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SUUT{ARY A}ID PRINCIPAL CONCLU8IONS

Irter-Agency Study Assessed fmpacts Of GIen CaryoD
Dan Op€rations

This report presents the findings of the GIen Canyon
Environmental Studies (GCES). In December of L982, 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 Gfen canyon Dan on downstream
environmental and recreational resources. This study
was not intended nor desisned to lead directly to
chAnges in dam operations. Any decision to make
operational changes would reguire feasibility studies
and National Environmental Policy Act (NEPA) compliance
activities to assess the impact of those changres on the
prinary mandate of the Colorado River Storage Project
(water storage and delivery and power generation) r ds
well as on the environment and recreation.

The GCES study goals were, f*irst, to investigate the
inpact of several aspects of current dam operations on
the existincr 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 dan. Second, if adverse impacts to downstream
resources were found, the study was to detenrrine
whether modifications made to dam operations, within
the constraints of Colorado River Storage Project water
delivery requirernents, could reduce those inpacts. To
accomplish the study goals, over 30 technical studies
in the fields of biology, recreation, and sediment and
hydrology were conducted by over 1,OO researchers.



Tbe GCBS Detemined lbat Operation Of cl€! Canyor
Drnr fbrough Control Of Flows In llhe Colorado River,
Eag Eubstantial Adverse Effects On DorDstrean
Eavironnental Aad Recreational Resourc€s

Construction of the dam and subsequent regulation of
river flows has 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, ftood releases and fluctuating releases,
were found to have negative impacts on downstream re-
sources. Inpacts were assessed by cornparing current
operations, which include floods and fluctuatj-ons, to
operatj.ons which would avoid flood releases and which
would convert fluctuating releases to steady releases.

Flood Releases cause Damage To Beaches And
Terrestrial Resources

A flood release is defined as a discharge greater than
the maximum posrerplant release of 31,500 cubic feet per
second (cfs) " Duringr floods, substantial quantities of
riparian vegetation are scoured away, drowned, or
buried by redeposited sand. As a result of the flood
releases of 1983, veqetation 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
sedinent to the river downstream, freguent flood
releases of sedinent-free water cause significant and
irreversible degradation of the environrnent by eroding
a substantial portion of the sand deposits. These de-
posits provide substrate for streamside vegetation and
wildlife habitat, and are highly valued as campsi.tes by
white-water boaters. Significant loss of sand beaches
would reduce by approxirnately 50 percent the recreation
benefits (not commercial revenues) associated ,with
white-water boating.
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Flood releases occur at this rate due to reser:lroir
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 obsenrations of
the natural system in Grand Canyon, we would recommend
that flood releases be avoided until the tolerable fre-
quency can be better def ined. Current knowledge
indicates that even a freguency as low as one flood in
twenty years will produce a net long-ter:n loss of
camping beaches and substrate, although at a rate
reduced from that caused by current operations.

Fluctuating Releases Prinarily Affect Recreatiou

Except during periods of very high runoff, the amount
of water released fron Glen Canyon Dam is varied on an
hourly basis, often with two peaks and two troughs
daily. This is done to provide electrical pohrer 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 detrirnental 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, as compared to steady,
releases.

Fluctuating releases have a greater impact on aquatic
than on terrestrial resources. Fluctuations during the
sunmer rnonths reduce habitat for lanral native fishes.
Fluctuations in the winter months reduce the natural
reproduction of trout by exposing spawning beds.
However, short periods of fluctuations at othertimes
may increase food availability and trout growth.

Ulder Current operations, Flood Rel€ases fill Occur
Ia About One Of Ev€r-y trour Years



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 sinilar
releases. However, 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.

ilodified operations Could Protect or Enbancs
Iiost Resourses

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 iiprove the status
of the resources. Five rnodified patterns of op-
erations were designed, each to addrLss one or more
critj.cal resources. These patterns have been con-
strained only by the need to lelease a minimum of 8.23
nillion acre feet (naf) per year and naintain minimum
flows of lr0OO cfs in winter and 3r0OO cfs in summer,
and stay within the designated powerplant capacity of
31r500 cfs. These nodifications 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 fu1l
range of possible options. These rnodifications should
not be considered as fully developed or recommended
operational schemes.

Operational Changes Are Unlikely To Eelp Eumpback
Cbub

In 1978, the U;S. Fish and Wildlife Senrice concluded
that the continued existence of the endangered humpback
chub in Grand Canyon was jeopardized by dam operations.
The cold water released'from the dam has made the
mainsten Colorado River unsuitable habitat for rearing
chub. Rearing is now restricted to the mouth of the
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Little Colorado River
mainstem.

its confluence with theat

The GCES data indicate that current operations do not
appear to have a deleterious impact on the hunpback
chub population in the Little Colorado River. Modified
operations night increase chub population size in this
area. However, there do not appear to be any op-
erational schernes that would increase the range of the
chub and therefore reduce its current dependence on the
small area of critical habitat in the nouth of the
Little Colorado River. The FWS is currently developing
a new biological opinion on the inpact of Glen Canyon
Dam operations on downstream endangered species.

our understanding
Dan Operations And
Complete

of the Relationsbips Betneen
Downstream Resources Is Not

The linited time available for the 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 linited our ability to determine the response
of resources to low and fluctuating f1ows. These high
releases required major changes in research design as
the studies were in progreis. However, we believe that
the uncertainties in data and gaps in our knowledge
would not change the conclusions that dam operations
affect downstream resources and that nodified
operations would better protect resources.
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SECTION T: TNTRODUCTTON

The Clen Canyon Environmental Studies Assessed lrhe
fmpact of Dan Operations

The GIen Canyon Environmental Studies (GCES) are a
nulti-agency effort to study the impacts of Glen Canyon
Dam operations on the environmental and recreational
resources of the Colorado River downstream of the dam.
This reach of river flows first through t-5 miles of
GIen Canyon, then through 277 niles of the Grand Canyon
before entering Lake Mead (see location maps in Figures
I-l- 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 long-terrn
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 Senrice (l'WS). 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-
mereial river runners and guides.

The studies were formulated to answer two guestions:

(1) Are current operations of tbe deilr tbrougb control
of, the flows in the Colorado River, adversely af,fect,ing
the existing river-related environnental and recreat-
ional resources of clen Canyon and Grand Canyon?

l2t Are tbere ways to operate the dam, consistent rith
Colorado River Storage project (eRgp) water delivery
requirenents, that would inprove or better protect the
environmental and recreationaL resources?

The nodified dam operations developed and evaluated in
answer to the second guestion were designed only with
the goal of protecting or enhancing downstream
environmental and recreatj-onal resources, constrained
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by the basic CRSP requirements to deliver 8.23 nillion
acre-feet (maf) of water annually, maintain minimum
flows of L,00O cfs in'winter and 3,000 cfs in sunmer,
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
f lows. It should be recognized that changes to
operations to protect or benefit downstream resources
night have negative consequences for other CRSP
functions. In evaluating possible rnodifications to
operations, these studies have assessed only benefits
and costs to the environrnent and recreation. As-
sessment of the irnplications for power gieneration,
revenue, water delJ.veryr or other system and legal
requirements las 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 oecision

This report has been reviewed for technical accuracy by
the participating agencies. In addition, a review com-
nittee composed of representatives from these agencies
will meet to consider policy inplications of the
studies. The report is also being reviewed by a
connittee of the National Research Council of the Na-
tional Academy of Scj-ences. The participating
agencies, the agency review committee, and the Na-
tional Academy of Sciences GCES Review Committee will
separately make reconmendations concerning the
technical adeguacy 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 hurnpback chub to develop a new
biological opinion for the protection or recovery of
the species.

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



(1) A feasibility study of possible changes
in dam" operations and nor-operational
alternatives for protecting downstream
resources. Such a study would comply with
National Hnvironmental Policy Act (NEPA)
requirements for informing and involving
interested and affected publics and agrencies
and might or night not lead to a change in
dam operations.

(2) continued research and monitoring of
resources.

(3) No acti"on.

over Thirty studies Are rnteqfrated rn This
Final Report

This report is based upon the results of over 30
technical studies, background analyses, and associated
literature reviews. Over i.OO researchers from govern-
ment agencies, universities, and private consulting
firas participated in the four-year GCES effort.
Many kinds of data were collected and analyzed for the
study. Hourly dan release records for 25 years were
tabulated and analyzed. Aerial and ground photographs
taken over a 3O-year period were used in assessing
temporal changes in river hydraulics, backwater
availabitity, changes in camping beaches and sand
volume, and broad scale changes in riparian vegetat,ion.

Three ecological studies, including rnonitoring of
l"4rO00 individual plants and 900 seedlings, related
rj"ver flows to seedling establishment, growih, and mor-
tality in order to predict future changes in the veg-
etative community. Although other groups of verte-
brates were studied, riparian birds were emphasized;
approxirnately 30 species and over 500 nests weie stud-
ied over six years.

Studies of the inpact of dam releases on fish and the
aquatic food base'involved analyzing the chemical andphysical properties of water, and collecting and
exarnining over 3or0Oo fish to deternine fish "niUitat
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preference, movement patterns,
ments, and food habits.

reproduction require-

Sunreys of 370 white-water guides, L,LsL white-water
boaters, 448 Glen Canyon anglers, and 470 Glen Canyon
day-rafters rrere conducted to assess the effect of dam
releases on the guality of these recreational
activities. To assess the inpact of dam releases on
Grand Canyon and Glen Canyon boating accidents, eight
years of NPS accident, records were studied and over
5r000 boats were obserrred running rapids under
different flow conditions.

Factors affecting transport and storagre of sediment in
the river channel were assessed from discharge records
from L922 to L984r ttS well as from 874 discharge mea-
surements and L,943 suspended sediment and 976
riverbed samples taken during the study. Thirty-six
tributaries were examined in detail to assess the
contribution of sediment to the main channel. The data
from sediment sanpling and. sunreys of river cross sec-
tions were used in the development of predictive rnodels
of sediment transport.

Changes in canping beaches and other sand deposits
along the channel margins were measured at 4L 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 L2 of the largest
rapids yielded inforrnation 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. Infonnat,ion 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 detait on the
individual technical studies than is given in "the main
body of this report. The Dam Operations sunmary
provides additional background on the current
operatJ-ng criteria for Glen Canyon Dam. A glossary can
be found at the back of this docurnent"
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8ECTION II: }TOTIVATION AIID BACKGROUND TOR THE gTUDIES

Valued Environmental And Recreational nesources
Erist Belor clen 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, up to
LO,0OO anglers fish for trophy-size rainbow trout in
the lS-mile reach below the dam. Another 9,000
visitors annually take half-day raft tours of GIen Can-
yon in this reach. An additional l-5,000 individuals
take white-water float trips through the Grand Canyon
each year. Many more people would like to take these
trips, but the NPS linits the number in order to
protect the environment.

The Colorado River in the Grand Canyon supports an un-
usual and irnportant cornmunity of plants and animals.
In the desert Southwest, streamside (riparian)
ecosystems are scarce and decreasing in extent along
most rivers. In contrast, the Colorado River gorge in
Grand Canyon is a protected 277-rnile corridor within
which riparian vegetation has increased in area since
1963, the year GIen Canyon Dam $ras completed. The
river itsetrf provides habj-tat for the largest remaining
self-sustaining population of humpback chub (a
federally-listed endangered species) as weII as sev-
eral other species of native fish"

Flor Iu The Colorado River Through Glen And Grand
Canyons fs ControlLed By Glen Canyon D'ir

Glen Canyon Dam impounds the water of the Colorado
River forming Lake Powell, one of the largest res-
en/oi-rs in the western United States. By storing and
regulating the waters from the Upper Colorado River
Basin states (Upper Basin), Glen Canyon Dam enables
delivery of water each year to Arizona, Nevada,
California, and Mexico, as reguired by legal conpact
and treaty. Glen Canyon dam is also a major producer
of electricity for .the western United States,



grenerating roughly
revenues (Source:
Operations Reports

$eo million annually
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Fluctuating Releases From The Dan caused public
conc€rn

The powerplant at Glen Canyon Dam was designed to
function as a trpeaking powerrr facility. Rather than
releasing water and generating electricity at a steady
rate, a peaking power facility varies the release of
water on a daily, monthly, and seasonal basis to pro-
duce electricity when it is most needed and its eco-
nomic value is great,est. For example, it is not uncom-
mon for flows to be varied from S,OOO cfs to 3OTOOO
cfs in a day. This causes the river Ievel to change by
7 to more than L3 feet, depending upon the location.
Fluctuating releases associated with peaking power
operations have caused concern among river users,prinarily those who fish in Glen Canyon and who take
white-water raft trips in Grand Canyon, and among envi-
ronrnental groups concerned about possible detrimental
effects on downstream riparian and aquatic habitats.
Public concern
operations on:

is centered on the impact of dam

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 conmon native fish species

These concerns were expressed most forcefully during
two BOR studies of possible increases in peaking power
generat,ion at Glen Canyon Dam. The studies weie made
to determine costs and benefits of (t) adding one or
more generators at Glen Canyon Dam (the ttpeaking power[
study) and (2) increasing the capacity of the existing
generators (the lrUprate and Rewindr study) .

Either of these actions could affect the daily
fluctuation in dam releases. Inplementation of the
Uprate and Rewind program would increase peak
powerplant releases only from 3L1500 cfs to 33r100
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c{s, whereas the Peaking Power Program would raise peak
releases to about 4Or0OO cfs. Adverse public reaction
t,o the Peaking Power proposal led to its terrnination in
L980.

BOR published an environment,al assessment in December,
L982, of the impacts of the Uprate and Rewind Program.
No significant impact of increasing the peak powerplant
capacity from 31,500 to 33,100 cfs was found, but the
close association in tiure with the Peaking Power study
tended to blur the separate issues in the publicrs 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, but agreed not to
use the increased powerplant capacity until a more
comprehensive study of the impacts of historic and
current dam operations was completed. The effect of
fluctuating releases on the environment and recreation
was therefore a najor focus for the GCES.

Large Releases I'rom Glen Canyon Dam Are lrlore Com[on
Since The Filling Of Latce Powell And Are A Cause
of Pub1ic concern

From the start of flow regulation in 1"963 until the
filling of Lake Powell in L980, releases generally
stayed between 1r0OO cfs and 31,500 cfs, Higher re-
Ieases were very rare. Although the dam produced
fluctuating flows which recreationists found undesir-
able, it also elirninated the very large spring and
sunmer floods which had annually scoured Glen and Grand
Canyons with peak flows of up to 3001000 cfs. The
elinrination of annual flooding allowed a much more di-
verse and extensive riparian vegetative and wildlife
community to colonize the old rrflood zonerr along the
river.
However, when Lake Powell filled in 1,980, the capacity
of the resernroir to store unusually high spring runoff
was severely reduced, leading to the current situation
in which rfloodil releases (over 3Lr500 cfs) are more
conmon. Concerns were raised over the effect of these
flood releases on sediment deposits and vegetation in
the river corridor, aquatic and terrestrial wildlife,

11



and on the quality and
Concern over the short-
large releases provided

safety of river recreation.
and long-term impact of these

another focus for the study.
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Reduced River Tenperature Resulting From
Construction of clen Canyon Dam Dininished Habitat
tr'or fiumpback Chub

On Uay 25, L978, the FWS concluded that construction
and operation of Glen Canyon Dam had jeopardized the
continued existence of the humpback chub by reducing
water temperature and changing the aquatic system.
They also concluded that dam operations were linitingr
the potential for recovering the humpback chub, the
Colorado squawfish, the bonytail chub, and the
razorback sucker. Because l ittle i-nf ormati-on was
available on habitat needs of these fishes, the FWS was
unable to recommend any changes in dam operation which
would aid recovery of the fish. Additional study rras
therefore reqfuested.

Our gnderstanding of The Relationships Between
Dam Operations And Downstrean Resources Is Not
Complete

The GCES occurred at a critical juncture in the trlife
historytr of GIen Canyon Dam, when significant releases
above powerplant capacity were occurrinq with
regularity for the first tine. When Lake PoweII filled
in 1"980, a 1-7-year period with virtually no releases
over 3Lr50O 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 in spring and early sunmer in-
creased substantially.
The filling of the reservoir corresponded with years of
unusually high basin runoff in L983 through l-986. This
combination of events led to the flood releases seen in
five of the past seven years. Figure II-l- illustrates

L2
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this change, showing the dam releases beginning ap-
proximately one year before start of the GCES and
continuing through to near the end of the study. Op-
erational strategies, the physical and biological
environment, 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. Table II-L
shows the percent of days in specified flow ranges
during the study period and during the filling period.
Low to medium flows were unconmon during the study
period. Most flows were at the high end of powerplant
releases, Although 27 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 nost studies had begun, or was at times
which were not seasonally most important for the
critical resources.

Table II-L. Flow distribution during the GCES study
period and the Lake Powell filling period (in percent
of days).
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F'low Range, in cfs

less than 10, 000
10r000-16r0o0
16r000-31r500
31r500-49r000
over 48,000

Fluctuations greater
than 10 o 000 cfs

Study Period
( 1983-1986)

4
7

7L
13

K

27

Filling Period
( 1963-1980)

data
under

preparation
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astareness of the uncertainty induced by a short study
period and the lirnited range of flow conditions
available during that period. Also, because little'data were available from the pre-dan perj.od, 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 linited. The
GCES also spanned a period of change in dam operations,
liniting our ability to predict future conditions from
past trends. Our projections of long-tern system
responses have necessarily been based upon study of a'limited number of sites over a relatively short period
of time. Nonetheless, w€ believe that collection of
data at more locations over a longer tine period would
not change the major conclusions that (1) darn
operations affect downstream resources, and (2)
nodified operations would better protect 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 AIID RESOURCES STUDISD

Below Glen Canyon Dam, the Colorado River passes
through the Glen Canyon National Recreatj.on Area (G1en
Canyon). In this l5-rnile reach of river between GIen
Canyon Darn 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
sgenery and white-water rapids (see location maps in
Figrures I-L 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 ttcritical re-
sources.rr Although analyzed independently in the
studies, related critical resources have sornetimes been
grouped here for ease of discussion.

The Critical Resources Are The ffumpback Chub,
Common l{ative Fish, Rainbow Trout, Camping Beaches,
Riparian Vegetation And tgildlife, shite-Water
Boating, And frout Fishing

Humpback chub. Humpback chub use the warm, highly sa-
Iine waters of the Little Colorado River to spawn and
rear larval young (Figrure IfI-L) . This is the only
breeding population of humpback chub in the Colorado
River Basin below GIen Canyon Dam. Chub are afforded
legal 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 continued existence.. Further, all
federal agencies are directed to use their authorities
to help recover the species (exceptions to this are
possible under the Iaw, but have never been granted) "

L7



ConnoB native fish. Eight native fish species
originally inhabited the Colorado River and its
tributaries. Of these, only the endangered humpback
chub and the three conmon species (bluehead sucker
flannelmouth sucker, and speckled dace) can still b:
found in the Colorado River below Glen Canyon Dam. (A
very sma1l population of razorack 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 nain channel
currents, serve as rearing habitat for native fish
(Figrure IrI-1) .

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
hanrest rates could not be naintained. Rainbow trout
spawning occurs on gravel bars in Glen Canyon and
represents 28 percent of the average trout harvest.

FampiJrg beaphes and other sand dep_osits. Many of the
critical resources mentioned here depend upon the
existence of camping beaches and other sand deposits in
Grand Canyon. fn narrow sections of the river, such
deposits were scarce even before darn construction, and
campsites along these reaches are smalI and widely
separated. Sand is more commonly deposited in wider
reaches, providing larger and more plentiful carnpsites.

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 recj.rculating 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, dS well as camping beaches for boaters (Figure
rrr-r.) .

Terrestrial riparian veoetation and wildli-fe. The rich
mix of native and exotic streamside vegetation along
the Colorado Rj.ver 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 waterrs edge has added nehr diversitlr to the
riparian ecosystem, providing nesting sites for birds
and food and cover for other wildlife (Figure III-1 ).
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Riparian birds in particular have increased in both
number and diversity. Nesting riparj-an birds were used
in this study to indicate how -terrestrial wildlife
responds to changes in vegetation. This was done
because birds are directly dependent on the quality and
extent of riparian vegetation, and because morepre-1983 data are available for birds than for other
Grand Canyon terrestrial vertebrates.

€rand Canvon white-water boatinq. The Colorado River
through Grand Canyon is one of the finest stretches ofwhite water in the world. The rapids and themagnificent scenery make these white-water trips(which can last as long as 30 days) affonce-in-a-lifetimerr 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 rnade on sand beaches, which provide
the most desirable camping locations along the river(Figure III-L). Reservations for commeicial trips,
which constitute about 85 percent of the tota1, Lreusually made one year in advance, and persons may wai-t
up to f ive years to obtain a per:rnit for a private trip.
Tfout fishing. Over the past, 20 years, the trout
fishery has received national prominence. The average
size of fish caught peaked in 1978 and use of the
fishery peaked in l-983 at 52,OOo user-days. Due to
the popularity of the fishery and increased fishing,
more restrictive fishing regulations were introduced in
L978, L980, and t-986 by the Arizona Department of Game
and Fish (AGF) to reduce fishing pressure.
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SECTION IV8 CITANGES SINCE DAU CONSTRUCIIIOII

Dramatic changes have taken place in Glen and Grand
Canyons since Glen Canyon Dam lras completed in 1963.
Construction of the dam 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-Dan River Flows Ead Wide Seasonal Variations In
I.lagnitude, Sediment Load, And fenperature

Pre-dam river flows were characterized by low f,lows in
fall and winter and floods in spring and sunmer.
Spring floods frorn snowmelt runoff reached a peak in
June, and ranged from 25,300 to 3OOTOOO cfs. From L9Z2
to L962, the annual volume of flow past the USGS gaging
station at Lees Ferry averaged LI.7 naf and ranged from
2.5 t,o 19.2 maf . In 1953, a typical low-water year
(8.?9 maf), flow was above 3L,500 cfs from late May
until the end of June, with a peak of about TOTOOO cfs.
For most of the rest of the year, flow was very
Iow--typically in the range of 3,OOO to 8,OOO cfs (Fig-
ure IV-L).

In L957, a typical high-runoff year (L7.3 :naf), flow
reached 1261000 cfs, and was above 31r5OO cfs from the
beginning of May until early August. Except for short
periods of tributary flooding, flor* was in the range of
51000 to 1-01000 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 nillion tons in the period Lg[g to Lg6Z, about
four to five times the average annual suspended
sediment load delivered to the river by the three xrajor
tributaries below Lees Ferry. The amount of sedirnent
carried in the river increased during the high flows of
snowmelt runoff, but typically reached highest values
during tributary floods in the late surnmei" Sediment
carried by the river was sufficient to replenish
beaches scoured by spring floods.
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Figure lv-L. Flow volume, sediment load, and water
temperature from low. and high-water years prior to dam
construction, measured at the USGS gaging station at
Lees Ferry.

24



I
I
I
I
I
T

I
I
t
I
l
I
t
T

I
I
I
I
I

Water tenperature varied seasonally: near freezing in
Decenber and January and reaching a peak 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 fron about 931000
cfs in the pre-darn era to about 29,000 cfs for the
period L953 to L980, when Lake Powell was being filIed.
During a representative post-dam, low-runoff year
(L982, 8.3 rnaf), peak flow remained below the
powerplant capacity of 3Lr5oo cfs (Figure Iv-2). Daily
flows were released in response to power demand,
changing by as much as 201000 cfs in a 24-hour period,
and resernbling the pattern of daily releases shown in
Figure V-3. Flow was in the range of 16,000 to 27,500
cfs for 25 percent of the year, LO,00O.to 15,000 cfs
for 34 percent of the year, and below L0r000 for 42
percent of the year. Annual flow volume past Lees
Ferry ranged from 2.4 to 20.5.maf.

In contrast, during the high-water year of 1986 (1-6.6
nraf), the river outlet works were used to bypass the
powerplant , releasing excess runoff, and daily flows
reached 51,600 cfs (Figure Iv-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
L6,000 cfs about 70 percent of the tine.
A11 sediment from upstream of the dam is now trapped in
Lake Powe1l, drastically reducing the sediment load of
post-darn flows. Annual suspended sediment load at Lees
Fefry, which is upstream of any major tributary, is
estimated to have been 0.4 nillion tons in 1982 and in
L986, a decrease of about 99.5 percent from pre-dam
conditions. Virtually all the sedirnent added to the
system must now be delivered by tributaries below Lees
Ferry. (Note thd change in the axis scale for sediment
between Figures IV-1 and IV-2.)
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Water temperature no longer changes seasonally
relatively constant, year-round. Water which
through the powerplant is drawn from a level
Powell where the ternperature varies little.
temperature at Lees Ferry now ranges from 46
degrees F.

but is
passes

in Lake
River

to 54

Beaches. Examination of historical photographs shows
that locations of carnping beaches and sand substrate
for vegetat,ion have remained much the same throughout
this century. The amount of sand stored in the main
channel riverbed apparently gradually decreased between
1940 and the start of flow regulation in L963 in
response to large scale clirnate changes. Avaj-lable
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 'rold High Water Zonerr (oHwz)
had stablized above the level of peak sunmer 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 in peak flow, significant amounts of veg-
etati-on have become established in the former flood
zone. This new zone of vegetation is called the rrNew

High Water Zonerr (NHWZ) and is composed of
newly-established native species such as willow,
seep-willow, and arrowweed; other native species that
ard colonizing from the OHWZ such as nesguite and
acacia; and ex5tic species such as tamarisk. Tarnarisk,
which is a major component of the new zone, was found
along the river before L963, but has greatly increased
in area since that time. This increase may not be due
entirel.y to flow regulation--great increases in
tamarisk occurred in rnany riparian zones throughout the
Southwest over the sarne tine period. (See Appendix '8,
Sections II and IV. )

otber Resources Uave Changed In Response To Changes
Ia lfbe River
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Figure IV-4" Banks and sandbars that hrere bare prior
to dam construction (top) have become covered with
riparian' vegetation {botto:n), {Photographs from Turner
ana Karpisiak 1980, Figure 61A-618' Photographs of
River l,tile 204.4. Top photo da{:ed 2? September L923 by
E.C. LaRue #633. " Battom phote clafed 3 August L974 by
R.l{. Turner #60, at an averagie .*aily d'ischarge of
l-5 r 5OO cf s. Bottom. photo courLesy of R"lt. Turner,
uscs " )
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The' reduction in the annual flood peak also permitted
the establishnent of marshes in some low, sandy areas
along the riverbanks. The increase in area of
vegetation along the river, and the addition of new
habitats such as narshes, riparian trees, and dense
shoreline vegetation, allowed an increase in population'
densities of a number of wildlife species, including
the rare bellrs vireo and willow flycatcher. A1so,
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 tenperature and sediment
concentrations, and thrive on the new food base.
However, the cold water has be6n detrinental to the
warm-water native f ish. of eight native species
originally found in crand Canyon, only four remain in
significant numbers. The spawning area for one of
these, the humpback chub, is now tinrited 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 1953.
Today, fishing for trout in Glen Canyon, made possible
by the cold water released from the dam; is a urajor
recreational activity generating approximately $0.5nillion in recreation benefits annually

!{hite-water rafting has grown fron fewer than 2OO
boaters in f950 to about L6,0O0 in L972. Today,
white-water boating generates approxinately $4 to $9nillion in recreation berrefits annually, depending upon
flov conditions. Although regulati,on of river flows
and the resulting lengthening of the white-water season
has certainly been a factor in this increase,
white-water boating has increased dramatically inpopularity nationwide during the same period. Other
rivers in the United States, both controlled and un-
controlled, have experienced dramatic increases in
white-water boating in the last 10 to 2O years. This
suggests that white-water boating use of the Colorado
through the crand Canyon would be very high without
GIen Canyon Dam, but probably not as high as with fLow
regulation (Appendix C, Section I).
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8EC'TIO![ Vs DAlt OPERIIIIONS

This chapter srrmnarizes the'legislated functions of
Glen Canyon Dan and how these functions are serrred
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 inpacts--flood and fluctuating releases.
Considerably more detail can be found in Appendix D,
Dan Operations

GIen Canyon Dam and Lake Powell are part of the
Colorado River Storage Project (CRSP), which includes
six dans and resenroirs in the Upper Colorado River
Basin and eleven irrigation projects. GIen Canyon Dam
sen/es 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 Dan, as shown in Figure V-1:

(1) Release through the powerplant. GIen Canyon
Powerplant 'has eight generators with a total capacity
of 1,356,0O0 kilowatts (kW). The combined discharge
capacity of the eight turbines is approxinrately 31r5OO
cfs. However, a linit of 31r50O cfs (1r9O0r00O
acre:feet monthly) is presently followed. Discharge
through the turbines is the preferred nethod of re-
lease because electricity and associated revenue Ere
produced.

(2') Blpassing the powerplant through the river outlet
works. The capacity of the river outlet works is
15,0OO cf,s. 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
conbined releases ranging from 31r500 cfs to 48r5OO
cfs.
(3) Spillway releases. Releases through the spillways
blpass both the powerplant and the river outlet works.
The combined capacity of both right and left spillways
is approximately 208rOOO cfs. Spillway releases are
nade only when there is an urgent need to release large
volunes of water to avoid overtopping the dam, or to
lower the level of Lake Fowell. Spillway releases are
avoided whenever possible due to the shorter senrice
life of the spillwalrs compared to the other release
strrrctures. This brings the total release capacity
from all structures to over 25.01000 cfs.
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figure V-l" Water
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Two of the objectives identified in the legislation
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, ds defined in the
Colorado River Compact. All other project purposes'
including the generation of hydroelectric power' are
incidental to these goa1s.

The prinary purpose of Glen Canyon Dam in the CRSP is
to enable the Upper Basin states (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 the Lower Basin
(Arizona, Nevada, and California). The reservoir (and
others in the cRsP systen) allows the Upper Basin
states to take water year-round from the Upper Colorado
River- for consumptive uses and still store enough
spring runoff in Lake Powell to guarantee the required
delivery to the Lower Basin states even during a long
period of drought.

The operating criteria, administered by the Secretary
of the Interior, define the minimum annual release to
the Lower Basin to be 8.23 maf. Releases greater than
8.23 maf annually are per:rnitted if : (1) storage in
Upper Basin reserrroirs is greater than that reguired by
section 602 (a) of the Col-orado River Basin Project Act,
and (2') the volume of storage in Lake Powell is greater
than that in Lake Mead. Releases rnay also be made to
avoid anticipated spills (bypassing the powerplant)
from Glen Canyon. Each of these criteria will be dis-
cussed in turn.

