found one of the
finest trout fisheries in the western United States.
Below Lees Ferry, the river enters Grand Canyon
National Park (Grand Canyon), with its world-famous
scenery and white-water rapids (see location maps in
Figures I-1 and I-2).

Study Targeted Critical Resources

Agencies and individuals involved in the GCES, working
together, identified and selected for study the down-
stream resources that were both important to the
agencies and the public and likely to be affected by
dam operations. These are termed the critical re-
sources. Although analyzed independently in the
studies, related critical resources have sometimes been
grouped here for ease of discussion.

The Critical Resources Are Humpback Chub,

Common Native Fish, Rainbow Trout, Camping Beaches,
Riparian Vegetation And Wildlife, White-Water
Boating, And Trout Fishing

Humpback chub. Humpback chub use the warm, highly sa-
line waters of the Little Colorado River to spawn and
rear larval young. This is the only breeding popula-
tion of humpback chub in the Colorado River Basin below
Glen Canyon Dam. Chub are afforded 1legal protection
through the Endangered Species Act, which assures that
no federal action can be taken which would affect
critical habitat of the species or jeopardize its con-
tinued existence. Further, all federal agencies are
directed to use their authorities to help improve the
status of the species (exceptions to this are possible
under the law but have never been granted).
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Common native fish. Eight native fish species in-
habited the pre-dam Colorado River and its tributaries.
Of these, only endangered humpback chub and three
common species (bluehead sucker, flannelmouth sucker,
and speckled dace) can still be found in the Colorado
River below Glen Canyon Dam. (A very small population
of razorback suckers may still exist; however, only one
individual of this species was found during the
three-year study.) Backwaters, protected areas away
from the influence of main channel currents, serve as
rearing habitat for native fish.

Rainbow Trout. Introduced trout have created an
important fishery in Glen Canyon. Maintenance of this
trout fishery under present management guidelines
requires supplemental stocking, without which catch and
harvest rates could not be maintained. Rainbow trout
spawning occurs on gravel bars in Glen Canyon and
represents 28 percent of the average trout harvest.

Camping beaches and other sand deposits. Many of the
critical resources mentioned here depend upon the
existence of camping beaches and other sand deposits in
Grand Canyon. In narrow sections of the river, such
deposits were scarce even before dam construction, and
campsites along these reaches are still small and
widely separated. Sand is more commonly deposited in
wider reaches, providing larger and more plentiful
campsites.

The largest sand deposits occur where tributaries to
the Colorado River within Grand Canyon create debris
fans which extend out into the canyon floor,
constricting the river and forming rapids. Below the
rapids the river widens and forms recirculating eddies
of lower velocity where the sand is deposited. Eddies
provide relatively quiet water for fish and for
mooring boats. Sand deposits within and beside the
eddies provide substrate for riparian vegetation, in-
cluding dense stands of tamarisk and small cattail
marshes, as well as camping beaches for boaters.

Terrestrial riparian vegetation and wildlife. The rich
mix of native and exotic streamside vegetation along
the Colorado River in Glen and Grand Canyons is widely
used by both wildlife and recreationists. The dense
post-dam zone of native and exotic plant species near
the water's edge has added new diversity to the
riparian ecosystem by providing nesting sites for birds
and food and cover for other wildlife.
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Riparian birds in particular have increased 1in both
number and diversity. Nesting riparian birds were used
in this study to indicate how terrestrial wildlife
responds to changes in vegetation. Birds are directly
dependent on the quality and extent of riparian vegeta-
tion, and pre-1983 data were more available for birds
than for other Grand Canyon terrestrial vertebrates.

Grand Canyon white-water boating. The Colorado River
through Grand Canyon is one of the finest stretches of

white-water in the world. The rapids and the
magnificent scenery make these white-water trips
(which can last as long as 30 days) a

once-in-a-lifetime experience. Boaters spend their day
running the big rapids, floating calm stretches of the
river between towering walls, hiking side canyons, and
visiting special natural and archeological sites.
Camps are usually made on sand beaches, which provide
the most desirable camping locations along the river.
Reservations for commercial trips, which constitute
about 85 percent of the total, are usually made one
year in advance. Individuals may wait up to five years
to obtain a permit for a private trip.

Trout fishing. Over the past 20 years, the trout
fishery has received national prominence. The average
size of fish caught peaked in 1980 and use of the
fishery peaked in 1983 at over 52,000 users. Due to
the popularity of the fishery and increased fishing
pressure, more restrictive fishing regulations were
introduced in 1978, 1980, and 1986 by AGF to reduce the
fish harvest.
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SECTION 1IV: CHANGES SINCE DAM CONSTRUCTION

Dramatic changes have taken place in Glen and Grand
Canyons since Glen Canyon Dam was completed in 1963.
Impoundment of the Colorado River and flow regulation
have changed the magnitude and timing of river flows,
the amount of sediment carried by the river, and the
temperature of the water. This, in turn, has sub-
stantially changed the downstream riverine environment
and associated recreation.

Pre-Dam River Flows Had Wide Seasonal Variations In
Magnitude, Sediment Load, And Temperature

Pre-dam river flows were characterized by low flows in
fall and winter and floods in spring and summer.
Spring floods from snowmelt runoff reached a peak in
June, and ranged from 25,300 to 300,000 cfs. From 1922
to 1962, the annual volume of flow past the USGS gaging
station at lLees Ferry averaged 11.7 maf and ranged from
2.5 to 19.2 maf. In 1953, a typical low-water year
(8.79 maf), flow was above 31,500 cfs from late May
until the end of June, with a peak of about 70,000 cfs.
For most of the rest of the year, flow was very
low--typically in the range of 3,000 to 8,000 cfs (Fig-
ure IV-1).

In 1957, a typical high-runoff year (17.3 maf), flow
reached 126,000 cfs and was above 31,500 cfs from the
beginning of May until early August. Except for short
periods of tributary flooding, flow was in the range of
5,000 to 10,000 cfs for the rest of the year. Change
in discharge during any given day was small.

Annual suspended sediment load past Lees Ferry averaged
65.4 million tons in the period 1948 to 1962, about
four to five times the average annual suspended
sediment load delivered to the river by the three major
tributaries below Lees Ferry. The amount of sediment
carried in the river increased during the high flows of
snowmelt runoff, but typically reached highest values
during tributary floods in the late summer. Sediment
carried by the river was sufficient to replenish
beaches scoured by spring floods.
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Figure 1IV-1. Mean daily discharge, total daily

sediment 1load, and mean daily water temperature from
low- and high-water years prior to dam construction,
measured at the U.S. Geological Survey gaging station
at Lees Ferry.
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Water temperature varied seasonally from near freezing
in December and January and reaching a high of near 80
degrees F in July and August. The pattern of water
temperatures did not substantially change from year
to year even when volume of flow was greatly different.

Post-Dam River Flows Fluctuate Frequently, Carry
Little Sediment, And Are Colder

The pattern of post-dam flows is much different.
Seasonal changes in flow magnitude, temperature, and
sediment load are much less. However, daily
fluctuations in flow are much greater. Flow regulation
reduced the average annual peak flow from about 93,400
cfs in the pre-dam era (1921-1962) to about 29,000 cfs
for the period 1963 to 1980, when Lake Powell was being
filled. During a representative post-dam, minimum
release year (1982, 8.3 maf) peak flow remained below
the powerplant capacity of 31,500 cfs (Figure 1IV-2).
Daily flows were released in response to power demand,
changing by as much as 20,000 cfs in a 24-hour period
and resembled the pattern of daily releases shown 1in
Figure V-3. Hourly flow was in the range of 16,000 to
27,500 cfs for 25 percent of the year, 10,000 to 16,000
cfs for 34 percent, and below 10,000 for 42 percent of
the vyear. Annual flow volume past Lees Ferry ranged
from 2.4 to 20.5 maf.

During the high-water year of 1986 (release volume 16.6
maf), the river outlet works were used to release
excess runoff by bypassing the powerplant. Daily flows
reached 51,600 cfs (Figure 1IV-2). Flows exceeded
31,500 cfs for 42 days in May and June. Flows fluc-
tuated during the rest of the year, but remained above
16,000 cfs about 70 percent of the time.

All sediment from upstream of the dam is now trapped in
Lake Powell, drastically reducing the sediment 1load of
post-dam flows (Figures IV-1 and IV-2). Annual susp-
ended sediment load at Lees Ferry, which is upstream of
any major tributary, 1is estimated to have been 0.4
million tons in 1982 and 1986, a decrease of about 99.5

percent from pre-dam conditions. Virtually all the
sediment added to the system must now be delivered by
tributaries below Lees Ferry. (Note the change in the

axis scale for sediment between Figures IV-1 and IV-2.)
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Water temperature no longer changes seasonally but is
relatively constant year-round. Water which passes
through the powerplant is drawn from a level 1in Lake
Powell where the temperature varies 1little. River
temperature at Lees Ferry now ranges from 46 to 54
degrees F.

Resources Have Changed In Response To Changes In
The River

Beaches. Examination of historical photographs shows
that 1locations of camping beaches and sand substrate
for vegetation have remained much the same throughout
this century. The amount of sand stored in the main
channel riverbed appears to have gradually decreased
between 1940 and the start of flow regulation in 1963
in response to regional climatic variations. Available
evidence is not sufficient to allow us to determine if
camping beaches gradually decreased in size during the
same time period. Studies of post-dam changes have
shown that camping beaches have apparently decreased in
area and volume since flow regulation.

Vegetation. The riverbanks which were scoured nearly
every year by spring floods are now vegetated (Figure
IV-3 and IV-4). Before flow regulation, the vegetation
community now called the 0l1d High Water Zone (OHWZ) had
stabilized above the level of peak summer floods. The
area below this zone was scoured by annual floods and
supported only a sparse growth of short-lived
herbaceous and shrubby plants. As a result of the
decrease 1in peak flow, significant amounts of veg-
etation have become established in the former flood
zone. This new zone of vegetation is called the New
High Water Zone (NHWZ) and is composed of
newly-established native species such as willow,
seep-willow, and arrowweed; other native species that
are colonizing from the OHWZ such as mesquite and
acacia; and exotic species such as tamarisk. Tamarisk,
a major component of the new zone, was found along the
river before 1963, but has greatly increased in area
since that time. This increase may not be due entirely
to flow regulation--great increases in tamarisk oc-
curred in many riparian zones throughout the Southwest
over the same time period. (See Appendix B, Sections II
and IV.)
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Figure Iv-3. Regulation of river flows has
significantly changed the distribution of vegetation
and sediment along the riverbanks.
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Figure 1IV-4. Banks and sandbars that were bare prior
to dam construction (top) have become covered with
riparian vegetation (bottom). (Photographs from Turner
and Karpiscak 1980, Figure 61A-61B. Photographs of
River Mile 204.4. Top photo dated September 27, 1923,
by E.C. LaRue #633. Bottom photo dated August 3, 1974
by R.M. Turner #60, at an average daily discharge of
15,500 cfs. Bottom photo courtesy of R.M. Turner,

USGS.)
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The reduction in the annual flood peak also permitted
the establishment of marshes in some low, sandy areas
along the riverbanks. The increase 1in area of
vegetation along the river, and the addition of new
habitats such as marshes, riparian trees, and dense
shoreline vegetation, allowed an increase in population
densities of a number of wildlife species, including
the rare Bell's vireo and willow flycatcher. Also,
many birds that did not nest along the river before
1963, now do. (See Appendix B, Sections II and Iv.)

Fish. The change from warm, sediment-laden water to
cool, clear water has changed the aquatic food base in
the river, greatly increasing the supply of algae and
associated invertebrates. Trout can now exist in the
river due to the lower temperature and sediment
concentrations, and they depend on the new food
base. However, the cold water has been detrimental to
warm-water native fish. Oof eight native species
originally found in Grand Canyon, only four remain in
significant numbers. The spawning area for one of
these, humpback chub, is now apparently limited to the
Little Colorado River. (See Appendix B, Sections II and
Iv.)

Recreation. Recreation in Glen and Grand Canyons has
greatly increased since completion of the dam in 1963.
Today, fishing for trout in Glen Canyon, made possible
by the cold water released from the dam, is a major
recreational activity generating approximately $0.5
million in recreation benefits annually.

White-water rafting has grown from fewer than 200
boaters in 1960 to about 16,000 in 1972. Today,
white-water boating generates approximately $4 to $9
million in recreation benefits annually, depending upon
flow conditions. Although regulation of river flows

Recreation benefits were assessed by measuring the
"consunmer surpius" associated with recreation.
Consumer surplus 1is the amount that recreationists
would be willing to pay, beyond their actual expenses,
to participate in the activity. This is a standard
method of measuring recreation benefits for federal
water resource development projects, as recommended by
Fconomic and Environment Principles and Guidelines for
Water and Related Land Resources Implementation
Studies. U.S. Water Resources Council, 1983. (See
Appendix C, Section II.)
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and the subsequent 1lengthening of the white-water
season has been a factor in this increase, white-water
boating has increased dramatically nationwide during
the same period. Other rivers in the United States,
both controlled and uncontrolled, have experienced
large increases in white-water boating in the last 10
to 20 years. This suggests that white-water boating use
of the Colorado through the Grand Canyon would be very
high without Glen Canyon Dam, but probably not as high
as with flow regulation (Appendix C, Section I).
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SECTION V: DAM OPERATIONS

This chapter summarizes the legislated functions of
Glen Canyon Dam and how these functions are served
through the current operation of the dam. Particular
attention is paid to explaining the rationale for the
release patterns that have caused concern about down-
stream impacts--flood and fluctuating releases. More
detail can be found in Appendix D, Dam Operations.

Glen Canyon Dam and Lake Powell are part of the 1956
Colorado River Storage Project (CRSP) Act. The
original Act included six dams and reservoirs in the
Upper Colorado River Basin and eleven participating
projects, involving irrigation, industrial wuses, and
municipal water supplies. Glen Canyon Dam serves the
CRSP functions through the storage and release of water
from Lake Powell, which has a total capacity of 27 maf.
There are three ways to release water from Glen Canyon
Dam, as shown in Figure V-1:

(1) Release through the powerplant. Glen Canyon
Powerplant has eight generators with a total nameplate
capacity of 1,288,000 kilowatts (kW). The combined

discharge capacity of the eight turbines is ap-
proximately 33,100 cfs. However, a limit of 31,500 cfs
(1,900,000 acre-feet monthly) is presently followed.
Discharge through the turbines is the preferred method
of release because electricity and associated revenue
are produced.

(2) Bypassing the powerplant through the river outlet
works. The capacity of the river outlet works 1is
15,000 cfs. The river outlet works are used when there
is a need to release more water than can be passed
through the powerplant. They are almost always used in
conjunction with powerplant releases, producing com-
bined releases ranging from 31,500 cfs to 48,100 cfs.

(3) Spillway releases. Releases through the spillways
bypass both the powerplant and the river outlet works.
The combined capacity of both right and left spillways
is approximately 208,000 cfs. Spillway releases are
made only when there is an urgent need to release large
volumes of water to avoid overtopping the dam, or to
lower the level of Lake Powell. Spillway releases are
avoided whenever possible due to the shorter service
life of the spillways compared to the other release
structures. This brings the total release capacity
from all structures to approximately 256,000 cfs.
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Figure V-1. Water is released from Lake Powell through
the powerplant, the river outlet works, or the
spillways.
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The Major Operational Goal For Glen Canyon Dam Is
Water Storage And Delivery To The Lower Basin

Two of the objectives identified in the 1legislation
authorizing the CRSP are most pertinent to the
operation of Glen Canyon Dam: (1) providing water
storage and regulation for irrigation and beneficial
consumptive use, and (2) satisfying water delivery re-
quirements to the Lower Basin, as defined 1in the
Colorado River Compact. All other project purposes,
including the generation of hydroelectric power, are
incidental to these goals.