Minimum release of 8.23 rnaf. Glen Canyon Dam must be
operated such that a minimum of 8.23 rnaf is released to
the Lower Basin each year (rnonthly distribution of
volurne is not specified). If this release cannot be
net by the CRSP system of reservoirs, the Upper Basin
water users rnust curtail water use sufficiently to
allow this delivery.
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ThE Uajor Operational Goal
SatEr Storage And Delivery

For Glen Canyon Dam
To The Loser Basin
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Me-eFincr tr602 (a\ rr storacre requirements. section 602 (a)
of the cRsP Act reguires that the system of rese:rroirs
in__the Upper Basinannually achieve water storage
sufficient to make the ninimum 8.23 naf delivery to the
Lower Basin without irnpairing Upper Basin uses. As thelargest CRSP reservoir, Lake powell must annually
contribute the urajor share of storage toward this goar.
The secretary of the rnterior is required annuarry toprepare a plan of operations for the CRSP reserrroirs
which specifies the amount of storage required by Sep-
tember 3O to meet the tt6OZ 1a1 tt reguirement. ttoweveito date no official =p"-iri"ation of the amount ;i
storage required has been made. Instead, each year theannuar operating plan contains a statement that therractive storage in upper Basin reservoirs forecast for
September 30, 19..., exceeds the r602 (a) r Storage
requirement under any reasonable range of assumptions

Therefore, the accumulation of t602(a)r Storige isnot the criterion governing the release of water during
!h" eurrent year. rr The role of r6021a1 rr storage indeternining the operating leve1 of Lake powell wil:. be
discussed further below.

Ma+ntaininq Lake Mead storacre esrar to or greater than
Lake Powell storage. rn orde,r to ensure ihat cotorFao
River Basin water supplies are apportioned equally
between the Upper and Lower Basins, the CRSP Actstipulates that releases from Lake powerl wilr be madeto maint,ainr ds nearly as practical, dn amount ofstorage in Lake Mead egual to that in Lake powe1l.

Releases can be made
from Lake Powell to avoid rspillingrfr that is, to avoidhaving to release water in lny way other than throughthe powerplant" This means that powerplant rereasescan be increased at any tirne (within generator
capacity) to avoid having to make non-powerplant
releases later.
rn addition to the primary objectives of water storage
and water derivery, several incidentar objectives exiitfor the operation of the colorado River dins as defined
:..n !,he Operating Criteria. These incidental obj ectivesinclude: (1.) power production, (2') flood -ontro1,
(3) river regulation, (4) water quifity control, (5i
recreation, (6) enhancernent of- fish- and wiiarieeresources, and (7) enhancement of other environmental
factors.

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

Flood control: Existing space at Lake Powell can be
used as credit toward the space which must be resenred
at Lake Mead for flood control.
River regutration and water quality: Glen Canyon Dam has
not been used significantly for river regulation or
water quality control.
Recreation: Summertime releases are kept above 3rOOO
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.)

Under current operations, the annual risk of naking
flood releases is 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) minirnize the
nagnitude 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 is because reservoir inflows cannot be
perfectly predicted. The closer reservoir levels are
brought toward full cdpacity during the year, the more
likely it is that unanticipated inflows will reguire
flood releases. Conversellr, avoiding flood releases by
lowering the filling targel for the ieservoir increases
the likelihood that unexpected shortfalls in runoff, or
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Flood Releases Are e Function of Resenroir Level
Targets, Uncertainty In Runoff, And Op€rating
Rules tror sandling Increases In Forecast Runoff
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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 (resenroir elevation 3,648 ft) on
January 1, and have the resenroir full (elevation 3,7OO
ft) on July l.
The July target to fill the reservoir is not specified
directly in the CRSP Act or in other regulations.
Because there are areas of uncertaS-nty regarding the
quantification of tt6o21a) tt storage, a practical
solution to the question of rninimurn storage has been to
fill Lake Powell each year, if possible. Thus, while a
strict quantification of tt6021a1 tt storage does not
control the release of water frsm CRSP reservoirs, the
uncertainty over the magnitude of tr502 (a) tr storage has
led to informal operating criteria which substantially
affect dam operations.

Uncertaintv j-n annual runoff . The schedule of rnonthly
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
depends 'critically upon the forecast of the annual
inflow.
However, the annual inflow is difficult to predict.
For example, since 1.922, the annual runoff in the Upper
Basin has ranged from 2"5 uraf to over 20.0 maf.
Because of this uncertainty, updated forecasts of run-
off are nade each month and the rnonthly release
schedules adjusted. Early in the annual runoff period,
the potential error in the forecast of the total runoff
is very large. Figure V-2 shows how the error, above
and below the projected total - runoff, is typically
reduced each month as forecasts are updated based on
i.nforrnation about the actual runoff .

Qperating procedures for handling increases in forecast
lunoff. Under current operating procedures, any
increase in the forecast runoff volume is spread evenly
over the nonths rernaining in the runoff period rather
than released irnrnediately by increasing releases to
maximurn powerplant capacity, until the excess volurne ispassed. This is done to guard against making an
unnecessary release of water should the projected
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LAKE POWELL FORECASTED INFLOW
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increase not materialize.
however, increase the risk of
peak of the runoff.

This procedure does,
flood releases during the
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Fluctuating Releases
Production To Demand

Are I'tade To
And To $e11

Irtatch Electrisity
The !{ost Power

The western Area Power Adrninistration (wApA) rnarketsand transmits the power generated at Glen Canyon Dam
and other federal facilities. The marketing of power,
and the factors that shape the demand for andproduction of polrer at Glen Canyon Dam are many and
complex" Refer to Appendix D for a more colnplete
description.

The GRSP Act directed that Glen canyon Dam be operated.to produce the greatest practical amount of powei that
could be sold at firm power and energy rates (long-tern
contracts for guaranteed supply). power produced at
9]"r Canyon Dam provides electricity and helps to repaythe cost of facirities and projects associated with theCRSP. Revenues collected from the sale of the power,
municipal and industriar water suppries, and irrilationwat,er are applied to the Upper Colorado River BasinFund, established through Section 5 of the CRSP Act.These revenues provide for the repalanent of the costs
associated with Lhe the initial febelal investment, in-terest, portions of participating irrigation projects,
and operation and maintenance functions. - annual
repayment studies are made to deterrnine if adjustrnentsin. the power and water rates are required. By law,rates for power generated by the CRSp must be set atthe lowest- level consistent with sound businessprinciples. .Although this means that the CRSP gen-
eration facilities cannot be operated rfor profitr; itdoes not preclude the generalion of surplus annual
revenues to be used for anticipated future costs.

-Pow9r is produced on a fluctuating (peaking power)
basis in order to increase tfre vllue -of theelectricity produced. This is done by releasingwater and producing power when power is rnost neededduring the day and its value is highest to
consumers--generally in the morning and evening (FigureV-3.) .Unlike many types of (non-hydroelectriil powergeneration facilities, the efficiency of lower
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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 significantty
increasing the costs of electrical generation, making
it very competitive with other sources of peaking
power. The value of the power, and hence the at-
tractiveness of long-term -ontracts, is increased by
scheduling power generati.on to coi.ncide with peak de-
nand. Producing pohrer in this fashion enables WAPA to
se1I the greatest anount of power at firm ener!ry rates,
as stipulat,ed in the CRSP Act.

r0000

2to00

20000

16000

roooo

r000

Sir"i"isi,"lei"lt"l"""-""""""*
MIDNIGHT NOON MIONIGHT

Figure V-3. When operating in a trpeaking powerrr node,
dam .releases increase during periods of high demand
(norning and evening).
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Summarv of Annual, Monthly, and Hourlv Operations. The
following discussion and Tab1e V-L summarize the
considerations in developing annual, nonthly, and
hourly water release schedules.

The volume of water released frorn Lake Powell each
month depends on the forecasted i-nflow, the annual
storage targets, and annual release requi.rements.
Demand for electrical energy is also considered and
accommodated as long as storage reguirernents are not
affeeted" Generally, fall and winter releases are
designed to meet the January I 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 accomrnodate the
changes in inflow as they occur. July through
September releases are used to compensate for any
missed targets and to take aim on the January 1 target
of 22.5 maf of storage.

After these considerations have been satisfied, and if
there is any flexibility rernaining 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 nonths whenever possible. createst flexibility
to match monthly releases to power demand exists in
yeafs of moderate runoff and reservoir conditions. If
minimum releases are required because of low reserrroir
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 ext,remely high, rnonthly releases are scheduled at or
near maximum capacity rnost of the tirne, again leaving
little flexibility for power generation.

Hourly releases are set to reach the monthly release
volurnes, 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 rnonthly volume of
release. Minirnum 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 eguipmentr'il&y cause severe departures
from the expected schedules" Generally these
departures are short-Iived and the effects on water
conser\ration can be rnitigated in a short tirne.
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Table V-L. Decision criteria affecting releases at
Glen Canyon Dam.

Annual Requirements:

1. Minirnum innual release of 8.23 maf ' AND

2. Minimum storage requirement (602[a] storage) '

3. Releases greater than 8.23 maf may be
scheduled-if both L. and 2. are satisfied'

ltonthlv Targets:

l-. If reservoir is expected to fill, satisfy
annual reguirements bY:

a) Meeting January 1 storage target of
22.6 maf , AND

b) Meeting July target to fill rese:r'oir,
AND

c) Scheduling releases to avoid anticipated
spilIs

2. If reservoir is expected not to fill, satisfy
annual requirements bY:

a) ffffi*l*'l?,1"*?'I.nni*ff:":: 
meet the

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

3. Allow flexibility to provide for a changing
forecast.

4. Accommodate seasonal patterns in energy
demands if they do not inpact annual
requirements.

Hourlv Schedules:

1". . Meet nonthlY targets, AND

2. Follow hourly energy demands, AND

3. Accornmodate emergencies and other unexpected
external factors.
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SACTION VI g TUPACTS OF CURRENT OPERATIOilIS

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 the criticar environmental
and recreational resources.

Flood rereases are defined as rereases greater than the
designated powerplant capacity of lt,SOO cfs which are
di-scharged through the river outlet works and spill-
ways. The river outlet works are generally operated at
or near the full capacity of 15;000 cfs, or not at all.
Therefore, releases above powerplant capacity are
usually in the range of 40rO0O-5O,O0O 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 l-980. Since then, flood releases have oc-curred in five of seven years. Under current op-erations, flood releases are expected to occur in oneout of four years (AppendiX D, Section III). A typical
flood release pattern (Figure Vr-la) for the 1,986 wateryear shows the high releases in May and June.

F3-uctuating releases are made when the dam is being
operated to produce peaking power. A typical daily re-
rease pattern for peaking power operations is shown inFigure VI-Lb. For the purposes of the GCES,fluctuations are defined as a change in dam rereasegreater than l-0,OOO cfs during a day. This cut-off
Poil!, although somewhat arbitriry, is based on changesin flow that appear significant for recreation and ttreenvironment. For example, when daily fluctuations aregreater than L0,000 cfs, they are noticed by asubstantial rnajority of white-water boaters. AIso, inpractice, when releases are, fluctuating, thefructuations are almost always greater than ro,ooo cfs.
Lake Powell has the water storage capacitynecessary to provide the required minimum annuarreleases of 8.23 maf even during a long period ofdrought (Appendix D). Therefore, steady flows lower
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HOURLY STEADY FLOIA/S
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Figure VI-l-a. The releases for 1986, a high-water
year, were used in the study to represent current
6perations. Hourly releases for August 2L, 1986
illustrate steady flows.
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Figure Vf-Lb. The releases for L982, a low-water year,
were used in the study to represent current operations.
Hourly flows for August 4 | L9g2 illustrate fluctuating
flows.
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than than 91000 cfs are not released nor are they
Iikety to be in the future. Such low flows occur only
as part of a pattern of fluctuations. Under current
operations, 'rninimum releases are delivered each year
in a pattern of fluctuating releases much like those
shown for l-982 (Figure VI-1b) .

Definition of Current Operations. To simplify and
guantify the pattern of current releases, w€ created a
representative sequence of years with three low-water
years for every one high-water year (Figures VI-la and
VI-Lb). The actual releases of L982 (8.25 maf) and
1,986 (16.5 naf) were selected to represent the
Iow-water year and high-water year, respectively. Each
Iow-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 401000 to 501000 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 removdd. In order to keep the
annual release volume constant, the flood volume of
about L.0 maf bras spread evenly throughout the year,
increasing releases slightly (1,OOO-2,OOO cfs).
Sinilarly, the baseline for evaluation of fluctuations
was the current operations sequence with all daily
fluctuations converted to steady releases with the same
daily volume.

The flow sensitive aspect of each critical resource is
given in Table VI-L. 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 welI. 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 irnpact.
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Tabte Vl-1. Basis for asseesing the irpact of ftors on criticat reEources.

Resqrce Ftor Sensitive Aspect Sensitive Period I rpact lleasure
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Hupback Chr.b

Cqrmon llative Fish

T rout

Trotrt Fishing

Vegetation & llitdtife

tJh i te-t'later Boat i ng

Beaches

Area of sparni ng and rear i ng habi tat
at the nputh of the Littte Cotorado River

l{uber and stabi t i ty of backraters

Sparning and adutt stranding above

Lees Ferry

Recreation vatrr of the fishery at
Lees Ferry and the probabi t i ty of
acc i dents

The areaI extent of Yegetation

Recreationat vatue of the experience
ard .the probabi t i ty of accidents

Probabitity of erosion and toss of
sed i rErtt

lfay to June

Jrne to August

Decenber to llarch

Septenber to Apri l,

At t year

llay to October

At t year

Poputat ion si ze

Poputation size

Pry.rtation size

Benef i ts and safety

Areat extent

Benef i ts and safety

Areat extent
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In the impact rnatrices (Figures VI-s and VI-7) which
follow, a ttplust, indicates that the critical resource
is positively affected by adding flood (or
fluctuating) releases to the baseline sequence of
years. A rrminusrr indicates that the addition of floods
or fluctuations has a significant negative irnpact. Anzerotr indicates no significant inpact, and a guestion
rnark indicates that the current data are insufficient
to judge impacts.

Flood Releases Uave Negative Impacts On Terrestrial
Resources ADd Recreation

The flowchart in Figure VI-2 shows the pathways by
which flood releases adversely impact the critical re-
sources. As the magnitude, frequency, and duration of
floods increase, the irnpact of floods on resources also
increases. These impacts are displayed for each
critical resource in the matrix in Figure VI-S.

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, [dy build up as a resull of
the redistribution of sand, these nettr 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, Ioss of sand from less protected
deposits will result in gradual loss of camping beaches
because these less protected deposits supply sand to
replenish camping beach deposits (AppendiX A, Section
II). As flow increases above 40TOOO-5OrOOO cfs, more
and more of the beaches protected by debris fans are
subjected to erosive downstrearn fIow. At TOTOOO-9OrOOO
cfs, most sand deposits are subject to direct erosion
by downstream flow (AppendiX A, Section II). 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 carnping beaches andsand substrate is potentially irreversible because
sediment lost to the system during flooding is notguickly replaced by tributary ftows.
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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 are inundated by flood releases is 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 subst,rate wiII result in a loss of riparian
vegetation because the densest stands of vegetation
commonly occur on sand deposits near the waterrs edge.
Vegetation can also be destroyed by inundation,
removal, or burial by redeposited sand. Long-Iived
terrestrial vegetation therefore cannot becorne
established below the level of the highest frequently
recurring flow. At floods of 90,000 cfs, up to 50
percent of the totat plant cover may be lost in some
areas. Ninety-five percent of the marshes along the
river were lost during flooding in l-983-l-986.
Scouring of marshes was so severe that they may not
recover. (See Appendix B, Section V. )

Wildlife populations which use vegetation for resting,
nesting, and feeding will gradually decline in numbers
due to the loss 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-
bers 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
5rOOO 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 l-0,000 and 311500 cfs. The
chance of flipping a boat when running a major rapid
rises from 3 percent to 8 percent.as flows rise frorn
high (L6,000-3L,5OO cfs) to flood (31,500-50,OOO cfs).
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Figure VI-4. Riverbanks, covered with sand and
vegetation (top phat,o), were significantly eroded and
stripped of vegetation following the L983 flood
releases (bottom photo) .
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fn addition, increasing dam releases from 3OrO00 tg
45r000 cfs causes a reduction in recreation benefits
of 17 percent for a commercial and 45 percent for a
private white-water trip (See Appendix C, Section III.)
If flood flows lead to substantial loss of beach area
in the long-term, recreation benefits (not commercial
revenue) for white-water boating wiII be reduced by
approximately 50 percent. fn an average year; this
reduction could represent a loss in recreation benefits
of approximately $S.z nillion dollars (See Appendix c,
Section III.)
Trout fishing. Flood releases have negative impacts
on trout fishing. At GIen Canyon, fishing boats are
required to have a minimum of 25 horsepower motors when
flows rise above 4O,OOO cfs in order to handle the
strong currents. Accidents, such as swamping of boats,
occur more frequently at flood flows than at flows
between L0r00O and L6r000 cfs, the safest flow range
for fishing frorn boats. High water also disperses the
fish populations and reduces the probability of a
catch. Compared to optimum conditions, which occur at
approximately LOrOOO cfs, flood flows of 45,OOO cfs
reduce recreation benefits from a fishing trip by 60
percent. (See Appendix C, Section III.)
Aquatic resources. No direct adverse impacts on adult
fishes have been shown to result from spring flood
releases. In fact, floods appear to benefit hunpback
chub. Younger age classes hrere well represented in
hunpback chub populations following the recent
high-water years of 1984 and t-985, indicating good
reproduction in those years. Flood releases from the
dan 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 si ze of the
guiet-water habitat reguired for rearing of larval
chub. Once chub reach a size that allows them to sur-
vive in the mainstem river, dam operations have few
direct impacts on them. Floods also have few direct

* Recreation benefits were assessed by measuring therrconsumer surplusrr associated with recreation under
different flow levels. Consumer surplus is 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 resources development
projects (See Appendix C, Section II.)
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effects on common native fishes and trout. Floods do
temporarily eliminate low-velocity, nearshore habitat
for juvenile trout and conmon native fish, increasing
rnortality and energy expended on sunrival. However'
floods do not appear to have long-terur effects on the
aquatic system. (See Appendix B, Section V. )

IMPACT OF FLOOD RELEASES ON RESOURCES
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Fluctuating Releas€g Eave Negative Impacts on
Recreation, Little Effect On Terrestrial Resources,
lnd tlixed Effects on Aquatic Resourc€g

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 faII by more than L3 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 faII of the river is seen
by boaters as unnatural. Fluctuations also make it
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much much harder to run a trip. Beaches that appear
to be good campsites can becone 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 waterrs 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 conmon. As a point of comparison, the white-water
recreation benefits for a typical low-water year are
increased by about $0.8 nillion by removing fluctuating
releases. (See Appendix C, Section III.)
Although fluctuations do not have a long-term effect on
future recreational opportunities, the imrnediate
reduction in the quality of white-water boating trips
is in a sense irreversible for the individual because
these trips are most often a rronce in a life-timerr 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 rnost anglers
visit Glen Canyon several times a year.

Trout , fishincr. 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 downstrearn over rocks and sandbars
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 onfy
exception is that fluctuations are preferred to steady
flows of less than 5,000 cfs. For a typical low-water
year, conversion from fluctuating to steady releases
increases recreation benefits from fishing by about
$O.Z million. (See Appendix C, Section III.)
Trout. The loss of adult and juvenile 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 Aprit when trout are spawning
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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 hanrest may depend on natural
reproduction, Ioss of eggs and young will reduce the
trout population. However, fluctuations increase the
avaitability of food to trout by increasing the
dislodgement and rnovement of invertebrates. The number
of invertebrates in trout stornachs increased sig-
nificantly during periods of fluctuating flow. (See
Appendix B, Section V. )

Common native fish. Larval conmon native fishes are
relatively innobile, very susceptible to predation and
stranding, and reguire guiet, \^rarm backwaters for
growth and survival. As flows fluctuate, the depth,
temperature, and velocity of backwaters change,
forcing fish to move into the nainstem river. This
increases the risk of predation and requires an ad-
ditional expenditure of energy (AppendiX B, Section fV
and V. )

Larval hunpback chub are less dependent on backwaters
than common native fish because they do not move out, of
the Little Colorado River until they are able to sur-
vive in the colder mainstem river. Fluctuating flows
probably have little effect on chub once they leave the
Littte Colorado River, although some individuals may be
stranded when river levels change (AppendiX B, Section
v.)
Terrestrial resources. Terrestrial resources such as
beaches and vegetation are not strongly affected by
fluctuating flows. Because vegetation has stablized
above the level of flow fluctuation, changes in flow
within powerplant capacity have Iittle effect on
terrestrial vegetation, habitat, and wildlife. (See
Appendix B, Section V. )

Sand in beaches and other deposits along the , channel
margins wiII 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 in water level for the same fluctuation range
than do wide reaches. Although floods may redeposit
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I
sand at elevations above the 31,500 cfs level if sand I
is in sufficient supply, initiation of fluctuating
flows or lower steady flows after these floods will
cause loss of the newly-deposited sand throughout the
canyon. Loss will be greatest in narrow reaches,
where conpetition for campsites is keenest.
Redistribution of sand by fluctuating flow may reduce
the area and depth of backwaters. (See Appendix A,
Section II.)

IMPACT OF YEAR - ROUND FLUCTUATIONS
ON RESOURCES
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flood Releases
tong-Tern And

Eave Greatest Potential For
Imeversible Impacts

of the operations evaluated, flooding has the greatest
potential to irreversibly inpact 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. Loss of beaches,
sand substrate, and marshes may be nearly irreversible
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because the supply of sediment is severely reduced and
is highty erratic. Floods may also irreversibly impact
the veget,ation by leaching nutrients from the soil
(Appendix B, Section V) Nutrient-poor soil could
linit.productivityr change the species composition_ .ofriparian vegetation, and lead to loss of wildlife
habitat and a decrease in the diversity and abundance
of plants and animals.

Although some potential benefits of infreguent flood
releases have been hypothesized, it appears. that the
detrimental effects of even rare floods (L in 2o years)
outweigh potential benefits. We have had only a short
time to monitor the response of the system to floods,
and therefore have very litt1e idea of how the system
responds to a given frequency of floods. However,
based on evidence of irreversible damage from the 1983
flood, which occurred after 20 years without floodsr w€
conclude that floods occurring more freguently than
once in 20 years wiII result in loss of critical re-
sources without substantial benefits. These potential
benefits are discussed below.

(1) As vegetation ages and becomes more
homogeneous, the diversity of animals that
depend on vegetation is 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 aninal diversity. The
freguency of flooding that would enhance
diversity is not known at the present tirne.
We know from this study that diversity within
the animal community along the river was
increasing from L963 to L982, a twenty-year
period of operations with almost no flood
releasesr w€ do not know how long plant and
animal diversity would have continued to
increase or whether the flood in L983 wiII
increase or decrease diversity in the }ong
term.

(21 If sand is in sufficient supply in and
along the river, floods can move sand from
Iow elevations to high elevations where it is
more useful for campsites. Redistribution of
sand during floods cleans it of refuse and
scours away any encroaching vegetation which
may make camping more difficult. Howev€r,
overall beach area wiII be lost during any
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flood, and much of the gain in sand at high
elevations will be temporary.

The fioods of L983 and 1984 caused loss of
area of camping beaches, especially in narrow
reaches. Because this loss occurred even
after the system had had almost 20 years to
store sand for resupply of beachesr w€
conclude that floods occurring more than once
in 20 years wiII cause even greater loss of
beaches unless delivery of' sand from
tributaries is exceptionally high.

(3) Flood flows may be reguired 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 L966, could make navigation very
hazardous. Large annual floods of the
pre-dam period adjusted these deposits, e€rs-
ing the constriction at rapids and making
them more navigable. The size and frequency
of flows needed to remove large, newly added
debris are not known. Evidence suggests that
flows of 90, 000-300, OOO cfs may be required
to maintain rapids at their pre-dam condition
of navigability. These flows may very weII
be above the I irnits of releases that would
ever be made as part of planned operations at
GIen Canyon Dam.
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. 8ECTTON VII3 UODTFIED OPERATION8

In this inapter we describe five vrays 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 environrnental or
recreational resource. A11 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 represent the full range of possible options and
should not be considered as fully developed or
recommended operational plans.

The critical resources targeted for each scenario are:

(1) Hunpback chub
(21 Common native fish
(3) Trout
(4) Beaches, terrestrial vegetation, and wildlife
(5) Fishing and white-water recreation
we combined resources that respond sirnilarly 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 here:
minicking pre-dam releases to sirnulate rrnaturaltf 'flows
and increasing the peak powerplant capacity from 31-r500
cfs to 331L00 cfs.
Each scenario is represented here (see Figures VII-I 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: a |thigh-water yearrr version that pro-
vides roughly 1,6 rnaf of release, and a rrlow-water yearrl
version which provides roughly 8 maf of release.

Scenarios for each resource hrere developed around the
sensitive periods in lifestage or use patterns shown in
Table VI-L. The rationale for these release patterns
is presented in the inpacts analysis below and de-
tailed in Appendices A-C. For each scenarior w€
describe the benefit that results for the targeted
resource and also impacts to the other critical
resources .when the scenario is compared to currrent
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operations as defined in section Vf.

Releases For EIrltPBAcx CHUB Benefit t{ost 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-L). 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 chub reproduction and lar-
val survival.
Providing. releases which increase hurnpback chub nurnbers
may alsg protect or enhance many of the other critical
resources compared to current dam operations. Common
native fish, for example, would not be subject to the
daily changes in backwater location and temperature
caused by fluctuating releases. Steady flows during
Iate summer months would allow these fish to rear in a
Iow-velocity and relativety warm environment which may
enhance growth, minimize energy expenditure, and reduce
predation..risks compared to the current pattern of
fluctuating releases. 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 leve1s. 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 food availability. (See Appendix
B, Section VII. )

FIow conditions for fishing and whit,e-water boating
would be improved by elimination of fluctuations.
Boating safety would also improve because of the
elinination of flood releases and very low flows.

Operations nodified for chub probably would be danaging
to beaches in the long term. Although floods would be
each year would result in greater sand transport than
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eliminated, the long period of maximum powerplant flows
under current operations. The resulting amount of sand
stored in the main channel would be less than under
current operations, making beaches more vulnerable to
erosion. AIso, the change each year from low to high
flows would produce unstable beaches, and night result
in a higher rate of erosion than under current condi-
tions (See.AppendiX A, Section V. )

Terrestrial vegetation and wildlife both would benefit
under the chub scenario when compared to current
operations, which include f loodingf . The major
Iong-term benefit to vegetation would be protection
from physical removal and substrate loss similar to
that which occurred following the flood releases in
L983, L984 , l-985, and 1986. However, possible
Iong-term loss of beaches could lead to some loss of
vegetation and wildlife populations.

Releases For COMI{ON NATM FISH Have Strongf
Negative Effects On Whit€-ll?ter Boating

The common native fish scenario (Figure Vff-2) is based
on the evidence that the largest number of backwaters
are available at relatively low flows (5,000 cfs).
Therefore, Iow flows from June to August would increase
the availability of backwater habitats during the
vulnerable rearing period over those available under
current opOrations. The remaining water is evenly dis-
tributed from September through May. PreI iminary
research has shown that flows of 5,000 cfs can triple
the number of available backwaters compared to flows of
28,000 cfs (Appendis B, Section V). It is possible
that a similar number of backwaters would be available
under flows higher than 5,OOO cfs. Additional surveys
of backwater numbers at different flow leve1s are
needed to refine this scenario.

The number of backwaters is increased if low flows are
preceded by steady flows because sandbars deposited in
eddies show more topographic relief under these
conditions and more backwaters form when flows are
dropped (Appendix A, Section II) o Fluctuations
continually change the depth, temperature, and velocity
of backwaters, forcing larva1 fish to either move into
the mainstem river or be stranded and die.
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The common native fish scenario may have a negative im-
pact on humpback chub in June, when chub larvae are
stilt 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
Colorado River and transport larval chubs into the
mainstem river, an inhospitable environment for them.
By July, Iarval chub have grown to a size where they
can survive in the mainstem and low flows no longer af-
fect them.

Steady flows in winter would benefit trout by
eliminating the low water that accornpanies winter
fluctuations and exposes spawning areas. However,
absence of fluctuations would decrease food
availability. Low flows in the summer have no effect
on trout because they are not spawning. Beaches,
terrestrial vegetation, and most wildlife would benefit
from this nearly steady-state scenario compared to
current operations (AppendiX A, Section II). Veg-
etation would benefit from the lack of floods and ex-
pand in area down to the level of the 26,000 cfs peak
flow. However, Iow 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, JuIy, and August would severely reduce
the recreational value of white-water boating and in-
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 Requirenents
For Reproduction And Growth

The seasonal needs of rainbow trout reproduction and
growth within the GIen Canyon fishery suggest that both
fluctuating and steady flows may be beneficial at
specific times of the year (Figure vff-3). Steady
flows from December through March to provide minimum
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flow of 81000 cfs would protect trout spawning areas
from dewatering. Fluctuations which strand adults and
eggs would be elininated, providing increased
protection for natural reproduction. Once fry have
ernerged from spawning areas in March, a minimum flow
would not be needed. Trout fry would benefit from
keeping flows under 25rooo cfs to maintain nearshore,
Iow-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, ot, if
sor would be as beneficial to trout growth as the
year-round fluctuations of current operations. (See
Appendix B, Section V.)

The inpact of the trout scenario on other critical re-
sources would be mostly beneficial. The reduction in
fluctuations and elirnination 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
f ish.

Releases For
WILDLIFE ATe

BEACHES, TERRESTRIAL VEGETATION, A}ID
Iulostly Favorable To Other Resources

Protection of terrestrial habitat and beaches reguires
a scenario (Figure VII-4) that eliminates both freguent
flooding and extrerne fluctuations. The elimination of
floods would protect camping beaches from Ioss. Steady
flows would be lower than the peaks of current fluc-
tuations, even in high-water years. Stabilization of
camping beaches and substrate to this lower peak flow
level would result in more area of beaches and
vegetation than under current operations (Appendix A,
Section V. )
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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
guatity and stability of backwaters would increase due
to elimination of fluctuations.
The impacts on humpback chub of steady flows of 23,ooo
cfs in high-water years and l-2,ooo cfs in low-water
years is uncertain.

White-water boating would be enhanced by the
elinination of fluctuating releases. The recreational
value of the fishery and boating safety would also in-
crease under the more moderate flows of this scenario
(AppendiX C, Section III).

REleases FoT FTSHING AND WHITE-WATER RECREATION
Are Mostly Favorable To Other Resources

This scenario (Figure VII-5) is designed to provide
desirable conditions for anglers during the winter and
for boaters during the primary white-water season.
Elininating fluctuations would provide for increased
recreation benefits for anglers and particularly for
white-water boaters. However, the two groups prefer
guite di f f erent f low level s . Anglers prefer
approximately l-0,000 cfs, and white-water boaters pre-
fer 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 oc-
curs from May to October

No negative effects of this scenario to the other
critical resources have been identified by this study.
However, the effect upon hurnpback chub is unknown for
the reasons described in the section above. Common
native fish would benefit from this scenario during
low-water years due to decreased peak flows and lack of
fluctuations. However, in high-water years, it is
Iikely that backwaters 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.
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It has been suggested that dam operations which mimic
pre-dam flows (i.e. outflow egual to inflow) would lead
to more natural conditions downstream. Such a release
scenario could not be possible under existing
constraints; however, for the purposes of evaluating
the impact of such flows, w€ have ignored these con-
straints and assuned that the releases could be made in
a pattern sirnilar to that in Figure VII-6. It must be
noted, however, that such releases would still be much
colder and contain much less sediment than pre-dam
river flows.