The primary purpose of Glen Canyon Dam in the CRSP is
to enable the states of Utah, Colorado, Wyoming, and
New Mexico to utilize their apportionment of Colorado
River water and meet their obligations for water
delivery to the states of Arizona, Nevada, and
California. The reservoir (and others in the CRSP
system) allows the Upper Basin states to take water
year-round from the Upper Colorado River for con-
sumptive wuses and still store enough spring runoff in
Lake Powell to guarantee the required delivery to the
Lower Basin even during a long period of drought.

The Operating Criteria, administered by the Secretary
of the Interior, define the minimum annual release
objective to the Lower Basin to be 8.23 maf. Releases

greater than 8.23 maf annually are permitted if the
storage in Upper Basin reservoirs is greater than that
required by section 602(a) of the Colorado River Basin
Project (CRBP) Act. To the extent necessary, releases
can be made to accomplish specific objectives
identified in the Operating Criteria. A more
definitive description of the Operating Criteria is
given in Appendix D.

Objective release of 8.23 maf. Glen Canyon Dam is
operated such that an objective of 8.23 maf is released
to the Lower Basin each year (monthly distribution of
volume is not specified). If this release cannot be
met by the CRSP system of reservoirs, the Upper Basin
water users may curtail water use sufficiently to allow
this delivery.

Meeting "602(a)" storage requirements. Section 602(a)
of the Colorado River Basin Project (CRBP) Act requires
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that the system of reservoirs in the Upper Basin annu-
ally achieve water storage sufficient to make the
objective 8.23 maf delivery to the Lower Basin without
impairing Upper Basin uses. As the 1largest CRSP
reservoir, Lake Powell must annually contribute the
major share of storage toward this goal. The Secretary
of the Interior is required annually to prepare a plan
of operations for the CRSP reservoirs which specifies
the amount of storage required by September 30 to nmeet
the "602(a)" requirement. However, to date no official
specification of the amount of storage required has
been made. Instead, each year the annual operating plan
contains a statement that the "active storage in Upper

Basin reservoirs forecast for September 30, 19..., eXx-
ceeds the '602(a)' storage requirement under any reas-
onable range of assumptions ... Therefore, the accum-

ulation of '602(a)' storage is not the criterion gover-
ning the release of water during the current year." The
role of "602(a)" storage in determining the operating
level of Lake Powell will be discussed further below.

Maintaining Lake Mead storage equal to or greater than
Lake Powell storadge. In order to ensure that Colorado
River Basin water supplies are apportioned equally
between the Upper and Lower Basins, the CRBP Act
stipulates that releases from Lake Powell will be made
to maintain, as nearly as practicable, an amount of
storage in Lake Mead equal to that in Lake Powell.
Equality of storage also affords approximately equal
power head at Hoover and Glen Canyon Powerplants.

Avoiding spills (flood releases). Releases can be made
from Lake Powell to avoid spilling, that is, to avoid
having to release water in any way other than through
the powerplant. This means that powerplant releases
can be increased at any time (within generator
capacity) to avoid having to make non-powerplant
releases later.

In addition to the primary objectives of water storage
and water delivery, several incidental objectives exist
for the operation of the Colorado River dams as defined
in the Operating Criteria. These incidental objectives

include: (1) power production, (2) flood control,
(3) river regulation, (4) water quality control, (5)
recreation, (6) enhancement of fish and wildlife

resources, and (7) enhancement of other environmental
factors.

Power production: This function has a substantial
effect on the daily operation of the dam but, as
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described above, it is not allowed to interfere with
the primary functions of water storage and delivery.
The other incidental objectives do not significantly
drive the operation of the dam, but are addressed when
they will not interfere with the primary functions.

Flood control: Existing space at Lake Powell can be
used as credit toward the 1.5 maf of space which must
be reserved at Lake Mead for flood control. There are,
however, no specific flood control requirements at Lake
Powell.

River regulation and water quality: Glen Canyon Dam has
not been used significantly for river regulation or
water quality control.

Recreation: Summertime releases are kept above 3,000
cfs for white-water rafting.

Fish, wildlife, and other environmental factors:
Winter releases are kept above 1,000 cfs. (During the
Lake Powell filling period, special releases were made
for a time to enhance the habitat for bass in Lake
Mead. Eventually, those releases were ruled to be
interfering with water conservation principles and
were ended.)

Flood Releases Are A Function Of Reservoir Level
Targets, Uncertainty In Runoff, And Operating
Rules For Handling Increases In Forecast Runoff

Under current operations, the annual risk of making
flood releases 1is estimated to be about one in four
(Appendix D, Section III). Several factors influence
the frequency of flood releases.

The dam is operated to address two goals: (1) maximize
water storage for later delivery, and (2) minimize the
magnitude and frequency of flood releases. These goals
conflict with each other, because it is not possible to
increase storage without increasing the risk of flood
releases. This occurs because reservoir inflows cannot
be perfectly predicted. The closer reservoir levels
are brought toward full capacity during the year, the
more likely it 1is that wunanticipated inflows will
require flood releases. Conversely, avoiding flood
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releases by lowering the filling target for the reser-
voir increases the likelihood that unexpected
shortfalls in runoff, or long periods of drought, will
leave the reservoir with too little stored water to
meet all water demands.

Reservoir target levels for annual operations. Op-
erations are planned each year to have 22.6 maf of
usable storage (reservoir elevation 3,684.6 feet [ft])
on January 1, and have the reservoir full (elevation
3,700 ft) on July 1.

The July target to fill the reservoir is not specified
directly in the CRSP Act or in other regulations.
Because there are areas of uncertainty regarding the
guantification of "e602(a)" storage, a practical
solution to the question of minimum storage has been to
fill Lake Powell each year, if possible. Thus, while a
strict quantification of "602(a)" storage does not
control the release of water from CRSP reservoirs, the
uncertainty over the magnitude of "602(a)" storage has
led to informal operating criteria which substantially
affect dam operations.

Uncertainty in annual runoff. The schedule of monthly
releases during the spring runoff period from January
through June is designed to result in a full reservoir
by July 1, with all releases being made through the
powerplant. Any increase in inflow above the forecast
may result in flood releases at some point during the
spring runoff. The design of the release schedule dep-
ends critically upon the forecast of the annual inflow.

However, the total annual inflow is difficult to pre-

dict. For example, since 1922, the annual runoff in
the Upper Basin has ranged from 2.5 maf to over 20.0
maf. Because of this uncertainty, updated forecasts

of runoff are made each month and the monthly release
schedules adjusted. Early in the annual runoff period,
the potential error in the forecast of the total runoff

is very large. Due to the variability in climatic
conditions, and modeling and data uncertainties, these
forecasts could have a large error. Figure V-2 shows

how the error, above and below the projected total run-
off, is typically reduced each month as forecasts are
updated based on information about the actual runoff.

Operating procedures for handling increases in forecast
runoff. Under current operating procedures, any
increase in the forecast runoff volume is spread evenly
over the months remaining in the runoff period rather
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than released immediately by increasing releases to
maximum powerplant capacity until the excess volume is
passed. This 1is done to guard against making an
unnecessary release of water should the projected
increase not materialize. This procedure does,
however, increase the risk of flood releases during the
peak of the runoff.

Fluctuating Releases Are Made To Match Electricity
Production To Demand And To Sell The Most Power

The Western Area Power Administration (WAPA) markets
and transmits the power generated at Glen Canyon Dam
and other federal facilities. The marketing of power,
and the factors that shape the demand for and
production of power at Glen Canyon Dam are many and
complex. Refer to Appendix D for a more complete
description.

The CRSP Act directed that Glen Canyon Dam be operated
to produce the greatest practical amount of power that
could be sold at firm power and energy rates (long-term
contracts for guaranteed supply). Power produced at
Glen Canyon Dam provides electricity and helps to repay
the cost of facilities and projects associated with the
CRSP. Revenues collected from the sale of the power,
municipal and industrial water supplies, and irrigation
water are applied to the Upper Colorado River Basin
Fund, established through Section 5 of the CRSP Act.
These revenues provide for the repayment of the costs
associated with the the initial federal investment, in-
terest, portions of participating irrigation projects,
and operation and maintenance functions. Annual
repayment studies are made to determine if adjustments
in the power rates are required. By law, rates for
power generated by the CRSP must be set at the lowest
level consistent with sound business principles.
Although this means that the CRSP generation facilities
cannot be operated "for profit," it does not preclude
the generation of surplus annual revenues to be used
for anticipated future costs.

Power is produced on a fluctuating (peaking power)
basis in order to increase the value of the
electricity produced. This is done by releasing
water and producing power when power is most needed

38



during the day and its value is highest to
consumers-—-generally in the morning and evening (Figure
vV-3.) Unlike many types of (non-hydroelectric) power
generation facilities, the efficiency of power
generation at Glen Canyon Dam is very high over a wide
range of powerplant output. The facility can be run at
very low and very high output, and output can be
increased and decreased rapidly without significantly
increasing the costs of electrical generation. This
makes it very competitive with other sources of peaking
power. The value of the power, and hence the at-
tractiveness of long-term contracts, is increased by
scheduling power generation to coincide with peak de-
mand. Producing power in this fashion enables WAPA to
sell the greatest amount of power at firm energy rates,
as stipulated in the CRSP Act.
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Figure V-3. When operating in a peaking power mode,
dam releases 1increase during periods of high demand
(morning and evening).
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Summary of Annual, Monthly, and Hourly Operations. The
following discussion and Table V-1 summarize the
considerations in developing annual, monthly, and
hourly water release schedules.

The volume of water released from Lake Powell each
month depends on the forecasted inflow, the annual
storage targets, and annual release requirements.
Demand for electrical energy is also considered and
accommodated as long as storage requirements are not
affected. Generally, fall and winter releases are
designed to meet the January 1 storage target. January
through July releases are scheduled to create space in
the reservoir so that the forecasted runoff will not
produce spills and will fill the reservoir in July.
Spring releases are designed to accommodate the
changes in inflow as they occur. July through
September releases are used to compensate for any
missed targets and to reach the January 1 target of
22.6 maf of storage.

After these considerations have been satisfied, and if
there is any flexibility remaining to adjust monthly
releases, then seasonal variations in the power demand
may be considered. Power demand is highest during the
winter and the summer months. Therefore, higher
releases to generate more electricity are scheduled in
these months whenever possible. Greatest flexibility
to match monthly releases to power demand exists in
years of moderate runoff and reservoir conditions. If
minimum releases are required because of low reservoir
conditions or low expected inflow, there remains little
flexibility to accommodate changing power demands.
Likewise, if the reservoir is near full or the runoff
is extremely high, monthly releases are scheduled at or
near maximum capacity most of the time, again leaving
little flexibility for power generation.

Hourly releases are set to reach the monthly release
volumes, to maintain established minimum rates, and to
follow the pattern of energy demand. Demand for power
may change the rate at which water is released, but it
is never allowed to change the monthly volume of
release. Minimum releases currently maintained are
1,000 cfs during the winter and 3,000 cfs in summer.

Emergency conditions, such as river search and rescue
or failures in equipment, may cause severe departures
from expected schedules. Generally these departures
are short-lived and the effects on water conservation
can be mitigated in a short time.
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Table V-1. Decision criteria affecting releases at
Glen Canyon Dam.

Annual Targets:

1.

2.

Minimum objective annual release of 8.23 maf.

If minimum storage requirement (602[a] stor-
age) is met, then releases greater than 8.23
maf may be scheduled for:

a) Lower Basin consumptive uses.
b) To equalize storage between Lake Powell
and Lake Mead.

Monthly Targets:

1.

If reservoir is expected to fill, satisfy
annual release objectives by:

a) Meeting January 1 storage target of 22.6

maf, AND

b) Meeting July target to fill reservoir,
AND

c) Scheduling releases to avoid anticipated
spills.

If reservoir is expected not to fill, satisfy
annual release objectives by:

a) Scheduling monthly pattern to meet the
minimum 8.23 maf objective, OR

b) Scheduling monthly pattern to equalize
storage between Lakes Powell and Mead.

Allow flexibility to provide for a changing
forecast.

Accommodate seasonal patterns in energy
demands if they do not affect annual
objectives

Hourly Schedules:

Meet monthly targets, AND

Maintain minimum release rates (1,000-3,000
cfs), AND

Follow hourly energy demands, AND

Accommodate emergencies and other unexpected
external factors.
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SECTION VI: IMPACTS OF CURRENT OPERATIONS

Current Operations Are Characterized By Flood
Releases And Fluctuating Releases

Two aspects of current operations have substantial
impacts on downstream resources: flood releases and
fluctuating releases. This chapter describes the
effect of these releases on critical environmental and
recreational resources.

Flood releases are defined as releases greater than the
designated powerplant capacity which are discharged

through the river outlet works and spillways. For the
GCES, the maximum powerplant capacity was defined as
31,500 cfs. The river outlet works are generally
operated at or near the full capacity of 15,000 cfs.
Therefore, releases above powerplant capacity are
usually in the range of 40,000-50,000 cfs. Flood

releases generally occur for four to six weeks in May
or June in years when runoff is well above average or
the forecast of runoff is too low. These kinds of
releases were very rare prior to the filling of Lake
Powell in 1980. Since then, flood releases have oc-
curred in five of seven years. Flood releases are
expected to occur in one out of four years assuming
full reservoir conditions exist and that future runoff
patterns are similar to historic runoff patterns. (See
Appendix D, Section III.) A typical flood release pat-
tern (Figure VI-la) for the 1986 water year shows the
high releases in May and June.

Fluctuating releases are made when the dam is being
operated to produce peaking power. A typical daily re-
lease pattern for peaking power operations is shown in
Figure VI-1b. For the purposes of the GCES,
fluctuations are defined as a change in dam release
greater than 10,000 cfs during a day. This cut-off
point, although somewhat arbitrary, is based on changes
in flow that appear significant for recreation and the
environment. For example, when daily fluctuations are

greater than 10,000 cfs, they are noticed by a
substantial majority of white-water boaters. Also, in
practice, when releases are fluctuating, the

fluctuations are almost always greater than 10,000 cfs.
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Figure VI-la. The releases for 1986, a high-water
year, were used in the study to represent current
operations. Mean daily discharge for water year 1986

and hourly releases for August 21, 1986, illustrate
high steady flows.
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HOURLY FLUCTUATING FLOWS
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Figure VI-1b. The releases for 1982, a low-water year,
were used in the study to represent current operations.
Mean daily discharge for water year 1982 and hourly
flows for August 4, 1982, illustrate fluctuating flows.
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Lake Powell has the water storage capacity
necessary to provide the required annual release
objective of 8.23 maf even during a long period of
drought (Appendix D). Therefore, steady flows lower
than than 9,000 cfs are rarely released. Such low
flows generally occur as part of a pattern of fluc-
tuating releases for power production. Under existing
operations, minimum releases are delivered each year
in a pattern of fluctuating releases much 1like those
shown for 1982 (Figure VI-1b).

Definition of Current Operations. To simplify and
quantify the pattern of current releases during the
GCES, we created a representative sequence of years
with three low-water years for every one high-water
year (Figures VI-la and VI-1b). The actual releases of
1982 (8.25 maf) and 1986 (16.6 maf) were selected to
represent the low-water year and high-water vyear,
respectively. Each low-water year has year-round
fluctuating releases with no spring flood, whereas each
high-water year has many months of high steady releases
(20,000 to 31,500 cfs), few months of fluctuating
releases, and a spring flood release of 40,000 to
50,000 cfs for four to six weeks.