Humpback chub would probably fare weII with a more
rrnaturalrr release pattern because flood flows increase
the area of reproductive and rearing habitat at the
mouth of the Little Colorado River. Because flows of
this scenario would be colder than pre-dam flows,
conmon'native fish, which before the dam used the rnain
channel for larval rearing, would still be dependent on
backwaters for rearing. However, Iow f lows and
associated backwaters would be available in largest
numbers in August, September, and october, a period
very late for larval rearing of common native fish.
Therefore, although flow volume would be sinilar 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. 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 undesirable'fishing conditions
because of reduced access upriver and damage to boats.
These low flows would also substantially reduce, if not
eliminate, trout spawning and rearing.

Frequent, Iarge 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 on which it grows.
Studies have shown that tributary input of sediments

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

Releases To t{inic TNATURAL coNDrTIoNgrr Have Strong
Negative Impacts On g€veral Resources

72



I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

would not be sufficient to replenish carnpsite beaches
following repeated clear-water flooding. Terrestrial
wildlife would decrease in both nunbers and diversity
as the habitat upon which they depend is elininated.
(See Appendix A, Section V.)

The use period for white-water boating would be reduced
because boaters would have to avoid the extremely low
and high flows vhich present nultiple hazards to both
boaters and equipment. Further, the quality of the
experience would be dramaticalty reduced following loss
of beaches, vegetation, and wildlife along the river
corridor.

In conclusion, rrnaturalfr conditions cannot be recreated
without reestablishing trarm river temperatures and a
Iarge, consistent supply of sediment.

IMPACT OF RELEASES TO MIMIC "NATURAL
CONDITIONS.. WHEN COMPARED TO

C URRENT O PERATIO N S

CR IT ICAL RESOURCES

Chub
Notive Trout Troul
Fish Resra/Grm Fishing

ww
Bootfng

Ter res.
Beoches Hobitot

? .ITD

a-

(- -
t- --

-

Figure VII-6.
adversely irnpact

Releases to mimic TNATURAL
most critical resources.

73

coNDrTroNSrf



The Modified Release Patterns, Except For The
Releases To l.tinie Pre-D'rF Flowsl Are Generally
Beneficial To Downstream Resources

Figure VII-7 shows the impacts of the nodified release
scenarios for aII critical resources combined on one
matrix. The resource 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 under Chub reflect the un-
certainty about the flows needed to increase rearing
habitat in the Little Colorado River. The pluses under
Trout Fishing reflect the inproved fishing conditions
that would result from all scenarios since they all in-
volve dramatic reductions in the frequency of very Iow,
very high, and fluctuating releases. The pluses for
vegetation and wildlife reflect benefits of removing
floods. The pluses for common native fish reflect the
improved quality and stability of backwaters when
fluctuating flows are elininated.
The minuses in the matrix highlight areas where efforts
to improve one resource would likely harm another. The
major conflict is between the increase in humpback chub
populations caused by high water in the summer and loss
of sand because of increased sediment transport under
the humpback chub scenario.

Impacts Of INCREASING
31,500 cfs To 33 r 100
This Time

POWERPLAIIT
cfs Cannot

CAPACITY FrOM
Be Assessed At

The changes in darn 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 will affect future dam operations.
Variability in forecasts, management options, and
physical system lirnitations wiII irnpact the actual
releases scheduled. The way that the new capacity
will be used has not been formalized, and until it is,
impacts cannot be assessed.
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Figure VfI-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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Use of the uprated capacity in the Glen Canyon
generators may lead to several changes in flow patterns
irorn the dam. These changes would be most apparent in
water years with moderate runoff, which occur
approximately 30 percent of the tine. In these years'
the highest steady releases may be raised from 3L'500
cfs to it,too cfs. This corresponds to a maximum rise
in river level of less than one foot. During periods of
fluctuation, the peak flows may also be increased to
33rl,OO cfs. This would reguire either lowering the
bottom end of fluctuations by approximately 2 'OOO 

cfs
or by increasing the rate of rise and fall in the
pattern of releaies. In years of high runoff, which
also occur approximately 30 percent of the time, the
effect of the uprate would primarily be to raise the
peak steady releases from 3Lr500 cfs to 33'l-00 cfs
(AppendiX D, Section II.)

Changes in the level of steady releases, from 3l-'500 to
33, LoO cfs, are not likely 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 inpact of the rewind and
uprate may be more than the change from 3L'500 to
ggrtoO cfs. Before the uprate piogram, discharges
between 27,5OO and 3L,5oO cfs were infrequent.
Sand-dependent resources and vegetation therefore may
have stlUitizea in rnany areas to a level corresponding
to a discharge closer to 27,5OO than to 3L'500 cfs.
The difference in water level between 27,5OO and 33'l-00
cfs is between L.o and 1,.5 feet, depending upon the
width of the reach.

A change in water level of this size
significant loss of camping beach

would result in
area, substrat€,

backwaters, and areal extent of vegetation,
particularly in narrow reaches. No species of
terrestrial vegetation or wildlife would likeIy be lost
from the canyon, but the number of nesting birds and
other wildlife could decline.

An increase in arnplitude or rate of change of
fluctuations could increase the nurnber of stranded fish
and loss of backwaters. Increase in the freguency of
low flows could increase reproductive losses for
rainbow trout.
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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
Iosses in the natural population under fluctuating
flows. Supplemental stocking might elininate the ap-
parent conflict between the fluctuating flows required
for trout growth and the steady.flows needed to protect
natural reproduction. The number of fish reguired for
stocking and the cost of such a program have not been
determined. Further, the loss of naturally produced
rainbow trout may adversely affect the quality of the
fishing experience for some anglers who prefer to catchrrwildtr fish (Appendix C, Section IV. )

Humpback chub and cornrnon native f ishes. If water
temperature in the mainstem hrere increased to 62
degrees F during May and June, chub night 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 addition,
increased water temperature could allow reintroduction
of endangered fish species, such as the Colorado
sguawfish, that were lost to the river after construc-
tion of the dam.

Warming of tailwater releases through the surnmer period
would also enhance growth of native fishes and trout.
In addition, increased water temperature would increase
the availability of low-velocityl warm-water habitats
reguired for rearing of larva1 common native fishes and
possibly reduce their current dependence on backwaters.
the only practical way to increase temperatures over
several months, given the changing elevations of Lake
Powell, is to nodify the dam intake structure to allow
intake of warmer water nearer the surface of the reser-
voir.

Non-Operational Approaches Uay Also Enhance Or
Protect Downstrerrn Resourceg
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Possible adverse conseguences 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.

Loss of marshes. The flood flows of l-983 elirninated
most. well-established marshes in the Grand canyon.
These highly productive areas provide habitat for a
variety of native fishes, aquatic mammals, and
terreslrial birds and mammals. Marshes night be
recreated by diverting flow into low-lying or protected
terrestrial habitats adjacent to the river. However'
objections might well be raised if such a diversion re-
quired the buitding of structures or water control
facilities that would detract from the naturalness of
the canyon. Not much is known regarding the marsh
ecology in Grand Canyon. Research would need to be
completed prior to considering any structural fea-
tures

white-water boatinq. Fluctuating releases have many
negative effects on white-water boating, such as the
neea for rnoving boats at night, waiting for better
flows, the unnaturalness of fluctuations, and !h"
difficulty of selecting campsites and mooring
Iocations. Mitigating these impacts of fluctuations
through non-operaLional means would be very difficult.
The onty non-operational method we are aware of is
construclion of I re-regulating dam downstream of GIen
Canyon Dam to catch and dampen the fluctuating
releases. Such structures have been proposed in the
past and rejected because of their unacceptable irnpact
on Grand Canyon National Park.

The difficulty of rapids at high flows could be
rnitigated by using larger boats, but this would
exacerbate problems with iapids at low ftows- AIso, it
is unlikely that river runners would willingly change
the type oi boat they use. For examPle, it would be
difficult for private boaters to obtain and use larger
rigs (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 after falling into the river- The water
released fron the darn is extrenely cold, quickly ren-
dering persons help}ess. Since 1980, five individuals
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have died from drowning in white water, some after
relatively short periods in the water. Warming the
releases to near 50 degrees F during the boating season
hrould significantly reduce the threat of
hypothernia-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
ear1y, 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, construction of protective revetments
(concrete or stone riverbank facings) or jetties at
criticat locations, or resupply of sand into the river
are all actions which could be undertaken to protect or
rebuild sand deposits. The acceptabifity of such
structural measures to managing agencies and river
users is likely to be very low, and the feasibility,
costs, and possible impacts of such measures have not
been evaluated.
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SECTTON VIII: CONCIJUS IONS AI{D I'LAIIAGEI'IENT OPTIONS

(1) Flood releaseg and fluctuatLng releases fron GI€n
canyon Dam have a significant effect on many of the
dornstrerrn environnental and recreational rssources.

Adverse downstream consequences are caused primarily by
sustained flood releases significantly greater than
powerplant capacity and by fluctuating releases. The
most critical irnpacts are the erosive effect of floods
on sand deposits and vegetation and the impact of fluc-
tuations on white-water recreation.
Continued flood releases wiII 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, Ioss of a substantial number of beaches
could reduce recreation benefits by $S.z million per
year. Flood releases also double the risk of
white-water boating accidents at major rapids, compared
to flows below powerplant capacity. Even infreguent
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, tfre magnitude, duration, and
frequency needed to provide those benefits are unknohrn.
Loss of resources could be prevented by avoiding floods
until' the response of resources to floods is better
understood.

Spring flood releases have no
negative impact on humpback chub,
or trout. In fact, these high
benefit chub.

apparent long-term
common native fish,
flows may actually

Daily fluctuations substantially reduce the value of
white-water recreation and trout fishing by degrading
the natural character of the environment and making the
management of white-water and fishing trips more

Conclusions
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can increase recreation benefits by $0.8
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Fluctuations lead to a loss of backwater habitat for
conmon native fish and may reduce natural trout
reproduction, although fluctuations increase food
availabifity for these fish throughout the year.

Although fluctuations do not appear to have a
Iong-term, continuous impact on beaches, vegetation,
wildlife, ot humpback chub reproduction, the area
available for camping and establishment of vegetation
would be less under fluctuating flows than under steady
flows .of the same volurne

(21 It is possible, within Colorado River Storage
Project water delivery requirements, to operate during
low- and high-water years in ways to prevent future
degradation and in some cases enhance dosnstrern
regources.

Impacts to most critical resources can be reduced by
reducing fluctuations as much as possible, increasing
minimum flows as much as possible, and elirninating
flood releases. 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 are the one exception, because fluctuations
apparently increase their rate of growth.

(3) The effects of the Uprate and Rewind Prograrn on
downstreFn resources cannot be determined at this tine.

The changes in 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 will affect future darn operations.

({) Reducing the vulnerability of the endangered hunp-
back chub in Grand Canyon must depend on
non-operational alternatives.
Although neither floods or fluctuating flows are ad-
versely affecting the existing population of chub, the
cold releases from the dam continue to restrict
reproduction to the Little Colorado River. Warming the
temperature of the mainstem river could increase the
number of breeding chub populations and thereby aid in
recovery of this species.
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The vulnerability of the hurnpback chub population rnight
be reduced through efforts to protect the Little
Colorado River watershed and critical habitat from
environmental threats.
(5) geveral additional ngn-operational or managenent
alternatives erist wbich could enhance the
enviionnental rasources downstretm of Glen canyo! Dam.

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

Irlanagement 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 irnpacts to
the environment and recreation in GIen and Grand
Canyons. Based on the study finding that the current
operations of GIen Canyon Dam do adversely affect the
downstream environmental and recreational resources,
the study team has identified some possible management
options.

(1) Feasibility studies of changes in operations:

These studies would evaluate the economic, social,
legal, environmental, and physical conseqluences of
operational modifications to protect downstream
environmental and recreational resources. National
Environmental Policy Act activities would be included.

As part of this effort, policy guestions, such as
guantification of tr6O2 (a) storage, tr night also be
addressed as one means of reducing the probability of
flood releases.

(2) Feasibility studies of non-operational means to
protect critical resources:

Non-operational means may be available
resourc-es without constraining dam

to protect
operations.

Possible measures include hatcheries to replace trout
reproductive losses and a nulti-level dam intake
strueture to warm water to protect humpback chub and
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conmon native fishes. These and other non-operational
measures should be investigated further since they were
not evaluated as part of this study

(3) Continued research and monitoring of critical
resourceg 3

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

(4) A necbanisn for coordinated inter-agency
nanagement of Glen and Grand Canyons. This eould
include:

Development of a long-tenn 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 GIen and Grand Canyons.

Formation of a management group which would irnplement
and oversee the monitoring and research plan.
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SECTTON I: TNTRODUCTION

Sediment is literatly the foundation of the riparian
environment and recreation on the Colorado River in
Grand Canyon National Park (Grand Canyon) (Figure
A-1). Deposits of sand are substrate for the
terrestrial biological res.ources and are used by
boaters as campsites, Iunch 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 GIen Canyon Environmental
Studies (GCES), several researchers such as Laursen and
others (L976) 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 Prograrn) of the
generators, required the undertaking of new studies.

Sedl.ment-Dependent Resourees

Sediment resources identified by researchers and
management agencies as those most irnportant to
biologicat resources and to recreation were camping
beaches, sand which is substrate for vegetation,
baclnraters 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 indirect importance to
other resources.

Some narrohr sand deposits which typically continuously
Iine the channel margin in wide reaches of Grand
Canyon, or discontinuously line ttre channel margin in
narrow reaches, are overgrown by vegetation and used by
wildlife. These deposits are called cbannel margin
deposits (Figure A-2). However, the largest and most
numerous sand deposits are located near debris fans
which fotm at the mouths of tributaries. At these
debris fans, the channel is typically narrower and
shallower than elsewhere, and large zones of
recirculating current (recirculation zones, Figure A-3)
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composed of one or more eddies, develop where the
channel widens downstream of this constriction.
Sand deposits nay 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
Iocated 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
't-hese deposits is typically less than elsewhere in the
recirculation zone, These deposits are called
separatLon deposlts because they are located at the
upstrean end of the recirculation zone where
downstrean-directed flow begins to separate from the
channel banks (Figure A-3). Boaters typically use this
type of deposit as canpsites because low flow
velocities nake mooring of boats easier, and high
elevation sand deposits provide campsites which are
less likely to be inundated by rising water level than
Iower deposits. Sand deposits located at the
downstream end of a recirculation zone are broader but
lower in elevation than separation deposits. These are
called reattachnent 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 i.nundation. Typically, this only occurs in
wide reaches of Grand Canyon.

Low-elevation areas are found between separation and
reattachment deposits in recirculation zones that
contain sand (Figure A-2 and A-5). Under some flow
conditions, these areas may becorne low-velocity,
warm-water areas (ca1led backwaters) used as rearing
areas by'native juvenile fish.
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 rnake 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).
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Figure A-5. Downstrearn view at Eminence Break Camp
(River Mile 44.2) at a discharge of 5,O00 cfs (October
1985). At the left bank is a reattachment deposit and
an associated backwater. At the right bank is a
channel margin deposit. (Schmidt and Graf 1987, Figiure
5)
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Study Objectl.ves

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 sedimentationi (2) identify the source of
sand in transportt (3) determine the present net sand
outflow from Grand Canyon into Lake Meadi (4) identify
specific campsite beaches that are gaining, Iosing, or
in equilibrium; (5) determine potential management
actions to reduce or halt campsite beach erosiont (6)
estimate what the river morphology would be like up to
10O years from now based on operational alternatives;
and (7, expand and refine the existing flow routing
model, part,icularly in riparian habitat areas. Brief
summaries of findings related to specific objectives
are given below under Major Findings, and references to
sections of the report that deal in greater detail with
findings related to study objectives are given in that
section.

Study Design

Nine studies related to sediment and hydrology were
developed to address the objectives through study of
main channel processes, carnping beaches, and tributary
sediment deIivery. Studies were made by individuals
from the U.S. 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
storagre and transport. Large variations in dam
releases during the day produce flow nwavesr 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 reguired for GCES
recreation and biology studies as well as for the
sediment studies. Lazenby (L987) used an iterative
process to calibrate an unsteady flow model with data
for fluctuating flows from October l-985 to January t-986
for each of five USGS stream gaging stations (Figure
A-1). Estimates of discharge made with the calibrated
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At twiat Sand
Depos i ts
(Schmidt & Graf, USGS)

Beach Surveys
( Ferrari , BOR)

Rapids and tfaves
(Kieffer, USGS)

123
Identify ldentify Determine
Reaches Sources Olt f t or

4567
Ident i fy l.lanagenent Long-Tern F lor
Beaches Act i ons Cordi t i on Rout i ng
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model hrere 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 ained at
understanding the effect, of flows on sand stored in
main channel pools and on coarse material in riffles
and rapids (Burkham L9g7) o 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 L922 to L9B4 at the two gaging stations.
The study yielded a general understanding of sand
storage changes in these pools, and discharges
necessary to degrade the channel bed within the pool
and to adjust riffles following addition of material by
tributary flows.

Sediurent and flow data urere collected at these twogages and at three additional gages (Figure A-1) for
about six months in l-983 and about four months in
1985-1986. A total of 874 discharge measurements were
made, and L,943 suspended sediment and 976 bed material
samples were collected during those two periods. Data
were used to develop the relationships between sand
transport and discharge (pemberton L9g7) and to
evaluate channel hydraulics at the gaged sections
(Randle and Pernberton t-9g7) . Data provided information
on sand transport and storage during the study period.
Sand transport relationships, bed material 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 reguired for a
complete understanding of sand transport and storage
changes. Bed rnaterials within recirculation zones,
which were relatively easy to access since much of the
sand was exposed at low flow, were sarnpled by Schnidt
and Graf (1987). Sarnpling 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 lirnited scale. Geophysical
methods, including seismic reflection, side-scan sonar,
and echo depth sounder were cornbined with examination
of aerial photographs taken at 1ow flow and samples of
bed material to develop maps of broad categories of bedmaterials for about 75 percent of the 225-mile study
reach (Wilson 1996).
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Actual measurement of sand transport and storage
changes at gaging stations could be made at only five
locations over a linited tirne span and flow
characteristics. Sedinent 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 Sirnulation Model (gfARS), a sediment routing
model, provided a simulation of water and sediment
movernent through the channel, cross section by cross
section. This model conbined the procedure of comput-
ing 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 abitity to
account for variations in bed material type across the
channel. Fluctuating flows hrere approximated by steps
of steady discharge. The model made adjustments if
sand supply was less than computed transport capacity.
The characteristics of the sediment routing model are
described by Onris and Randle (L987r, and the
application of the nodel to the Colorado River, by
Randle and Pemberton (i.997) .

The Sediment Transport Analysis Budget model (8TAB),
developed for GCES, computed the loss or gain of sand
in reaches between GIen Canyon Dam and the five gaging
stations. Sand transport was cornputed 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 tine, Ioss or gain of sand in a reach between two
gages is assumed to be egual to computed inflow rninus
computed outflow. STAB model characteristics and
application 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 (t9g5r Lg87b) described the
channel geometry and hydraulics at L2 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-5) (Kieffer 1985i 1986;
L987 ai L987b) o Kieffer has provided insight into
discharges necessary to move large debris in rapids.
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Studies of canpincl 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 f,ish habitat were designed to provide a framework
for understanding the complex changes which these
deposits undergo as a result of flows. About 4L
deposits selected for study lrere surveyed and important
channel and flow characteristics measured. Deposits
hrere classified according to the channel and flow
characteristics found to ietermine their location and
response to 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
suriveys to develop the conceptual model of sand deposit
Iocation and change presented in this report. Results
are given in Schnidt and Graf (L987). In addition,
baseline surveys of irnportant canping beaches were made
and compared to earlier surveys of those beaches
(Ferrari 1987).

Studies of tributaries focused on estimating the arnount
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 devetop sand transport
relationships (Randle and Pemberton 1987). Transport
relationships lrere then used with daity 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 hrere examined, and
detailed study of debris flow deposits in three ungaged
tributaries yiefaea information on the rnagnitude ina
frequency of debris flows.

I,taJor Findings Related to objectives
Major study findings which relate directly to the seven
objectives given above are summarized below.
References to later sections are given in the summaries
to direct the reader to additionat detail or support
for statements.

(1) Loss or qain of sand in reaches depends on manv
factors and therefore varies with time. These factors
include the amount of sand delivered by tributaries
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within Grand Canyon, the amount of sand stored in the
main-channel pools, and the peak and volume of flow.
Loss or gain of sand from camping beaches, vegetation
substrate, and backwaters varies with deposit type and
local channel geometry in addition to the factors which
control loss or gain from main channel pools.

(21 Most sand is delivered by the three largest
tributaries. The prinary 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
nechanisms of transport, is smaller, but may be
significant.
(3) Net loss of sand frorn Grand Canvon 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 tributaries.
(4) Camping beaches in narrow reaches and on
reattachment deposits are particularlv susceptible to
erosion. Beaches used as campsites are found primarily
on two types of sand deposits, which differ in their
susceptibility to erosion. Carnpsites 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 narro$r and wide
reaches depends on the type of deposit and local
channel geometry. Camping beaches in the reach above
the Little Colorado River are more susceptible to loss
than those below that confluence because the Little
Colorado River is the largest source of sand to the
system. Canpsites on reattachment deposits, formed in
the downstream parts of recirculation zones, are more
susceptible to erosion than separation deposits, which
mantle the debris fan at the upstream end of the
recirculation zone.

(5) Floods should be avoided to presenre beaches for as
Iong as possible. The most significant management
option to reduce erosion of camping beaches is to avoid
floods (releases of 4OTOOO cfs or greater for a month
or more).

(6) Current operations wiII result in loss of some
bgaches in the long terrn. Under current operations,
with flood releases expected one of every four years,
there wiII be loss of sand-dependent resources in the
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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 flovrs would be incapable of completely
removing all coarse debris added by tributary debris
flows.

(7) Flow routing model was recalibrated. The existing
flov 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.

Other l{ajor FLndings

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

The long term fate of campsites depends on sand storacre
in main channel pools. Frequent flows higher than
31,500 cfs will severely deplete sand stored in the
rnain channel, and that depletion will eventually cause
loss of campsites.

Main channel transport of sand within powerplant
capacity is onlv slightly higher under fluctuating
flow than under steady flow of the same volume.
Sediment transport rnodeling shows that for an annual
flow volume of 8.2 million acre-feet (maf),
fluctuations up to the powerplant capacity of 3L,5OO
cfs produce only about L2 percent higher transport than
steady flows of that volume.

Availability of canpsites. and backwater areas for
fish, is less under fluctuating flow. especially in
narrow reaches. Area available for camping depends
prirnarily on the maximum flow, which is higher for
fluctuating flow than steady flow with the same volume
of release. Steady flows which inundate reattachnent
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 wilI reach a relativelv stable condition
after a change in type of flow. Onset of flow
fluctuations or lower, steady flow after a period of
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high, steady flow causes erosion of sand deposits
throughout Grand Canyon initially, but rate of erosion
decreases rapidly.
Chancre 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 capacitv
may be required to adjust those new rapids to more
navigable conditions. Bccause 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, ds a result of
buildup of debris.

Buildup of debris at rapids mav 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 and have
inplications to sand transport and storage.

Organizatioa of tbe Report

Section II 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 darn continue
to be operated as it is currentty.
Section Iv presents a rnodified 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
lirnitations 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 sunmarized in the previous section.
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SECTTON II: SEDII.IENT TRAIISPORT A}ID STORAGE

Sand :lransport 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 narrorr
reaches alternate throughout the length of the study
area. fnformal 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 reflects the fact 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 (Tab1e 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
L975). Estimates of unit, stream power (stream power
per foot of channel width) for reaches in Grand Canyon
(Table A-2, column 7l show that stream power is
generally greater in narrow reaches than in wide
reaches. Therefore, for the reaches shown, the
capacity to transport, sand is great,er 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 naterials) in 1984
(wilson L98 6 ) show that at that time a greater
percentage of the bed in narrow reaches hras covered by
coarse boulders or bedrock than was covered in wider,
shallower reaches (Tab1e A-2, colurnn 8) .

fn both narrow and wide reaches, channel
characteristics change in the vicinity of debris fans
that form at the mouths of steep tributaries (Figure
A-5). The channel is shallower, narrower, and steeper
around the debris fan than it is upstream or
downstream. The channel bed of rapids is
prinarily composed of boulders. These shallow, steep
reaches are the rapids and riffles of Grand Canyon.
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Tabte A-2. Characteristics of the reaches rithin the study erea-

I
I
I
I

Average
Ratio of
Top tlidth

Reach, Local Xmp to lleag
llubcr' of Reach DePth-

Average
Channef DescriPtim

Ui dth- of lf i dth
( ft ) Characteri st i c

Average Percentage of
Chamel, Uni t 

'- 
Bed ConPosed of

sLoper Stream Poler* Bedrock a5A

(ftlft) ( tb/ft-s) Boutders- I
1

2

3

4

I
I
I
t
T

I
I

30

62

48

68

390

190

230

210

180

310

240

7

8

9

10

11

Penni an
Sect i on

Sr+ai Gorge

Redmt t Gorge

Lorpr llarbte
Canym

Furnace F tats

Upper Grani te
Gorgc

Ai s les

lf iddte Grani te
Gorge

l{uav Gorge

Loler Canyon

Lorcr Grani te
Gorge

11 .7

7.7

9.0

19.1

26.6

7

11

8.2

7.9

16.1

8,1

280

210

?20

350

5.3

10.2

10.2

4.3

8.0

17.8

10.9

14.2

9.9

6.2

10.2

42

81

T2

%

ri de

nerroH

narroH

ri de

ri de

narroH

na r roll

na r roH

na r roH

ride

narroH

0.00099

0.001 4

0.0015

0.0010

0.0021

0.0023

0.0017

0.0020

0.0012

0.0013

0 . 0016

78

32

58

1 See Figure A-1.
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The average river slope through Grand Canyon
feet per nile (0.00L5 ft/ ft) . Slope may be
steeper at major rapids (Leopold
Velocity in najor rapids may be as great as 25 feet
per second (ft/sl (Kieffer L987). In contrast,
Iow-slope (about 0.5 foot per mile [0.000095 fE/ft|'t,
Iow-velocity areas exist between rapids where water
depth may exceed 100 feet (ft) at some locations
(Wilson 1986).

Most campincr beaches are sand deposits within
recirculation zones. Sand stored within recirculation
zones is important because parts of these deposits are
the major canping beaches within Grand Canyon. AS
described in the introduction, these zones are areas
along the nargins of the river channel where part of
the flow moves upstream. In a channel such as the
Colorado River in Grand Canyon, where the banks
are typically composed of bedrock or large rock
debris, these zones 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 distinct,ive. 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 downstrearn end of the recirculation zone
(reattachment deposits) . Reattachment deposits
typically project upstream and rnay filf much of the
recirculation zone (Figures A-2 and A-5) (Schrnidt and
Graf L987).

The number and size of recirculation zones varies along
the river corridor. Between Lees Ferry and Aright
Angel Creek (River l,tiles 0 to 871 , the number of
recirculation 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 61000 cfs in 1,984 between Lees Ferry and the
Little Colorado River (River Miles O and Gl) and be-
tween Miles 1L8 and L60 ranged from 21300 to BTTOOO
square feet (Table A-3 ) . Typical Iy, larger
reattachment deposits h/ere associated with the larger
recirculation zones of wide reaches.

is about 8
ten times

1"965 ) .
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OnIy those sand deposits high enough in elevation to
be safe from inundation and large enough to accornmodate
at least a small group of people are used as campsites.
AII types of sand deposits are used as campsites:
separation, reattachment, and channel margin deposits.
Campsites hrere inventoried in the faII of 1983 at a
discharge of 28r0OO cfs and the nunber 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 typicalty greater in wide reaches than
in narrow reaches. Therefore, wide reaches of the
river are characterized by a greater number and
Iarger size of sand deposits usable as campsites.

The characteristic topography of separation and
reattachment deposits affects the size of deposits
available for camping at different discharges. Largle
parts of
inundated

many separation deposits are not
until discharge exceeds 30, 000 cfs.

Reattachment deposits, in constrast, are typically
broad and low 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 (Schrnidt and Graf 1987, Table 14) the average
area of sand inundated during an increase in discharge
from about 6,000 to about ZS,OOO cfs is L4rOOO square
feet. fn contrast, at six reattachment deposits an
average of about 5OrO00 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. At a discharge of 45r00O
cfs, most reattachment deposits are inundated, whereas
parts of many separat,ion deposits are still exposed.

Main channel pools are also important sand storage
sites. Sand stored in relatively low-elevation reaches
of the main channel (naLn channel pools) is important
to stability of carnping beaches and vegetation because
it may be available to replenish sand in recirculation
zones under some conditions. Burkham (L987) 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, bed elevation decreased as
sand and gravel were scoured from the bed during annual
snowmelt runoff (Burkhan t-987). Peak flow during this
runoff averaged about 93t4OO cfs (U.S. Geological
Survey a and b, issued annually). Sand and gravel were
deposited on the bed at lower flows at other tirnes of
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the year, and bed elevation increased as this
deposition progressed (Burkharn 1987). The amount of
stored sand available for transport, therefore, depends
on both flow and preceding bed elevation.
About 42 nillion tons (nt) of sand were estimated to
have been stored in 1984 in the main channel and in
recirculation zones between the gages at Lees Ferry
and near Grand Canyon. This volume was estinated by
nultiplying the surface area of sediment (Wilson 1986)
by the percent sand in those deposits and an assumed
deposit thickness of 2O 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 97,2OO 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. Rand1e and
Pemberton (L987) have used the STAB model to estimate
that 6.6 nt of sand hrere lost from the reach between
the two gages between January L984 and October 1985.
This suggests that some sand on the bed in 1984 hras
available for transport under the flood releases of
401000 to 50,000 cfs in the summers of L984 and 1985
(Figure A-7).

Tributary Delivery

Before construction of GIen 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 frorn upstream of the dam has been
trapped in Lake Powell, hence sediment loads have
greatly decreased. Annual total suspended-sediment
Ioad (including silt and clay) past Lees Ferry
decreased frorn 65.4 rnillion tons per year (mty) in the
period L948 to t962 (U.S. Geological Survey, issued
annually) to about 0.4 mt in both L9B2 and L986 (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 Lg87) and
data from geomorphic analysis of deposits from srnall
tributaries (Webb, Pringle, and Rink L9g7) indicate
that the prirnary source of sand to the river is
the Paria and Little Colorado Rivers and Kanab Creek.
Together, these three tributaries supply an estimated
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Figure A-7. Flows during the study period (June 1983to January 1985) included three floods, nearly steady
flows near the peak of powerplant releases, and aslort period of strongly fructuating releases that weresinilar to pre-study irows in rgez-8r. (After schrnidt
and Graf L997, Figrure 9)
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2.9 mty of sand (Randle and Pemberton L987). This
value for sand delivery was computed using average
sediment transport-discharge relationships computed
fron 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 gaging station. However,
sediment contribution from these tributaries is
highly variable, and may vary frorn year to year as
much as an order of magnitude. For example, annual
total suspended sedirnent loads in the Little Colorado
River averaged 10.L rnt in the period 1958 to L97O, but
ranged from 3.50 mt to 19.1 rnt (U.S. Geological Survey
a and b, issued annually) o AIsor sediment delivery
from the Little Colorado and Paria Rivers is probably
subject to long-term variations relat,ed to variations
in sediment st,orage in floodplains of these streams
(Hereford L984; Hereford, Richard, L987, USGS, FIag-
staff, Arizona, Pers. Comm. ) . These three major
tributaries supply large amounts of silt and clay as
weII 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 L9B7) o

can transport
Typically, the Colorado River

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 jointing) (Dolan, Howard, and Trimble L978r. A
reconnaissance study of drainage basins of tributaries
other than the Paria and Little Colorado Rivers (Webb,
Pringle, and Rink L987) 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 l-5 to 4O 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 rnay be rnade up of a
complex series of pulses of these two types of flow
(Figure A-8). (See Webb, Pring1e, and Rink L987.)