Basis for evaluation of current operations. The effect
of flood releases was assessed by comparing the impacts
of the current operations sequence described above
against the impacts of the same sequence with the
spring flood releases removed. In order to keep the
annual release volume constant, the flood volume of
about 1.0 maf was spread evenly throughout the year,
increasing releases slightly (1,000-2,000 cfs).
Similarly, the baseline for evaluation of fluctuations
was the current operations sequence with all daily
fluctuations converted to steady releases with the same
daily volunme.

The flow sensitive aspect of each critical resource is
given in Table VI-1. This table also presents the part
of the year (sensitive period) in which the aspect used
for evaluation is most affected by flows. For some
resources, the sensitive period encompasses the entire
year. The measure of the flow sensitive aspect is
given in the table as well. For each resource, an in-
crease in the measure corresponds to a positive impact.
For example, the flow sensitive aspect for humpback
chub is the area available for spawning and rearing in
the mouth of the Little Colorado River; the measure is
population size, and an increase in population size is
a positive impact.
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Table VI-1.

Basis for assessing the impact of flows on critical resources.

RESOURCE

FLOW SENSITIVE ASPECT

SENSITIVE PERIOD

IMPACT MEASURE

HUMPBACK CHUB

COMMON NATIVE FISH

TROUT

TROUT FISHING

VEGETATION & WILDLIFE

WHITE-WATER BOATING

BEACHES

Area of spawning and rearing habitat
at the mouth of the Little Colorado
River

Number and stability of backwaters

Spawning in the mainstream and
tributaries; mainstream stranding

Recreation value of the fishery at
Lees Ferry and the probability of
accidents

The areal extent of vegetation

Recreational value of the experience
and the probability of accidents

Probability of erosion and lLoss of
sediment

May to June

June to August

December to March

All year

ALl year

May to October

All year

Population size

Population size

Population size

Benefits and safety

Areal extent

Benefits and safety

Areal extent

In the impact matrices (Figures VI-5 and VI-7)
that the critical resource

follow,

a "plus"

indicates

which

is positively affected by adding flood (or fluctuating)

releases
“"minus"

tuations has a negative impact.
significant impact.

to the

baseline

sequence

A "zero"

A "question mark"

of years. A
indicates that the addition of floods or fluc-

indicates no
indicates that

the current data are insufficient to judge impacts.

Flood Releases Have Negative Impacts On Terrestrial
Resources And Recreation

The

flowchart

in Figure VI-2 shows

the

pathways by

which flood releases adversely affect the critical re-

sources.

As the magnitude,

frequency,

and duration of

floods increase, the impact of floods on resources also

increases.

These impacts are
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Figure VI-2. Pathways of adverse effects of flood

releases on critical resources.
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Terrestrial resources. Floods are generally
deleterious to downstream resources, but their greatest
negative impact occurs to terrestrial resources and
recreation. Beach sand is redistributed and may be
lost from the system whenever flows inundate areas
normally exposed. Although some beaches, especially in
wide reaches of the river, may build up as a result of
the redistribution of sand, these new deposits are
rapidly eroded after flood recession (Appendix A,

Section II). Sand deposits used as camping beaches are
typically more protected from erosion than other sand
deposits. However, 1loss of sand from less protected

deposits may result in gradual loss of camping beaches
because these less protected deposits supply sand to
replenish camping beach deposits (Appendix A, Section
I1). As flow increases above 40,000-50,000 cfs, more
and more of the beaches protected by debris fans are
subjected to erosive downstream flow. At 70,000-90,000
cfs, most sand deposits are subject to direct erosion
by downstream flow (Appendix A, Section 1II). The
impact of floods on beaches is greatest upstream of the
Little Colorado River, which is the major source of new
sand to Grand Canyon. The loss of camping beaches and
sand substrate 1is potentially irreversible because
sediment lost to the system during flooding 1is not
quickly replaced by tributary flows.

Recurrent flooding could therefore cause a severe re-
duction in areas of camping beaches and sand substrate
for vegetation in Grand Canyon. Loss of beaches is
most severe in the narrow reaches of the canyon where
camping beaches are already scarce. An example of how
beach deposits and vegetation are inundated by flood
releases 1is shown in Figure VI-3. Photos of a beach
deposit prior to and after the 1983 flood releases are
shown in Figure VI-4.

Loss of substrate will result in a loss of riparian
vegetation because the densest stands of vegetation
commonly occur on sand deposits near the water's edge.

Vegetation can also be destroyed by inundation,
scouring, or burial by redeposited sand. Long-lived
terrestrial vegetation therefore cannot become
established below the level of the highest frequently
recurring flow. At floods of 90,000 cfs, up to 50
percent of the total plant cover may be lost in some
areas. Ninety-five percent of the marshes along the

river were lost during flooding in 1983-1986.
Scouring of marshes was so severe that they may not
recover. (See Appendix B, Section V.)
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Figure VI-3. Large areas of beach,

at low flows (top photo,

5,000 cfs, October 1985),

submerged at flood flows (bottom photo, 40,000

June 1985).
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Figure VI-4. Riverba
vegetation (top photo),
stripped of vegetation
releases (bottom photo).

nks, covered with sand
were significantly eroded
following the 1983
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Wildlife populations which use vegetation for resting,
nesting, and feeding will gradually decline in numbers
due to the 1loss of habitat area. Loss of bird
reproduction is especially acute if flooding occurs
during the spring nesting season. Mammals and reptiles
are affected through the drowning of individuals
during high flows as well as the gradual loss of num-

pers through habitat reduction (Appendix B, Section V.)

White-water boating. Floods also have a negative
impact on white-water boating. surveys of white-water
guides, NPS accident records, and observations of over
5,000 boats running rapids under different flows, show
that flood releases significantly increase both the
hazard associated with running rapids and the number of
boaters that choose to walk around difficult rapids.
For example, at Crystal Rapid, nearly 50 percent of
boats have passengers walk at flood flows, compared to
20 percent at flows between 10,000 and 31,500 cfs. The
chance of flipping a boat when running a major rapid
increases from 3 percent at high flows (16,000-31,500
cfs) to 8 percent at flood flows (31,500-50,000 cfs).
In addition, recreation benefits are 17 percent lower
for a commercial trip and 45 percent lower for a
private white-water trip at 45,000 cfs compared to
30,000 cfs. (See Appendix C, Section III.)

If flood flows lead to substantial loss of beach area
in the long-term, recreation benefits for white-water
boating will be reduced by approximately 50 percent.
In an average year, this reduction could represent a
loss of approximately $5.2 million. (See Appendix C,
Section III.) This figure represents the potential
change in annual white-water recreation benefits from
beach loss, and not the potential change in
concessionaire revenues.

Trout fishing. Flood releases have negative impacts
on trout fishing. At Glen canyon, fishing boats are
required to have a minimum of 25 horsepower motors when
flows rise above 40,000 cfs in order to handle the
strong currents. Accidents, such as swamping of boats,
occur more frequently at flood flows than at flows
between 10,000 and 16,000 cfs, the safest flow range
for fishing from boats. High water also disperses the
fish populations and reduces the probability of a
catch. Compared to optimum conditions, which occur at
approximately 10,000 cfs, flood flows of 45,000 cfs
reduce recreation benefits from a fishing trip by 60
percent. (See Appendix C, Section IIT.)
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Aquatic resources. No direct adverse impacts on adult
fishes have been shown to result from spring flood
releases. In fact, floods appear to benefit humpback
chub. Younger age classes were well represented in
humpback chub populations following the recent
high-water years of 1984 and 1985, indicating good
reproduction in those years. Flood releases from the
dam back up flow in the Little Colorado River and form
a large lake-like area at its confluence with the
Colorado River. This increases the size of the
quiet-water habitat required for rearing of larval
chub. Once chub reach a size that allows them to sur-
vive in the mainstem river, floods have few direct
impacts on them. Floods also have few direct effects
on common native fishes and trout. Floods do tempo-
rarily eliminate low-velocity, nearshore habitat for
juvenile trout and common native fish, increasing
mortality and energy expended on survival. However,
floods do not appear to have long-term effects on the
aquatic system. (See Appendix B, Section V.)

IMPACT OF FLOOD RELEASES
ON RESOURCES

[ CRITICAL RESOURCES

Native Trout Trout WW Terres.
Chub  Fish ReposGrow Fishing Boating Beaches Habitat

O

+ o0 | Al -] -|-1-

Figure VI-5. Flood releases have adverse impacts (-)
primarily on terrestrial resources and recreation.
They have no significant impact (0) on trout and common
native fish, and appear to benefit (+) humpback chub.
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Fluctuating Releases Have Negative Impacts On
Recreation, Mixed Effects On Aquatic Resources,
And Little Effect On Terrestrial Resources

The direct and indirect adverse impacts of fluctuating
releases on the critical resources are shown in Figure
VI-6. Fluctuations, which can cause the river level to
rise and fall by more than 13 feet each day, have the
strongest negative effect on white-water boating.

White-water boating. The quality of white-water
boating is reduced by fluctuations. Boaters place a
high value on the naturalness of the setting for their
trip, and the daily rise and fall of the river is seen

by boaters as unnatural. Fluctuations also make it
much harder to run a trip. Beaches that appear to be
good campsites can become submerged overnight as the
river rises. Conversely, boats moored during high
water can be found the next morning stranded on the
beach or rocks, far from the water's edge. Reports of

boats being stranded rise from near zero at steady
flows to over 13 percent of boaters interviewed during
fluctuations. During fluctuating flows, private
boaters and commercial guides must choose campsites and
moorings very carefully and sometimes have to move
boats several times during the night. Trips must be
planned carefully to reach critical rapids during fa-
vorable water, and delays and crowding at these rapids
are common. As a point of comparison, the white-water
recreation benefits for a typical low-water year are
about $0.8 million higher under steady releases than
fluctuating releases. (See Appendix C, Section IIT.)

Although fluctuations do not have a long-term effect on
future recreational opportunities, the immediate
reduction in the quality of white-water boating trips
is in a sense irreversible for the individual because
these trips are most often a once-in-a-lifetime ex-
perience. Most river runners will not have another
chance to take a better quality trip. This applies to
a lesser extent to trout fishing, because most anglers
visit Glen Canyon several times a year.

Trout fishing. At Glen Canyon, large fluctuations
create very low and high water, both of which are
undesirable for fishermen. Falling water can make it
difficult to get downstream over rocks and sandbars
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~luctuating Releases
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Figure VI-6. Pathways of adverse effects of

fluctuating releases on critical resources.
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that were submerged on the trip upriver. Although the
data are not conclusive, rising water may increase the
likelihood of swamping boats that are anchored in the
main current or to shore. A few anglers favor
fluctuating flows because they believe that rising
water may stimulate feeding by fish. Nevertheless, the
majority of anglers feel that the disadvantages of

fluctuations outweigh the advantages. The only
exception is that fluctuations are preferred to steady
flows of less than 5,000 cfs. For a typical low-water

year, recreation penefits from fishing are about $0.2
million higher under steady releases than under
fluctuating releases. (See Appendix C, Section III.)

Trout. The loss of adult and Jjuvenile fishes by
stranding during fluctuating releases is well
documented. Depending on the rate of flow reduction,
the stranding can be substantial. Stranding is
greatest from November to April when trout are spawning
and reluctant to move off their spawning beds. Not
only are fish stranded during fluctuating flows, but
the spawning grounds are exposed, causing direct mor-
tality to eggs and young. Because as much as 28
percent of the trout harvest may depend on natural
reproduction, loss of eggs and young will reduce the
trout population. However, fluctuations increase the
availability of food to trout in the short-term by in-
creasing the dislodgement and movement of algae and
invertebrates. The proportion of invertebrates in
trout stomachs increased during periods of fluctuating
flow. But these increases were also assocliated with
seasonal changes. (See Appendix B, Section V.) The
long-term effects of fluctuations on algae and
invertebrate populations are unknown.

Native fish. Larval common native fishes are
relatively immobile, very susceptible to predation and
stranding, and require gquiet, warm backwaters for

growth and survival. As flows fluctuate, the depth,
temperature, and velocity of backwaters change,
forcing fish to move into the mainstem river. This

increases the risk of predation and requires an ad-
ditional expenditure of energy (Appendix B, Section IV
and V).

Larval humpback chub begin their life in the Little
Colorado River, but rearing of many individuals occurs
in backwaters of the mainstream river. High, steady
mainstream flows during spring and early summer back up
tributary waters at the confluence and provide
favorable warm-water habitat for larval humpback chub
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growth. Fluctuating releases were rare during the GCES
and measurement of their effects on early humpback chub
life stages were not complete. In particular,
measurements of the effects of fluctuating releases on
juvenile humpback chub in backwaters were restricted to
several days in October. At this time of year, many
young-of~-the-year have grown large enough to withstand
cold mainstream temperatures and higher velocity
currents. Little stranding of Jjuvenile chub was
observed, but indirect effects of fluctuating flows,
such as reductions in food resource populations, daily
displacement into cold, mainstream waters, and
increased erosion of backwater sediments could not be
assessed during this limited study period.

Terrestrial resources. Terrestrial resources such as
beaches and vegetation are not as strongly affected by
fluctuating flows as they are by floods. Because

vegetation has stablized above the 1level of flow
fluctuation, changes in flow within powerplant capacity
have little effect on terrestrial vegetation, habitat,
and wildlife. (See Appendix B, Section V.) However, if
vegetation substrate 1is lost through erosion of
alluvial sand deposits under fluctuating flows,
terrestrial habitat will be lost in the long-term.

Sand in beaches and other deposits along the channel
margins will adjust, probably within a few years, to
any pattern of fluctuating flow. During adjustment,
beach area is lost because of bank failure. The higher
the peak flow during fluctuation, the greater the loss
that occurs before the stable configuration is reached,
and the smaller the stable area remaining for camping
and vegetation. Loss will be greatest in narrow
reaches because those reaches experience a greater
change 1in water level for the same fluctuation range
than do wide reaches. Although floods may redeposit
sand at elevations above the 31,500 cfs level if sand
is in sufficient supply, the new deposits are thought
to be unstable. Initiation of fluctuating flows or
lower steady flows after these floods will cause 1loss
of the newly-deposited sand throughout the canyon.
Loss Wwill be greatest in narrow reaches, where com-
petition for campsites is keenest. Redistribution of
sand by fluctuating flows may reduce the area and
depth of backwaters. (See Appendix A, Section 1II.)
Sand deposited in floods of 1983-85 had not stabilized
by the time measurements ended in January 1986, and it
is not known whether any of these new deposits will
remain once a stable condition has been reached.
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IMPACT OF YEAR -ROUND FLUCTUATIONS
ON RESOURCES

CRITICAL RESOURCES

Native Trout Trout WW Terres.
Chub  Fish ReprosGrow Fishing Boating Beaches Habitat
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Figure VI-7. Fluctuations have adverse impacts (-) on
aquatic resources, recreation, and terrestrial
resources; may benefit (+) trout growth; and have
unknown (?) impacts on humpback chub.

Flood Releases Have Greatest Potential For
Long-Term And Irreversible Impacts

Of the operations evaluated, flooding has the greatest
potential to irreversibly impact the Colorado River in
Grand Canyon. Flooding was a natural and consistent
aspect of pre-dam flows. However, the large amounts
of sediment carried by pre-dam flows allowed renewal of
beaches and substrate for vegetation. In the post-dam
period, 1loss of beaches, sand substrate, and marshes
may be irreversible because the supply of sediment 1is
severely reduced and is highly erratic. Floods may
also irreversibly affect the vegetation by leaching
nutrients from the soil (Appendix B, Section V).
Nutrient-poor soil could limit productivity, change the
species composition of riparian vegetation, lead to
loss of wildlife habitat, and decrease the diversity
and abundance of plants and animals.