The occurrence and size of these flows is influenced by
geologic and geomorphic conditions within the watershed
and prior history of flows, ds weII as by rainfull
amount and intensity. Slope failures in these steep

most of this osl-ze
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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 L987, Figure
L2l
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tributary valleys cornmonly trigger debris flows. Webb,
Pringle, and Rink (L987) found evidence of debris flows
within the last 25 years in 2L of 35 tributaries
investigated. Debris flows which reached the river
were found to have occurred at least once in the last
15 to 50 years in the three drainages which were
studied in some detail. Debris flows studied con-
tained material that ranged in size frorn boulders to
clay, with sand content of samples ranging from 1-O to
40 percent. Estirnates of sand delivered to the river
by a debris flow which occurred in Monument Creek in
1984 ranged from 2,8OO to 7,300 tons. (See Webb,
Pringle, and Rink L987.)

The variability of debris flow occurrence and the
absence of a general rnodel for magnitude and frequency
of these flows make it difficult to estimate the
Iong-term rate of delivery of sand to the Colorado
River from the 3L0 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 L987).
Using this method, 0.7 rnty 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 l*tain Chann€l pools

Computations of sand transport and bed change with the
STARS model (Randle and Pemberton L987) and analysis
of data from the USGS gaging stations at Lees Ferry and
Grand Canyon (Burkham L987) give evidence on the nature
of transport and storage of sand in the main channel.
STARS model computations at l-99 rneasured cross sections
indicate that sand is transported through most channel
pools at flows exceeding L5r000 cfs, when mean
velocities at these locations are typically about 3
to 4 ft/s. Analysis of long term (1922-L984t- 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 16r0OO to 20TOOO cfs, when velocities
reached about 5 or 6 ft/s (Burkham 1997). 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 L987; Rand1e and pemberton L9B7).
For scour to continue, discharge must increase to keep
the velocity above that required to degrade the bed.
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For example, at Lees Ferry, daily discharges of between
40r0O0 and 601000 cfs for more than 40 days in 1955 de-
graded the bed about 27 ft. Because this gage is
upstream of any signif,icant tributary delivery of sand
and gravel, the bed has not aggraded since 1965, and it
would now take an estimated 70r00O 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). At that
gage, discharges of about 40,000 cfs correspond to the
velocity at which degradation begins when the bed is at
a low elevation. (See Burkham 1987.)

-13

-14
1970 1980

Figure A-9. Bed elevation at the USGS gaging station
near Grand Canyon (River MiIe 87). Bed elevation
increased after flow from Bright Angel Creek (Decernber
1966) added material to the fan and rapid downstream.
Bed elevation decreased to pre-dam low condition during
high flows of 1965 and t-983. (After Burkham LggT ,Figure 7)

Hiqh bed elevotion resultinq from
llood in Bright Angel Crdek

Low bed elevotion resultinq from
ffoods of 1965 ond 19tr3
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At some pools, such as the one at the Lees Ferry 9a9e,
degradation is linited both by the decrease in velocity
caused by degradation and by increase in size of bed
material (Burkhan 1987). STARS model computations
show that as degradation progresses, velocity decreases
and bed material coarsens (Randle and Pemberton L9871.

The bed material , Ert some point, may become
sufficiently coarse and velocity sufficiently low that
flow is no longer capable of moving the material, and
degradation stops. Pemberton (L976) 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 aIl the sand delivered
annually from tributaries, unless annual volume of
flow exceeds L2 maf (Randte and Pemberton L987). As
pools continue to filf, 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 rnaf) and
releases from GIen Canyon Dam are less than
powerplant capacity, pools which are at relatively
Iow elevations will aggrade. The time required to
fifl pools to an elevation which is 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 (Tab1e A-4) made
with the STAB model are based on average sand
transport relationships and average annual rates of
sand delivery from tributaries. The tirne necessary to
refill degraded channel pools must decrease in the
downstream direction AS the number of
sand-contributing tributaries increases. Modeling
results indicate that the time to filf pools
downstream of the Little Colorado River is ap-
proximately 40 percent of the tirne necessary to fifl
pools upstream of this major tributary.
Processes in RecirculatLon Zones

The pattern of sand storage within recirculation zones
described in the introduction is determined by the
typical pattern of flow circulation in these zones
(Figure A-3). At low discharges, most zones are
composed only of a primary eddy, and the separation
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Tebtc A-4. Avcrege ernnl, eard dcpositiqr frcrn River llitc 0 to River llitc 87 and
rclrtiw tiF to filt rin charnct pools to 1982 etcvation. Dcposition r!tc8 rrc
corputd bercd qr thrcc ycere of lor ftor (8.31 maf) ard mc year of high ftor
(16.6 naf ) fott*itrg thc scour of an estimted 15.6 mittion tons in 19E3-1986.
Rclttiv. timc rcrc cdrplrtcd by dividing the corput€d tim to fitt, in ycars, W
thc tinp to f itt rndcr currcnt operrtiort.
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(dirensimtess)

Current Opcrations
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1.0
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deposit (Figures A-2 and A-3) is exposed. The
reattachment deposit nray filr much of the recircuration
zone underneath the prinary 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, lowervelocity secondary eddies are developed upstream of the
return current channer (Figure A-3 ) . Some areas
upstream of the return current channel are inundated by
very low-velocity flow which does not have a distinct
eddy circulation (Figure A-3). (See Schnidt and Graf
1e87. )

FIow in secondary eddies is always of lower velocity
than that in prinary eddies and the return current
channel, 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 O.Z and 0.4 tirnes the velocity of the
nearby main channel flow (Table A-5). Typical mean
velocity of the return current is between I and 4 ft/s,
whereas that of secondary eddies and low-velocity areas
is tlpically less than L fE/s, even at flood flows of
4Or000 to 50,000 cfs. In almost all recirculation
zones, velocities over the reattachment deposit and in
the return current channel are high enough to move the
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fine sand of which the deposits are composed. Thetransport capacity of recirculation zones is much lessthan that of the nain channel, and that of secondaryeddies much less than that of the primary eddy. Sand
deposits accurnulate where transport capacity is lowest.
Examinat,ion of sand deposits and obsenrations ofcurrent directions suggest that sand in separation
deposits is derived fron the associated reattachrnentdeposits. (See Schrnidt and Graf L9BT; and Schmidt
1e87. )

The location and stability of separation deposits arecontrolled by the debris fan which creates therecirculation zone. Separation deposits typically arenot found on the downstream side of debris fans with
steep, high slop€s, because low-velocity areas or
secondary eddies are not present at any discharge. At
Iocations where separation deposits do exist, they areprotected from high-velocity downstream flow by the
debris fan unless discharge is high enough to inundate
the fan. Relatively low, broad debris fans are
inundated at lower discharges than high, steep fans,
and separation deposits associated with these low fansare more susceptible to erosion than those associated
with high fans. (See Schmidt and Graf 1982.)

Iable A-5. Sunery of hldrautic ard sedinent transport characteristics in the vicinity of
recirculation zoncs (transport rates baeed on average vetocity and depth and Gotby 19&,
Figure 26) (frcrn Schmidt 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 and reattachment
deposits formed at discharges greater than about 15rOOO
cfs. As discharge incr6asei, the zone extends- in
Iength, and flow velocities within the zone probably
lncrease. These two changes resutt j,n shifting
patterns of flow and an overall increase in transport
capacity of the recirculation zone. Increasing length
of the zone, increasing depth of water, and increasing
velocity result in a greater area of inundation, and
ultinately in scour of the higher parts of reattachment
deposits. Most reattachment deposits are entirely
inundated by a discharge of about 45rOOO 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 prinary 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
v,elocity changes. As prirnary eddies decrease in size
with decreasing discharge, sand deposits which were
within recirculation zones at higher discharges become
subjected to downstrearn 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 sumrnarized in Table A-G.

Tabtc A-6. iletrix of susceptibitity to scour of separation ard reattachr€nt
deposits for sctcctcd flors (Schnidt 19E7).

Separation Deoosits
H f Eh Fans Lor Fans

llarron ttide llarror tfide
Reaches Reaches Reaches Reaches

Reattachnent Deposi ts

ilarror uide
Reaches Reaches

Ftors

Porerpt ant

F toods to
50,000 cfs

Ftoods above
50,000 cfs

tor Ior

medi m lor

h i gh medi un

medi un lor

h i gh rnedi un

high high

medi un

high

high

medim

medim

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
recirculation 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 L987; and Schnidt L987.)

Because a model linking main channel and
recirculation zone sand transport is not available,
it has been assumed that the rate of transfer of
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sand
zone

between main channel and recirculation
is dependent on the amount of sand being

transported in the main channel. Therefote, 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 carnping 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. At some discharge below maximum
powerplant discharge, sand in main channel pools begins
to be transported. Pools begin to degrade if
delivery of sand and gravel is less than that trans-
ported out of pools. 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-filI
of sand within these zones increases, debris fans begin
to be inundated exposing some separation deposits to
downstream flow, and sand transport increases. The
exchange of sand between the main channel and
recirculation zones probably increases. At flood

discharges,(40r000-50r000 cfs) and higher
recirculation zones begin to disappear as more fans are
inundated, and scour-and-fiII 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 discharggs.
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T.btG A'7. conceptutt tnodet of main charn€t poot erd rccirculation zone
intcracticir. Information for nain chamet orocesses cones frqn anatysis of data
fron gaging stations (Burkhan 1987; Graf 1987), nodeting (Rardte ard Pentertm
1987), and rapid sttdies (Kieffer 1987). The relative ratc of exchengc b€trEen
thc rnin charnet poots ard recircul,ation zones is an essulptim based on
intuitive reasoning. Recircutation zone processes are drarn frcrn Schnidt and
Graf (l9EZ) ard Schnidt (1987).
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When discharge rapidly decreases, many
in thereattachnent deposits become exposed, and flow

return-current channels stops. If discharge drops
still further, the 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 rnain channel is stilt open, these stagnant areas t ot
backwaters, are rearing areas for juvenile fish.
Backwaters forrned in return-current channels are the
major backwater sites, although others exist, such as
those near the point of flow separation. Mapping and
analysis of the occurrence of backwaters shows that
such areas were created during the study period when
discharge decreased rapidly from about 28r000 to 6,OOO
cfs in October 1984 and from 45,OOO to 351000 cfs in
June 1985.

Processes at Rapids

As noted above, coarse sediment is delivered to the
Colorado River primarily by debris flows. This coarse
debris increases the size of tributary debris fans and
increases river bed elevation at the tributary mouth,
constricting the flow of the river. Changes to a fan
at the rnouth of Crystal Creek (River Mile 98) caused by
a major debris flow in 1,966 are shown in Figure A-1,0.
Kieffer (L985t l-987b) has developed a conceptual model
for evolution of the channel after a debris flow.
Before the flow, the river may be constricted to some
degree by an old fan (Figure A-LLa). The new debris
flow rnay dam the flow in the river, forming a rrlakerl
behind the newly emplaced debris (Figure A-Ll-b) . River
flow begins to erode a channel through the debris when
it overtops the darn (Figure A-J-J-c) . Small to moderate
floods in the river further erode the fan and reduce
the constriction by widening the channel and decreasing
the slope and elevation of the bed (Figure A-LLc, d,
and f).
Most rapids have constriction ratios (ratio of channel
width at the constriction to channel width upstrearn of
the constriction) of about 0.5 (Kief fer l-985 r Schnidt
and Graf L9871, suggesting that they have become stable
with respect to some flow condition. Widening of the
constriction and decrease in bed elevation will take
place if velocity in the constriction is high enough to
move some of the coarse material which makes up the
bed. Widening may continue until the velocity
decreases to the point at which flow cannot continue to
move coarse debris (Kieffer i-995) .
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Figure A-10. A debris flow in December 1966 greatly
increased the constriction of the channel at Crystal
Creek (River Mile 98.1). teft photo by A.E. Turner,
Bureau of Reclamation, lrlarch 1963 (#p 557 42A 8115
N.A.). Discharge = 5,OOO to 6rOOO cfs. Riqht photo by
MeI Davis, Bureau of Reclamation, March L967 (#p Sga 4OO
444 N.A.). Discharge = 161000 cfs.
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Figure A-11. Channel constrictions caused by debris
flows are nodified and widened by main channel f1ows.
Rapid condition prior to a debris flow (a). After a
debris flow, the river may be damrned (b). Powerplant
flows or small floods will erode a small channel
through the fan and redistribute rocks (c). Moderate
to large floods further reduce the constriction and
redistribute rocks downstream of the rapid (d & e).
Elevation of the bed and slope through the rapid are
decreased as debris is redistributed (f). (After
Kieffer L985).
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Changes at rapids caused by debris flows change the
hydraulic conditions above and below the rapid (Kieffer
L985 ; Burkham 1-987 ) . Constriction of the channel and
increase in bed elevation decrease the velocity and
increase the water surface elevation for a given flow
in the pool upstream of the rapid. The changes result
in deposition of sand and gravel in the pool if
sediment is in sufficient supply. Burkham (L987) has
documented the increase in bed elevation at the USGS
gage near Grand Canyon which occurred in response to
deposition of new debris on the rapid below the gage in
1966 (Figure A-9). New debris flows can be expected to
also change the size and shape of recirculation zones
adjacent to the rapid, changing the sand transport and
storage conditions. Because the magnitude and
frequency of debris flows and the movement of newly
added debris by river flows are unpredictable, the ef-
fects of these changes on sand transport and storage
cannot be determined at the present tirne.

Waves in rapids are caused by large obstacles on the
bed (such as rocks), by contraction and expansion of
the flow as it passes through the constriction, and by
irregularities in the shoreline. Characteristics of
waves change with changing flow (Kieffer 1987b).
Difficulty of navigation through rapids depends on
ltave characteristics, flow velocity, and distribution
of rocks in the rapid. Navigation safety is dependent
on complex and variable hydraulic and bed conditions as
well as on skill of the boatman. The lirnited state of
present knowledge prohibits the development of a model
which could predict boating safety at a given flow.

Response of Sedinent to Floods

Floods degrade main channel pools. STAB nodel computa-
tions indicate that degradation of channel pools
occurred as a result of the exceptionally high
flood releases of 1,983 (to 97,2OO " cfs) and that
degradation continued during the flood releases of
L984-L986 (40r000-50r000 cfs) o According to the STAB
model, the combined effect of l-983-l-986 flood
releases was to remove about L5.6 mt of sand from the
channel in the reach between the USGS gages at Lees
Ferry and near Grand Canyon. Because the
relationships used in the STAB model between sand
transport and discharge at the USGS gaging station
near Grand Canyon and gaging stations farther
downstream are the same, the STAB model results
showed no significant channel degradation downstream
of the gage near Grand Canyon during the 1983-i-996

A- 4L



flood flows. However, bed elevation changes at a
gaging station above National Canyon (River Mile 165)
(Graf and Burkham In preparation) shows that the bed
did degrade locally as the 1983 flood was receding.

Floods cause long-term loss of camping beaches.
Analysis of surveys of canping beaches and of aerial
photographs taken in L973 and L984 indicate that as a
result of flood releases of l-983-1984, narrow reaches
and the wide reach just downstream from Lees Ferry
experienced a net loss of sand from recirculation
zones. For these two flood years, separation deposits
hrere more st,able than reattachrnent deposits, and
campsites srere more stable than recirculation zone
deposits as a whole. Area of some deposits
significantly decreased in narrow reaches. Although
some carnpsites at separation deposits showed
significant vertical aggradation as a result of these
floods, much of the gain was obliterated after a short
tinre of lower flows. (See Schnidt and Graf 1987.)

Marsh vegetation became established in wide reaches
of Grand Canyon after flow regulation began in 1963.
Marshes developed where large reattachment deposits
became overgrown by cattails and other marsh
vegetation. Prelirninary analysis of former marshes
indicates floods of 1983-L986 scoured the marsh
vegetation and probably eroded several vertical feet
of sand from these reattachment deposits. (See Brown
and Schmidt In Preparation. )

Floods occurring when pools are at a low bed elevation
are projected to result in more extensive loss of
sand-dependent resources than occurred during the
period l-983-84, when high flows were preceded by
conditions of relatively high bed elevation in pools.
When high flows occur when bed elevation in pools is
already low, little sand is delivered into
recirculation zones from the main channel and sand is
Iost from those zones. If high flows are necessary
for other purposes, their irnpact on campsite beaches is
less under high bed elevation conditions in main
channel pools.

As stated previously, sand transport in the main
channel should be higher during floods occurring when
main channel pools are at a high bed elevation.
However, high discharges occurring when bed elevation
is high may not be beneficial to rebuilding campsite
beaches, even though some sand deposits did aggrade in

As discussed above, the high flows of 1983-84
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caused loss of sand from camping beaches in narrow
reaches where campsite availability is already
linited. Where sand deposits aggraded, they were
typically rapidly degraded during subsequent lower
flows. Even though separation deposits hrere more
stable than reattachment deposits in the floods of
1983-1984, the loss of sand from reattachment deposits
suffered in those floods may eventually result in loss
from separation deposit,s. This is because sand in
separation deposits is apparently derived from the
associated reattachment deposit. Therefore, separation
deposits may be more damaged by future floods, and
camping beaches lost at a greater rate than in 1983-84.
The processes involved in sand transport from
reattachrnent to separation deposits are not understood
well enough for us to estinate the rate at which this
Ioss would occur under given flow conditions.
Because loss of some campsites and other sand-dependent
resources hras caused by the floods of L983-L984, which
occurred after about 20 years of powerplant releases,
additional floods occurring once Ln 20 years or more
frequently are projected to result in the gradual loss
of sand-dependent resources over the long term. Loss
wilt be greatest in narrow reaches throughout Grand
Canyon and in all reaches upstream of the Little
Colorado River. The projection is made assuming that
average annual sand delivery by tributaries will not
change significantly with time. An exceptionally large
delivery of sand, such as would result from a very
Iarge runoff event in the Little Colorado or Paria
Rivers, could refill main channel pools in less tinre
than estimated under conditions of average annual sand
delivery and could result in ternporary rebuilding of
carnping beaches and other sand deposits. However, a
significant, sustained increase in average annual sand
delivery would probably be required to eliminate or
reverse the projected trend toward loss of sand over
the long term. Magnitude and duration of floods also
affect the rate of sand loss, but our present knowledge
is not sufficient to define the relative importance of
the factors to sand loss.

The response of channel nargin deposits is uncertain.
Channel margin deposits typically line the channel
for long distances in wide reaches of the canyon
and are often heavily vegetated. Preliminary analysis
indicates that many channel margin deposits may be
created in small recirculation zones, but, that their
behavior and response to high flows is more like
main channel pools than recirculation zone deposits
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(Schnidt and Graf L997 ) The area of sand exposed at
Iow discharge increased at many sites in the reach from
River MiIe 1,22 to River Mile 160 between L973 and L984
(Schnidt and Graf L9B7 , Table 11) . Vertical
aggradation of channel margin deposits !'ras reported by
Beus and others (1985) o However, many of these
deposits were eroded by high flows in l-983-84. The
nixed results of past monitoring of a relatively few
deposits prevents us from making definitive predictions
about future behavior.

Flood flows may be required to rnaintain rapids at theirpresent condition. A debris flow in Crystal Creek
(River ![ile 98) in December L956 constricted the river
and formed what is now one of the largest rapids in
Grand Canyon. Between 1-965 and L983, the constriction
widened to a ratio of about O.25 (Kieffer L985).
During that tirne river flows erere within the range of
the powerplant for aII but a few weeks in 1980, nrhen
peak discharge reached 44,800 cfs at Lees Ferry (U.S.
Geological Survey b, issued annually). The record
post-dam flood of t-983 (Figure A-5) , with a peak
discharge of 97,2OO cfs at Lees Ferry, further widened
the constriction to a ratio of about 0.4 (Kief fer
1985). Kieffer (1985) has estimated that a discharge
of about 4001000 cfs would be required to further widen
this constriction to a ratio of about 0.5.

The rainstorm that triggered the debris flow in Crystal
Creek also caused a debris flow in Bright Angel Creek.
The rapid and debris fan at Bright Angel Creek control
the relationship between stage and discharge at the
USGS gage near Grand Canyon. Burkham G9e7) has used
changes with tirne in that relationship to get
information on changes in the rapid and fan. He has
shown that some of the newly deposited debris was
removed in the first few years after the flow, when
river flows remained within the range of powerplant
releases. However, it took the high flows of 1,993 to
return the rapid to its pre-1,966 condition.
We conclude from the evidence available that although
substantial reworking of newly emplaced debris can take
place at flows within the range of the powerplant, it
probably takes much higher flows to return the
LonstriLtion to a ratio of 0.5, the condition of
pre-dam stability. We cannot say for certain whether
f lows approaching maximum pre-dam f Iows
(300r000-400r000 cfs) or whether lower, more frequent
flows (for example, the average annual pre-dam peak
flow of about 94r0OO cfs) are required to return the
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constriction to the 0.5 constriction ratio. Because
navigation safety depends on many factors other than
channel constrictionr w€ are unsure at this tine of the
inportance of this conclusion to future safety.

Reaponse of, Sand DeposLts to Fluctuating Flors

Sand transport in the main channel is slightly higher
under fluctuating flows than under 'steady flows.
Estimates of transport with the STARS model indicate
that for the same annual flow volume, the amount of
sand transported by fluctuating flows is slightly
Iarger than that transported by steady flows within the
range of powerplant discharges. For an annual release
volume of 8.2 maf, the model results gave a L2 percent
reduction in the amount of sand stored on the main
channel bed between Lees Ferry and The Little Colorado
River for a change from maximum daily fluctuations to
steady releases (Randle and Pemberton 1987). Sand
transport measured at the gaging stations during steady
flow in 1983 and unsteady flows in 1985-L986 could not
be directly conpared because of the large difference in
volune of flow for the two periods.

Onset of fluctuating flows rnay cause loss of campincr
beaches for a short period of time. Repeated
topographic surveys rnade during a special period of
fluctuating flow between October L985 and
January L985 dernonstrate that rapid loss of sand
from recirculation zones occurs throughout Grand
Canyon when fluctuating flows follow floods flows. The
response of the separation deposit at Eighteen Mile
Wash (F.igure A-Lz') to flows is indicative of response
at other studied sites. Surveys of that deposit from
1975 to 1986 show that the L983 high flows caused some
degradation of the top of the deposit but also caused
aggradation of the deposit toward the river.
Subsequent floods in L984 and t-985 caused additional
aggradation on the streamward side of the deposit.
Surveys of May 1985 and October L985 show that sand was
Iost from the deposit during the periods of lower,
relatively steady flows that followed each of those
floods (Schmidt and Graf L987) (see Figure A-7 for
flows during these periods). Surveys of August 1985
and January 1985 (Figure A-L2) bracketted the special
fluctuating flow study period and show that sand hras
rapidly lost from the streamward side of the deposit in
response to those fluctuating flows. Although the
amount of loss measured during the fluctuating flow
study period lras not as great as }osses caused by
Iower, steady flows, the tirne of exposure of deposits
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Figure A-12. Topographic changes along a single
profile line bisecting a separation deposit at Eighteen
Mile l{ash (River }lile 18) from 1975 to 1986. (After
Schnidt and Graf L987, Figure 27)
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to fluctuating flow was much shorter, and the rate of
loss was greater.

The surveys presented in Figure A-L2 and documented by
Schnidt and Graf (L987) suggest that steady or
fluctuating flows within the powerplant range would
eventually erode the deposit to a position near that
it occupied in L975. This stable profile would
probably be reached sooner if flows fluctuated during
the adjustment period. The position of the stable
profile probably depends on a frequently occurring peak
discharge (Schmidt and Graf 1987). Because fluctuating
flows have a higher peak discharge than steady flows of
the same volume, the sand deposits stable under
fluctuating flows would have srnaller areas than those
stable under steady flows of the same volume. For
example, the difference in maximum water surface
elevation between flows fluctuating to 3Lr5O0 cfs
and steady flows of 121000 cfs is over 7 ft in narrow
reaches. Carnping beaches stabilized to the lower
elevation would have significantly more area than those
stabilized to the high water surface elevation.

Losses similar to those resulting from fluctuating flow
at Eighteen Mile Wash h/ere measured throughout Grand
Canyon during this time period, although the amount of
loss was greater in narrow reaches of the river.
Measurements during the special fluctuating flow study
period also showed that loss was most extensive at
locations where significant aggradation had resulted
from the 1983 high flows. (See Schmidt and Graf l-987.)
These data suggest that many deposits created
high discharges are unstable when exposed

by
to

lower steady flows or to fluctuating flows. Surrreys
made in the late 1970s and early L98os (Howard
and Dolan L981) showed that campsite beaches had
reached eguilibriurn with the range of daily
fluctuations characteristic of that period. There-
fore, these results suggest that after a period of
Ioss, campsite beaches adjust their profiles to the
range of fluctuations characteristic of normal
operations and that the extensive loss measured
during the special fluctuating flow study period was
not indicative of long-term trends.

Fluctuating flows mav decrease the depth and number of
backwaters. Bathymetric maps of recirculation zones
and adjacent main channel pools and topographic maps
made from surveys of exposed deposits just before and
near the end of the fluctuating flow study period of
1985-L985 (Schnidt, and Graf L987) show that some
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reottochment deposit

A High Steody Flow

B Inriiol Response to Fluctuotrng Flow

C. Long-term Response to Fluctuotin g Flow

figure A-13. Response of main channel and
recirculation zone bed to fluctuating flows. Steady
flows which subnerge a reattachment deposit create a
return flow channel (A), fluctuating flows may move
sand from the recirculating zone into the main channel
(B), and obliterate the return flow channel (B & C).
(After schnidt 1987)
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reattachment deposits may respond to fluctuating flows
as shown in Figure A-13. Steady flows which inundate
the deposit create high reattachment deposits and deep
return current channels (Figure A-13a). Fluctuating
flows gradually flatten the reattachment deposit and
fill in the return current channel (Figure A-13b and
c). Sand removed from the upper surface of the deposit
is deposited on the streamward slope of the
recirculation zone, where it rnay be exposed to the
downstrean flow of the main channel. The reduction in
size of the return current channel reduces the area of
backwaters available for fish, and may reduce the range
of flows at which the channel is useful to.fish.
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SECTION IIT3 IUPACTS OF CURRENI OPERATIONS

Current operations Defined

fnpacts of current operations (and each of five
nodified operations in Section IV) were evaluated by
assuming a series of low- and high-water years that
produce approximately the average annual runoff.
Runoff for the low-water year is assumed to be similar
to that in 1,982, when annual runoff totalled 8.31 maf .
Water year 1986, with a total annual runoff of 16.5
naf, ltas used as the basis of the high-water year
operation. It was assurned that three years of low
runoff would occur for every one year of high runoff.
The GCES Final Report, Figure Vf-t gives daily flows
for water years L982 and 1986, and Appendix D gives the
basis for this definition of current operations.

FIoods

Floods like those of L986, which are expected to occur
one year in four under current operations of Glen
Canyon Dam, probably will result in long-term loss of
sand from recirculation zones, primarily in narrohr
reaches of the river and in the reach from Lees Ferry
to the Little Colorado River. Sand loss will result in
Ioss of some sand-dependent resources--camping beaches,
substrate for vegetation, and backwaters. Rate of loss
will be dependent on the amount, of sand delivered by
tributaries and wiIl decrease downstream as more
tributaries join the river.
Estimates made with the STAB model suggest that sand
storage in main channel pools will increase under
current operations and average annual tributary
delivery of sand. This will gradually raise the
elevation of the channel bed. Aggradation is predicted
because the degradation associated with the short
periods of flood releases which occur once every
fourth year is more than balanced by the aggradation
during the low-release years. STAB model computations
for the reach from Lees Ferry to the Little Colorado
River yielded an estimate of about ZO years for
aggradation of the channel bed under current
operations.

During the flood release periods which occur every
fourth year, large parts of carnping beaches wiII be
inundated and the sand deposits which form them
subjected to scour-and-fitl. When floods occur during
the period of main-channel pool aggradation, the arnount
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of sand brought into the recirculation zone will
probably be insufficient to replenish the entire amount
of scoured sand, and degradation will result. Because
the rate of sand transport in the main channel at a
given discharge is greater when main channel pools are
at a high elevation, Ioss of sand fron recirculation
zones is projected to decrease over the next 1O to 20
years as pools begin to reach a high elevation, but the
rate of decrease depends on the amount of tributary
sand delivery. The gradual loss of sand from
recirculation zones will decrease the sandy areas on
which marsh vegetation could become established.
Backwaters also will decrease in response to the loss
of sand. Under current operations, the possibility
exists that debris flows in tributaries will add
naterial to riffles or rapids that cannot be moved.
Flood releases one year in four will move more debris
than powerplant flows, but frequent flood releases of
40r000-50,000 cfs probably are incapable of removing
all newly added debris, and rapids may become more
difficult to navigate.

Fluctuatl.ng Flows

Evidence summarized in previous sections supports the
conclusion that sand deposits respond rapidly to the
onset of fluctuating flow but reach a stable condition
within a period of six rnonths to a few years. The
stable condition reached for a given range of
fluctuations will depend prirnarily on the peak flow of
the fluctuationsr so that the higher the peak, the
smaller the area of sand remaining for campsites or
vegetation.

Repeated surveys of recirculation zones made during
fluctuating flows in the period October 1985-January
1986 suggest that fluctuating flows decrease
topographic relief of sand deposits within the zones
and reduce the number and area of backwaters.
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SECTION IV: II,IPACT8 OF TTODIFIED OPERATION8

Rating System for Evaluating Inpacts

Five flow scenarios to protect or enhance biological or
recreational resources were developed by GCES
researchers, and are presented in Appendices B and C
along with the evidence and reasoning leading to their
development. Each of the five scenarios includes three
years of low runoff (about I naf) and one year of high
runoff (about L6 naf ) o A seven point rating system is
used in this report to summarize the impacts of the
scenarios on main channel pool sand storage, camping
beaches in narro!'r and wide reaches, substrate for
vegetation, backwaters, and rapids. This system is
used only as a means to illustrate relative impacts of
the five scenarios, and is not intended to irnply value
judgements on the part of the researchers. For each
scenario, impacts hrere evaluated relative to the
impacts of current operations.

The basis for considering an inpact positive or
negative was different for the different resources.
For main channel pool sand storage, the impact of a
scenario was judged to be positive if the scenario lras
believed to result in a greater rate of sand storage
than current operations. The impact on camping beaches
and substrate for vegetation was considered positive if
the area of sand deposits available for carnping and
establishment of vegetation would be greater under the
scenario than under current operations. possible loss
of area available for camping because of establishment
of dense vegetation hras not considered in this
analysis. The irnpact of a scenario on backwaters was
considered positive if the scenario was thought to
result in a larger number of backwaters available than
under current operations.