Although some potential benefits of infrequent flood
releases have been hypothesized, it appears that the
detrimental effects of even rare flood releases (1 in
20 years) outweigh potential benefits to resources.
These potential benefits are discussed below.
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(1) As vegetation ages and becomes more
homogeneous, the diversity of animals that
depend on vegetation 1is often reduced.
Infrequent flooding may open areas for
colonization by younger individuals of the
same plant species or different species, thus
increasing vegetation habitat diversity, and
in turn increasing animal diversity. The
frequency of flooding that would enhance
diversity is not known at the present time.
We know from this study that diversity within
the animal community along the river was
increasing from 1963 to 1982, a twenty-year
period of operations with almost no flood
releases. We do not know how long plant and
animal diversity would have continued to
increase or whether the flood in 1983 will
increase or decrease diversity in the long-
term.

(2) If sand is in sufficient supply, floods
can move sand from low elevations to high
elevations where it is more wuseful for
campsites. Redistribution of sand during
floods cleans it of refuse and scours away
any encroaching vegetation which may make
camping more difficult. However, overall
beach area will be lost during any flood, and
much of the gain in sand at high elevations
will be temporary.

The floods of 1983 and 1984 caused 1loss of
area of camping beaches, especially in narrow
reaches. Because this loss occurred even
after the system had almost 20 years to store
sand for resupply of beaches, we conclude
that floods occurring more than once in 20
years will cause even dreater loss of
beaches unless delivery of sand from
tributaries is exceptionally high.

(3) Flood flows may be required to move very
coarse debris brought to the river by flows

in tributaries. A large tributary debris
flow, such as that which created Crystal
Rapid in 1966, could make navigation very
hazardous. Large annual floods of the

pre-dam period adjusted these deposits, eas-
ing the constriction at rapids and making
them more navigable. The size and frequency
of flows needed to remove large, newly added
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debris are not known. Evidence suggests that
flows of 90,000-300,000 cfs may be required
to maintain rapids at their pre-dam condition
of navigability. These flows may very well
be above the limits of releases that would
ever be made as part of planned operations at
Glen Canyon Dam.

We have had only a short time to monitor the response
of the system to floods, and therefore have limited
understanding of how the system responds to a given
frequency of floods. However, based on evidence of
damage from the 1983 flood, which occurred after 20
years without floods, we conclude that floods occurring
more frequently than once in 20 years will result 1in
loss of critical resources without substantial
benefits.
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SECTION VII: MODIFIED OPERATIONS

In this chapter we describe five ways in which the
operations of Glen Canyon Dam could be modified to
protect or enhance environmental and recreational
resources. Each of these modified water release
scenarios addresses one key environmental or
recreational resource. All five scenarios eliminate
flood releases and reduce or eliminate fluctuating
releases, the adverse consequences of which were de-

tailed in the previous chapter. These scenarios only
approximate ideal release patterns for downstream
resources. They illustrate the types of changes that

could be made to protect or enhance resources, but do
not include analysis of the relationship of releases to
power revenues and other costs and benefits associated
with operations. The alternatives are also not meant
to be a representation of the complete range of
operational options that would be evaluated in a NEPA
compliance process.

The critical resources targeted for each scenario are:

(1) Humpback chub

(2) Common native fish

(3) Trout

(4) Beaches, terrestrial vegetation, and wildlife
(5) Fishing and white-water recreation

We combined resources that respond similarly to flows
or that can be protected or enhanced within the same
pattern of annual releases. Two additional modifica-
tions to current operations are addressed: (1)
mimicking pre-dam releases to simulate "natural" flows,
and (2) increasing the peak powerplant capacity from
31,500 cfs to 33,100 cfs.

Each scenario 1is represented (see Figures VII-1 to
VII-6) as an annual release pattern showing monthly
releases. Except where noted, the release levels shown

are steady releases. In recognition of the variability
of the annual runoff, each scenario has been developed
in two versions: (1) a high-water year version that

provides roughly 16 maf of release, and (2) a low-water
year version which provides roughly 8 maf of release.

Scenarios for each resource were developed around the
sensitive periods in 1lifestage or recreation use
patterns shown in Table VI-1. The rationale for these
release patterns is presented 1in the impacts analysis
below and detailed in Appendices A-C. For each
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scenario, we describe the effect on the targeted
resource on the other critical resources when the
scenario 1is compared to current operations as defined
in Section VI.

Releases For HUMPBACK CHUB Benefit Most Resources
But Could Reduce Trout Growth And Beach Area

A scenario which enhances the reproduction and suc-
cessful rearing of humpback chub is characterized by
flows at maximum powerplant capacity in May and June,
and steady flows during the remainder of the year

(Figure VII-1). The high flows in May and June would
back up the Little Colorado River, creating a large
area of relatively warm, low-velocity flow which

appears to be beneficial to humpback chub reproduction
and larval survival.

When compared to current dam operations, providing
releases which increase humpback chub numbers may also
protect or enhance many of the other critical re-
sources. For example, common native fish would not be
subject to the daily changes in backwater location and
temperature caused by fluctuating releases. Steady
flows during late summer months would allow these fish
to rear in a low-velocity, relatively warm environment
which may enhance growth, minimize energy expenditure,

and reduce predation risks. Trout reproduction and
trout fishing may also benefit from this scenario
compared to current operations. Although high flows

during May and June reduce low-velocity habitat
preferred by larval trout, spawning would be successful
because spawning areas would not be exposed and adults
would not be stranded by fluctuating river levels.
If numbers of naturally spawned trout increased as a

result, fish stocking could be decreased. However,
trout growth rates could decline due to the absence of
fluctuating flows, which increase short-term food

availability. (See Appendix B, Section VII.)

Flow conditions for fishing and white-water boating
would be improved by elimination of fluctuations.
Boating safety would also improve because of the
elimination of flood releases and very low flows.
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RELEASES FOR HUMPBACK CHUB
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Figure VII-1. Releases for HUMPBACK CHUB and impacts

on critical resources.
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Operations modified for humpback chub probably would be
damaging to beaches in the long-term. Although floods

would be eliminated, the 1long period of maximum
powerplant flows each year would result in greater sand
transport than under current operations. The resul-

ting amount of sand stored in the main channel would
be less than under current operations, making beaches
more vulnerable to erosion. Also, the change each year
from low to high flows would produce unstable beaches,
and might result in a higher rate of erosion than under
current conditions. (See Appendix A, Section V.)

Terrestrial vegetation and wildlife both would benefit
under the humpback chub scenario. The major long-term
benefit to vegetation would be protection from physical
removal and substrate loss similar to that which
occurred following the flood releases in 1983, 1984,
1985, and 1986. However, possible long-term loss of
beaches could 1lead to some loss of vegetation and
wildlife populations.

Releases For COMMON NATIVE FISH Have Strong
Negative Effects On White-Water Boating

The common native fish scenario (Figure VII-2) is based
on the evidence that the largest number of backwaters
are available at relatively low flows (5,000 cfs).
Therefore, low flows from June to August would increase
the availability of backwater habitats during the
vulnerable rearing period over those available under
current operations. The remaining water is evenly dis-
tributed from September through May. Preliminary
research has shown that flows of 5,000 cfs can triple
the number of available backwaters compared to flows of
28,000 cfs (Appendix B, Section V). However, it is
possible that a similar number of backwaters would be
available under flows higher than 5,000 cfs.
Additional surveys of backwater numbers at different
flow levels are needed to refine this scenario.

The number of backwaters is increased if low flows are
preceded by steady flows because sandbars deposited 1in
eddies show more topographic relief under these
conditions, and more backwaters form when flows are
dropped (Appendix A, Section I1I). Fluctuations
continually change the depth, temperature, and velocity
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of backwaters, forcing larval fish to either move into
the mainstem river or be stranded and die.

The common native fish scenario may have a negative im-
pact on humpback chub in June, when humpback chub
larvae are still dependent on rearing habitat in the
Little Colorado River. Low flows during this period
would allow the Little Colorado River to flow freely
into the mainstem, thus transporting larval humpback
chub into the Colorado, an inhospitable environment.
By July, many larval humpback chub have grown to a size
where they can survive in the mainstem and low flows
may no longer affect them.

Steady flows in winter would benefit trout by
eliminating the 1low water that accompanies winter

fluctuations and exposes spawning areas. However,
absence of fluctuations would decrease food
availability. Sustained low flows in the summer would

reduce habitat and food availability for trout.
Beaches, terrestrial vegetation, and most wildlife
would benefit from this nearly steady-state scenario
compared to current operations (Appendix A, Section
II). Vegetation would benefit from the lack of floods
and expand in area down to the level of the 26,000 cfs
peak flow. However, low flows in summer may cause
moisture stress to young plants.

White-water boating would be seriously impacted under
this scenario. Low flows during the peak rafting
months of June, July, and August would severely reduce
the recreational value of white-water boating and 1in-
crease hazardous conditions in the rapids. The
negative impact to white-water recreation during these
three months generally outweighs the potential benefits
to rafting during the remainder of the year. When
compared to current operations, an average of $1.5
million in white-water recreation benefits would be
lost annually through releases for common native fish.
(See Appendix III, Chapter IV.)

Releases For TROUT Balance Conflicting Requirements
For Reproduction And Growth

The seasonal needs of rainbow trout reproduction and
growth within the Glen Canyon fishery suggest that both
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RELEASES FOR TROUT
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fluctuating and steady flows may be beneficial at
specific times of the Yyear (Figure VII-3). Steady
flows from December through March that provide
minimum flow of 8,000 cfs would protect trout spawning
areas from dewatering. Fluctuations which strand
adults and eggs would be eliminated, providing
increased protection for natural reproduction. Once
fry have emerged from spawning areas in March, a
minimum flow would not be needed. Trout fry would
benefit from keeping flows under 25,000 cfs to maintain
nearshore, low-velocity rearing habitat.

Three two-week periods of fluctuations were added to
this otherwise steady flow scenario to benefit trout
growth by increasing the available food supply. It is
not known whether these three two-week periods of fluc-
tuations are adequate to increase trout growth, or if
they would be as beneficial to trout growth as the
nearly year-round fluctuations of current operations.
In addition, the effects of fluctuations on the
long-term maintenance of invertebrate populations is
not completely understood. (See Appendix B, Section V.)

The impact of the trout scenario on other critical re-
sources would be mostly beneficial. The reduction in
fluctuations and elimination of flood releases would
improve conditions for trout fishing and white-water
boating, and reduce loss of beach area, terrestrial
habitat, and wildlife. The impact of the trout
scenario on humpback chub is unknown because it is not
known whether the high flows in May and June are high
enough to back up the Little Colorado River and
increase nursery habitat for larval chub. Backwaters
would remain more stable under this plan compared to
current operations, thereby benefiting common native
fish.

Releases For BEACHES, TERRESTRIAL VEGETATION, AND
WILDLIFE Are Mostly Favorable To Other Resources

Protection of terrestrial habitat and beaches requires
a scenario (Figure VII-4) that eliminates both frequent
flooding and extreme fluctuations. The elimination of
floods would protect camping beaches from loss. Steady
flows would be lower than the peaks of current fluc-
tuations, even in high-water years. Stabilization of
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camping beaches and substrate to this lower peak flow
level would result in more area of Dbeaches and
vegetation than under current operations (Appendix A,
Section V).

The number of backwaters available to larval native
fish would be greater under this scenario compared to
current operations because peak flows would be lower in
both low- and high-water years. In addition, the
quality and stability of backwaters would increase due
to elimination of fluctuations.

The impacts on humpback chub of steady flows of 23,000
cfs in high-water years and 12,000 cfs in 1low-water
years is uncertain, because these flows may not be high
enough to back up the mouth of the Little Colorado
River.

White-water boating would be enhanced by the elimi-
nation of fluctuating releases. The recreational value
of the fishery and boating safety would also increase
under the more moderate flows of this scenario (Ap-
pendix C, Section III).

Releases For FISHING AND WHITE-WATER RECREATION
Are Mostly Favorable To Other Resources

This scenario (Figure VII-5) is designed to provide de-
sirable conditions for anglers during the winter and
for boaters during the primary white-water season.
Eliminating fluctuations would increase recreation
benefits for anglers and particularly for white-water
boaters. However, the two groups prefer quite
different flow levels. Anglers prefer approximately
10,000 cfs and white-water boaters prefer flows near
30,000 cfs. The conflict between these groups is
reduced by the fact that fishing-use peaks in winter,
whereas 92 percent of white-water boating occurs from
May to October.

No negative effects of this scenario to the other crit-
jcal resources have been identified. However, the ef-
fect upon humpback chub is unknown for the reasons de-
scribed in the section above. Common native fish would
benefit from this scenario during low-water years due
to decreased peak flows and 1lack of fluctuations.
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Figure VII-5. Releases for COMBINED RECREATION and
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However, in high-water years, it is likely that back-
waters would be fewer under this scenario, than under
current operations, because water would be rising
rather than dropping prior to larval rearing from June
to August.

Releases To Mimic "NATURAL! CONDITIONS Have Strong
Negative Impacts On Several Resources

It has been suggested that dam operations which mimic
pre-dam flows (i.e., outflow equal to inflow) would
lead to more natural conditions downstream. Such a
release scenario 1is not ©possible under existing
constraints. However, for the purposes of evaluating
the impact of such flows, we have ignored these con-
straints and assumed that the releases could be made in
a pattern similar to that in Figure IV-1. It must be
noted, however, that such releases would still be much
colder and contain much less sediment (Figure IV-2)
than pre-dam river flows.

Humpback chub would probably fare well with a more
"natural" release pattern because flood flows increase
the area of reproductive and rearing habitat at the
mouth of the Little Colorado River (Figure VII-6). Be-
cause flows of this scenario would be colder than
pre-dam flows, common native fish, which before the dam
used the main channel for larval rearing, would still
be dependent on backwaters for rearing. Low flows and
associated backwaters would be available in the largest
numbers in August, September, and October, a period
very late for larval rearing of common native fish.
Therefore, although flow volume and timing would be
similar to the pre-dam river, the cold water would
prevent chub or common native fish from expanding their
spawning beyond areas currently used.

The trout fishery and fishing would be severely de-
graded under these conditions. Low flows (3,000-8,000
cfs) would be common through most of the winter and
early spring when fishing use is heaviest. The periods
of very low water would create relatively wundesirable
fishing conditions because of reduced access upriver
and damage to boats. These low flows would also reduce
trout spawning and rearing.
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Figure VII-6. Releases to mimic ""NATURAL"™ CONDITIONS
adversely affect most critical resources.

Frequent large floods combined with the reduced supply
of sediment will greatly reduce streamside terrestrial
habitat and camping beaches. Flood flows would remove
the existing vegetation in a zone between the 31,500
cfs and 100,000 cfs flow levels and greatly reduce the
area of substrate and beaches for vegetation. The GCES
have shown that tributary supply of sediments would not
be sufficient to replenish campsite beaches following

repeated clear-water flooding. Terrestrial wildlife
would decrease in both numbers and diversity as the
habitat wupon which they depend was eliminated. (See

Appendix A, Section V.)