The impact of a scenario on rapids was considered
positive if it was detennined t,o result in con-
strictions at rapids which would be no smaller than
those projected for current operations. Smaller
constrictions may make rapids more difficult to
navigate and more unsafe. Smaller constrictions caused
by buildup of debris from tributary flows increase the
area available for sand storage in the main channel and
in recirculation zones and change the hydraulics and
sand transport capacity of the river. The long-term
effect of these changes on beaches is difficult to
determine with the present, state of knowledge.
Although these indirect effects of changes in rapids on
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beaches may be significant, they
considered in this analysis.
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Releasea to Uinini ze Loss of
VegetatLon Substrate

Camping Beaches and

On the basis of our current understanding of
sand-transport processes, we find that operations of
GIen Canyon Dam could be rnodified to naximize area of
sand available for carnping and establishment of
vegetation and to mininize long-term loss of canrping
beaches. This could be done by releasing the annual
flow volume as nearly constant flows. For the low- and
high-water years used for comparison, this would result
in steady discharges of about l2rOOO and 23rOOO cfs,
respectively. this scherne would elirninate the floods
which occur freguently under current operations and
which cause scour-and-fill of recirculation zone sand
deposits and subject them to possible loss.
Fluctuating flows which cause short-term loss and daily
inundation of significant parts of many deposits, and
which may reduce the number of backwaters, would also
be elirninated.

Because floods typical of current operations would be
eliminated, canping beaches and substrate would
probably becorne becorne stable above the elevation of
the water surface during the high-flow year. Because
this discharge is lower than the peak of fluctuations
under current operations, this would result in more
area available for carnping and vegetation than under
current operation. fn years of high-water release,
area available for camping would be less than that in
Iow-release years, but mininal loss of vegetated areas
would occur.

Under this scenario, discharge would change only
between low- and high-runoff years, and sand would be
subject to scour-and-fiff only when flows were changed.
Main channel pools degraded by'the 1-983-86 floods would
be filted in a few years if tributary sand delivery
were average or above average. STAB model computations
suggest that pools may reach a stable, high elevation
in about one third the tine of current operations
(Table A-8).

Steady flows in the range of L2,OOO-23,000 cfs would
inundate recirculation zones and form high reattachment
deposits and deep, well-developed return current
channels. However, these would probably not be
available as backwaters because most reattachment
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deposits would be submerged at all times, and flow
velocity in rettirn flow cf,annels would be ioo high to
be attractive to fish.
Elinination of floods typical of current operations nay
also result in an increase in number of rapids and
smaller constrictions for some existing rapids because
of buildup of debris from tributary flows.

Releeeee to Benefit Eunpback Chub

This scenario includes steady flows at maxinum
powerplant capacity for May and June in both the
high-water year and the low-water year. The renaining
months are at constant steady discharge. The rate of
main channel pool sand storage for this scenario would
be very low because of the period of steady high flows
each year. STAB model estimates suggest that under
this operation it would take about three tines as long
for main channel pools to aggrade to a stable, high
Ievel as it would under current operations (Table A-8).
Low pool bed elevations and the high, steady flows each
year would increase the chance of loss of canping
beaches and substrate over current operations.

Releases to Benefit Conmon Native Fish

A scenario which benefits conmon native fish has very
Iow releases (5rOO0 cfs) in the months of June, JuIy,
and August for both the low-water and high-water
years, and remaining months have a constant, moderately
high discharge. Sand storage for this scenario would
be relatively low because of the moderatefy high flows
for much of the year. The STAB model cornputations
suggest that this scenario would be about the same as
current operations in the tine required for rnain
channel pools to reach a stable, high elevation (Table
A-g) o Elinination of floods typical of current
operations would permit beaches and substrate to
stabilize at a lower elevation than under current
operations, resulting in more area available for
camping and vegetation than is available under current
operations.

Releaseg to Benefit frout
Except for three two-week periods of fluctuating flows
each year, this scenario is identical with the one
developed for camping beaches and vegetation substrate.
These short periods of fluctuations are expected to
have only a slight irnpact on sand deposits. The period
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of fluctuating flow in September may move some
tributary sediment into the lower elevation areas of
recirculation zones (Table A-8).

Rclregce to Benelit RecreatLon

This scenario has the qreatest variation in flow
during the year of any of the scenarios developed and
evaluated. Flows are about 30r0OO cfs during the
white-water boating season (DIay through Septenber) and
about 10rOO0 cfs during the fishing season. The
change in flow level twice each year would probably re-
sult in unstable sand deposits. However, elinination
of floods typical of current operations would protect
frorn loss camping beaches and substrate at elevations
corresponding to flows above powerplant releases.
Conputations with the STAB model suggest that sand
transport would be about the same as for current
operations (Table A-8) .

Tabtc A-E. Fivc scenarios rated* for inpact m five resources retated to sediment.

Scenar i os

t
l
I
I
t

I

Resotrrce

Beaches/ Hupback
Habi taV chric
lJi tdl, i f e

Trout Recreat i onCormon
Nat i ve

Fish
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l{ain Charnet Sand Stonage

Canpi ng Beaches

ilarror Reaches
uide Reaches

Srrbst rate f or Vegetat i on

Backraters

Rapi ds

-3

1

2

2

1

-1

2
2

2

-2

-1

1

0

1

-1

-1

-1
0

-1

-2

-1

2
?

2

-2

-1

i Rat i ng: Positive
3
?
I

Retative lrpact
= high
= medim
= lor

Ho D i fference

0

llegat i ve Re I at i ve I rpact
-1 = lor
'2 = mediun
-3 = high
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Rcleageg to ltl.ml,c Pre-Dam Flows

Although more rrnaturalrr flows may be desirable to some
recreationists, and could be expected to result in
vegetation more like that of the pre-dam era, releases
which mimic flows typical of the period before the dan
would result in rapid loss of camping beaches and
substrate. The extremely high flows during the spring
and early surnmer months, combined with no increase in
sand delivery, would scour sand from main channel
pools and cause severe erosion of beaches and other
sand-dependent resources. New debris deposited on
rapids would be adjusted more rapidly and to a greater
degree than under current operations. However, it nay
not be possible to release flows high enough to
maintain constrictions at the pre-dam condition.
Ilcreased Powerplant Releases Due to th€ Uprate ald
Rewl.nd Progrrrn

The change in water level which corresponds to a change
in flow from 3L,5OO to 33,1-OO cfs is greatest in narrow
reaches, but data from USGS gaging stations and
tenporary water level measurenent sites at other
locations show that the maximum water level change
would only be about 5 inches. This small increase
would probably not cause significant loss of camping
beaches or other sand-dependent resources. However,
although 31,500 cfs was the stated upper linit of re-
Ieases before the recent rewind and uprating of the
generators at the powerplant, discharges between 27,5OO
and 31r500 cfs were infreguent in the period from 1963
to L982. Sand-dependent resources were probably
stabilized to a flow which is lower than 31,500 cfs.
Without knowledge of how the new capacity will be used,
it is not possible to determine the affect of the
change in capacity on sediment-dependent resources at
the present time. However, if discharges are
frequently near the new powerplant capacity of 33,l,OO
cfs, then sand deposits would stabilize to that higher
discharge. Differences in water surface elevation
corresponding to the difference between 27,5OO and
33rl-00 cfs are about L.5 ft for narrow reaches and
about 1 ft for wide reaches. This greater difference
in water surface elevation could result in significant
Ioss of area of carnping beaches, substrate, and
backwaters, particularly in narrow reaches where the
difference is greatest.
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SECTTOT V! DATA CAP8 AND I'NCERTATNTIES

Conclusions presented in this report are based upon
data we had available and analyses which were conpleted
within the tine frame of the studies. They include
uncertainites in estirnates given and gaps in our
knowledge. However, hre believe that these
uncertainties and gaps do not affect the main con-
clusions of this report regarding floods and
fluctuating flow.

Data related to sediment transport were collected
during the period l-983-L986. This was a period of
unusually high releases in relation to the history of
operations of Glen Canyon Dam during the period
L963-Lgg2. Releases during the period of data
collection nere not only higher, but they were steadier
than those previously experienced. This period did,
however, present the opportunity to study the effects
of flood releases which may be typical of operations in
the future and which have been found to be the most
important factor affecting the long-tern condition of
all sediment-dependent resources.

Data collection did not begin until the recession of
the exceptionally high flood of 1983. Therefore,
little data are available on the nature of sediment
transport and storage changes during the critical time
of rising flow. Much change in sand deposits probably
had already occurred before data collection began. The
period of direct observation of response of sand to
fluctuating flow was very short (L6 weeks) and followed
three major flood periods.

OnIy Iinited data were collected concerning camping
beaches and vegetation substrate before L985. Linited
data are available to describe behavior of these
deposits during passage of a flood. The existence of
previous surveys and aerial photography and the
examination of internal structures of sand deposits to
reconstruct depositional history partially compensated
for the lack of data during the study period.

Specific gaps
below.

and uncertainties in data are given
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Anount of Eand Stored

No direct measurements of
recirculation zones were
arrived at by projecting the

the thickness of sand in
made, but estimates were
bedrock surface under sand
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between known points. The amount of sand stored in the
nain channel bed was estimated using thickness of sand
measured in cores taken before this study and from
knowledge of the depth of scour at gaged pools.
Storage changes with tine determined fron repeated
discharge measurements at the gaging station sections
may not be representative of those elsewhere in the
river. Attempts to detennine long-teim storage changes
in the main channel by comparison of repeated
depth-sounder records have not been successful because
depth variations caused by location error are of the
same order of magnitude as changes in the bed (Rathburn
1987) .

An unsuccessful attempt was nade to estimate outflow
from Grand Canyon by exarnining the deposits in Lake
Mead. Seismic reflection technigues used were unable
to identify changes in deposits with depth which could
be related to deposit,ion since dam construction.
Saad Transport

Sediment samples collected during this study represent
the largest set of data available for determining how
sand transport in Grand Canyon varies with flow
(Penberton 1987). Relationships between sand transport
and discharge deternined by traditional nethods have
very high stindard errors. Variability in transport
relationships is caused by a number of factors,
including sampling error, changes in bed elevation,
tributary supply of sand, bed materials, and channel
hydraulics. The short sarnpling time linited the range
of conditions sampled and tirereiore lirnited our ability
to isolate the effects of changes in controlling
factors. (See Graf and Burkham fn preparation; and
Pemberton L987.)

Predictl.ve lrtodels

Uncertainty in the results of the two different types
of models used in this report fall into two broad
categories--data used in the model and the model
itsel f. The uncertainty in sand transport
relationships used are described in the previous
section. Bed material size distribution used in the
STARS model affects results significantly (Randte and
Pemberton L9871, and although bed material was poorly
known, reasonable verification was possibte when the
model was used for periods when samples were available.
One hundred ninty-nine cross sections hrere sunreyed
with echo depth sounder to define the geometry of Lne
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channel for modeling. Additional interpolated sections
needed to reproduce the measured water surface profile
were at rifftes and rapids where sand storage is not
significant.

The STARS model (Randle and Pemberton L987) is a one
dimensional, steady flow model, which does not model
supercritical flow. Recirculation zones cannot be
sinulated with this nrodel, and rapid changes in
discharge must be sinulated as step increases or
decreases between steady discharges. The model was
selected for use in the studies because no other nodel
is currently feasible which can sirnulate the actual
physical processes as they exist in Grand Canyon. The
nodel was an important means of projecting results to
flows other than those studied, such as modified
operational scenarios, and to time periods longer than
the study period. A flow routing model recalibrated
with data from the study period (Lazenby L9871
underestimates peak discharge by about 5 percent during
fluctuating flow and overestinates the low discharge by
5 to 10 percent. As this model was used in sand
transport modeling, the error in flow routing adds to
the uncertainty in model results.
Eand Erchange

Conclusions concerning the loss or gain of sand in
recirculation zones are based on a data set of repeated
sunteys and on qualitative observations over a linited
time period and linited flow conditions. Our
conclusion that a loss of camping beaches and substrate
will result from repeated flooding in the long-term is
based on the assumption that sand is lost fron
recirculation zones and main channel pools during
floods and is therefore not available to rebuild
beaches after scour.

Sand Delivery

The short period of sediment sampling on two of the
three tributaries and the large varibility in delivery
from year to year make long-term averages heavily
dependent on the years used for averaging.

Variations in tributary floodplain storage could lead
to significant variations with time in sediment
delivery to the Colorado River from the Paria and
Little Colorado Rivers. To correctly estinate future
sediment delivery, these variations with tine should be
considered.
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DebrLg Floug

Debris flows and hyperconcentrated flows are believed
to be the dorninant nechanism of transport of coarse and
fine sediment from ungaged tributaries. However, only
about 10 percent of ungaged tributaries were examined
in this study. No general model for nragnitude and
frequency of debris flows was attenpted from the
linited data set.
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SECTIOT VI3 I,TOITITORIITG AITD RESEIRCE ITBEDS

Conclusions presented in this report concern long-ternr
projections of response of sediment-dependent resources
to flows. Periodic monitoring is required to confitm
or refine these projections. Monitoring should becone
an integral part of dam operations. Continued
monitoring should be supplemented by research directed
at filling the gaps in our present understanding of the
response of resources to flow. The nonitoring and
research program outlined below is designed to reduce
uncertainties in estimates and improve our ability to
make long-term projections.

ItonLtoring

The goal of the proposed monitoring program in the main
channel and tributaries would be to provide the data
base needed to rnore accurately determine the amount of
sand being gained or lost from Grand Canyon and reaches
of interest, within Grand Canyon, and to better project
Iong-term trends in that loss or gain. The program
should include studies to:

(1) CoIIect and evaluate sediment data at the
four main channel gaging stations downstream
of the Paria River. Evaluate data and
reassess the monitoring program every few
years.

(2) Measure discharge at gaging stations as
frequently as necessary to monitor bed
changes and maintain a stage-discharge
rating.
(3) Document changes to main channel control
sections (rapids and riffles) using repeated
aerial photography. Repeat hydrautic mapping
if significant changes occur.

(4) Monitor changes in bed elevation at
places other than gaged sections using
repeated surveys at cross sections, repeated
bathynetric mapping of short reaches, or a
combination of the two methods. Repeat
every few years or after significant flows.
Data collected at gaging stations gives
reliable information on bed changes that
permits the separation of short-term
variations from longer-term trends.

E'
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I(5) Develop a reliable base map for future

work. The lack of a universally accepted
base map led to difficulties in documenting
field obserryations and in integration of re-
sults from various studies. The 7 1/2 ninute
USGS topographic guadrangle maps under
preparation now could be a base for this map.
Uncertainty in location of particular beaches
or study sites is as much as one half nile
without such a base map.

(6) Repeat low-flow photographs of L984
periodically. Annual photographs would be
useful for monitoring changes in channel
controls, debris flow occurrence, vegetation
changes, and changes in sand deposits in
recirculation zones.

(71 Periodically rephotograph from selected
historical oblique ground photograph sites.
(8) Establish and replicate topographic
surirteys of recirculation zones exposed at low
discharges. This should be done every year,
or after significant flows (e.9., after the
recession from floods). Zones selected for
suntey should be determined on the basis of
significant formative and sediment supply
characteristics.
(9) Collect sediment and flow data on gaged
tributaries. Evaluat,e data and reassess the
monitoring programs every few years.

(10) Establish and periodically resurvey
cross sections in large tributaries.
(11) Take aerial photographs every year to
monitor changes in basins of ungaged
tributaries.

Tributary StudLes

The goal of tributary studies would be to develop a
general method which can be used to accurately estimate
the delivery of sand and coarse debris from gaged and
ungaged tributaries through tirne. The objectives
would be to:

t
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(1) Determine long-term trends or cycles in
tributary floodplain storage that would
affect sediment delivery. Evaluate flow. and
sediment delivery history for tine trends
caused by other variations and for
variability in delivery caused by other
factors.
(21 Develop a general model for nagnitude and
frequency for debris, hyperconcentrated, and
stream flow in tributaries.

Eend DeposLt Studies

The goal of sand deposit studies would be to better
define the response of sand-dependent responses to
changing flow conditions. We suggest that
investigations:

(1) Document flow and sediment changes with
discharge at selected study sites. Measure
flow velocities within and outside of
recirculation zones. Investigate changes in
flow pattern and sand deposit response to
changing flows. Investigate the use of water
and sediment tracers to measure exchange
between the main channel and recirculation
zones.

(2) Consider the use of
supplement to field
investigate processes
zones and between the
recirculation zones.

physical models as a
measurements to

within recirculation
main channel and

(3) Consider the use of analogs to
investigate eddy processes. Analogs offer
the possibility of collecting data under
more favorable logistical conditions.

llain Cbannel Procegges

The goal of main channel research would be to improve
the accuracy of estimates of main channel sand storage
and transport and to determine the significance to sand
storage and transport of changes in river hydraulics at
rapids.

(1) Use additional data collected in the
monitoring program to evaluate results of
sedirnent transport models and to refine
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models based on improved knowledge of
sediment transport, tributary delivery, and
storage of sand.

(2, Refine the conceptual model of nain
channel bed change based on improved
knowledge of main channel transport and
tributary delivery gained through the
nonitoring programs.
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SECTTON I3 Til.|rRODUCTION AND PRINCIPAI. FII{DIilG8

lhe Biology Subteam Report describes the inpact of past
and present operational patterns of GIen Canyon Dam on
the aquatic and terrestrial riparian conmunities of the
Colorado River in Glen and Grand Canyons. It
sumarizes and integrates the results of 13 biologicaL
studies that were initiated as part of the Glen Canyon
Environnental Studies (ccEs) in 1983. The GcEs was
designed to be a prelirninary investigation that would
lead to long-tem research and monitoring or a more
formal assessment of the inrpacts of Glen Canyon Dam on
downstream resources. Two primary questions were
addressed by the biological studies:
(1) Do dan operations significantly affect the living
systems downstrean of Glen Canyon Dan?

(2) Does the potential exist to operate the dan in a
manner that would enhance or protect biological
resources?

Tlre answer to both of these questions is yes for all of
the biological resources studied, although the degree
to which they are affected, and the degree to which
nodified dam operations will benefit then, differs fronresource to resource.

The results of the individual biological reports have
been integrated here in a way that describes how
riverine conmunities respond to dam operations as well
as how individual aquatic and terrestrial resources are
affected by specific dam operations. Individual
studies focused on components of the aquatic comrnunity,
as weltr as the terrestrial riparian (streanside) com-
rnunities that are.dependent on water and nutrients
supplied by streamflow. Desert habitats outside the
river-influenced riparian zone were not within the
scope of the studies. Sinritarly, tributaries were only
studied near their confluence to the mainstem river.
This report begins with a historical perspective that
gives a general overnriew of how the terrestrial and
aqtratic communities along the river changed after the
constnrction of Glen Canyon Dam. Following the
ovetrriew is a description of the design of the
biological studies and the natural history of target
resources. The najor portion of the report is a
discussion of how current dam operations affect
individual resources. Next, a discussion of
alternatives to current operations includes nodified
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operation scenarios for each resource that nininize thedeleterious effects of dam operations. In addition,
non-operational alternatives that rnitigate the impactsof the dam operations are presented, as weII as datagfps ald uncertainties in the analysis. Finally, adiscussion of appropriate research ind uonitoring to
refine management alternatives is presented.
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SECTION TI: ET8TORTCAL PERSPECTIVE

Cbanceg Cauged by Glen Canyon Dan

The construction of Gl,en Canyon Dan dramatically
changed a nunber of the physical characteristics of the
Colorado River, and in turn the aquatic and
terreEtrial riparian connunities Lnfluenced by the
river. Pre-dan river flows were characterized by
seasonal changes in nagnitude, turbidity, and ten-
perature. Low flows occurred in the fall and winter
and floods of turbid water occurred in spring and
sunner. The tlpical pattern was for peak flood flows
to occur in late spring, with gradually declining
floss, punctuated by thunderstom trrnoff,, through the
sunmer. Water tenperature ranged from near freezing in
winter to 80 degrees F in the summer.

The pattern of post-dan fLows is much diff,erent.
Seasonal changes in flow magnitude, temperature, and
turbidity are much less. Holrever, dan operations now
result in dail,y fluctuations in flow magnitude that
were not present before dan constrrrction. Spring
fLoodsr an inportant conponent of pre-dam flows, were
absent for 20 years frorn the tine of dam closure until
Iake Powell filled in 1980, and have occurred since
then only in reduced and nodified form. fn addition,
nost of the sediment carried by the river is now
trapped in Lake Powell, drastically reducing' the
sediment and nutrient load of post-dan flows. Water
temperature now ranges from 46 to 54 degrees F
year-round with much less seasoial fluctuation than
characterized pre-dam temperatures, but with a gradual
increase in tenperature with distance downstream from
the dam.

fhe Aquatic Systen

Drarnatic changes in the character of post-dan releases
Ied to a najor shift in the aquatic food base. Pre-dam
prinary production of algae within the river was
linited by turbid water, which nininized light
penetration. for most of the year. The pre-dan aquatic
food base, therefore, depended largely on terrestrial
lnput and was probably composed of detritus, ter-
reEtrial and aquatic insects, and other organic matter
carried into the river. At present the dan is a bar-
rier to sediment and other sources of organic natter
from upstream tributary flow. The shift from turbid
water to clear water has increased light penetration
and increased the importance of algae, primarily
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Cladoohorar €lsr prinary producers at the base of the
food chain. Living organisms associated with
Cladophora, such as midges, Gamnarus, and possibly
diatoms, are inportant food organisms for trout and
other fishes (Carothers et al. 1981).

Decreased post-dam water temperatures eaused a shift in
the fish coumunity from predominantly native warn-water
species to a conmunity doni.nated by cold-water fishes
and fishes with wide temperature tolerances. Of theeight native species historically found in the
Colorado River in Grand Canyon, several (Colorado
squawfish, bonytail chub, roundtail chub, and possibly
razorback sucker) have been extirpated (Carothers etaI. 1981). The native species that have persisted in
the changing river environment (hunpback chub, speckleddace, flannelmouth sucker, and bluehead sucker) aregenerally restricted to warner-water habitats such astributaries and backnraters during certain portions oftheir life cycles. Hunpback chub-in particular now hasa reduced distribution, and its reproduction isrestricted to one naJor tributary, the Little Colorado
River (Kaeding and Zirnmerman I9g3) .

Most of the exotic fish species in Grand Canyon were
introduced before construction of Glen Canyon Dam
(McDonald and Dotson 19GO). The first knownintroduction of exotic fish into the Grand Canyon wasthe appearance of common carp prior to 1994. Trout
were stocked in tributaries of the Colorado River fron
L92O-L971 by the National park Senrice and other stateand federal agencies. other exotic species, which
colonized fron the tributaries or were tiansported in
as bait fish by fishernen, also became established inthe pre-dam river. These included channel catfish,
largenouth bass, bluegill, green sunfish, nosquitofish, plains tcillifish, and- black bullhead. wam
summer water tenperatures during the pre-darn era sup-ported several of these exotic species throughout theriver, but they declined after constmction of the dan
along with native, warm-water fishes. The post-dan
decrease in water tenperature, however, permitted anincrease in the abundance and aistliUution of
cold-water species such as rainbow and brown trout
(Maddux et al.. 1997).

RLparlatr V€g€tatLou

The post-dam decrease in frequency and nagnitude offloods has permitted vegetation to coronize nearshore
(Turner and Karpiscak I9B0) c
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construction of Glen Canyon Dam, the terrestrial,
habitat along the Colorado River was characterized by
three distinct vegetational zones nrnning parallel to
the river (FigUre B-1A). Closest to the river waa an
annually scoured riparian zone supporting only
ephenerals and short-Iived woody plants; farthest from
the river was the trrre desert vegetation, uninfluenced
by the highest river flows. Between these two zones
was the Old lligh Water Zone (OHWZ) vegetation, a stable
pre-dan riparian plant community. Above River Mile
40, the OHwZ is doninated by Apache plune, netleaf
hackberry, and redbud. Below River Mile 40 this
conmunity iE doninated by western honey mesquite and
catclaw acacia. The lower boundary of the OtililZ was
maintained by scouring floods which removed seedlings
and saplings, and the upper linit was nost likely
determined by soil moisture levels and soil depth.

Tamarislc, an exotie tree, was found scattered just
beLow the OIIIVZ vegetation at the upper lfunit of the
scour zone. Tamarisk was introduced into the western
United States in the late 1800s, and was connon (but
not douinant) along the Colorado River in Grand Canyon
by approxinately the 1920s (Clover and Jotter 1944).

The post-dam decrease in peak flows allowed the
developnent of an extensive nLw plant conmunity in the
for:mer scour zone (Figure B-18) . Referred to as the
New High Water Zone (NHWZ) community, this new riparian
vegetation is dominated by tamarisk as weII as several
native species, including coyote willow, arrowweed, and
seep-willow. Though the OHWZ reuained unaffected by
the initial change in flow regime, nesquite and acacia
seedlings are now establishing in the NIIIIZ more
extensLvely than in the OH!{Z.

The post-dan decrease in flooding also allowed the
establishment of cattail and reed marshes in low-lying
areas of the NIIIiIZ. Marshes were rare or absent along
the river prior to the dam, as indicated by 1965 aerial
photographs and historical accounts. However, marshes
may have been transient features of the riparian plant
eonnunity that sporadically developed in the pre-dam
scour zone during the years between large scouring
floods. Over 40 acres of marsh habitat were present
along the river by L975 (Brown and Schnidt In
preparation).
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Riparl.aa Birdg

the developing NIIICZ more than doubled the extent of
riparian vegetation available as breeding habitat to
birds along the river. Breeding birds qpickly
colonized the NIIWZ, increasing in both ntrnber and
diversity. The increase in diversity was due nainly to
the development of new habitats, such as marshes, tall
riparian trees, and dense shoreline vegetation, that
were formerly rare to absent along the river. Bellrs
vireo, hooded oriole, great-tailed grackle, and summer
tanager expanded their ranges hundreds of miles upriver
to take advantage of the new vegetation (Brown et aI.
1987). Other species, including connon yellowthroat,
yellow warbler, and yellow-breasted chat, which had
always been present along tributaries noved down into
the river corridor. By L982, the populations of at
least 10 species of breeding birds along the river were
estinated to be five to ten times greater before
constrrrction of the dam (Brown et aI . L9e7l .

otber niparian Vertebrates

The pre-dam vertebrate cornmunity was apparently
characterized by species which were associated with
low-elevation riparian areas dominated by mesquite.
However, little or no quantitative data from the
pre-darn river corridor exists for riparian vertebrates.

B-L1"





SECTIOX IIIS DESIGIT OF EEE GCES BIOI{'GTCAIJ SrUDIES

Previous biological studies related to the operation of
Glen Canyon DaD were initiated in the 197Os by the the
National Park Senrice (NPS), Bureau of Reclanation
(BOR), the Arizona Department of Game and Fish (AGF) ,and the U.S. Fish and Wildllfe Senrice (FI[S). NPS
studies concentrated on vegetation, fish, and wildlife
(Carothers and Atchison 1976), while BOR studies fo-
cused nainly on trout. The early AGF studies dealt
with the l5-nile trout fishery below Glen Canyon Dam
and examined potential problems associated with
fluctuating flows (Persons et al . 1gB5) . Additional
study of available trout habitat at different flows was
conducted by the BOR during peaking power in-
vestigations - in the early t98os (wegnei fbeel . Fws
studies focused on the life history of the humpback
chub in the tittle Colorado River (Kaeding and
Zinmerman 1983) .

Following the decision to uprate Glen Canyon Dam
generators, an interagency biological tean was formed
to develop research p1ans, determine costs, and .

initiate the GCES. The BOR, NPS, AGF, and FWS were the
prinary members of the team. Although study objectives
were formulated by the interagency group, study neth-
odology and design were developed by individual
researchers--except for the fisheries research, which
was designed Jointty by the BOR, NPS, and AGF. !{here
practical, the new studies incorporated methods that
were conpatible with previous studies to provide
continuity for data comparison and monitoring. Tryo
other interagency study teams erere formed to study
sedinent and hydrology and recreation. Interaction
among the three teans was continuous throughout the
entire biological progran to ensure that data needs
and logistic requirements rilere identified and corre-
Iated effectively.
lslatic Studies

Aquatic studies were coordinated by the AGF and cen-
tered on ecology of fishes and the fish food base
(Uaddux et al. 1987). Over 3OTOOO fish were rneasured,
weighed, and narked by tags or fin clipping. These
data were used to evaluate the inportance of nain
channel and tributary reproduction, patterns of habitat
use, and seasonal patterns of reproduction. Research
focused on the two fish species of rnajor concern to theparticipating agencies: the endangered hunpback chub
and the econonically important rainbow trout.
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Several additional studies were contracted to
individuals to ansver questions that arose from the
initial AGF research. Habitat availability for native
fish was determined by aerial photography which
censused the nunber of different nearshore fish
habitats available at low (5,OOO cfs) and high (28,OOO
cfs) flows (Anderson et al . 1996) o Habitat
availability for trout was modeled for different dam
releases by river flow analysis of the reach between
Gl.en Canyon Dam and Lees Ferry (Ifegner 1985) . The
analysis deter:mined the high and low flow extremes
which could result in loss of habitat for trout fry and
adults. Temperature sinulations of a nulti-level dam
intake stnrcture were conducted to determine the
seaEonal range of temperatures possible from such a
structure at releases of 28r000 cfs (Ferrari 1985).

Trout food resources were looked at in several studies.
Usher et al. (1986) examined the dlstribution of the
algae Cladophora, a key prinary producer, and
deternined its dessication tolerance for different
periods of exposure to air. Zooplankton distribution in
the river was surrreyed to detemine whether zooplankton
were produced in the river or were transported .into the
canyon from Lake Powell (Haury 1986; Maddux et al.
1987). The effects of steady versus fluctuating fJ.ows
on dislodgement and movement of aqpatic
macroinvertebrates lrere also studied (Leibfried and
Blinn 1986).

lerrestrLal Studl.es

Substantial changes in riparian vegetation occurred as
a result of the 1983 flood, which reached 97,2OO cfs at
Lees Ferry. Several studies were designed to examine
the effects of this flood and evaluate the response of
riparian vegetation to scouring and inundation
resulting from high water.

Five vegetation studies examined vegetation dynamics at
different scales, different study sites, and in
different conmunitLes. Ttro of these studies used
aerial photography to measure vegetation trends.
Iong-term changes in riparian vegetation cover hrere
detemined by neasuring vegetated area over Lg.2 river
miles on large-scale (1:6rOOO) aerial photographs from
1955, L973, 1980, and 1985 (hrcherelll 1987). VerT
large scale aerial photography (1:250) lras used to mea-
sure vegetation recovery fron the 1983 flood on eight
individual camping beaches covering 3.4 acres (Brian
1987) .
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Several ecological studies focused on the responses of
individual species to changing fl.ows. Plant nortality,
soil nutrient loss, and insect population changes
reeulting frou the 1983 flood were studied in 47
previously uarked NIIWZ study sites covering nine acres
(Stevens and Waring 1ge7l. Establishnent,
Eunrivorship, and growth of seedlings and saplingsr ds
weII as growth, surrrivorship, and reproductive
phenology of adult riparian plants, were followed for
three years after the 1983 flood in these sites (Waring
and Stevens 1987) and with over 200 belt transects and
over 900 marked individuals in the NIIWZ and OHIVZ
(Anderson and Ruffner 1987).

Studies of terrestrial vertebrates emphasized selected
indicator species of birds and reptiles that were
potentially sensitive to river flow regimes. The
decision to focus this effort on birds and reptiles was
based on several factors: 1) the time needed for
long-tetm vertebrate population studies was greater
than the tine aLloted for the studies, 2l
conphrehensive marnmal studies were considered too
costly compared to avian research, and 3) many verte-
brates are dependent on the availability of riparian
habitat and food resources and they are likely to re-
spond to changes in riparian habitats in a similar
manner. Riparian birds were selected as indicator
species to integrate the cuurulative effects of flows
and vegetation changes on vertebrates. Quantitativeinformation on the presence and nunbers of riparian
birds was available from previous research (Carothers
and Aitchison L976, and could be readily incogporated
into a'new study related to irnpacts of dam operation.
Avian research focused on the abundance, diversity,
and habitat use of riparian nesting birds (Brown and
Johnson 1987). Over 500 bird nests were located and
neasured to determine the distribution and habitat
preferences of different species.

Reptile studies focused on the species composition,
distribution, and habitat use of lizards in the
riparian system (Warren and Schwalbe f987). Reptiles
were studied because Little pre- or post-dam infor-
mation was available on this group. Lizards were
selected as an indicator species because they were
abundant in a variety of riparian habitats, and they
used the shoreline zone. Lizard popul.ations were
sanpled at 25 locations during three years with over
30O belt transects.
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Though no conprehensive studies of terrestrial
invertebrates rf,ere undertaken, the effect of the 1983
flood, on some inEect groups, primarily plant-feeqing
insects, was examined (Stevens and Waring 1987). Since
insects are lnportant food resources for vertebrates,
the lack of infomatLon on terrestrial and aguatic
insect ecology is a serious gap in our understanding of
the terrestrial food base.
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SE TION IV3 NATURAI. EISIORT OF BIOI..OEICAI. RESOUNCES

The aquatic and riparian conmunities of the river
corridor have had over 20 years to adJust to the
changed river environment brought about by the
completlon and operation of GIen Canyon Dam. These are
no longer conpletely native conmunitLes adapted to
pre-dam conditions. Both the aquatic and terrestrial
riparian conmunities now include naturally reproducing
exotic species that have increased in abundance since
the constnrction of GIen Canyon Dam.

This section of the report provides basic information
on the critical elenents of the life cyles and ecology
of selected resources of the aquatic and riparian
coununities. Information necessary for understanding
the effects of river f,low regines is presented for
each resource separately.

AcnratLc courunLtv

Algae and fnvertebrates

Food resources of iolorado River fisheE in Glen and
Grand Canyons vary among species, Iife stages,
habitats, and seasons of the year. Early life stages
of mainstrean fishes largely feed on zooplantton
(uicroscopic open-water organisrus). The major source
of zooplankton appears to be Lake Powe11, although
backwaters of the Colotado River may also be important
sites of zooplankton reproduction (Maddux et aI.
1987). Ver:f little iE known of the food resources of
early life stages of fishes in tributaries to the
mainEtream river.
As Colorado River fishes increase in size, they are
capable of eating larger food items, and
bottom-dwelling organisms become more iurportant in
their diet. The filamentous green benthic alga,
Cladophora crlomerata is of rnajor inportance to many
species, including rainbow trout and, apparently,
hunpback chub. Cladoohora is thought to be of little
nutritive value to some fishes, in particular trout,
but tt sen/es as a substrate for attached diatous
(nicroscopic algae) that may have greater food va1ue.
It is also a habitat f,or inportant benthic inverte-
brate food items, such as the anphipod Gammarus
Iacustris and immature chironomid nidges. Diatoms in
turn fotm an iuportant diet component of these
invertebrates (Maddux et al. 1987).
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Large-scale fluctuations in discharge not only expoEe
river bottom to the atmosphere, bui also afiect thevelocity of river currents. Under extremefLuctuations, drift (dislodgenent and movenent) of
Ganrnarus increases drarnatically (Leibfried and Blinn
19g6) 3 This can have the sb,ort-term benefit of in-
creasing availability of food resourees to trout which
feed on invertebrate drift. However, drift also
increases mortality of algae and invertebrates. If theadditional nortality exceeds the reproductive and
recolonization capacity of these populalions, negative
long-term effects will occur to the food base. Mor-tality suffered though drift is not an absolute loss,
however, because this organic matter can enter thedrift and become part of tie downEtrean foodbase.

EunpDact ehub

The hunpback chub is the only endangered, federal.lyprotected fish species in Grand Canyon. This species
renains endangered because only isolated and rEmnant
popul.ations exist throughout its range.

Grand Canyon hurnpback chub begin life in the LittLe
Colorado River, but nany occupy the mainstem ColoradoRiver for much of their aauft lives. Chub rrere
obserrred spawning in May and June during this study,but other sources indicate that chub may spawn as earlyas Uarch (Carothers et al. 1981). Following spawning,the eggs hatch within several days and the lanraLfishes- grow to approximately two inches by fa1l. Atthis size, the young fishes are capable oi noving fronthe Little Colorado River into the eolder mainstemriver where they occupy backwater and nearshore,low-velocity habitats. Because adults are found inboth the Little Colorado and nainsten Colorado,
however, it is not known whether all of these young
fish move into the nainstem river to 1ive or whethersomg stay in the Little Colorado River as year-Iong
residents. Tagging and recapture of a small nuntrer oiadult chub conf irmed that movenent between the
mainstem Colorado and the Litt1e Colorado River doesoccur (Maddux et al. lgg7). The actual extent anddirection of such uovenent remains largely unknowrl.

The _you{r9 chub mature quickly, often obtainingreproductive size (>lO inches) within three to fouryears (Kaedilg and Zinnerman 1983). When they reachsexual maturity, those hurnpback chub living in the
mainsten appear to move into-the Little cororido Riverto allow their eggs to complete maturation prior to
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Epawning (Kaeding and Zinmerman L983 ) . Thus, the
Little Colorado River mouth becomes inportant to adult
fish as a staging area f,or spawning. More importantly,
it provides low-velocity'habitats preferred by lanral
chub (Maddux et al. 1987). The life cycle is com-
pleted when the adult chub return to the Little
Colorado River to spawn.

Decreased water temperature since closure of the dam
may be a rnajor factor restricting humpback chub
spawning and lanral rearing in Grand Canyon to the
Little Colorado River, which has spring and sumuer
water ternperatures of' between 6L-75 degrees F.
However, because of the remoteness of the hunpback
chub populations, there has been little previous
research on their breeding ecology, and the specific
nicrohabitat requirenents for spii;ing are not known.
Other tributaries in Grand Canyon war:m to temperatures
Euitable for spawning, but are not known to support
reprodueing populations of hunpback chub (Maddux et al.
1987). In unregulated rivers of the Upper Colorado
River Basin, humpback chub spawning and larnral rearing
currently take place in the mainstem and not in
tributaries (Mitler et aI. 1981). This suggests that
humpback chub may have used the rnainstem Colorado
River in Grand Canyon for spawning and lanral rearing
prior to the closure of Glen Canyon Dam.

Because their reproduction is restricted to the Little
Colorado River, hurupback chub are now extrenely
vuLnerable to any changes in that watershed. Spawning
and rearing of lanral hurnpback chub occurs from early
spring through late summer. Therefore, many of the
mature spawning adults as well as their offspring are
congregated in the Little Colorado River during this
period. If some natural or man-caused catastrophe
were to occur to the Little Colorado River at this
tine, a najor portion of the population could be lost.
The reliance of chub on the Little Colorado River nakes
them more vulnerable to rnajor perturbations than other
native fishes, which use a wide variety of habitats for
spawning and larrral rearing.

Counon tratl,ve FLsleg

of the eight native fish species formerly found in the
Colorado River below Glen Canyon Dau, only three
species remain common: the speckled dace, bluehead
sucker, and flanneldrouth suckel. Tno others are rare3
the huutpback chub, which is described above, and the
razorback suclcer, which apparently does not reproduce
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and may soon be lost from the Grand Canyon. Three fish
species are already extirpated from the Grand Canyon:
the Colorado squaufish, bonytail chub, and roundtail
chub (I{addux et al. 1987).

The three common native fishes appear to have adjusted
to post-dam conditions and are. present in both the
mainstem river and tributaries. The extirpation of
native species from the Grand Canyon nay be tied to the
construction of the dan, which decreased water
temperature and blocked passage of these species to
areas above and below Grand Canyon. The largest
reuaining populations of these species exist in the
Upper Colorado Basin where waters are less affected by
dam regulation and are similar to the lrarm, turbid,
natural flows of the pre-dam river in Grand Canyon.

The common native fishes spawn throughout the nainsten
river and its tributaries in late spring and early
summer (Maddux et al. 1987). However, low mainstem
river tenperatures may restrict the growth and
distribution of lanral fishes to baclnraters which have
Iower velocities and warner temperatures. Sanpling of
backwater habitats in Grand Canyon has shown that they
are used by subadult humpback chub and other native
fishes, Backwaters are shallolr basins that are
connected to the mainstem river, but have little or no
current. In backwaters, water temperatures exceed
those in the adjacent river, ranging up to greater
than 70 degrees F in the sunmer.

A backwater is usually formed by the return current
channel of an eddy. As water level drops, the
surrounding topography is exposed, and the channel
becomes a backwater (see Appendix A, Figure A-2) .
Under steady flow conditions, these backwaters may
develop both plankton and insect comunities which
provide food for fishes. Studies by the U.S.
Geological. Sunrey (USGS) , which have been confirmed by
aerial photography, suggest that antecedent fl.owsprior to decreases in water levels may be a controlling
factor in backwater formation. Under steady flows,
Eand in an eddy return channel is deposited with
greater topographic relief, resulting in deeper, larger
backwaters when flows drop. After the backwater is
formed, its longevity is also influenced by river flowpatterns. Backwaters disappear faster during periods
of fluctuating water levels than under steady state
flogs.
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Ral,nbou lfrout

The National Park Senrice (NPs) began introducing trout
into the Grand Canyon in the 1920s. However, high
pre-dam water tenperatures in the mainsten Colorado
RLver restricted trout populations to a feu suitable
tributaries. Post-dan river temperatures have
decreased to 46-54 degrees F, allowing trout to
colonize the mainsten river. The l5-raile river reach
from the dam to lees Ferry became one of the finest
trophy trout fisheries in the West. Maintenance of the
Iees Ferry trout fishery under present management
gruidelines iequires supplenental stocking, without
which catch and hanrest rates could not be maintained.

Rainbow trout spawning occurs prinarily from November
to Febnrary on gravel bars vithin 15 niles of GIen
Canyon Dan (Maddux et al. 1987). Adult trout stay on
the spawning bars for this period. Once trout fry
energe f,rom the spawning beds (redds) , they move
innediately into low-velocity, nearshore habitats
(Dladdux et aL. .1987).

With temperatures around 50 degrees F, the river below
Glen Canyon Dam aLlows year-round growth and provides
suitable temperatures for natural reprgduction of
rainbow trout. These teulperatures, however, are lower
than those reported for optimal trout growth. Optinal
growth of rainbow trout, for exanple, occurs at 64.4
degrees F (Cherry et aI. 1977, . Temperatures up to 70
degrees F do not adversely aff,ect trout f,eeding and
other activity (Scott and Crossman 1973), although the
potential for fish disease increases at higher
temperatures (Piper et al. 1982).

lerrestrial Riparl.+n Conmunitv

VegetatLon

Most terrestrial animals along the Colorado River in
Grand Canyon depend on riparian vegetation in some
Danner. Plants provide cover, foraging substrate,
food, or nesting habitat for birds, insects, reptiles,
and nanrqals.

The pre-dam (OIffZ) riparian vegetation is dominated by
acacia and mesquite. The extent of this connunity was
linited to above the 100,000 cfs leve1 by scouring
floods before closure of GIen Canyon Dam. Mesquite and
acacia continue to be Linited by flooding, but since
post-dam floods are smaller and less frequent than
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pre-dam floods these plants have extended their
diEtribution into the New Htgh Water Zone (NHI[Z). Mes-guite and acacia are well established in the NH!{Z,
where individuals in younger age classes are most
abund,ant (Anderson and Ruffner 198?).

The NIMZ is dominated by tamarisk, coyote willow,
seep-willow, and arrowweed. The NIIWZ is more heavily
used by animals than the OH![Z for several reasons.
The NIII{Z exhibits greater productivity, plant species
diversJ.ty, and habitat diversity than does the Ollflil?,
and has a wider range of vegetation age classes.
IligJter productivity results from proxinity to water,
which supports greater biomass and faster-growlng spe-
cies. The OHI{Z is composed of small treis, shnrbs,
and herbs. The NITWZ contains snall-Ieaved trees,
broad-leaved trees, Iarge and small shrubs, emergent
herbs, and terrestrial herbs

The uethods of pl.ant reproduction are also more varied
in the NIMZ. Many species there can reproduce both
vegetatively and by seed. Several species, including
coyote willow, arrowweed, and spiny aster are clonal
and reproduce prinarily by vegetative means. The
ability of these species to reproduce vegetatively and
to grrow quickly contributes to a potential for rapid
colonization and change in species conposition in tne
NIIW? (Stevens and Waring 1987). There is aLso greater
variation in the tining of flowering, tining offnriting, seed viability, and longevity in the -NIIWZ

than in the OHWZ (Waring and Stevens 1982).

Woody plants in the NIIWZ occur for the most part insmall, singJ.e-species patches, which are clustered and
create a mosaic of many different habitat t1pes.Along a single river terrace, one uright find a nixedtanarisk woodJ.and, a dense cattail marsh, and largepatches of clonal species such as coyote willow and
arrolrrweed. This greater habitat diversity potentially
supports more animal species than the Dore unifornr
vegetation stnrcture found in the OIMZ.

Post-dam changes in soil substrate could have long-lasting effects on riparian vegetation. Historically,flood flows carried high sediment loads that were
deposited along the riverbank. Under post-dam flow, a
much lower sedinent load is carried by the river
(Appendix A). As nutrient levels of riparian soLls
decrease due to leaching by sediment-free water, the
lpecies conrposition of ripirian vegetation'nay changeif some species become liurited by low nutrient levels.
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Ingcctg

Three major insect comnunties are present in the
riparian zone: aquatic insects, which depend on the
water for part of their life cyclei fossorial or
ground-dwelling insects; and phytophagus or
plant-feeding insects. Insects are inportant in the
Grand Canyon ecosystem as food resources, deconposers,
predators, and pollinators. For these reasons, changes
in insect conmunity may have subtle but profound
Iong-term effects on the entire riparian and aquatic
ecosystems. Little ls known about insect species
conposition, distribution, and population dynanics as
related to dan releases.

Aquatic insects are inportant food resources for birds,
reptiles, and anphibians. Most of theEe insects have
an aquatic lanral stage followed by a terrestrial
adult stage and are nost directly affected by river
flows. Though little is known about aquatic insects
in Grand Canyon, several critical aspects of insect
population dynanics, such as total aquatic insect
production, species composition, and the tining of
insect emergence, could be dramatically affected by
changing river flows. The movement of emergent aquatic
insects into the ri.parian zone represents the najor
exchange of ener!ry between the aquatic and terrestrial
systens.

Many fossorial insects, especialLy termites, are plant
decomposers and play an primary role in returning
nutrients to the soil. They are also a food source
for reptiLes and anphibians. cround-dwelling insects
are susceptible to drowning during noderate to high
floods but can reestablish frour surrounding unflooded
areas. Litt1e information exists on the species
composition and ecology of these insects.

Plant-feeding pbytopbagus insects play several roles
in the Grand Canyon ecosystem. fn their lanral stages
they feed on plants and rnay liurit plant productivity,
especially in years of high insect abundance. Many
adult phytophagus insects are plant pollinators and
are necessar? in plant reproduction. These insects are
also an important food resource for vertebrates.
Plant-feeding insects are linited by the health of
rlparian vegetation and are indirectly affected by dam
releases. Changes in the noisture content of plants
can lead to changes in species composition of associ-
ated insects while inundation of plants increases
insect nortality (Stevens and Waring 1987).
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Irl,sardg

Ten lizard species are found in the river corridor.
Total lizard population densities are higher in
shoreline habitats than in adJacent non-riparian
habitats by approximately an order of rnagnitude (Warren
and Schwalbe 1987). Although nost lizards are
distributed in both riparian and non-riparian
habitats, one species, the tree lizard, was obserrred
only in riparian habitats.
tizard reproduction is significantly higher in
shoreline areas than in adJacent non-shore and
non-riparian habitats. Maxinum reproduction appears
to take place in habitats such as cobbLe bars where
fine beach sand is available for neEt Eites. Lowest
reproduction oecurs in densely vegetated and very rocky
sites.
Reptile activity patterns are closely tied to anbient
telperatures, with peak activity occurring along the
river fron April through Septernber, and reproductive
activity occurring priurarily during June and JuIy.
These nonthe of naximun activity in the shoreline zone
are the tine when lizards, and probably other reptiles,
are most sensitive to fluctuations in river 'flow
levels
RLparLaa Bi.rds

Of the nearly 30 species of birds known to nest in the
river corridor, 11 species are referred to as obligate
rLparian birds due to their complete dependence on
welL-developed riparian vegetation in which to breed.
Over 90 percent of the nests of obligate riparian birds
were located in the NHWZ. Of the tl obligate riparian
speciesr. 8 nested exclusively or prinarily in the NIIWZ(incl.uding American coot, willow flycatcher, commonyel.lowthroat, yellow warbler, yellow-breasted chat,great-tailed grackle, and hooded and northern
orioles). Only three species of obligate riparian
birds nested in the OHWZ, Bellrs vireo, blue gro-beak,
and indigo bunting, but these three nested wiaely in
the NIIWZ as well. The NIMZ not only supported a higher
density of birds, but supported ttre gleat najoriti of
obligate riparian birds (Brown and Johnson 1987).

The remaining species of riparian birds which were notconpletely dependent on riparian habitat generally
nested in both the NIIWZ and OHWZ. Mourning dove,
house'finch, blue-gray gnatcatcher, Lucyrs warbler, and
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Bewickis wren were among the more common species found
throughout both conmunities. However, black-chinned
humingbirds nested almost exclusively in the NIIWZ in
the Grand Canyon, while phainopeplas nested exclusively
in the OIIICZ.

Bellrs vireo, common yellowthroat, and yellow-breasted
ehat are the species most affected by river flows
because they nest low to the ground and close to the
water. Connon yellowthroat nests are found 3 feet or
lesE above the ground or water surface in low-lying
marshy areas, while BeIIrs vireo and yellow-breasted
chat nest in thickets of dense, young tamarisk shrubs
and place their nests fron 3-5 feet above ground.
lfith the exception of American coot and nallard, other
birds breeding in the river corridor nest higher in
the vegetation, so that direct nest losses from
inundation are uncommon.

Birds will quickly renest oncer or even twice, if their
initial nest is destroyed. Failure of a seasonrs
breeding atteurpts results in the loss of a generation
of young birds and a reduced breeding population the
following year. Vireos, yellowthroats, and chats are
resilient, and will quickly recover in numbers through
reproduction or inunigration from surrounding a.reas as
long as their preferred habitat remains intact,
I{illow flycatcher is a species of special concern in
the river corridor due to its rare status. Willow
flycatchers have been greatly reduced in nurnbers in
the Southwest as riparian habitat has disappeared.
Fewer than 50 breeding pairs of willow flycatchers are
known to remain in Arizona, the largest population of
these occurring along the Colorado River in Grand
Canyon (Unitt fn press) . WiIlow flycatchers nest
close to the water in low-lying habitats dominated by
tamarisk or willow, and may be very sensitive to the
effects of changing flows.

Peregrine falcon, a federally endangered species, nests
in snall numbers on cliffs along the river. Ducks,
doves, and small songbirds are their principal prey,
and increasing nunbers of these breeding birds in the
new tamarisk habitat could positively influence the
welL-being of falcons through their food base.
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SECTTON V:
IITPACES OF CURRENT DAIT OPERtrTTON8

Olr EIOLOGICAIT RE8OURCE8

Floodg aad FluctuatLons

lthe two aspects of current operations that have
strongest effects on biological resources are flood
releases and fluctuating releases. Floods are defined
as releases greater than 31-, 500 cfs. They are
generally between 40r0O0 and 50r0O0 cfs and occur for
four to six weeks in t'tay and June (Figure B-2) . They
occur in years when nrnoff is well above average or
the forecast of nrnoff is too low. Since the filling
of lake PoweII in 1980, flood releases greater than
4Or000 cfs have occurred in five of seven years. Under
current operations, fLoods of this nagnitude are ex-
pected to occur in one out of four years.

Fluctuations were a eommon aspect of operations during
the filling period for Lake Powell. Fluctuations are
defined as a change in dam release greater than 101000
cfs in one day (Figure B-3). Both the rate at which
water level changes during fluctuating flows and the
magnitude of the peaks and troughs of .'fluctuations
affect natural resources. The negative effects of
fluctuations increase as the amplitude and rate of
change increase.

Low, steady flows (Less than 10rO00 cfs) are also an
aspect of operations that can affect biological
resources. They have been uncommon during the course
of, the study and therefore are not evaluated for all
resources. lilhere the effects of low flows could be
determined for individual resources, the specif ic
threshold levels and their effectb on the resource are
described below.

Fluctuations and floods directly affect the aquatic
systen (Table B-1). Fluctuations do not directly
affect the terrestrial riparian system because
vegetation iE established above the level of the high
water line. Floods, however, have a strong negative
effect on vegetation and wildlife because river fLow
Doves outEide the established river channel, scouring
vegetation and drowning wildlife (Table B-2).
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HOURLY STEADY FLOWS
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Figure B-2. Releases for 1986 represent current
operations in a high-water year, and illustrate flood
flows and steady flows.
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HOUR LY FLUCTUATING FLOWS
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Figure B-3. Releases for 1982 represent current
operations in a low-water year and illustrate
fluctuating flows"
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Tabte B- I . tnpacts of dam operations on aquat ic resources.

I
I

Aq,AT I C
FMBASE

HU}IPBACK

CHUB

C0tll{lX
}IATIVE FISH

RA I }IBCIJ

TRO.'T I
FLUCTUAT I OIIS

Dessication of
atgac; ircreased
drift of gflmterus,
hJt decreased
rubers in zone
of ftr.rctuation

l{inimal stranding
of juveni les
irrctr,rding erosion
of backraters
used by subadul ts

Loss of sparning
and reerfng areas
in main chamel
backraters.

St randi ng of a l, L

age ctasses;
drying of sparning
bars; i rcreased
food avai Labi L i ty

I
I

FLOOS llo knorn effect

lncreased area
for Iarvat
rearing at the
mouth of the
L i tt te Cotorado
River; decreased
ntrtber of back-
raters for
juveni les

llo knorn effect;
if ftoods occur
in surmr, rearing
habi tat in back-
raters rilt be
decreased

Loss of
Ior-vetoci ty
habi tat for
juveni tes
pr i or to t{ay 1

I
I

l{inimat decresse
FLOODS in foodbase i f same as above

llo knorn effect
untess f toods
occur i n sLmner

Loss of toH-
vetoci ty habi tat
for juveni Ies
pr i or to ilay 1

I

Tabte B'2. IlFacts of dam operat i ons on terrestriat resources.
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VEGETAT IO}I R I PAR TATI

BIRDS
REPT I LES

t{inimat decrease
in areal extent

FLUCTUAT I0llS of vegetat i on due
to increased peak
f tor

lfo di rect ef fects llo di rect ef f ects

Increased rmrtat i ty
FLOOS frcrn inr.rrdation,

buriaI

llests tost if ftoods
occur betreen t{inimal, effects
lfay and June

FLMS

Decrease in
indivic[.rats and
and ptant coveri
loss of marshesl
decreased
rutrient tevets
in soi I

Substantial nest
loss for many
species; loss of
nesting habitat,
especiat ty mershes;
effects on insects
tnknorn

Rapid increases
in rater tevet
lead to drorning
and nest i tTJn-
dat i on
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Algae

lfhen flows fluctuated or dropped for prolonged periods,
CLadophora, the most abundant green algae in the river,
and associated nacroinvertebrates such as Garnrtarrrs
were subJect to detachnent and deEsication. In order
to determine the effects of prolonged exposure on
Cladophora, samples !'rere dessicated for L2 hours in
laboratory ocperiments. Up to 57 percent of the
biomass was lost (Usher et al . 1986) o In a related
ex;leriment, invertebrate (including Gammarus) densities
on artificial surfaces were found to decrease in areas
along the river exposed during periods of fluctuating
flows. Ifowever, Ganmarus densities increased in those
areas that remained inundated during periods of
fluctuation (Ieibfried et aI. 1986). Other inportant
food organisms, such as nidges that were collected on
drift nets, were less affected by fluctuating flows.

Eunpback chub

The size distribution of hurnpback chub collected during
1985 and 1986 showed that all young sLze/age classes
were represented, indicating that good reproduction
occurred during 1984 and 1985. Spring fJ,oods greater
than 40,000 cfs during these two years approximated the
pattern of pre-dam spring floods and may in part be
responsible for successful reproduction and recruit-
ment. High flows in the mainstem river back up into
the mouth of the Little Colorado River creating a large
area of ponded water and increasing the area of
habitat available for rearing larrral chub (Maddux et
al. 1987).

Fluctuating flows had rninirnal direct effects on
hunpback chub. JuveniLe chub used backwaters during
spring, summer, and fall when backnater temperatures
exceeded those of the mainstem river. Flows were
steady throughout rnost of the study period; therefore,
the effects of fluctuations on backwater use could only
be neasured for a short period in the fall. During
this time, Juvenile chub moved in and out of
baclcwaters with fluctuations in flow and did not appear
harmed by then (Maddux et al. 1987). However, fluc-
tuations may disrupt reproduction of zooplankton in
baclnraters, thereby potentially liutiting food
availabillty for chub. In addition, fluctuations may
erode backwaters and could decrease warm-water habitat
available for Juvenile chub.
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Icwered water temperature due to the presence of Glen
Canyon Dam may be the overriding factor liniting the
eize and distribution of the hurnpback chub population.
fn three years of sarnpling no lanral hunpback chub were
found in the mainstem river, indicating that mainstem
river temperatures are too cold to support successful
reproduction (Maddux et al. 1987). Lanral chub either
rear in the Little Colorado River or may die upon
moving into the nainstem.

Coruoa ltatLve FLshes

Ianral native fishes are relatively iurmobiler. very
susceptible to predation, and require quiet, warn
bacl<rraters for growth and surx/ival . As flows
fluctuate, the depth, temperature, and velocity of
backwaters change, forcing fish to either move into the
mainstem river or be stranded and die (Maddux et aI.
1987) . Fluctuating flows inerease the risk of
predation and require additional energy expenditure by
Ianral fishes. Fluctuating flows may also linit the
development of new backwaters and accelerate the
erosion of existing baclmaters.

A census of baclnraters using aerial photography showed
a threef,old increase in backwaters from 191 at high
flows of 28r0O0 cfS to 575 at low ftows of 5,OOO cfs
(Anderson et al. 1985). Both water levels censused
were preceded by two months of steady f,lows. Steady
flows redistribute sand to form well-defined eddy E€-
turn channels that become backwaters when flows
decrease. Sand deposited under fluctuating fLows has
Less topographic relief and therefore foms fewer
baclcwaters when flows are decreased (Appendix A) .

Native fishes, prinarily bluehead sucker, were found to
use shallow gravel bars for spawning sinilar to those
used by rainbow trout. Fluctuating flows during
spawning could dewater these areas, leaving eggs
exposed to air and predators, resulting in large egg
Iosses. Fluctuations strand both lanrae and adults in
isolated backwaters and pools when releases dropquickly, leading to increased mortality. Blueheadsucker, flannelnouth sucker, and speckled dace were
more susceptible to stranding than humpback chub.
However, the greater number of stranded individuals
for these species may be a reflection of their 1argerpopulation sizes rather than sensitivity tofluctuating flows.
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naitrDor lfrout

The najor flow related inpacts to rainbow trout uere
nortality of eggs and lanrae on the spawning bars,
disptacement of newly emergent tra, and stranding of
all age classes. Flows of at Least 81000 cfs were
required during trout spawning to keep the gravel bars
inundated and to prevent dessication of eggs and
emergent fry (Persons et aI. 1985). Even short periods
of dewatering can result in 99 percent nortality of
these early life stages (Maddux et al. 1987). Gravel
bars were exposed on a daily basis during periods of
fluctuating flows, which made them unavailable for
spawning or resulted in delayed spawning. Natural
reproduction contributed 28 percent of the trout har-
veet, accounting for an average of 121000 trout har-
vested in 1984 and 1985 in Glen canyon (Maddux et al.
1987) .

Low-velocity, nearshore habitats were required by trout
fry for rearing. These habitats changed in extent and
stnrcture under the influence of ftuctuating flows and
resulted in fry being exposed to velocities beyond
their switnning abilities. As flow discharge
increased, the irea and number of low-velocity habitats
decreased, forcing trout fry to move long distances to
other suitable habitats. This required additional en-
er![y expenditure and increased their chance of nortal-
ity. As flows rose above 121000 cfs, the areas of
low-veLocity, nearshore habitats suitable for trout fry
began to decrease, and virtually aII fry habitat was
lost when flows exceeded 25,000 cfs (Wegner 1986).

Finally, rapidly decreasing discharges during peaking
operations often Left trout stranded on shore.
Following a decrease in flow from near 231000 cfs to
51600 cfs in ten hours, more than 800 trout ranging in
size from 4 to 22 inches srere found dead as a result
of Etranding in the Lees Ferry area. Although adults
stere vulnerable to strandi.ng during the spawning peri-
ods, the snaller trout were generally more susceptible
to stranding because of their preference for shallow,
nearshore habitats (Maddux et aI. 1987).

Fluctuations increased the amount of food available to
trout by increasing drift of invertebrates. The number
of Garnmarus in drift nets increased four-fo1d fron
LO.1/hr to 42.3/hr during a l7-hour rise in flow from
5r3OO to 25,000 cfs (Leibfreid and Blinn 1987). During
this same period of tine, the number of Gammarus ln
trout stomachs increasdd seven-fold (Maddux et al.
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1987). A sinilar increase in invertebrates in trout
stomachs occurred during a period of fluctuating flowfrom Decenber 1985 to Februarl t985 (Maddux et al.1987). The nunber of chironomid nidges in the driftalso increased during this period; however, due theshort period of fluctuatlons it was not possible to
determine whether the increase in Gammarus and nidges
was a response to seasonal changes or fluctuations.
Vegetatl.oa

Vegetation near the waterts edge in the NIIWZ was mostaffected by floods. The 1993 flood, which reached
97,.2OO cfs, reduced overall vegetation cover by 4O-5Opercent (Brian 1987i Pucherelli 1982). Vegetation mapscreated fron aerial photography for a total of Lg.2river miles showed a decrease -in vegetated area from112 acres in 1980 to 77 acres in 1985 (pucherelLi
1987). A sinilar analysis of eight canping beaches
showed a decrease in vegetated area fron 2.2 acres to1.3 acres between LggZ and 1984 (Brian f98Z). Inaddition, 5O percent of over \4,OOO individual plants
monitored on 47 quadrats covering nine acres werekilled (Stevens and Waring 1987). - Major faetors inplant mortality were direct removal of plants' through
scouring, drowning, and burial by deposilion of sand asflows receded. Marshes, which were particularly
sensitive to flooding, were reduced by 95 percent dur-
ing the 1983 flood (Brown and Schmidt In preparation).