The use period for white-water boating would be reduced
because boaters would have to avoid the extremely 1low
and high flows which present multiple hazards to both
boaters and equipment. Further, the quality of the
experience would be dramatically reduced following loss
of beaches, vegetation, and wildlife along the river
corridor. In conclusion, "natural" conditions cannot
be recreated without reestablishing warm river
temperatures and a large, consistent supply of
sediment.
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The Modified Release Patterns, Except For The
Releases To Mimic Pre-Dam Flows, Are Generally
Beneficial To Downstream Resources

Figure VII-7 shows the impacts of the modified release
scenarios for all critical resources combined on one
matrix. The resources targeted by the scenarios are
shown at the left of each row of the matrix. This
matrix can be scanned vertically to see how each re-
source fares under the various scenarios. For example,
the four question marks for humpback chub reflect the
uncertainty about the flows needed to increase rearing
habitat in the Little Colorado River. The pluses for
trout fishing reflect the improved fishing conditions
that would result from all scenarios because they all
involve dramatic reductions in the frequency of very
low, very high, and fluctuating releases. The pluses
for vegetation and wildlife reflect benefits of
removing floods, whereas those for common native fish
reflect the improved quality and stability of
backwaters when fluctuating flows are eliminated.

The minuses in the matrix highlight areas where efforts
to improve one resource would likely harm another. The
major conflict occurs under the humpback chub scenario
between high water to increase humpback chub
populations in the summer and loss of sand because of
increased sediment transport by higher flows.

Impacts Of INCREASING POWERPLANT CAPACITY From
31,500 cfs To 33,100 cfs Cannot Be Fully
Assessed Due To Limited Information On How
Operations Will Change

The Uprate and Rewind Program was completed in April
1987. The changes in dam operations due to this
program have not yet been fully specified by BOR. It
is not possible at this time to specify precisely how
the new powerplant capacity will affect future dam

operations. Variability in forecasts, management
options, and physical system limitations will impact
the actual releases scheduled. The way that the new
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Figure VII-7. The conflicts among resources are be-
tween releases for Humpback Chub vs. Trout Growth and
Beaches, and between releases for Common Native Fish
vs. Trout Growth and White-Water Boating.
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capacity will be used has not been formalized and until
it is, impacts cannot be assessed.

Use of the uprated capacity in the Glen Canyon
generators may lead to several changes in flow patterns
from the dam. These changes would be most apparent in
water years with moderate runoff, which occur
approximately 30 percent of the time. 1In these Yyears,
the peak releases may be raised from 31,500 cfs to
33,100 cfs. This corresponds to a maximum rise in river

level of 1less than one foot. During periods of
fluctuation, the peak flows may also be increased to
33,100 cfs. This would require either 1lowering the

bottom end of fluctuations by approximately 2,000 cfs
or by increasing the rate of rise and fall 1in the
pattern of releases. In years of high runoff, which
also occur approximately 30 percent of the time, the
effect of the uprate would be primarily to raise the
steady releases during the spring runoff months from
31,500 cfs to 33,100 cfs (Appendix D, Section II).

Changes in the level of steady releases from 31,500 to
33,100 cfs are not 1likely to affect recreation
significantly. However, increases in the range or the
rate of fluctuations would have a negative effect on
both fishing and white-water boating.

For some resources, the actual impact of the Uprate and
Rewind Program may be more than the change from 31,500
to 33,100 cfs. Before this program was completed,
discharges between 27,500 and 31,500 cfs were
infrequent due to reservoir elevation and equipment
limitations. Sand-dependent resources and vegetation
therefore may have stabilized in many areas to a level
corresponding to a discharge closer to 27,500 than to
31,500 cfs. The difference in water level between
27,500 and 33,100 cfs is between 1.0 and 1.5 feet
depending upon the width of the reach.

A change in water level of this size could result in

significant 1loss of camping beach area, substrate,
backwaters, and areal extent of vegetation,
particularly in narrow reaches. No species of

terrestrial vegetation or wildlife would likely be lost
from the canyon, but the number of nesting birds and
other wildlife could decline.

An increase in amplitude or rate of change of fluctua-
tions could increase the numbers of stranded fish and
loss of backwaters. Increase in the frequency of low
flows could increase reproductive losses for trout.
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Non-Operational Approaches May Also Protect Or
Enhance Downstream Resources

Several non-operational alternatives could offset
impacts to downstream resources. Although these alter-
natives have not been systematically evaluated,
positive and negative aspects are described where
known.

Trout reproduction. The need for minimum releases
during the winter to protect trout spawning beds and to
reduce stranding of adult fishes can be relaxed by in-
creased stocking with hatchery fish. Increasing the
stock of fingerling trout could minimize the impact of
losses in the natural population wunder fluctuating
flows. Supplemental stocking in the Lees Ferry reach
might eliminate the apparent conflict between the
fluctuating flows required for trout growth and the
steady flows needed to protect natural reproduction.
However, stocking probably would not replace
reproductive losses for fish downstream. The number of
fish required for stocking and the cost of such a
program have not been determined. Further, the 1loss
of naturally produced rainbow trout may adversely
affect the quality of the fishing experience for some
anglers who prefer to catch "wild" fish (Appendix C,
Section 1IV).

Humpback chub and common native fishes. If water
temperature in the mainstem were increased to 62
degrees F during May and June, humpback chub might
expand their spawning area into the mainstem Colorado
River, reducing their dependence on a relatively small
area of habitat in the Little Colorado River. In addi-
tion, increased water temperature could allow
reintroduction of endangered fish species, such as the
Colorado squawfish, that were lost to the river after
construction of the dam.

Some warming of tailwater releases through the summer
period would also enhance growth of native fishes and
trout. In addition, increased water temperature would
increase the availability of low-velocity, warm-water
habitats required for rearing of larval common native
fishes and possibly reduce their current dependence on
backwaters. The only practical way to increase
temperatures over several months, given the changing
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elevations of Lake Powell, is to modify the dam intake
structure to allow intake of warmer water nearer the
surface of the reservoir.

Possible adverse consequences of such a modification
would have to be evaluated prior to implementation.
These include the cost of dam modification, the effect
of temperature increase on the trout fishery, the
change in water quality of both Lake Powell and Lake
Mead, and the potential for increase in warm-water
exotic species that could prey on or compete with hump-
back chub or other native fishes.

Marshes. The high floods in 1983 eliminated 95 percent
of the marshes along the river. These specialized
habitats which were rare or absent before the
construction of Glen Canyon Dam, are important in
maintaining high vertebrate diversity. If they do not
recover naturally, structural measures could be used to
artifically recreate the marshes that were present
between 1963 and 1983. Since little is known about
marsh formation or ecology in Grand Canyon, research
would need to be conducted prior to considering any
structural features.

White-water boating. Fluctuating releases have many
negative effects on white-water boating, such as the
need for moving boats at night, waiting for better
flows, the unnaturalness of fluctuations, and the
difficulty of selecting campsites and mooring
locations. Mitigating these impacts of fluctuations
through non-operational means would be very difficult.
The only non-operational method we are aware of is
construction of a re-regulating dam downstream of Glen
Canyon Dam to catch and dampen the fluctuating
releases. Such structures have been proposed 1in the
past and rejected because of their unacceptable impact
on Grand Canyon National Park.

The difficulty of navigating rapids at high flows could
be mitigated by using larger boats, but this would
exacerbate problems with rapids at low flows. Also, it
is unlikely that river runners would willingly change
the type of boat they use. For example, it would be
difficult for private boaters to obtain and use larger
boats (motor or oar-powered), and the use of motors
would be resisted by most private boaters.

The primary hazard associated with white-water boating

is drowning. The water released from the dam is
extremely cold and quickly renders individuals
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helpless. Since 1980, five individuals have died from
drowning in white water, some after relatively short
periods in the water. Warming the releases to near 60
degrees F during the boating season would significantly
reduce the threat of hypothermia-related drowning.

A consistent finding from surveys and discussions with
white-water boaters and anglers is that the adverse
effects of undesirable dam releases can be reduced by
early, reliable communication of the planned dam
release schedule to the river  users. This helps
anglers and particularly white-water boaters to plan
their trip itineraries to reduce problems with flows.

Camping beaches. Artificial protection of camping
beaches by construction of protective revetments
(concrete or stone riverbank facings) or Jjetties at
critical locations, or resupply of sand into the river
are actions which could be undertaken to protect or
rebuild sand deposits. The acceptability, feasibility,
and possible impacts of such measures have not been
evaluated.
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S8ECTION VIII: CONCLUSIONS AND MANAGEMENT OPTIONS

Conclusions

- Flood releases and fluctuating releases from Glen
Canyon Dam have a significant effect on many of the
downstream environmental and recreational resources.

Adverse downstream consequences are caused primarily by
sustained flood releases significantly greater than
powerplant capacity and by fluctuating releases. The
most important impacts identified are the erosive
effect of floods on sand deposits and vegetation and
the impact of fluctuations on white-water recreation
and aquatic resources.

Continued flood releases will substantially reduce sand
deposits in Grand Canyon, which are essential to
vegetation and wildlife and are highly valued by
white-water boaters. Replenishment of sand in beaches
is now dependent on sand delivered by tributaries
within Grand Canyon. Because the amount of sand for
resupply is much less than before dam construction and
is highly variable from year to year, these erosive
effects are probably permanent. For white-water recre-
ation alone, loss of a substantial number of beaches
could reduce recreation benefits by $5.2 million per
year. Flood releases also double the risk of
white-water boating accidents at major rapids, compared
to flows below powerplant capacity. Even infrequent
floods cause loss of camping beaches and vegetation
substrate, and it appears that this loss is
irreversible. Even though infrequent flooding may
benefit some resources, the magnitude, duration, and
frequency needed to provide those benefits are unknown.
Loss of resources could be prevented by avoiding floods
until the response of resources to floods 1is better
understood.

Spring flood releases have no apparent long-term
negative impact on humpback chub, common native fish,
or trout. In fact, these high flows may actually
benefit humpback chub.

Daily fluctuations substantially reduce the value of

white-water recreation and trout fishing by degrading
the natural character of the environment and making the
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management of white-water and fishing trips more
difficult. In a typical year, elimination of
fluctuations can increase recreation benefits by $0.8
million.

Fluctuations lead to a loss of backwater habitat for
common native fish and may reduce natural trout
reproduction, although fluctuations increase food
availability for these fish over the short-term.

Although fluctuations do not appear to have a
long-term, continuous impact on beaches, vegetation, or
wildlife, the area available for camping and
establishment of vegetation would be less under
fluctuating flows than under steady flows of the same
volume.

- It is possible, within the Operating Criteria, to
operate during low- and high-water years in ways to
prevent future degradation and in some cases enhance
downstream resources.

Impacts to most critical resources can be reduced by
reducing fluctuations, raising minimum flows, and
eliminating flood releases to the extent possible. The
closer the operation of the dam comes to steady release
of the annual runoff each year, the less degradation
occurs to environmental resources. Trout may be an
exception, because fluctuations apparently increase
their short-term food availability.

= The effects of the Uprate and Rewind Program on
downstream resources cannot be determined at this time.

The changes 1in dam operations due to the Uprate and
Rewind Program are not yet determined. It is not
possible at this time to specify precisely how the new
powerplant capacity and subsequent management will
affect future dam operations.

= Reducing the vulnerability of the endangered hump-
back chub to catastrophies in the Little Colorado River
watershed must depend on non-operation alternatives.

Warming the temperature of the mainstem river could
create habitats for chub breeding in other 1locations,
but such efforts must first reconcile the possibility
of increasing populations of potential competitors and
predators of humpback chub. In addition, the
vulnerability of the humpback chub population might be
reduced through efforts to protect the Little Colorado
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River watershed and critical habitat from environmental
threats.

= Several additional non-operational or management
alternatives exist which could protect or enhance the
environmental resources downstream of Glen Canyon Dam.

Implementation of these alternatives might relax some
constraints on operations that would be necessary to
prevent resource degradation.

Management Options

This study was designed to provide information for a
decision by the Secretary of the Interior concerning
the need to take further action to reduce impacts to
the environment and recreation in Glen and Grand
Canyons. Based on the study finding that the current
operations of Glen Canyon Dam adversely affect the
downstream environmental and recreational resources,
the study team has identified some possible management
options.

m Feasibility studies of changes in operations:

These studies would evaluate the economic, social,

legal, environmental, and physical consequences of
operational modifications to protect downstream
environmental and recreational resources. National

Environmental Policy Act activities would be included.

As part of this effort, policy questions might also be
addressed as one means of reducing the probability of
flood releases.

= Feasibility studies of non-operational means to
protect critical resources:

Non-operational means may be available to protect
resources without constraining dam operations.
Possible measures include hatcheries to replace trout
reproductive losses and a multi-level dam intake
structure to warm water to recover humpback chub and
common native fishes. These and other non-operational
measures should be investigated further since they were
not evaluated as part of this study. Many unresolved
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questions remain concerning the effects of dam
operations, particularly low and fluctuating flows, on
critical resources, especially humpback chub. Studies
designed to answer these questions will require the
provision of sufficient and timely periods of low and
fluctuating flows.

= continued research and monitoring of critical
resources:

The need exists for additional research to fill gaps in
current Kknowledge of resources and how they are
affected by flows. Closely allied with this 1is the
need for monitoring downstream resources to confirm
current predictions about the impact of dam operations,
to provide early warning of any deteriorating
conditions, and to identify long-term resource changes
not recognizable in a short-term study. Monitoring
activities could be integrated into National Park Ser-
vice resource management and monitoring plans and
similar programs conducted by other agencies.
(Monitoring and research needs are given in the at-
tached appendices.)

m A mechanism for coordinated inter-agency management
of Glen and Grand Canyons. This could include:

Development of a long-term management plan that ex-
plicitly establishes goals and priorities for the
protection of critical resources.

Development of a plan for continued monitoring and re-
search in Glen and Grand Canyons.

Formation of a management group which would implement
and oversee the monitoring and research plan.
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Hance Rapid at Red Canyon, Colorado River Mile 77.5,
circa 1911. ‘Photo courtesy of the Emery Kolb

Collection, Northern Arizona University, Flagstaff,
Arizona.
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SECTION I: INTRODUCTION AND MAJOR FINDINGS

Sediment is literally the foundation of the riparian
environment and recreation along the Colorado River in
Grand Canyon National Park (Grand Canyon) (Figure
A-1). Deposits of sand are substrate for the
terrestrial biological resources and are used by
boaters as campsites, 1lunch stops, and attraction
sites. Deposits of boulders form rapids, a highlight
of river recreation in Grand Canyon. Gravel bars are
used by some fish species for spawning.

Before initiation of the Glen Canyon Environmental
Studies (GCES), several researchers, such as Laursen,
Ince, and Pollack (1976) and Howard and Dolan (1981),
had studied sediment transport and sand deposits in
Grand Canyon. The results of these previous studies
initially predicted that sand deposits would eventually
be depleted after completion of Glen Canyon Dam, but
later studies indicated that large scale erosion of
sand deposits had ceased by the late 1970s (Howard and
Dolan 1981). Concern over the effect on camping
beaches of more recent flood releases, and the
potential change in operations of Glen Canyon Dam made
possible by improvement (Uprate and Rewind Program) of
the generators, required the wundertaking of new
studies.

Sediment-Dependent Resources

Sediment resources identified by researchers and
management agencies as those most important to
biological resources and to recreation were camping
beaches, sand which 1is substrate for vegetation,
backwaters in sand deposits which are used by juvenile
fish, and rapids. Although sand stored in main channel
pools is not in itself important to the biological
system or recreation, it is considered as a resource
in this study because of its potential indirect
importance to other resources.

Some narrow sand deposits which typically continuously
line the channel margin in wide reaches of Grand
Canyon, or discontinuously line the channel margin in
narrow reaches, are overgrown by vegetation and used by

wildlife. These deposits are called channel margin

deposits (Figure A-2). However, the largest and most

numerous sand deposits are located near debris fans

which form at the mouths of tributaries. At these

debris fans, the channel is typically narrower and

shallower than elsewhere, and large 2zones of
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recirculating current (recirculation zones, Figure A-3)
composed of one or more eddies develop where the
channel widens downstream of this constriction.

Sand deposits may be located on the downstream surface
of a debris fan and at the downstream end of a
recirculation zone (Figures A-2 and A-4). Deposits
located on the downstream surface of the debris fan are
typically steeper than other sand deposits and extend
to higher elevations. Flow velocity in the vicinity of
these deposits is typically less than elsewhere in the
recirculation zone. These deposits are called
separation deposits because they are located at the
upstream end of the recirculation zone where
downstream-directed flow begins to separate from the
channel banks (Figure A-3). Boaters use this type of
deposit as campsites more frequently because low flow
velocities make mooring of boats easier, and high
elevation sand deposits provide campsites which are
less likely to be inundated by rising water level than
lower deposits. Sand deposits 1located at the
downstream end of a recirculation zone are broader but
lower in elevation than separation deposits. These are
called reattachment deposits (Figure A-2 and A-5)
because they form near the point where
downstream-directed flow reattaches to the channel bank
(Figure A-3). Boaters use these deposits as campsites
only when they are of sufficiently high elevation to
prevent inundation. Typically, this only occurs in
wide reaches of Grand Canyon.

Low-elevation areas are found between separation and
reattachment deposits in recirculation 2zones that
contain sand (Figure A-2 and A-5). Under some flow
conditions, these areas may become low-velocity,
warm-water habitats (called backwaters) used for
rearing of native fishes.

The rapids for which the Colorado River is famous are
formed by very coarse sediment (boulders) transported
to the river by flows in steep tributaries within
Grand Canyon. The high flow velocities and large waves
which make navigation of rapids a challenging and
exciting recreational experience are created by the
channel constriction and roughness formed by the debris
fan and boulders delivered by tributary debris flows
(Figure A-6).




Figure A-4. Separation deposits downstream from Badger
Creek Rapid (River Mile 7.9). Separation deposits
mantle Jackass Creek debris fan in the top of the photo
and Badger Creek debris fan on the bottom of the photo.
Flow from left to right.
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Figure A-5. Downstream view at Eminence Break Camp
(River Mile 44.2) at a discharge of 5,000 cfs (October
1985). At the left bank is a reattachment deposit and
an associated backwater. At the right bank 1is a
channel margin deposit. (Schmidt and Graf 1987, Figure
18)
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Figure A-6. Prelimirary hydraulic map of House Rock
Rapid (River Mile 16.9) showing velocities and
streamlines at 5,000 cfs. Flow direction is from left,
scale 1is 1:2000. Contour intervals indicated with
solid lines are 1 meter and those with dashed lines are
0.5 meters. Numbers indicate velocities along
streamlines between the adjacent dots; velocities are
in meters per second. (After Kieffer 1987b, Figure
10d)
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Study Objectives

The seven objectives established for the sediment
studies were: (1) identify the reaches of the river
that are losing, gaining, or are in equilibrium with
respect to sedimentation; (2) identify the source of
sand in transport; (3) determine the present net sand
outflow from Grand Canyon into Lake Mead; (4) identify
specific campsite beaches that are gaining, losing, or
in equilibrium; (5) determine potential management
actions to reduce or halt campsite beach erosion; (6)
estimate what the river morphology would be like up to
100 years from now based on operational alternatives;
and (7) expand and refine the existing flow routing
model, particularly in riparian habitat areas. Brief
summaries of findings related to specific objectives
are given under Major Findings, and sections of the re-
port deal in greater detail with the basis for findings
related to study objectives.

Study Design

Nine studies related to sediment and hydrology were
developed to address the objectives through study of
main channel processes, camping beaches, and tributary
sediment delivery. Studies were made by individuals
from the Bureau of Reclamation (BOR), the U.s.
Geological Survey (USGS), and consultants to the BOR
and to the National Park Service (NPS). Results of
these individual studies are integrated in this report
and provide a basis for evaluating the effects of flow
on sediment resources and for determining the long-term
impacts of current operations on resources. Studies
are outlined in this section, and Table A-1 shows the
objectives addressed by each study.

Studies of main channel processes focused on sand
storage and transport. Large variations in dam
releases during the day produce hydrographs with
well-defined peaks and troughs (see GCES Final Report,
Figure V-3). Peaks become lower and broader as flow
moves downstream. Knowledge of the relation between
water surface elevation and discharge at points
downstream from the dam was required for GCES
recreation and biology studies as well as for the
sediment studies. Lazenby (1987) used an iterative
process to calibrate an unsteady flow model with data
for fluctuating flows from October 1985 to January 1986
for each of five USGS stream gaging stations (Figure
A-1). Estimates of discharge made with the calibrated
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Table A-1. Individual sediment and hydrology studies and study objectives addressed.

STUDIES
(Author,
Affiliation)

OBJECTIVES

1
Identify
Reaches

2

Identify Determine

Sources

3

Outflow

4

5 6 7

Identify Management Long-Term Flow

Beaches

Actions Condition Routing
Model

Historical Gaging
Station Analysis
(Burkham, NPS)

Sediment Data
Collection and Analysis
(Pemberton, BOR)

Bed Materials
(Wilson, USGS)

Debris Flows
(Webb et al., USGS)

Flow Routing Model
(Lazenby, BOR)

Sediment Transport
Modeling

(Randle & Pemberton, BOR)
(Orvis & Randle, BOR)

Alluvial Sand Deposits
(Schmidt & Graf, USGS)

Beach Surveys
(Ferrari, BOR)

Rapids and Waves
(Kieffer, USGS)
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model were used in sediment transport modeling that was
a part of these studies.

An analysis of data collected during discharge
measurement at USGS gaging stations at Lees Ferry, just
above the Paria River, and near Grand Canyon, just
above Bright Angel Creek (Figure A-1), was aimed at
understanding the effect of flows on sand stored in
main channel pools and on coarse material in riffles
and rapids (Burkham 1987). Burkham examined bed
elevation in the gaged section, mean velocity, the
relationship between water surface elevation and
discharge, and the relationship between velocity and
discharge from 1922 to 1984 at the two gaging stations.
The study yielded a general understanding of sand
storage changes 1in these pools, and discharges
necessary to degrade the channel bed within the pool
and to adjust riffles following addition of material by
tributary flows.

Sediment and flow data were collected at the two gages
used by Burkham and at three additional gages (Figure
A-1) for about six months in 1983 and about four months
in 1985-1986. A total of 874 discharge measurements
were made, and 1,943 suspended sediment and 976 bed
material samples were collected during those two per-
iods. Data were used to develop the relationships bet-
ween sand transport and discharge (Pemberton 1987) and
to evaluate channel hydraulics at the gaged sections
(Randle and Pemberton 1987). Data also provided
information on sand transport and storage during the
study period. Sand transport relationships, bed mater-
ial size distribution, and channel hydraulics were used
in the sediment transport modeling discussed below.

A knowledge of the amount and size distribution of
materials on the channel bed was required for a
complete wunderstanding of sand transport and storage
changes. Bed materials within recirculation =zones,
which were relatively easy to sample because much of
the sand was exposed at low flow, were described by
Schmidt and Graf (1987). Sampling to identify bed
materials within the main channel between gaging
stations was much more difficult because of high
velocities and deep water, and was done on a 1limited
scale. Geophysical methods, including seismic reflec-
tion, side-scan sonar, and echo depth sounder were
combined with examination of aerial photographs taken
at low flow and samples of bed material to develop maps
of broad categories of bed materials for about 75
percent of the 225-mile study reach (Wilson 1986).
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Actual measurement of sand transport and storage
changes at gaging stations could be made at only five
locations over a limited time span and flow
characteristics. Sediment transport modeling provided
a framework for extension of information gained from
direct measurement and sampling. Two types of sediment
transport models were used. The Sediment Transport and
River Simulation Model (S8TARS8), a sediment routing
model, provided a simulation of water and sediment
movement through the channel, cross section by cross
section. This model combined the procedure of
computing river channel hydraulics with sand transport
relationships to predict movement of sand for any
pattern of discharges. A unique feature of this
one-dimensional, steady flow model was the ability to
account for variations in bed material across the
channel. Fluctuating flows were approximated by steps
of steady discharge. The model made adjustments 1if
sand supply was less than computed transport capacity.
The characteristics of the sediment routing model are
described by Orvis and Randle (1987) and the
application of the model to the Colorado River by
Randle and Pemberton (1987).

The Sediment Transport Analysis Budget model (8STAB),
developed for GCES, computed the loss or gain of sand
in reaches between Glen Canyon Dam and the five gaging
stations. Sand transport was computed using the sand
transport relationships developed from measurements at
those gages and on the three largest tributaries, as
well as from estimates of sand delivered by ungaged
tributaries. This is a mass-balance model: for any
given time, loss or gain of sand in a reach between two
gages is assumed to be equal to computed amount of sand
entering the reach minus computed amount leaving. STAB
model characteristics and application to the Colorado
River are given by Randle and Pemberton (1987).

The geometric and hydraulic characteristics of rapids
in Grand Canyon were poorly known prior to 1983. Main
channel flow and debris flows in tributaries can
significantly alter the channel geometry in the
vicinity of rapids and change the flow velocity and
pattern of waves. Kieffer (1985; 1987b) described the
channel geometry and hydraulics at 12 of the largest
rapids. Definitions were given to hydraulic and
geomorphic features in rapids, a generalized hydraulic
model for rapids was developed, and hydraulic maps at
two or three different discharges at ten of the twelve
rapids were drawn (Figure A-6) (Kieffer 1985; 1986;
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1987a; 1987b). Kieffer has provided insight into
discharges necessary to move large debris in rapids.

Studies of camping beaches, vegetation substrate, and
backwaters focused on understanding the relationship of
sand deposit change to flow. Specific studies of sand

deposits used as campsites and substrate for vegetation
and fish habitat were designed to provide a framework
for understanding the complex changes which these
deposits undergo as a result of flows. About 41
deposits selected for study were surveyed and important
channel and flow characteristics measured. Measured
characteristics include channel width, depth, and
slope, speed and direction of currents, water surface
slope, size and steepness of alluvial fans, size and
shape of zones of recirculating current, size, shape
and position of sand deposits, and dgrain size
distribution of material on the bed and banks of the
river. Deposits were classified using channel and flow
characteristics which were found to be most influential
in determining the location of deposits and changes
caused by flow. Characteristics of sand deposits which
revealed the conditions of deposition were examined.
Information obtained from direct measurements during
the study period was combined with information from
analysis of historical photographs and surveys to
develop the conceptual model of sand deposit location
and change presented in this report. Results are given
in Schmidt and Graf (1987) and Schmidt (1987). In
addition, baseline surveys of important camping beaches
were made and compared to earlier surveys of those
beaches (Ferrari 1987).

Studies of tributaries focused on estimating the amount
of sand delivered to the Colorado River. Data from
gaging stations on the three largest tributaries, the
Little Colorado and Paria Rivers and Kanab Creek
(Figure A-1), were used to develop sand transport
relationships (Randle and Pemberton 1987). Transport
relationships were then used with daily discharge val-
ues to compute sand delivery for these tributaries for
the periods of interest (Randle and Pemberton 1987). A
reconnaissance study was made to evaluate the
importance of sand delivery from the 310 ungaged
tributaries in Grand Canyon (Webb, Pringle, and Rink
1987). Thirty-six tributaries were examined, and
detailed study of debris flow deposits in three ungaged
tributaries yielded information on the magnitude and
frequency of debris flows.




Major Findings Related to Objectives

Major study findings which relate directly to the seven
objectives are summarized below. References to later
sections are given in the summaries to direct the
reader to additional detail or support for statements.

(1) Loss or gain of sand in reaches depends on many
factors and therefore varies with time. These factors
include the amount of sand delivered by tributaries
within Grand Canyon, the amount of sand stored in the
main channel pools, and the peak and volume of flow.
STARS and STAB model results indicate that sand will
accumulate in reaches between the USGS gaging stations
at Lees Ferry and near Grand Canyon at flows within the
powerplant range, if annual volume is less than about
12 million acre-feet (maf) and tributary delivery of
sand is average. According to the STAB model, reaches
below the Grand Canyon gage are stable. The STAB model
estimates show 1loss of sand during flood flows of
1983-1985 from reaches above the Grand Canyon gage and
either a small gain of sand or no change in reaches
below that gage (Randle and Pemberton 1987). However,
model results have considerable uncertainty (see
Section V), and 1limited field data provide some
evidence that contradicts model results. Therefore,
our current knowledge of sand storage changes along the
river 1is poor. loss or gain of sand from camplng
beaches, vegetation substrate, and backwaters varies
with deposit type and local channel geometry in addi-
tion to the factors which control loss or gain from
main channel pools.

(2) Most sand is delivered by the three largest

tributaries. The prlmary sources of sand transported
by the Colorado River in Grand Canyon are Kanab Creek
and the Paria and Little Colorado Rivers. The

contribution of sand from other tributaries, where
debris flows and hyperconcentrated flows are important
mechanisms of transport, is smaller, but may be
significant.

(3) Net loss of sand from Grand Canyon is highly
variable. Net sand loss from Grand Canyon varies with
time, depending on flow, the amount of sand stored in
the channel, and the amount of sand delivered to the
river by tributarles. STAB model results suggest that
if tributary sand supply is average, sand will be
gained in low flow years, such as 1982, and lost in
high flow years, such as 1983 to 1986. An estimated




15.4 million tons (mt) of sand were lost from Grand
Canyon in the time period of 1983 to 1986.

(4) Camping beaches in narrow reaches and on
reattachment deposits are particularly susceptible to
erosion. Beaches used as campsites are found primarily
on two types of sand deposits, which differ in their
susceptibility to erosion. Campsites in narrow reaches
are more susceptible to erosion than those in wide
reaches, and the susceptibility to erosion of a
specific campsite beach within both narrow and wide
reaches depends on the type of deposit and 1local
channel geometry. Camping beaches in the reach above
the Little Colorado River are more susceptible to 1loss
than those below that confluence because the Little
Colorado River 1is the largest source of sand to the
system. Campsites on reattachment deposits, formed in
the downstream parts of recirculation zones, are more
susceptible to erosion than those on separation
deposits, which mantle the debris fan at the upstream
end of the recirculation zone. Although results of
this study provide an estimate of the 1likelihood of
loss of sand from specific camping beaches, they do not
allow us to determine whether individual campsite
beaches other than those specifically studied are
losing or gaining sand.

(5) Floods should be avoided to preserve beaches for as
long as possible. The most significant management
option to reduce erosion of camping beaches is to avoid
floods (releases greater than powerplant capacity for a
month or more).

(6) Current operations will result in loss of some
beaches in the long-term. Under current operations,
with flood releases expected one of every four vyears,
there will be loss of sand-dependent resources in the

long-term. Rate of loss will be greatest in the next
10 to 20 years, and greatest in narrow reaches and
upstream of the Little Colorado River. Modified dam
operations could limit the amount of loss. Under all

operation options, rapids may become more difficult to
navigate because flows would be incapable of completely
removing all coarse debris added by tributary debris

flows. However, our lack of knowledge of future
tributary sand input, channel changes, and flow
conditions, and the lack of understanding of

interactions between sand in the main channel and sand
in = beaches prevent us from being able to predict what
river morphology will be like in 100 years.

»
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(7) Flow routing model was recalibrated. The existing
flow routing model has been recalibrated with flows
from the study period, resulting in a more accurate
estimate of flows in Grand Canyon than was previously
available. However, model results are subject to
significant uncertainties (see Section V) and are
dependent on the particular flow and channel conditions
for which the model was recalibrated. Estimates made
with the model will become poorer as channel and flow
conditions depart from those of the calibrated period.

Other Major Findings

In addition to answers to objectives outlined at the
onset of the sediment studies, several significant
findings have resulted. These are given below.