NIMZ vegetation showed high rates of gernination after
fJ.ooding, with extensive iecolonization at 21 out of 49sites (Waring and Stevens 1997). Highest rates ofgetmination occurred at the waterts edgt, leaving thenew seedlings susceptible to continued fl.ooding
(Anderson and Ruffner 19gZ). Marshes have shown nosubstantial signs of recovery due to extensive scouringof the eddys where they occurred (Brown and Schmidt In
Preparation) .

The oIMZ is established higher on the banks, above the
pre-dam flood level, and therefore was less affected bypost-dan flooding. Vegetation maps from aerialphotography showed a statistical.ly insi.gnificant
decrease of 21 percent in OHWZ veget-tion over Lg.2river niles from 1980-1985 (pucheielli lgBZ) and aninsignificant increase in <jmvz vegetation of 8.4percent on eight canping beaches from 1982-1984 (Brian1987). Flood flows did bring water closer to this
Pre-dam conmunity, yet growth rates and reproductiveoutput of adul,t mesquite and acacia did not increase
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after the 1983 flood. Howeverr Do comparative
pre-flood data were available. No increase in seedling
establishrnent occurred in the OIMZ following the 1983
flood (Anderson and Ruffner 1987).

An inportant potential effect of floods on vegetation
is the loss of soil nutrients. Measurements of NIIITZ
alluvial terraces before and after the L983 flood
showed a three-fold decrease in soil organic matter
from 1 percent to 0.4 percent (Stevens and l{aring
1987). Soil texture also changed as a result of
flooding. The proportion of small sized soil particles
(silts and clays) inportant in hoLding water in the
soil decreased fron 22 percent to 10 percent (Steven
and Waring 198?). Post-flood changes in soil particle
Eize distributions were correlated with a decrease in
seedling growth rates (Waring and Stevens 1987, Figure
B-4) o With repeated flooding, nutrients may be
leached fron the soil to the point where their absence
sill aff,ect long-g"t productivity and species compo-
sition of vegetation.

Spring flooding changed the species composition and
decreased diversity of NIII{Z vegetation through
differential nortal.ity of some species (Steven and
Waring 1987) and by favoring recruitnent of tamarisk
over native NH!{Z species which germinate later in the
sunmer (Waring and Stevens 1987).

Iagccts

Floods and fluctuations appeared to reduce the
abundance of chiromonid uridges, aD inportant food
resource for birds, reptiles, and other insects
(Stevens and Waring 1987). Since nidges live in
Cladophora beds, the factors that reduce bioraass of
Cladophora, such as scouring from floods and
dessication from fluctuations, could also decrease
nidge abundance.

RLparlaa Birde

The tr983 flood inundated most common yelLowthroat nests
and virtually elirninated marshes, their preferred
nestlng habitat. Marshes have failed to recover since
that tine. For this reason, yellowthroats are not
expected to recover to pre-flood numbers until narshes
recover.

Bellrs vireo also lost some nests to inundation at
flows of less than 401000 cfs. However, most breeding
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birds nested higher and were not affected until flows
exceeded 40rOO0 cfs. At flows of 90r000 cfs, 75
percent of the 300 Bellts vireo nests and 50 percent of
over 100 yellow-breasted chat nests were lost to in-
undation.

The greatest long-tern inpact to birdE is the potential
loss of nesting habitat through streanbank erosion,
especially the loss of tamarisk in the NIMZ. The 1993
flood resulted in a 40-50 percent loss in the extent of
Nfil{Z vegetation. The inpacts of repeated floods from
L983 to 1985 reduced Bellrs vireo densities by 45percent, due both to habitat loss through streambank
erosion and direct losses from nest inundation. No
bird species have been lost from the system due to
habitat loss. Many obligate riparian spe-ies also nest
along tributaries and could recolonize the river
provided that suitable habitat remains or is allowed to
recover.

The extent, strnrctural diversity, and species
composition of vegetation are inportant to wildlife.
!{hile vegetated area may increase population sizes of
wildlife, vegetation diversity is most likely to
increase the diversity of wildlife. Structural
diversity of vegetation may be tied to very infrequent
floods that open patches of the NIIWZ to recolonization
by .different species or younger individuals of the
game species. The frequency of flooding that would
increase structural diversity of v-getation is
unknohrn. flooding has been shown to decrease
vegetation diversity in the short-term and birdpopulations have been increasing for 20 years since
the construction of GIen Canyon Dam. On the basis ofthese obserrrations, flooding should not occur more
than once in 20 years. The frequency at which floods
could be beneficial to birds can only be detemined by
monitoring bird populations and v-getation recovery
f,rom recent floods.

Lizardg

Floods and fluctuating flows had short-term negativeeffects on shoreline lizard populations by trapping anddrowning some individuals on alluvial Uirs and
displacing others into habitats higher in the riparian
zone when the water rose rapidly (Warren and Schwalbe
1987). Daily fluctuations will increase lizard
mortality, especially when flows rise at night when
Iizards are inactive. Shoreline nest sites nay also
be inundated by floods and fluctuating flows during the
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breeding season fron May to Ju1y. In spite of the
potential loss of large numbers of individuals during
flood events, lizard populations in shoreline habitats
had densities ten tines higher than adjacent
non-riparian habitats within 10 nonths after the 1983
flood. fnmigration fron adjacent riparian habitats
probably contributed to rapid population recover-y in
the shoreline zone.

Eeasona1 Seasl.tLvity of Resources

FlowE that nay be detrinental to a certain biological
resource at a specific time of the year may have
nininal effect at other tines (Tabte B-3). Breeding
seasons were the most sensitive period of the life
cycle for birds and fish. Once young birds had
successfully left the nest and were able to take care
of thenselves, fLood flows no longer directly affected
then in the short-term. Over the long-tern, however,
floods that reduce the extent of vegetation or habitat
diverEity can affect the nuurbers and kinds of birds.
Egg and fry stages in the life cycle of fish were
susceptible to mortafity when stranded away from the
mainstem river because of fluctuating flows. The
nortality associated with stranding would be minimal if
those same fLuctuations occurred when spawning had
been conpleted and the young were rnobile enough to
escape. Sluctuating flows may benefit the older age
classes of trout by naking food more available through
increased drift of Cladonhora and ggl04!Lglg.

fn contrast, vegetation and reptiles can be negatively
affected by any flood regardless of season. The only
exception would be for vegetation when small floods
coinciding with high tributary flow ln summer could act
to replenish soiL nutrients by depositing silts and
clays on existing sandbars.

Rsgource nesilLence

The long-term resilience of a population, or its
ability to recover from disturbance, can be just as
Lmportant as how senEitive individuals are to that
disturbance in the short-term. For example, conmon
yellowthroats may lose a yearrs reproduction due to
spring floods, but the population can recover quickly
because population sizes are large and new individuals
can immigrate fron adjacent areas. fn contrast, the
humpback chub may not, be able to recover easily from
Iarge reductions in its spawning population because the
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dam has isolated theur from other populations that could
contribute individuals through innigration.
The resilience of the vegetation community is of basic
importance to the overall resilience of terrestrial
vertebrates because vegetation loss greatly affects
those animals which use the vegetation as habitat. For
example, bird and reptile populations are very
resilient to disturbance in one year as long as their
preferred habitatE remain or recover and are available
the following year.

Although marshes were scattered throughout the canyon,
marsh connunities have not yet recovered from the
ef f ects of the l-98 3 f lood. The relatively low
resilience of narsh habitats may be due to subseguent
flooding in 1984, 1985, and 1986r or t,o a loss of
subEtrate in areas where marshes formerly occurred
(Brown and Schmidt In Preparation).

Tabtc B-5. Sumery of thc ftor sensitiva €spects ard effects of ftors oo naturat
resourcas.
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SECIION Vr:
I!|PIC'I[8 OT AIE UPRA'IIE END NETII{D PNOGRIII

The Uprate and Rewind Program at Glen Canyon Dan"'
increased the peak generating capacity fron 31r500 cfs
to 331100 cfs. Impacts to the biological resources
resulting from the use of this j.ncrease is contingent
upon specific changes in duration of flows, their
stage, and the aurplitude and rate of change in
fluctuations. It is not possible at this time,
however, to specify precisely how the neu powerplant
capacity will affect future dam operations.
Variability in the forecast, manaftement options, and
physical system linitations will inpact the actual re-
Iease schedule. Accurate evaluation of the rewind and
uprate increase cannot be made pending a refinement of
actual dan operations. 3

Vegetation still persists in the canyon down to the
2?.5OO cfs flow elevation, which will eventually be
Iost under current operations (Stevens pers. com.).
Vegetation established at this lower level over the
years .because the 311500 cfs (capacity) flow lras E€-
leased only on rare occasions. By averaging
stage/discharge relationships at four USGS gaging
stations in Grand Canyon, the zone of vegetation loss
which would result from an increase in peak flow from
27 r5OO cfs to 33,100 cfs was estimated as one to two
feet (Appendix A) . No species of terrestrial
vegetation or wildlife are likely to be lost by this
increase in stage; however, a decrease in areal extent
of vegetation would occur. The nunber of nesting birds
and other wildlife nay decrease as vegetational area
decreases.

Vegetation that would be affected by the increase to
33r1O0 cfs resulting from the Uprate and Rewind Program
was severely affected by flood flows of 1983 to 1986.
L'arge areas of NHWZ vegetation were lost as a result,
and this in turn led to a decrease in the number of
nesting birds. The irupact of a decrease in areal
extent of vegetation due to increasing peak capacity to
33,L00 is Likely to be nininal relative to the danaging
effects of floods.

Several aspects of increasing peak operating capacity
could affect the aquatic connunity. An increased am-plitude of fluctuations possible under a 33r1OO. cfs
maximun or an increase in the rate of change in water
Ievel during fluctuations could increase the nurnber of
stranded fish and increase the erosion of backwaters.
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t
IIf increased peak capacity also increases the

probability of flows below 14,00O cfs, this could
increase reproductive losses for rainbow trout.,Fy ex-
posing and drying eggs on spawning bars during low
flows. Any increase in peak eapacity should be
monitored to directly determine impacts on biological
resources. I
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SECEION VIIs
UODITTED OPERAIIONS

A series of scenarios were developed to nininize future
iupacts to or enhance the long-term viability of the
terrestrial and aquatic biological resources downstrean
of Glen Canyon Dau. These scenarios focus on the
seasonal flow requirenents of hunpback chub, common
native fish, trout, and terrestrial vegetation and
wildlife (Figures B-4 to B-7). The flow requirements
of the scenarios are based on findings of the GCES
three-year study and were developed around the
EenEitive life stages and seasonal habitat requirements
of each species or group of species (Table B-3). For
exanple, a sensitive life stage for humpback chub is
the May to June spawning period. High flows are ben-
eficial to chub spawning, indicating that naximum
powerplant releases be nraintained through May and ilune.
Flow requirenents for the remainder of the year are
baseloaded to evenly distribute the total annual
release during high- and low-water yearE. Flows are
steady rather than fluctuating because stable flows
have lesE inpact on the overall biological system. The
scenario for conbined biol.ogical resources (Figure B-B)
evaluates the tradeoffs of providing preferred flows
for certairi species while balancing the irnpacts to
other species. This scenario does not appear in the
final report because it represents only one of many
ways in which flow requirements of different resources
could be conbined.

Future research and nonitoring may necessitate changing
the maximuns or minimums of the scenarios as well as
seasonal flow or fLuctuation requirements because
high, steady flow conditions during the study period
resulted in some uncertainties and limitations in the
data. For example, flood flows (>31r5OO cfs) occurred
concurrently with good humpback chub spawning success
in the Little Colorado River. yet, the maxinum flow
recommended for chub during May and June is linited to
the 31r5oo cfs powerplant iapaiity (Figure B-4). This
ceiling was put on the operating scenario reconmended
for chub spawning because (X) pooling at the mouth of
the Little Colorado River would still occur, if to a
lesser extent, with the 31r5OO cfs linit; (21 floodflows during May and June would substantially reduce
the amount of water avaiLable for release during the
remainlng nonths of the yeari and (3) almost all otherbiological resources would be adversely affected by
such flood releases each spring. Because of the level
of uncertainty associated with the. real need for a
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spring flood release, future research on chub would
need to focus on verification of the recommended flow
requirenents of the nainstem river.
lunpbact Cbub

Fishery data collected during May and June show that
flows as high as 501000 cfs create a large ponded area
of Etill water at the mouth of the Little Colorado
River. This ponded area increases the availability of
low-velocity, waru-water habitat for sexual maturation
and lanral rearing. Hunpback chub reproduction,
growth, and lanral surrrival may be enhanced in such an
environment.

Other than avoiding some stranding of juvenile hunpback
chub during fluctuating flows in the nainstem Colorado
River, no additional flow requirements have been
identified which would benefit chub during the
renainder of the year. Figure B-4 shows the scenario
for humpback chub for a nonnal (8.25 naf) and high
(16.6 uaf) runoff year. The period July through April
in the scenario exhibits steady fl.ows only to dis-
tribute the available water. Although some juvenile
humpback chub could be lost to stranding during
fluctuations from July through April, this potential
loss is not considered to be sufficiently important to
preclude sone fluctuations during the non-reproductive
season. However, long periods of fluctuation could
disntpt the production of zooplankton in backwaters
which could decrease food availability for chub.

con[otr NatLve Fl.sb

June, JuIy, and August are the best months to provide
low-flow rearing habitat for lanral bluehead sucker,
flannelmouth sucker, and speckled dace (Figure B-5).
This 5r000 cfs, non-fluetuating, 90-day period would
benefit these fishes by at least tripling the
available backwater habilat when compared to -higher
flows. The steady flows would also allow native fishes
to remain in these warner, protected backwater
environments rather than repeatedly exposing then to
the colder mainstem river as protected habitats expand
and recede during fluctuations. The availability of
these low-velocity, warn-water habitats to lanral
native fishes would decrease ener!ry expenditure, in-
crease food, and reduce vulnerablity to large
predators.
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Ianral native fishes reach sufficient size by the end
of August to allow then to sutrrive in the nainsten
river. After this time, natj.ve f ishes are less
susceptible to impacts fron changes in river stage and
fluctuation.
nal.Dbor frout
Balancing the seasonal needs of trout within the Glen
Canyon tailwater requires both fluctuating and steady
flows at specific times of the year (Figure B-5).
Fluctuating flows are beneficial to trout grouth
because fluctuations lncrease drift -or
macroinvertebrates, thereby increasing food avail-
ability. The Eeneral condition of troutr as neasured
by a lengthr/welght relationship, decreased during
years of steady flows (Maddux et al. 1987). In
addition, significantly higher numbers of
macroinvertebrates were found in trout stonrachs during
fluctuating flows than during steady flows. The
frequency and tining of fluctuations that would
maxinize trout growth are not known, and as a result
the scenario presented here calls for fluctuations
when they would have nininal negative impact to other
biological resources.

Fluctuating ftows are deleterious in winter and spring
while trout are spawning, Steady flows during this
period are necessary to prevent increased mortality of
eggs and fry through periodic dewatering of the gravel
bars where spawning occurs. Conserrrative rates of
fluctuation are preferred to rapid fluctuations, which
strand adults and all other age classes throughout the
year.

An 8,000 cfs rninimum flow is required to inundate the
gravel beds used for spawning. As minimum flows fal.l
below 81000 cfs in the winter and spring, spawning
beds are exposed and natural reproduction decreases.
The incremental loss in natural reproduction as fl.ows
fall below 81000 cfs is not known.

Once fry have energed from spawning areas in March, a
mininun flow of 81000 cfs is no longer necessara/. In
order to protect trout fry, however, maximum flows
should not exceed 251000. cfs frorn January to April,
since high flows decrease the availability of
nearshore, Iow-velocity rearing habitats.
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Natural reproduction contributes approximately 28
percent of the trout hanrest in the Glen Canyon
fishery. The cost of replacing these fish through
artificial propagation has not been determined.

lcareltrLal Vegetatl.on aad ftldltfe
The scenario for vegetation and wil,dlife would
elininate floods, which are detriurental to terrestrial
resources, and fluctuations, which indirectly impact
terrestrial resources (Figure B-7). The elinination of
fluctuations would reduce peak flows and increase the
areal extent of NIMZ vegetation by allowing
colonization down to the 23,000 cfs level. Increased
vegetated habitat could also increase population sizes
of terrestrial animals. This is evidenced by the fact
that the nunber .and diversity of nesting riparian birds
increased greatly as the extent of NHI{Z vegetation
increased after the eonstruction of Glen Canyon Dam.

Insects are an inportant food source for wildlife and
have substantial effects on plants through predation
and pollination. The effects of this scenario on
insects are unknoqrn.

Coubined Biological Resourcelt

Aquatic resources are directly affected by all flows,
and because of their greater sensitivity they are
favored in the scenario for cornbined biological
resourceE (Figure d-e). This scenario also protects
terrestrial resources because it would eliminate
floods, the major negative influence on the ter-
restrial ecosystem. A scenario which cornbined flow
requirements for all biological resources could include
high flows for humpback chub, Iow flows for lanral
native fishes, fluctuating fLows for trout growth,
minimum flows to protect trout spawning, and elinina-
tion of flooding to reduce vegetation scouring and
bird nest loss. Allowing fluctuations and steady flows
to 331000 cfs for trout and humpback chub, however,
would linit the colonization of terrestrial vegetation
to above this level. An additionaL tradeoff would
require the reduction of the low-flow period for
native fish rearing from three to two months to enhance
reproduction of hunpback chub by providing high flows
in June. Since bluehead and flannelmouth suckers are
more widespread and spawn in a greater variety of
habitats than chub, protection of the endangered chub
population coul.d be considered to be more inportant.
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SECIfON VIIfs
XON-OPERATIONAL ALIERNAIfVES TO PRO|IECE

OR EUtrAilCE BIOIOGICAI. RESOURCES

There are several non-operational alternatives which
could be inplenented to offset operational inpacts to
biological resources.

Suppl€lental Stockl.ng of trout
The requirement for providing a nininum release of
8r0OO cfs to improve natural reproduction of trout can
be relaxed by providing additional hatchery fish
through supplemental stocking. Supplemental stocking
could reduce confl.icts between providing fluctuating
f,Iows for trout growth and naintenance of steady flows
to protect natural reproduction. In addition, other
strains of rainbow trout which spawn during spring or
Eummer when flows are generally higher could be
evaluated.

Iacreaged Tater I€nperatur€

If water temperature in the mainstem was increased to
62 degrees F during May and June, the chub population
night be able to expand its spawning,'and rearing area
to include the mainstem Colorado River. This would
reduce dependence on the relatively snall area of
spawning habitat in the Little Colorado River. In
addition, increased water temperature could alLow
reintroduction of endangered fish species such as the
Colorado squawfish that were lost to the river after
construction of Glen Canyon Dam.

Pre-dan summer water tenrperatures ranged from
approxinately 65 degrees f in May to a peak of
approximately 80 degrees F in July and August, and
dropped to approxiurately 70 degrees F in September.
Prelininary results from temperature nrodification
nodels indicate that the rnaximum temperatures attain-
able while releasing 28r0OO cfs through a multi-Ievel
intake strrrcture range frour 55 degrees F in ltay to
approxinately 70 degrees F in Septernber, 10 to 20
degrees below pre-dam tenperatures. Humpback chub
spawning is currentty lnitiated at temperatures above
61 degrees F in the Little Colorado River. The optinun
temperature range for spawning, 51 to 68 degrees F,
can be reached with the nulti-Ievel intake strrrcture,
but wouLd be delayed at least one month over pre-dam
seasonal patterns because of the tine required to
i.ncrease resernroir temperatures. Some portion of the
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chub population could adjust to a later spawning,
since the natural spawning seasons of nany fish species
are flexible and often vary with yearly temperature
differences.

Increasing water temperature would increase seasonal
growth rates for native fishes and trout. In addition,
increased water temperature would increase the
availability of warm-water habitats with low velocity
required for rearing of lanral native fish. This
increase in habitat could reduce native fish dependence
on baclanaters, thereby reducing the need for low flows
during rearing.

Any atteupt to increase temperature to benefit native
fishes could also lead to population increases of
conpeting, warm-water exotic fish species. This may
have long-term negative impacts on native fish
populations. The resenroir3 imrnediately aborre and
below the study area contain species of concern,
including striped bass, walleye, channel catfish, and
smallnouth bass. ff successful, these fishes could
become predators on hunrpback chub and other native
fishes. There is also concern that other smaller
fishes such as shiners and sunfishes could directly
conpete with native fishes for space and .food.Introduced fishes have successfully conpeted with and
preyed upon native fishes in other portions of the
Colorado River Basin (Kaeding 1986; Wydowski 1987).

Optinal temperature ranges for native fishes are higher
than those for trout. Though an increase in water
temperature would seasonally increase trout growth
rates, temperatures above approxinately 75 degrees F
are lethal to trout (Cherry et al. L977r. A significant
change in water tenperature could also affect species
composition and productivity of the trout food base.

Stnrctural Resstablishnent of ldarshes

The high floods in 1983 elirninated 95 percent of the
marshes along the river, and marsh recovery has been
slos. These specialized habitats which were rare or
absent before the construction of GIen Canyon Dam, are
important in uraintaining high vertebrate diversity.
Potentially, stmctural neasures could be used to
artificialJ.y recreate the marshes that srere present
between 1963 and 1983 if they do not recover
naturally. Since little is known about marsh ecology
in Grand Canyon, ecological research wouLd need to be
conducted prior to considering any structuraL features.
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EECSION II: DAEI GIP8 IND I,ilCERIIINTIES IU PREDICtrION8

Prediction of the iupacts of dan operations on natural
resources and recoqmended actions to reduce these
impacts are based on data collected during the course
of the GCES studies as well as on the findings of
previous studies. tfhere data were insufficient or
study design falled to provide necessary information,
biologists formulated assumptions based on general
ecological understanding. Through the conbined use of
obsenration, reLated research and literature, and
extrapolation, researchers have tried to minLnize rrD-
certainties and fill gaps in understanding.
Nonetheless, several factors linit the accuracy of this
analysis and are described below.

StudLeg Conducted Durlng a period of Traasltloa
The initiation of the biological studies took place at
a tine when the dan operations were in a period of
transition between the resenroir filling phase and the
current operational phase. prior to the filling of
Iake PoweII in 198O, operatlons placed a high priority
on releasinlt aE litt1e water as possible in order to
allow the reserrroir to f i11. The result lras a strongly
controlled reLeaFe schedule with fluctuating flows in apredictable annual cycle. A futl resenroir and
unusally wet weather from 1983 to.1985 caused a series
of high-f.Iow years in which excess water had to be re-
Ieased from the dam, causing downstrean floods and
Iargely high, steady flows.

Analysis of impacts resulting fron fLow fluctuations
was severely linited by the small period of tirne wben
dan operations fluctuated nore than 101000 cfs in 24
hours. During the three-year study period, fluctuating
flows were available only 27 percent of the time. ff
fluctuating flows did not occur during the sensitive
breeding or lanral rearing periods of resources, their
effects could not be deter.mined directly. In addition,
fluctuating flows lrere concentrated in the final year
of study when much of the ongoing research had been
conpleted.

Steady flowE of leEE than IO'OOO cfs occurred for only
4 percent of the study period. Analysis of the effects
of lor flowE required historical photography, review ofliterature, and extrapolation to asseis their impacts.
For example, low flows were shown to increase the
number of backwaters available as rearing habitat for
native fishes. Honever, the nwnber of backwaters was
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only suriveyed at two fIows, 51600 and 28r0O0 cfs.
Additional Eurxreys and an understanding of how fluctu-
ating flows affect backwater formation will help refine
thiE uodified operating plan.

Ebort Study Perl.od

A najor constraint and source of uncertainty in the op-
erational scenarios (Figures B-4 through B-8) is that
they are based on findings from a short, three-year
study period. Long-tem predictions can be
extrapolated from short-term flndings if the
assumptions are accurate and studies are designed to
neasure aspects of the ecology of a resource that are
inportant in the long-term.

One of the nraJor assunptions of the ri.parian research
is that the abundance and diversity of wildlife
populations depends on the areal extent, species
diversity, and structural heterogeneity of, riparian
vegetation. The short-term irnpact of floods iE a
direct loss in areal extent of vegetation. A loss in
area of vegetation could decrease population sizes for
some wildlife species. Long-term changes in the
species conposition and structure of vegetation,
howeverr riy be more important to wildLife diversity
than hctual areal extent of veqetation. The
disturbance caused by very infreguent flooding could
play an iurportant role in rnaintaining diverse and
strtrcturally heterogeneous riparian vegetation.

Frequent flooding has a negative effect on nost
resources and cannot be recornmended as a managenent
tool until the long-term effects of, flooding on the
species conrposition of vegetation and other resources
are understood. The short-term findings of this study
on the effects of flooding on biological resources are
not sufficient to allonr for recommendations regarding
the duration, frequency, and rnagnitude of future
flooding, if such events are even necessary.

Lack of Conparative Pre-Flood Data

Prior ,to the GCES, few broad, long-term biological
Etudies had been conducted in the Grand Canyon. The
lack of quantitative biological information prior to
the filling of Lake Powell and subsequent flooding of
the river, linited the comparative value of data
collected during flood flows. This Linited our ability
to assess the effects of flooding for some resources.
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fddltloaal Intoruatl,on Needed

Additional infornation will continually be required to
reflne or verify the nodified operational scenarios for
each resource. As future nonitoring and research
confirn or refute the seasonal flows reconmended, the
Iink between dam operations and biological impacts will
become clearer. A concerted effort to fill the
uncertainties and gaps in data through research and
monitoring will assure that any operational changes
nade at the dau will. be absolut,ely necessary for the
Iong-tem protection of downstream resources.
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SECTION XI
NECOUIIEITDA,|!trOT8 FOR FUTURE RESEARCE IIID IIOTITORII{C

thls research effort identified a need for additional
information to refine the operational critera for al.l
biological resources. An onltoing progran to monitor
selected biological resources is recornmended during the
next few years of dam operation. The need for this
program is based on a recognition of the potential
changes to biological resources which could occur as a
result of changes in daru operations.

niparian and riverine ecosystems are inherently
dynamic. They are adapted to high levels of
disturbance from natural flooding and seasonal
droughts. Predicting how a changing river systen will,
respond to nanagement actions is difficult. Monitoring
wlII provide the neans to follow the effectiveness of
management actions and determine long-term patterns of
change.

Development of a research and nonitoring plan will
fulfill several objectives: (1) determine the response
of resources to specific flows that were not studied
but are expected to occur in continuing darn operations,
or are calLed for in the rnodified operating scenariosi
(2') improve our ability to predict long-tem
biological changes by monitoring ecosysten response to
Danagenent actions or natural perturbations; and (3)
use infomation from the rnonitoring progran to further
refine operationil criteria, if- necessary, in an
ongoing process of interactive managenent.

Reconnended operating criteria nay change over tine as
new data are collected. The modified operating
scenarios presented in this report for biological
resources rely on data gathered over a time frame of
three to five years. The scenarios are therefore based
on the short-term response of resources to dam op-
erations.. However, the irnpacts of new operating crite-
ria on resources must be evaluated in the long-term as
well. Monitoring provides a mechanism to track the
short- and long-term responses of resources to nodified
and current operations. Operational changes can be
used to test hlpotheses on how criticaL resources will
respond to different flows.

lquatlc Couuunl.ty

Several aspects of the operating scenario for humpback
chub could be refined. The scenario calls for high
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spring flows to improve chub reproduction in the mouth
of the Little Colorado River. The success of this
operational nodlf ication can be detemined by
monitoring reproductive success and by eonparing
reproduction under the previous four years of high
flows with years of lower, fluctuating flows.
Dlonitoring population size and distribution will
clarify how chub populations change under different
flows. The factors that restrict chub reproduction to
the Little Colorado River also need to be determined to
understand why ctrub do not use other tributaries. The
possibility that warming the river will expand the
reproductive range of chubs also needs to be examined.

The low sunmer flows called for in the Ecenario for
comnon native fishes nay be refined by censusLng. the
number of baclcraters at several fLow levels preceded
by both steady and fluctuating flows to determine what
conbination of qonditions increase the number of
available backwaters. Both the nurnber and quality of
backwaters are important to native fish. Understandingr
how bacl<waters differ ecologically from one another
and which tlpes of backwaters are preferred by fish
will lead to a further refinement of those flows
necessar-]z to irnprove native fish habitat.
Changes in the trout food base, food availability, and
feeding rates should be monitored to refine the
magnitude, duration, and frequency of fluctuations
necessaqf to increase trout growth rates. Gravel bars
used for trout spawning under low flows should be
identified and measured in order to identify the
minimtrn flow necessary to inundate the bars and
maintain natural reproduction as weII as the
incremental loss of spawning area as flows drop below
the prescribed minimun.

The ecological advantages and disadvantages of
increasing river water temperature by neans of a
nulti-Ievel intake structure need to be identified.
Investigation of the linnology of Lake Powell and Lake
Mead is important in both understanding the character
of the river and in assessing potential irnpacts to
water quality and zooplankton which could result from
increased water temperature. Preliminary laboratory
and field studies of temperature tolerances for native
and exotic fishes will give an indication of the value
and potential probtens of increased water temperature
on the fish community.

I
I
I
I
I

t
I
I
I
I
t
I
I
I

l
I
I

B-58



Serrestrlal RlparLan Conuunity

The scenarlo for vegetation and wildlif,e is based on
the short-term response of vegetation to flooding, and
ehanges in vegetated area resulting fron peak flows.
An inportant assunption of this scenario is that
increases in the extent of riparian vegetatlon will
Iead to Lncreased wildllfe poputations. Houever, other
characteristics of vegetation may have inportant
effects on wildlife diversity and cornnunity structure.
These other inportant characteristics include
patchinessr
diversity.

species diversity, and structural
Predicting changes in species comBosition

and diversity of vegetation under different flows is
more difflcult than predicting changes in its area.
Therefore, a program to monitor patterns of seedling
establiEhment and coLonization in open areas witl give
an understanding of how vegetation structure and
diverslty respond to dam opeiations. The dominant
vegetation of the riparian zone is long-Iived and
relatively sl.ow-growing and the eff,ects of flows uay
take several years to become visible. only continued
monitorJ.ng oi vegetation can provide an unierstanding
of its long-ter:n change.