Frequent flows higher than 31,500 cfs will severely

deplete sand stored in the main channel, and that
depletion may eventually cause loss of campsites.

Main channel transport of sand within powerplant
capacity is only slightly higher under fluctuating
flow than under steady flow of the same volume.
Sediment transport modeling shows that for an annual
flow volume of 8.2 maf, fluctuations up to the
powerplant capacity of 31,500 cubic feet per second
(cfs) produce only about 12 percent higher transport
than steady flows of that volume. The effect of this
difference in main channel transport on the long-term
stability of camping beaches could not be determined in
this study.

Availability of campsites, and backwater areas for
fish, is less under fluctuating flow, especially in
narrow reaches. Area available for camping depends
primarily on the maximum flow, which is higher for
fluctuating flow than steady flow with the same volume
of release. Steady flows which inundate reattachment
deposits create deep return flow channels and high
reattachment deposits if sand is in sufficient supply.
Fluctuating flows tend to smooth out topography within
recirculation zones, reducing the size and areal extent
of backwaters.

Sand deposits will reach a relatively stable condition
after a change in type of flow. Onset of flow
fluctuations or lower, steady flow after a period of
high, steady flow causes erosion of sand deposits
throughout Grand Canyon initially, but rate of erosion
decreases rapidly.
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Change from_ one type of dam operation to another
increases the chance of loss of sand from camping
beaches. Sand deposits readjust to changes in dam
operations, but each readjustment subjects beaches to
possible loss.

Tributary debris flows may create large and difficult
rapids, and flows much greater than powerplant capacity

may be required to adjust those new rapids to more
navigable conditions. Because maximum flows have been
greatly reduced by flow regulation, much of the very
coarse debris deposited near tributary mouths cannot be
moved under current operations. Rapids may become more
difficult to navigate, and more unsafe, as a result of
buildup of debris.

Buildup of debris at rapids may significantly change
the hydraulics of the river. Large changes in channel
width, elevation, and roughness at riffles and rapids
change the hydraulics of the channel locally and may
have significant implications to sand transport and
storage.

Organization of the Report

Section IT describes the processes of sediment
transport and storage in Grand Canyon that affect the
stability of sediment resources under different flow
conditions.

Section III sets out predictions concerning the future
of sediment-related resources should the dam continue
to be operated as it is currently.

Section IV presents a modified operation scenario which
would protect sand resources and evaluates the response
of sediment resources to scenarios developed to protect
other resources.

Section V is a comprehensive discussion of the
limitations in data and methods used to reach some of
the findings in the report.

Section VI is an outline of recommendations for future

monitoring and research developed to address the gaps
and uncertainties summarized in the previous section.
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SECTION II: SEDIMENT TRANSPORT AND STORAGE
S8and Transport and Storage

In some reaches, rocks through which the river flows
are very resistent to erosion and the river runs in a
narrow channel bounded by rock walls. In other
reaches, the river has been able to erode less
resistent rocks and flows in a relatively wide channel
bounded by sand and gravel deposits. Wide and narrow
reaches alternate throughout the length of the study
area. Informal names given to reaches reflect the
importance of rock type on reach characteristics (Table
A-2, column 2). The ratio of width to depth of flow at
a discharge of 24,000 cfs (Table A-2, column 3) for
reaches shown on Figure A-1 shows that the river
channel in narrow reaches is usually deeper than that
in wide reaches. Water surface slope is also greater
in narrow reaches than in wide reaches (Table A-2,
column 6).

Stream power, which is directly related to velocity of
flow, depth, and water surface slope, is shown in Table
A-2 as a measure of sediment transport capacity (Vanoni
1975). Estimates of unit stream power (stream power
per foot of channel width) for reaches in Grand Canyon
(Table A-2, column 7) show that stream power is
generally greater in narrow reaches than in wide

reaches. Therefore, for the reaches shown, the
capacity to transport sand 1is greater in narrow
reaches than in wide reaches. As discharge increases,

flow width in wide reaches increases at a greater rate
than in narrow reaches, because the rock walls which
bound narrow reaches constrain the flow. Therefore,
for the same increase in discharge, the water surface
elevation and stream power rises more in narrow reaches
than in wide reaches. Maps of the materials which
covered the channel bed (bed materials) in 1984
(Wilson 1986) show that a greater percentage of the bed
in narrow reaches was covered by coarse boulders or
bedrock than was covered in wider, shallower reaches
(Table A-2, column 8).

In both narrow and wide reaches, channel
characteristics change in the vicinity of debris fans
that form at the mouths of steep tributaries (Figure

A-6). The channel is shallower, narrower, and steeper
around the debris fan than it is upstream or
downstream. The channel bed of rapids is

primarily composed of boulders. These shallow, steep
reaches are the rapids and riffles of Grand Canyon.
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Table A-2. Characteristics of the reaches within the study area.

Average
Ratio of Average Average Percentage of
Top Width Channeé Description Channgl Unit Bed Composed of
Reach , Local Name to Meag Width of Width Slope Stream Power Bedrock a
Number  of Reach Depth (ft) Characteristic (ft/ft) (lb/ft-s) Boulders
1 Permian 1.7 280 wide 0.00099 5.3 42
Section
2 Supai Gorge 7.7 210 narrow 0.0014 10.2 81
3 Redwal l Gorge 9.0 220 narrow 0.0015 10.2 72
4 Lower Marble 19.1 350 wide 0.0010 4.3 36
Canyon
5 Furnace Flats 26.6 390 wide 0.0021 8.0 30
6 Upper Granite 7 190 narrow 0.0023 17.8 62
Gorge
7 Aisles 1" 230 narrow 0.0017 10.9 48
8 Middle Granite 8.2 210 narrow 0.0020 14.2 68
Gorge
9 Muav Gorge 7.9 180 narrow 0.0012 9.9 78
10 Lower Canyon 16.1 310 wide 0.0013 6.2 32
1" Lower Granite 8.1 240 narrow 0.0016 10.2 58
Gorge

See Figure A-1.

Average of cross section data at about 1-mile intervals at 24,000 cfs (Randle and Pemberton 1987).
Based on predicted water-surface elevations at 24,000 cfs (Randle and Pemberton 1987).

Unit stream power is calculated as equal to the following:

(specific weight of water) (24,000 cfs) (slope of reach)/(average channel width).

From channel bed material maps (Wilson 1986).
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The average river slope through Grand Canyon is about 8
feet per mile (0.0015 ft/ft). Slope may be ten times

steeper at major rapids (Leopold 1969).
Velocity 1in major rapids may be as great as 25 feet
per second (ft/s) (Kieffer 1987). In contrast,

low-slope (about 0.5 foot per mile [0.000095 ft/ft]),
low-velocity areas exist between rapids where water
depth may exceed 100 feet (ft) at some locations
(Wilson 1986).

Most camping beaches _are sand deposits within

recirculation zones. Sand stored within recirculation
zones is important because parts of these deposits are
the major camping beaches within Grand Canyon. As

described 1in the introduction, these zones are areas
along the margins of the river channel where part of
the flow moves upstrean. In a channel such as the
Colorado River in Grand Canyon, where the banks
are typically composed of bedrock or large rock
debris, these 2zones are found where debris flows
create fans that form abrupt constrictions and
downstream expansions of the channel (Figures A-2 and
A-3).

The pattern of sand storage within recirculation zones
is distinctive. Sand typically is located at the
upstream end of the zone on the downstream-facing
surface of the debris fan which forms a rapid or riffle
upstream of the recirculation zone (separation
deposits) (Figures A-2 and A-4). Sand is also located
near the downstream end of the recirculation zone
(reattachment deposits). Reattachment deposits
typically project upstream and may fill much of the
recirculation zone (Figures A-2 and A-5) (Schmidt and
Graf 1987).

The number and size of recirculation zones varies along
the river corridor. Between Lees Ferry and Bright
Angel Creek (River Miles 0 to 87), the number of recir-
culation zones varies between 2.3 and 4.5 per mile
(Table A-3). The average size of reattachment deposits
exposed at a discharge of about 6,000 cfs in 1984
between Lees Ferry and the Little Colorado River (River
Miles 0 and 61) and between River Miles 118 and 160
ranged from 2,300 to 87,000 square feet (Table A-3).
Typically, larger reattachment deposits were associated
with the larger recirculation zones of wide reaches.

>
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Table A-3. Characteristics of recirculation zone deposits in selected reaches.
Average size of Average size of Total Area
Primary Type Number of Average Sizs Separatiog Reattachmeat of Majo
Reach Campsiteﬁ of Sand Deposit, Recirculation of Depogits Deposéts Deposéts DeposiEs '
Number per Mile” Used as Campsite™ Zones per Mile (ft™) (ft) (ft) (ft™)
1 0.4 separation 3.2 51,000 57,000 31,000 410,000
2 0.9 separation 3.6 23,000 30,000 16,000 510,000
3 0.9 separation 4.5 25,000 21,000 47,000 540,000
4 2.6 separation 4.5 60,000 49,000 87,000 4,700,000
reattachment
5 2.5 channel margin 2.3 NE6 NE NE NE
6 0.6 separation 2.7 NE NE NE NE
channel margin
7 3.2 reattachment NE 25,000 26,000 35,000 920,000
separation
channel margin
8 2.3 channel margin NE 22,000 17,000 34,000 900,000
9 1.1 channel margin NE 8,200 14,500 2,300 240,000
10 2.4 NE NE NE NE NE NE
1" 2.3 NE NE NE NE NE NE

VT NN -

See Figure A-1.

Inventoried by Brian and Thomas 1984 (Schmidt and Graf 1987, Table 2).

Listed in order of importance (Schmidt and Graf 1987, Table 2).

Measured area is that exposed at about 6,000 cfs in October 1984 (Schmidt and Graf 1987, Table 7).
Major deposits are those alluvial sand deposits inventoried as campsites in 1973 or 1984, as well as other

deposits located in the same recirculation zones.

recirculation zones.

Not evaluated.
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Only those sand deposits high enough in elevation to
be safe from inundation and large enough to accommodate
at least a small group of people are used as campsites.
All types of sand deposits are used as campsites:
separation, reattachment, and channel margin deposits.
Campsites were inventoried in the fall of 1983 at a
discharge of 28,000 cfs, and the number of campsites
per mile was found to range from 0.4 to 2.6 (Table
A-3). Although the variation in number of deposits
along the river differs with deposit type, the number
of campsites was typically greater in wide reaches than
in narrow reaches. Therefore, wide reaches of the
river are characterized by a dreater number and
larger size of sand deposits useable as campsites.

The characteristic topography of separation and
reattachment deposits affects the size of deposits

available for camping at different discharges. Large
parts of many separation deposits are not
inundated until discharge exceeds 30,000 cfs.
Reattachment deposits, in constrast, are typically
broad and 1low in elevation and are inundated at
relatively low discharges. For this reason,

separation deposits are more attractive as campsites.
For example, at nine separation deposits studied in
detail (Schmidt and Graf 1987, Table 14) the average
area of sand inundated during an increase in discharge
from about 6,000 to about 25,000 cfs is 14,000 square
feet. In contrast, at six reattachment deposits an
average of about 50,000 square feet is inundated over
the same discharge range. The area of separation de-
posits inundated is about 30 percent of the total area
of each separation deposit. Most reattachment deposits
are inundated at discharges within the powerplant
range, whereas parts of many separation deposits are
still exposed at a discharge of 45,000 cfs.

Main channel pools are also important sand storage
sites. Sand stored in relatively low-elevation reaches
of the main channel (main channel pools) may be
important to stability of camping beaches and
vegetation because it may be available to replenish
sand in recirculation zones under some conditions.
Burkham (1987) has shown that at the USGS gaging
stations at Lees Ferry and near Grand Canyon, bed
elevation in pools changed as much as 20 ft and 8 ft,
respectively, before flow regulation. Before the dam
was constructed, bed elevation decreased as sand and
gravel were scoured from the bed during annual snowmelt
runoff (Burkham 1987). Peak flow during this runoff
averaged about 93,400 cfs (U.S. Geological Survey a and
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b, issued annually). Sand and gravel were deposited on
the bed at lower flows at other times of the year, and
bed elevation increased as this deposition progressed
(Burkham 1987). The amount of stored sand available
for transport, therefore, depends on both flow and
preceding bed elevation.

A rough estimate of the amount of sand stored in 1984
in the main channel and in recirculation zones between
the gages at Lees Ferry and near Grand Canyon was
made. This amount, 42 mt, was estimated by multiplying
the surface area of sediment (Wilson 1986) by the
percent sand in those deposits and an assumed deposit

thickness of 20 ft (Randle and Pemberton 1987). The
bed material maps were made from a geophysical survey
of the channel bed made in March 1984. Because this

survey closely followed the record post-dam discharges
reaching 97,200 cfs at Lees Ferry in June 1983, some of
the sand remaining in the bed at the time of the survey
may not be available for transport at discharges in the
powerplant range. Burkham (1987) concluded from his
analysis of hydraulic data at gaging stations that most
of the sand on the bed after the 1983 flood was not
available for transport at flows within the powerplant
range. Randle and Pemberton (1987) have used the STAB
model to estimate that 6.6 mt of sand were 1lost from
the reach between the two gages between January 1984
and October 1985. This suggests that some sand on the
bed in 1984 was available for transport under the flood
releases of 40,000 to 50,000 cfs in the summers of 1984
and 1985 (Figure A-7).

Tributary Sediment Delivery

Before construction of Glen Canyon Dam, sand to
replenish that scoured from within Grand Canyon was
supplied from the watershed above the dam and from
tributaries within Grand Canyon. Since completion
of the dam, sediment from upstream of the dam has been
trapped in Lake Powell, hence sediment loads in Grand
Canyon have greatly decreased. Annual total
suspended~sediment load (sand, silt, and clay) past
Lees Ferry decreased from 65.4 million tons per year
(mty) in the period 1948 to 1962 (U.S. Geological
Survey a and b, issued annually) to about 0.4 mty in
1982 and 1986 (Graf and Burkham In preparation).

The source of resupply of sand to channel pools and
recirculation zones is now the tributaries which enter
the river downstream of the dam. Analysis of
gaging station records (Randle and Pemberton 1987) and
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Figure A-7. Mean daily flows during the study period
(June 1983 to January 1986) included three floods,
nearly steady flows near the peak of powerplant
releases, and a short period of strongly fluctuating
releases that were similar to pre-study flows in
1982-83. (After Schmidt and Graf 1987, Figure 9)
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data from geomorphic analysis of deposits from small
tributaries (Webb, Pringle, and Rink 1987) indicate
that the primary source of sand to the river is
the Paria and Little Colorado Rivers and Kanab Creek.
Together, these three tributaries supply an estimated
2.9 mty of sand (Randle and Pemberton 1987). This
value for sand delivery was computed using average
sediment transport-discharge relationships computed
from samples collected over the entire period of sam-
pling for those three tributaries and for Moenkopi
Wash, a tributary to the Little Colorado River which
enters downstream of the Little Colorado River gaging
station. However, sediment contribution from these
tributaries is highly variable, and may vary from
year to year as much as an order of magnitude. For
example, annual total suspended sediment loads in the
Little Colorado River averaged 10.1 mt in the period
1958 to 1970, but ranged from 3.5 mt to 19.1 mt (U.S.
Geological Survey a and b, issued annually). Also,
sediment delivery from the Little Colorado and Paria
Rivers 1is probably subject to 1long-term variations
related to variations in sediment storage in
floodplains of these streams (Hereford 1984; Hereford,
Richard, 1987, USGS, Flagstaff, Arizona, Pers. Comm.).
These three major tributaries supply 1large amounts
of silt and clay as well as sand. Some flows on the
Paria and Little Colorado Rivers can deliver total
suspended sediment loads containing as much as 99
percent silt and clay (U.S. Geological Survey a and

b, issued annually; Pemberton 1987). Typically, the
Colorado River can transport most of this fine
material downstream, although silt and clay may be

deposited on channel banks under some conditions.

Smaller tributary canyons typically form at locations
of structural weakness in the rocks (areas of faulting
or Jjointing) (Dolan, Howard, and Trimble 1978). A
reconnaissance study of drainage basins of tributaries
other than the Paria and Little Colorado Rivers (Webb, -
Pringle, and Rink 1987) showed that much of the sand
and coarser debris from these other tributaries is

delivered to the river by flows known as
hyperconcentrated or debris flows, which are very
concentrated mixtures of sediment and water. Debris

flows typically contain only 15 to 40 percent water by
volume and hyperconcentrated flows, only 40  to 80
percent water. Debris and hyperconcentrated flows
transport different sizes and amounts of sediment, and
a single tributary flow event may be made up of a
complex series of pulses of these two types of flow
(Figure A-8). (See Webb, Pringle, and Rink 1987.)
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Figure A-8. A single debris flow event down a steep
tributary valley may be composed of several pulses of
debris and hyperconcentrated flow within a short period
of time. (After Webb, Pringle, and Rink 1987, Figure
12)

The occurrence and size of these flows is influenced by
geologic and geomorphic conditions within the watershed
and prior history of flows, as well as by rainfall
amount and intensity. Slope failures in these steep
tributary valleys commonly trigger debris flows. Webb,
Pringle, and Rink (1987) found evidence of debris flows
within the 1last 25 years in 21 of 36 tributaries
investigated. Debris flows which reached the river
were found to have occurred at least once in the 1last
15 to 50 years in the three drainages which were
studied in some detail. Debris flows studied con-
tained material that ranged in size from boulders to
clay, with sand content of samples ranging from 10 to

40 percent. Estimates of sand delivered to the river
by a debris flow which occurred in Monument Creek in
1984 ranged from 2,800 to 7,300 tons. (See Webb,

Pringle, and Rink 1987.)
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The variability of debris flow occurrence and the
absence of a general model for magnitude and frequency
of these flows make it difficult to estimate the
long-term rate of delivery of sand to the Colorado
River from the 310 ungaged tributaries. A drainage
basin/sediment yield relationship applicable to
streamflow-dominated systems was used to provide an
estimate for this study (Randle and Pemberton 1987).
Using this method, 0.7 mty of sand were estimated to
be delivered to the river. Ungaged tributaries were
estimated in this way to contribute about 20 percent of
the total sand delivered in an average year.

Processes in Main Channel Pools

Computations of sand transport and bed change with the
STARS model (Randle and Pemberton 1987) and analysis
of data from the USGS gaging stations at Lees Ferry and
near Grand Canyon (Burkham 1987) give evidence on the
nature of transport and storage of sand in the main
channel. STARS model computations at 199 measured
cross sections indicate that sand is transported
through most channel pools at flows exceeding 15,000
cfs, when mean velocities at these locations are
typically about 3 to 4 ft/s. Analysis of long-term
(1922-1984) changes in elevation at the point of
maximum depth in the two gaged cross sections indicates
that when the bed was at a high elevation, bed
degradation was initiated at discharges of 16,000 to
20,000 cfs, when velocities reached about 5 or 6 ft/s
(Burkham 1987). These slight differences in results are
not considered significant.

As degradation of the bed progresses, the area of flow
in the cross section increases and the mean velocity
decreases (Burkham 1987; Randle and Pemberton 1987).
For scour to continue, discharge must increase to keep
the velocity above that required to degrade the bed.
For example, at Lees Ferry, daily discharges of between
40,000 and 60,000 cfs for more than 40 days in 1965 de-
graded the bed about 27 ft. Because this gage is
upstream of any significant tributary delivery of sand
and gravel, the bed has not aggraded since 1965, and it
would now take an estimated 70,000 cfs to initate
further degradation at this section. The 1965 flow
caused the bed at the gage near Grand Canyon to degrade
to its historical low elevation (Figure A-9). However,
addition of coarse sediment to the rapid downstream of
the Grand Canyon gage combined with some supply of
sediment from upstream, resulted in subsequent
aggradation of the bed at that site (Figure A-9).
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Figure A-9. Bed elevation at the USGS gaging station
near Grand Canyon (River Mile 87). Bed elevation

increased after flow from Bright Angel Creek (December
1966) added material to the fan and rapid downstream.
Bed elevation decreased to pre-dam low condition during
high flows of 1965 and 1983. (After Burkham 1987,
Figure 7)

At some pools, such as the one at the Lees Ferry gage,
degradation is limited both by the decrease in velocity
caused by degradation and by increase in size of bed
material (Burkham 1987). STARS model computations
show that as degradation progresses, velocity decreases
and bed material coarsens (Randle and Pemberton 1987).

The bed material, at some point, may become suffic-
iently coarse and velocity sufficiently low that flow
is no 1longer capable of moving the material, and
degradation stops. Pemberton (1976) has documented
the coarsening of gravel bars in the reach upstream
of Lees Ferry.




Sediment transport modeling and analysis of data
from gaging stations demonstrate that flows less than
maximum powerplant releases (31,500 cfs) are not
capable of transporting all the sand delivered
annually from tributaries, unless annual volume of
flow exceeds 12 maf (Randle and Pemberton 1987). As
pools continue to fill, the annual transport through
Grand Canyon should approach the amount delivered
annually by tributaries. When runoff is less than or
equal to the average annual runoff (11.3 maf) and
releases from Glen Canyon Dam are less than
powerplant capacity, pools which are at relatively
low elevations will aggrade. The time required to
fill pools to an elevation which 1is stable for
prevailing flow conditions depends on the volume of
water released, the magnitude and duration of flow,
and the amount of sand and gravel delivered by
tributaries. Estimates of the time to fill main
channel pools for given operations (Table A-4) made
with the STAB model are based on average sand
transport relationships and average annual rates of
sand delivery from tributaries. The time necessary to
refill degraded channel pools must decrease in the

downstream direction as the number of
sand-contributing tributaries increases. Modeling
results 1indicate that the time to fill pools
downstream of the Little Colorado River is ap-

proximately 40 percent of the time necessary to fill
pools upstream of this major tributary.

Processes in Recirculation Zones
The pattern of sand storage within recirculation =zones

described in the introduction is determined by the
typical pattern of flow circulation 1in these zones

(Figure A-3). At 1low discharges, most 2zones are
composed only of a primary eddy, and the separation
deposit (Figures A-2 and A-3) 1is exposed. The

reattachment deposit may fill much of the recirculation
zone underneath the primary eddy (Figures A-2 and A-3).
At higher discharges, the water surface elevation
increases and additional areas are inundated. As flow
inundates the separation deposit, smaller, lower-
velocity secondary eddies are developed upstream of the
return current channel (Figure A-3). Some areas
upstream of the return current channel are inundated by
flow of very 1low velocity with no distinct eddy
circulation (Figure A-3). (See Schmidt and Graf 1987.)



Table A-4. Average annual sand deposition from River Mile 0 to River Mile 87 and
relative time to fill main channel pools to 1982 elevation. Deposition rates are
computed based on three years of Low flow (8.31 maf) and one year of . high flow
(16.6 maf) following the scour of an estimated 15.6 million tons in 1983-1986.
Relative times were computed by dividing the computed time to fill, in years, by
the time to fill under current operations.

Average Annual Deposition Relative Time to Fill Pools
Flow Alternative From STAB Model to 1982 Condition
(millions of tons)

Current Operations 0.9 1.0
Scenarios
Humpback Chub 0.3 3.0
Common Native Fish 0.8 1.0
Trout 1.4 0.6
Terrestrial Vegetation
and Wildlife 1.5 0.6
Combined Recreation 0.9 1.0

Flow 1in secondary eddies is always of lower velocity
than that in primary eddies and return current
channels, and typically is lower in sand transport
capacity (Table A-5). Measurements show that the
highest velocities in the return current channel are
typically between 0.2 and 0.4 times the velocity of the
nearby main channel flow (Table A-5). Typical mean
velocity of the return current is between 1 and 4 ft/s,
whereas that of secondary eddies and low-velocity areas
is typically less than 1 ft/s, even at flood flows of
40,000 to 50,000 cfs. In almost all recirculation
zones, vVvelocities over the reattachment deposit and in
the return current channel are high enough to move the
fine and medium sand of which the deposits are
composed. The transport capacity of recirculation
zones is much less than that of the main channel, and
that of secondary eddies much less than that of the
primary eddy. Sand deposits accumulate where transport
capacity is lowest.

At the relatively high flows which inundate separation

deposits, sand may be deposited directly from

suspension in the low-velocity areas which cover

separation deposits (Figure A-3). However, direct
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Table A-5. Summary of hydraulic and sediment transport characteristics in the vicinity of
recirculation zones (transport rates based on average velocity and depth, with data from
Colby 1964, Figure 26). (From Schmidt 1987)

Estimated Range

Locations velocity of Fine Sand
Shown on Range of Measured Average Average Transport Rate
Figure A-3 Velocity (ft/s) (ft/s) Depth (ft) (tons/day/ft)
Main Channel 5.4 - 25.1 N/A 30 - 60 100 - 10,000
Recirculation Zones:
Primary Eddy
Return Channel 1.2 - 4.0 N/A 5-20 1-10
Reattachment
Point Area 0.3 - 2.5 1.5 1-4 1-10
(Vicinity of

Reattachment Deposits)

Secondary Eddy

Low-Velocity Area 0.2 - 1.6 1.0 1-3 0.1 -1
(Vicinity of Separation

Deposits)

observation of sand transport and examination of
structures within sand deposits which reveal current
directions show that sand is also transported near the
bed across the top of the reattachment deposit toward
the return current channel and the separation deposit
(Schmidt and Graf 1987; Schmidt 1987) (see Figures A-2
and A-3). Although the proportion of sand in sepa-
ration deposits derived from reattachment deposits is
not known, and the mechanisms of this transport is not
well understood, it seems clear that some of the sand
in separation deposits is derived from that source.

The location and stability of separation deposits are
controlled by the debris fan which creates the
recirculation zone. Separation deposits typically are
not found on the downstream side of debris fans with
steep, high slopes, because low-velocity areas or
secondary eddies are not present at any discharge. At
locations where separation deposits do exist, they are,.
protected from high-velocity downstream flow by the
debris fan unless discharge is high enough to inundate
the fan. Relatively 1low, broad debris fans are
inundated at lower discharges than high, steep fans.
Separation deposits associated with these low fans are
more susceptible to erosion than those associated with
high fans. (See Schmidt and Graf 1987.)
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Recirculation zones change in size and probably in
velocity as discharge in the main channel changes.
Virtually all reattachment deposits along the Colorado
River in Grand Canyon are inundated at discharges of
15,000 cfs, and reattachment deposits are formed at
discharges of about 15,000 cfs or greater. As
discharge increases, the zone extends in length, and
flow velocities within the 2zone probably increase.
These two changes result in shifting patterns of flow
and an overall increase in transport capacity of the
recirculation 2zone. Increasing length of the zone,
increasing depth of water, and increasing velocity
result in a greater area of inundation, and ultimately
in scour of the higher parts of reattachment deposits.
Most reattachment deposits are entirely inundated by a
discharge of about 45,000 cfs.

Sand deposits in recirculation zones change in
location and size because of these changes in
recirculation zone characteristics. Separation
deposits are typically higher in elevation and are
inundated by secondary eddies of lower velocity than
the primary eddy. Therefore, they are not subjected to
potential scour until discharge is high, and at any
discharge they are subjected to lower velocities than
are reattachment deposits. The change in size of
recirculation zones with discharge results in changes
in flow pattern which cause loss of sand independent of
velocity changes. As primary eddies decrease in size
with decreasing discharge, sand deposits which were
within recirculation zones at higher discharges become
subjected to downstream flow, and sand is lost to the
main channel. The susceptibility of separation and
reattachment deposits to scour-and-fill and therefore
to possible loss is summarized in Table A-6.

Table A-6. Matrix of susceptibility to scour of separation and reattachment
deposits for selected flows (Schmidt 1987).

Separation Deposits Reattachment Deposits
High Fans Low Fans

Narrow Wide Narrow Wide Narrow Wide

Reaches Reaches Reaches Reaches Reaches Reaches
Flows
Powerplant Low Low medium Low medium medium
Floods to ) . .
50,000 cfs medium  low high medium high medium
Floods above . ) )
50,000 cfs high medium high high high high
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As sand is moved to adjust to changing flow conditions
within a recirculation zone, some transported sand is
exchanged between the main channel and the recir-
culation zone. The rate at which sand and water are
exchanged is not known, but evidence suggests that sand
is exchanged over a wide range of discharges. (See
Schmidt and Graf 1987; and Schmidt 1987.)

Because a model linking main channel and recirculation
zone sand transport is not available, it has been as-
sumed that the rate of transfer of sand between main
channel and recirculation zone is dependent on the
amount of sand being transported in the main channel.
Therefore, higher rates of main channel sand transport
provide a greater supply of sand to be deposited into
the low-velocity parts of recirculation zones where
campsites or terrestrial habitats exist.

The important recirculation-zone processes that affect
transport and storage of sand in camping beaches are
summarized in Table A-7 on a relative discharge scale.
Important sediment transport processes in the main
channel that affect the amount of sand available for
resupply of sand to recirculation zones are also given
in that table. If sand is available for transport,
then at some discharge below maximum powerplant
discharge, sand in some main channel reaches begins to
be transported. Pools begin to degrade when flows
reach the point at which they can transport the
material on the bed. Degradation continues as flows
continue to increase. Reattachment deposits, which are
exposed at low discharge, are inundated at discharges
below powerplant maximum. The rate of exchange of sand
between the main channel and recirculation zones is
probably low at these lower discharges. As discharge
increases, recirculation zones lengthen, scour-and-fill
of sand within these zones increases, debris fans begin
to be inundated exposing some separation deposits to

downstream flow, and sand transport 1increases. The
exchange of sand between the main channel and
recirculation zones probably increases. At flood
(40,000-50,000 cfs) and higher discharges, recir-

culation zones begin to disappear as more fans are
inundated, and scour-and-fill of separation deposits
becomes extensive. It is assumed that the rate of
exchange of sand between main channel pools and
recirculation zones is highest at high discharges.

When discharge rapidly decreases, many reattachment

deposits become exposed, and flow in the return current
channels stops. If discharge drops still further, the
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return current channel may be cut off from the main
channel. When there is little or no flow in return
current channels but a connection with the main channel
is still open, these stagnant areas, or backwaters, are
rearing areas for juvenile fish. Backwaters formed in
return current channels are the major backwater sites,

Table A-7. Conceptual model of main channel pool and recirculation zone
interactions. Information for main channel processes comes from analysis of data
from gaging stations (Burkham 1987; Graf and Burkham In preparation), modeling
(Randle and Pemberton 1987), and rapid studies (Kieffer 1987). The relative rate
of exchange between the main channel pools and recirculation zones is an as-
sumption based on intuitive reasoning. Recirculation zone processes are drawn
from Schmidt and Graf (1987) and Schmidt (1987).

Sand Recirculation
Approximate Main channel Exchange Zone
Discharge Processes Rate Processes
P 0 cfs
0
W reattachment Recirculation
E deposits zones inundated
R inundated
P sand transport
L and
A degradation low scour-and-fill
N begin of reattachment
T deposits begins
31,500 cfs
Recirculation

F zones lengthen
L
0 significant moderate scour-and-filt
0 degradation; of reattachment
D sand tr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>