The response of riparian wildtife to changes in
vegetation is difficult to predict over the long-term.
Monitoring one or more indicator species gives an
understanding of how wildlife may respond to cumulative
vegetation changes. Riparian nesting birds are an
excellent indicator group for vegetation change since
they rapidly adJust to changing aspects of vegetation
such as density, species composition, structuraldiversity, and productivity. l,tonitoring riparian bird
densities, habitat use, nest,ing behavior, and species
diversity will give an understinding of how long-term
changes in vegetation affect wildlife.
Rare species of special interest such as willow
flycatcher and river otter should be nonitored to
determine if their populations and distributions aredeclining or expanding under current and nodifiedoperations. fn addition, rare and restricted habitatssuch aa marshes should be nonitored to determine
whether they will recover from scouring floods, andwhat effects their loss or recovery will have on the
aninal species that use them.

Insects are an inportant link in the food chain fornost terrestrial vertebrates and they have not been
studied in detail along the river. Energent aquatic
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insects are al,Eo the najor energetic f.ink between the
aquatic and terrestrial ecosystems, since they have
aquatic juvenile lifestages and move as adults into
riparian vegetation. These insects provide a large
part of the food resource for birds, Iizards, and
other animalE. The extremely high bird and lizard
densities found along the river are attributed to this
supplenental food source. operations, especially
fluctuating flows, could have strong impacts on insect
productivity and species composition" In turn,
changing insect productivity is likely to affect the
density and productivity of insectivorous terrestrial
vertebrates. Monitoring changes in insect species
composition, abundance, and emerltence patterns at
different flow levels will lead to useful predictions
of how dam operations affect the terrestrial food base.
Studies of indicator species such as birds will
illustrate the relationship between insect productivity
and vertebrate productivity.
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SECIION XIs COf,CL'UgIOl[8

lloodr Advoasely Affect Ierrestrl.al El.ologLcal
Regoutreeg and to a Lsassr Ertent the AquatLo Reaouacea

Recurrent flooding of the downstream riverine system
has maJor adverse inpacts on terrestrial vegetation,
the beaches and sedinent which support its growttr, and
the terrestrial aninals which inhabit it. Vegetation
iE lost through scouring, burial, and prolonged
inundation. Recovery of the riparian ecosystem depends
on the long-teru maintenance of suitable substrate
which will support continued vegetative growth.

Aquatic resources are, in general, adversely affected
by floods which Ercour Cfellgpbg and linit available
nurserT areas for trout"and the cornmon native fishes.
the naJor beneficial effect of floods occurs at the
mouth of the Little Colorado River when high nainstem
flows lncrease the ar:ea of low-velocity spawning and
nurser? habitat for hunpback chub.

Fluctuatlng Floss Eave Direct Effects oD equat!.c
Biologlcal Resources and Indireat Effects on
lferrestrial Resources

Daily changes in river flow of greater than IOrOOO cfs
adversely affect natural trout reproduction and the
rearing areas of both conmon native and exotic fishes.
Fluctuations have no known impacts on hunpback chub
adults or juveniles, which seem to adjust to changing
backwater size and location under fluctuating flows..
Fluctuating flows appear to have a direct benefit to
trout growth by naking drift organisms more available.
Fluctuating flows decrease the areal extent of
vegetation over baseloaded steady flows. However, ingeneral the effects of fluctuating flows on the
terrestrial systern are indirect. For example, loss of
aquatic inselt production through fluctuating flows
could reduce food availability for some terrestrial
vertebrates.

Iacrease l,a ttarLnun FIos Under Rewind aad Uprate flll
Decreaa€ tbe lreal Extent of VeEetation aad Could
Decreags Populatlon Bi.zag ol fildlite
Areal extent of vegetation will decrease as a result of
increased naximum flow, but species conposition of
vegetation should not change. No wildlife species wiLl
be- Iost as a result of tf,e flow stage caus-ed by the
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Uprate and Rewind Program, but population sizes could
be decreased.

Effects of the program on aquatic resources depend, in
Iarge part, on changes in anplitude of fluctuation, the
rate of change from high to low water, and any change
in duration of high and low flows. Any change beyond
that which presently occurs would need to be evaluated
once specific operation schedules are proposed.

Dar OperatLoDs Calr Be t{odl.fled to BenefLt ALologlcal
Rgsourceg

operational alternatives have been identified which
could minimize adverse impacts to biological resources.
AII beneficial" operational alternatives eLininate
flooding. The operational scenario for conbined
biological resources favors aquatic rbsources over
terrestrial resources because the aquatic system is
more directly affected by flows.
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8EC![foX I3 II|TRODUCAION llfD PRIXCIPTI.I FIltDItCg

This appendix sunmarizes the various studies conducted
as part of the recreation component of the Glen Canyon
Environmental Studies (GCES). Ttto questions were
addressed by the recreation studies:

(1) Do dan operations significantly affect
recreation downstream from Glen canyon Dam?
Specifical.ly, do dam operations affect the
quality and safety of three tlpes of
recreation: fishing on the Colorado River in
Glen Canyon National Recreation Areai
day-use raft trips in GIen canyon, and
uhite-water boating in Grand canyon National
Park?

(2) Does the potential exist to operate the
dam differently to enhance or protect the
quality and safety of recreation?

Both of these questions have been answered
affitmatively. Dam operations do affect downstream
recreation and there are ways to reduce adverse
impacts.

In this chapter we fiist. describe the recreational
groups affected by dan operations and the management
actions to be evaluated, and then sumnarize our najor
findings.
It shouLd be emphasized at the outset that this entire
appendix takes a recreational perspective. Obviously,
many goals other than recreation nust be considered in
nanaging a facility like Glen Canyon Dan and
powerplant. This appendix discusses what we have
Iearned about' recreational quality and safety in
isolation from the much more complex problem of
balancing recreational goals against the many goals
that nrust ultinrately be considered.

Rscrsational Groups

lvithin the study area, three groups account for alnost
aL1 of the recreational use of the river. we will
refer to these groups as GIen Canyon anglers, Glen
Canyon day-use rafters, and Grand Canyon white-water
boaters.

GIen Canyon anglers. Following conpletion of Glen
Canyon Dam, the first 15 niles between the dam and Lees
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Ferry were stocked with trout and becane an excellent
cold-water fishery. This section of the river is flat
water and is fished predominately from boats which are
Launched at Lees Ferry. Bank fishing is also done in
the area around Lees Ferry.

The Glen Canyon fishery has rightly been called afrblue-ribbonfr trout f ishery. ft cornbines the
opportunity to catch large rainbow and other trout
with the spectacular scenerlr of the Glen Canyon.
iludging from the number of large f ish (over 5OO
nillineters) caught, the fishery peaked in L978. Due
to increased fishing pressure, average weight of fish
caught declined between 1978 and 1984 but has since
increased sonewhat. Usage peaked in tggl at 52,OOO
angler-days.

Based on a sulivey of anglers conducted as part of the
GCES, it was estinated that anglers average about 5.3
angler-days per year at Lees Ferry. This inplies that
about 10rO00 people fished there in 1983. Since 1983,
participation has dropped steadily in response both to
poorer fishing and to more restrictive fishing
regulations implemented in L978 and 1980 (Janisch
1995) . In 1985, the area recorded only 15r000
angler-days. ,'In 1986, Arizona Departnent of Game and
Fish enacted a lures-only regulatiori.
Trout fishing does occur downstream in Grand Canyon,
but it is a relatively urinor activity at present in
terms of user-days and was not included in the present
study.

Glen Canyon dav-use rafters. In 1985, 8 1469 viEitors
took half-day comnercial raft trips on the lS-nile
flat-water section of the Colorado River between the
dam and Lees Ferry. At flow levels less than
powerplant capacity (31,500 cubic feet per second
[cfs]), the 2O-person tours depart from a dock near
tbe dan and float down to Lees Ferry. When releases
are made above powerpJ,ant capacity, trips depart from
Iees Ferry with 10 passengers and motor part way
upstream before floating back downstream.

Gr?nd Canyon white-water boaters. The Grand Canyon
white-water section of the Colorado River begins at
IeeE Ferry and continues for over 20O miles through
Grand Canyon National Park. It is one of the prenier
white-water rafting areas in the world because of the
numerous challenging rapids and the nagnificent natural
setting in one of the longest stretches of renote
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backcountry in the United States.. I{hite-water
enthusiasts come fron around the world to run this
stretch of the CoLorado.

From 1960 to L972, the number of boaters annually
nrnning the river grew from 205 persons to L6t432. The
rapid growth of white-water boating in Grand Canyon was
paralleled by a dramatic increase nationwide. (During
the period 196O - 1983, white-water boating experienced
one of the fastest growth rates of alL major outdoor
recreational activities (USDI L983 ) , ) In L972,
increasing problems with the management of hrrman waste
and trash along the river, danage to fragile soils and
vegetation, and destnrction of prehistoric sites
prompted the U.S National Park Senrice (NPS) to
regulate river use more closely. The NPS established a
ceiling on the nrrmber of user days allowed each year
and instituted stricter river-use regulations to help
nininize impacts by the river runners.

For the past five years the NPS has Linited total
white-water user-days to 1151500 per year for
passengers on trips provided by conunercial outfitters
and 54r450 user-days per year for private individuals.
fn 1985, approxinately 85 percent of the white-water
boaters took trips with commercial outfitters and 15
percent as part of private trips. Conmercial trips are
organized by boating companies that conduct tours for
paying customers. Partly as a result of. the flow
regulation of GIen Canyon Dam, this has grown into a
$12 nilLion a year industry. Currently, approximately
20 conpanies have permits from the NPS to conduct
connercial trips. Private trips are organized and
conducted by individuals who supply their or/rn
equipment, supplies, and boating skills. Demand for
private trips far exceeds the allowed visitation, as is
evidenced by the S-year waiting list to obtain a
pernit for a private trip during preferred seasons.

lilany tlpes of boats are used to run the Grand canyon.
The most common are small 14- to 18-foot oar-powered
rafts (roughly 45 percent), motorized 3O-foot rafts
(25 _percent), kayaks (2O percent), and dories (5
percent) .

The motorized rafts, holding 25 to 30 people, are run
almost exclusively by comnercial guides. Motorized
trips vary fron a 3- to 4-day trip between Lees Ferry
and Phanton Ranch (approxinately 90 river niles), to a
7- to 10-day trip through the entire Grand Canyon to
Lake Mead (approxinately 250 river miJ.es) .
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Non-motorized trips can be' either privately or
conmercially guided, and vary in length from 12 days to
almost 3 weeks. Non-motorized rafting is permitted
throughout the year. Motorized trips are pemitted
from mid-Oecember through nid-September.

hrring their passage through the canyon, white-water
boaters camp each night along the river. The
much-preferred locations for canping are the beaches
along the nargins of the river. Sandbars provide
relatively leveL canpsites free of vegetation and
rocks. Sandbars are also utilized for daytine stops
when the shade from riparian vegetation can provide
vera/ welcone protection during the Euumer. various
attraction sites sush as the inhabited village at
Havasu, prehistoric Indian ruins, and wilderness side
canyons add much to the recreational experience.
Between stops at canping and attraction sites are the
famous rapids interspersed with peaceful flat-water
sections.

Figrure C-l shows a tlpical distribution of visitation
over the year 1985 for white-water boaters and GIen
Canyon anglers. white-water boating peaks in the
summer. During the months of June, JuIy, and August,
67 percent of the trips occur. When May and Septenber
trips are included, 92 percent of the trips are
accounted for. Figure C-l also indicates that 86
percent of the fishing in 1985 occurred outside the
three-month sumner period. These patterns are tlpical.
Day-use rafting,. Like white-water boating, is
concentrated in the three summer months.

l,tanageueut Actions Evaluated l

For purposes of this report, two dinensions of dam
nanagement will be evaluated: (1) the avsrag€ daily
flov released fron the dan, measured in cubic feet per
second (cfs), and (2) the extent to which dam releases
are gteady or fluctuatlng.
lvonge daily florg can vary greatly. Flows as low as
1rO00 cfs are technically feasible and are experienced
on rare occaslons. Powerplant operations can involve
flows up to 31r500 cfs. The river outlet works
conbined with fulI powerplant operations can increaEe
flows to around 481000 cfs. Use of the spillways as
well could push the flow well over 100,00o cfs,
although such high flows are very rare. The
recreation studies examined how alternative average
daily dan releases affected recreation quality and
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safety. For example, white-water accident rates are
higher during flood flows (>31r5OO cfs) than during
uoderate flows (91000 cfs to 161000 cfs). L.ow flows
(<91000 cfs) leave larger canping beaches enposed for
use by whit€-wEtter boaters. Moderate flolrs are
perceived by anglers to inprove their chances of
EUCCeSS.

Recreational effects were found to depend not only on
the average daily flow, but also on whether dam
releases are relatively steady throughout the day or
fluctuate widely. For purposes of the recreation
studies, steady lloug were defined as all flos releasepatterns where the difference between the ninimum and
maximum releaEe rates at the dam during a 24-hour day
was less than 10r0O0 cfs. Fluctuatlug flows were
defined as all flow patterns where the daily difference
between the nininum and maximum releases was 1O'0OO
cfs or more.

These definitions are based on responses of
recreationists and river guides to Eurivey questions.
Questions lrere asked iegarding the level of
fluctuations that were perceptible and tolerable. I{tren
changes in flows exceed IO,OOO cfs on a daily basis,
fluctuations are perceptible by a substantial majority
df recreationists and, therefore, this becomes the
Iogical definition' of fluctuating flow for this
appendix. Vfhen asked the largest daily fluctuation
that would be rrtolerabler t a najority of commercial
white-water guides and private white-water trip leaders
stated fluctuations of less than 10,OO0 cfs. Of
course, such sun\rey responses are subjective and may
be more indicative of rtwishesrr than of the maximum
fluctuations that could actually be tolerated. Still,
the relatively small fluctuations reported in response
to this question do represent real concerns. For
example, fluctuations can leave a white-water raft
that was floating when moored the night before stranded
on rocks or sand in the morning and make planning trip
itineraries nore difficult.
The relationships betveen dam releases and recreationalquality and safety will be explored in nore detail
later on. Before looking at the recreation studies in
more depth, the principal findings will be summarized.

ItaJor Ftndings

(1) The highest quality white-water boating
occurs at relatively high constant flows of
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291000 to 331000 cfs. Such flows provide an
exciting ride and navigable conditions for
almost all rapids, and faEt enough boat speed
to allow boaters tine for hikes and visits
to special canyon sites. Constant flows in
the neighborhood of 10r0O0 cfs are ideal for
fishing. This flow level is sufficient to
allow boat access to all sections of Glen
Canyon, but not so high as to make boat
handling and safety a problern, or to
disperse fish populations and reduce catch
rate.

The apparent conflict between these two
groups is not as serious as it seens at first
glance because white-water boating iE
concentrated in the surnmer monthE while much
of the fishing occurs in the winter (see
Figrure C-1).

Recreational quality was neasured in tetms of
recreation benefits received--the maxinun
amount that recreationists would be willing
to pay per trip over and above actual
expenditures. Departing from preferred flows
has a substantial adverse impact when
qluantif ied in this way. For example,
commercial white-water boating passengrers
receive benefits of nearly $gOO per trip
(9115 per day) when flows are constant at
331000 cfs, but only about $3oo per trip ($gA
per day) when flows are 101000 cfs. Anglers
average $fZ6 per trip ($SO per day) in
benefits at 101000 cfs, but only $60 per trip
($Z+ per day) at a constant flow of 3,000
cfs.
(2, A najor long-run concern of white-water
boaters is the potential }oss of beaches in
the Grand Canyon due to the erosive effects
of flood flows and the fact that the supply
of beach sedinent has been greatly reduced by
the presence of GIen canyon Dam. If the
nunber and size of beaches in the Canyon were
ltreatly reduced, the benefits from
white-water boating would be reduced by
approximately 50 percent. This is because
beaches provide the most desirable campsites
for boaters, and support the riverside
vegetation and wildlife which othersise would
be scarce. In 1985, for example, estimated
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white-water boating benefits would have been
$5.2 nillion lower if beaches had been
Eubstantially less available.
(3) Except for 1ow average daily flows,
fluctuations are detrinental to both
white-water boating and fishing as conpared
to conEtant flows at the same average daily
flow. Fluctuations impair an important
aspect of the experience for white-water
boaters--the naturalness of the setting,
Fluctuations make the management of
white-water trips difficult and create
undesirable fishing conditions. The presence
of fluctuations can reduce the benefits fron
white-water boating and fishing trips by
$AOO,0Oo per year coupared to benefits that
would be received at the same average daily
flows, but in the absence of fluctuations.
(4) FIow inpacts on recreational safety
closely parallel inpacts on quality. Three
sources of data rf,ere used: estimates of the
risk of white-water boating accidents at
various flow levels provided by white-water
guides, NPS accident records, and obsernration
data at najor rapids gathered by the GCES
researchers. I{hile flow level affects the
risk of boating accidents (prinarily
significant equiprnent danage) for anglers in
Glen Canyon, the overall accident rate is
extremely lowr approximately 1 per 1000
boat-days (Underhill et aI " 1987) . The
safest flow levels are between 101000 and
16r000 cfs, with the greatest risk of
accidents between t6rOOO and 31r5OO cfs.
Overall, the risk of serious (incapacitating)
injury fron white-water boating is very low.
The NPS accident records from 1981-1983
indicate that the risk of serious injury is
0.005 per boat run through the Grand Canyon.
The obsenration data fron 1985 and 1985 give
similar, but not directly comparable results,
since these data indicate the risk associated
with nrnning each of ten serious rapids in
the Grand Canyon, not the risk fron an entire
trip. These data indicate that the risk of
any inJury from running a boat through a
serious rapid is 0.001. The risk of a
serious injury is O.OOO4.
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The NPS accident records do not show an
overall relationship between accident rate
and river fLow level, except at Crystal
Rapid, where a significantly greater number
of injuries occurred at flood flows. There
was also a nonsignificant trend toward a
greater nunber of inJuries at low flons at
Horn Creek Rapid.

The GCES obserivation data, which addressed a
wider range of both minor and serious
injuries, equipment danage, and measures
takeh to avoid risk, found that the safest
flow range overall is 151000 to 3Lr500 cfs.
Many indicators of risk increased both at
higher flows and lower flows. The rate of
flipping boats and inJury is statistically
higher at higher flows. For example, the
chance of flipping a boat in a najor rapid
increaseE from 2 percent at low and nedium
flows to 8 percent at flood flows. The
chances of falling overboard also increase,
but do not reach statistical significance.
Hitting rocks is significantly more freguent
at low flows, increasing from 2 percent at
high and flood flows to 9 percent at medium
and 13 percent at low flows. Thus, the
chances for equipment damage seem greater at
low flows, while the risk of personal injury
seems to increase at higher flows,
particularly flood flows.

The increased risk to personal safety at
flood flows pronpts boaters to increasingly
avoid serious rapids under these conditions.
For example, at flood flows (above 31r500
cfs) , 45 percent of passengers walk around
Crystal Rapid, more than twice the number
that walk at high and medium flows.

(5) Fluctuations in flow, as distinct from
particular flow levels, do not appear to
affect the safety of white-water boating.
However, for fishing fron boats in Glen
Canyon, the picture is IesE clear. Resource
managers believe that fluctuations play a
role in sone kinds of accidents. However,
the linited statistical studies to date have
not found a relationship between
fluctuations and accidents. This is an area
needing mote study.
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(6) Avoiding very low (<51000 cfs) and flood
(>33r0O0 cfs) releases and avoiding large
daily fluctuations can produce substantial
improvenents ln recreational quality and
safety under a wide range of yearly nrnoff
conditions.

This conclusion follows from comparisons of
actual operations to operations that would
come closer to producing ideal conditions
fron a recreational perspective. Both a
Iow-water year (1982) and two high-wateryears (1984 and L986) were analyzed (see
Section fV). Such cornparisons indicated that
recreation benefits would increase by as much
as $2 nillion per year (and possibly more)
and that safer conditions would
simultaneousJ.y be created.

(7, Ithen monetary benef its are compared
across recreational groups, white-water
boating tends to outweigh fishing even in
6ome Don-surrner months when fishing activity' iE relatively high. This is partly tha
result of large benefits per trip for
white-water boating and the sensitivity of
boating values to changes in flows. However,
it is also due partly to the reduced quality
and quantity of fishing in recent years.
Our analysis indicates that rehabilitation of
the fishery could triple total annual
benefits from the fishery and thereby give
fishing increased relative weight when
conpared with white-water boating.

(8) Dam operations affect the quality of
Glen Canyon day-use raft tours only when
flows rise above 46rOOO cfs. At higher
flows, the conrnercial operator does not offer
the trip due to the cost of fuel required to
get upstream. Safety of these tours is not
affected by flow levels of less than 45,000
cfE or by fluctuations.

Roport OrgaaLlation

Section II describes the studies perfomed as part of
the recreation component of GCES. These abstracts are
intended to help the reader better understand and
interpret the study findings. They cannot, however,
substitute for the comprehensive descriptions found in
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the referenced technical reports that were completed
for the individual studies sunmarized here. Section II
doee summarize how recreationaL quality and safety
were measured.

Section III reports the findings of the studies. The
chapter is organized around the three recreational
groupE described above, detailing how each group is
affected by average daily flows and whether the flow is
constant or fLuctuating. Long-term effects are aLso
considered.

Section IV beginE by examining the potential recreation
benefits that could be produced through nodification of
dan operations, specifically by: (1) avoiding very
Ios and very high discharg€sr Q, by avoiding
fluctuationE, and (3) by creating rroptimalrr flow
conditions for recreation. The recreation conditions
resulting frou actual dan operations in tggZ, L984, and
1986--years whieh represent a wide range of reservoir
inflow conditions--are compared to the recreation
conditione that would have occurred in the same years
had recreationally-orientated nodifications in
operations been instituted.
The total benefits that would be lost if substantial
numbers of beaches were eroded away are also estimated
in Section IV. Next, the five scenarios that ltould
enhance specific environmental resources--as presented
in Section VtrI of the GCES Final Report are evaluated
from a recreational perspective. Then, two nanagement
actions that could affect recreation are discussed:
continued rehabilitation of the GIen Canyon fishery and
changLng the intake strueture in GIen Canyon Dam to
raise the temperature of the water released from Lake
Powell.

Section v summarizes the conclusioirs and recom-
nendations of the recreation studies and suggests
additional work that would be helpful in addressing
the inpacts of current operations and possible
nodifications.
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SlClIOlt II s XAA8IIRIXO RECREllIOltlIr QUALISI ltrD SllETI

The recreational conponent of the GCES involved several
g€parat€, but coordinated Etudies. A total of five
technical reports were produced. Thege are listed in
Table C-1, including authorE and titlee for the reports
and the organizations and agencies that were involved
in the day-to-day research activities. The first two
Etudies focused on quality while the remaining three
studies dealt with safety.

I{trile the analysis presented in this appendix depended
to sone extent on all five technical reports' restllts
frou Bishop et al. (1987) and Brown and Hahn (1987)
will reqeive particular enphasis. These results will
be drawn on extensively to e:<plain how quality and
safety were defined and neasured.

frbtr C-!. Tchnicrt Rlportr frot r.cr..tionrt co4olurt, Gtcn C€nrcn Eillrofilnttt SttJdiet.

Tittc Authors

OrEanizetions and
Agenciee PerfomirU
Research

I
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Gten Csrryn Dan Rctcases and
DotrnstrGil Recrcation: An
Anetysis of Uggr Prcfcretrc
and Econotic Vel,ucs. -

SirnrLating thc Effcct of Dan
Releases on Grond Canyan
Rivcr Tripo.

An Anatysis of Recordcd
Cotorado Rivcr Boating
Accidents in Gten Canyon for
1980, 1982, ed 1984 ard in
Grand Carryon 1981'19&1.

Thc Effecte of Ftors in the
Cotorado Rlvcr on Reported
and 0bccrved Accidcnts in
Grand CaqTon.

Boating Accidentc et Lcce
Famy: A Bootcr Survey and
Anelysis of Accidcnt Rcports.

Richard C. BishoP,
Kevin J. Boyte,
l{ichaet P. lletsh,
Robcrt lf . BaungartnQr 'and Parpta R. Rathhrt

Ronatd E. Borkan and
A. Heaton Un&rh i t t

A. lleaton Urderh i t L

t{i chael H. Hof fman, and
Romtd E. Borkan

Curtis A. Brorm
and llartha G.
Hahn-Ot llei t I

Lerretrcc Bet t i
and Robcrt Pi I'k

HBRS (Gonsul,ting
F i rn), l{adi son, lJl .

Cryrative
tlationat Park
Resources SttJdY
Uni t, Tucsut , AZ.

Cooperat i ve
tlationat Park
Resqrrces Study
Unit, Tncson, AZ.

Bureau of
Rec t anat i on, ard
lfational Park
Servi ce.

]let i ona l, Park
Scrvi ce.
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Eor Quality Inpacts fere lleasured

Measuring the inpacts of river flows on recreationalquality involved data from three main sources: (1)
surx/eys of and infomal contacts with gruides andprivate trip leaders,. (2) attribute Eur:\reys of
white-uater boaters, GIen Canyon anglers, and day-use
raftersi and (3) contingent valuation surweys of these
three user groups.

Over 30O commercial white-water guides and private trip
Ieaders were surnreyed by urail to identify the inpacts
of different steady and fluctuating flows on
conmercial and private trips and the actions they take
to nitigate thoEe inpacts. The gruides described the
effects of flows in terms of scouting rapids, wal.king
passengers around rapids, the risk of aecidents in
rapids, time spent on the river each day, changes in
the trip itinerary, selection of canpsites and mooring
locations, minimum and maximum safe flow levels, and
the optinal flow levels for trips. Fishing and day-use
rafting guides were contacted infomally to gain their
insights about the effects of flows on quality and
safety.

The attribute sutiveys were conducted to identify which
aspects of each activity recreationists found
important. These attributes, such as the amount of
time rafters have to explore sj.de canyons, represent
the paihway by which dam operations may affect the
value of the recreation experience. Attribute sur:vey
results were conbined with results from the !{hite-Water
Guide Sunrey and infornral discussions with resource
managers and fishing and day-use rafting guides to
identify which inportant attributes are affected by
river flows. The flow-sensitive attributes identified
for each group are shown in Table C-2. This table
shows only those attributes that are sensitive to
flows. Many other attributes important to recreation
were identified during the attribute suriveys. Good
weather is an example of an. important positive
attribute that does not depend on flows and thus is not
included in Table C-2. As the table denonstrates,
many important attributes are flow sensitive.
The attribute sunrey resultE were used to design , the
contingent valuation surveyc. The goal of these
surveys was to assess the quality of recreation under
different river flows.

e-18
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Tabl,c C'2. Ftor scnsi tivc tttributcs.

Gtcn Ganyon
AngtGrs

Gten CanYm
Day-Use Rafters

Grand Caqfon
Uh i te'tfater Boaters

Catching trophy fish

Catehing fish

Acccsg tF-Fivcr

Boat probLcms/damagc

Point of deParture Being in naturat setting

Stopping at sttraction
sites

Rwrring big raPids

tlatkirU aror.nd raPide

Caming beach size
and avai labi t i tY

The contingent valuation nethod, ?s ?pplied in these
Eurveys, iivolves asking recreationists the maximqm
amount they would pay, beyond their-actual expenses,
for access Lo recrelt-ional opportunities. This amount
is call.ed the nsurplus valueit- oEr in more technical
terms, rrconsumer surPJ.lls. tr

In the contingent valuation sunteys, over 2rOOO

recreationists were asked to report the surplus values
for their actual trips. They were then asked to
assess how the quality- of recreation would change under
different dan oferatiig scenarios. Written scenarios
were prepared Lnat detcribed the recreation conditions
in te-rrns of the flow sensitive attributes and how those
attributes would be affected by dam operations.
lfhite-water scenarios were based upon the sinulation
model (Borkan and underhill 1987) which _projected
changes'in trip characteristics at various flows, and
upon the er<perience of river guides and boaters.
iirrtf"g guidei and anglers helped develop. thg fishing
scenarioi. Table Clf shows one scenario describing
fishing at a steady flow of 3,ooo 9fs, and another
scenario deseribing white-water boating at an averaqte
daily flow of 22,060 cfs, with releases f,luctuating
from 10r0O0 cfs to 311500 cfs.

Scenarios like those in Table C-3 were constructed to
describe a wide range of flow conditions, as listed in
Table C-4. For eximple, the third scenario for the
Glen Canyon anglers describes fistring conditions when
the average daiiy flow is 3,OOO c!s, but flow levels
fluctuate-during-each 24-hour period between 1r000 and
15r000 cfs.
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ITable C-3. Scenarios describing two flow conditions.

Fishing at q ,Steady FloW of 9 r 000 cf,s

Boat anglers have said that getting upstream
to fish can souetimes be a problem at low
water (31000 cfs or less). At a constant
flow of 3r0O0 cf,s, Iarge boats cannot get
past the sand and gravel bar three miles
upstrean from Lees Ferry, while even very
small boats may have to be dragged over
slippery rock gravel bars. Consequently,,
nearly aII of the fishing would occur in the
three niles just above Lees Ferry. In
addition, danage to boats and motors is
Eomewhat more frequent than at higher water
levels " However, low water tends to
concentrate f,ish, and bank anglers can find
large areas of exposed gravel and rocks,
leaving a great deal of space between the
water and the edge of the vegetation.

I{hite-Water Boatinq with an Averaqe Flow of 2L000 cfs
with Fluctuations

With large daily fluctuations from 10,000 cfs
to 31r50O cfs, around an average daily flow
of 22.OOO cfs, most people are aware of
sater level changes. The boatmen witl have
to take nore caie in selecting nooringi and
canping sites. Due to low water levels in
the norning, gtear nay have to be carried
(perhaps across rocky areas) to be loaded on
the boats. Boatmen may decide to wait above
certain rapids for the water leveL to rise or

.may have to hurry to get to a certain rapid
before the water level falls. In addition,
some rapids nay be difficult due to exposed
roclcs at low water levels and other rapids
night be quite large at high water levels,
and it is likel.y that passengers may have to
walk around a few of the rapids. l{hen the
water is high or rising, however, the
standing waves in some of the maJor rapids
beeome larger, resuLting in a bigger rrroller
coasterrr ride.
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Tebte C-4. Ftol conditionc (bothrcttnttrip
scrmrioc ) cvetuted by each groltp.

ftoue ard hpothctical ftott

Gtcn CeqTm
Angtcrs

Gtcn Canyon
Day-Usc Raftars

Grsnd Canym
t#r i tc-llateF Boaters
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Actuat trip

t- xo 13,@0 cfc sccnario rith ftuctutims ras irctr,rded for rhite-ratcr boaters
bccuc it rag inpossibte to rord a scenario that sornded sufficicntty differcnt
fril th. A2,OOO cfs rith f tucttr.tions sccngrio to justify inctdine it as a

scprratc qrction.

Sone other special scenarios focusing on potential
Iong-term environmental effects of dam operations were
included. For anglers, scenarios were added that
described fishing conditions under which the chances of
catching a trophy fish were doubled and conditions
under which the chances of not catching any fish
(rgetting skunkedtr) were doubled. For white-water
boaters, a special scenario was added describing the
recreation experience if substantial numbers of beaches
in the Grand Canyon were lost.
In the case of the GIen, canyon day-use rafters, for
which the only flow sensitive attribute was whether the
trip departed f,rom the dam or Lees Ferry, the only
condition evaluated was their actual trip. For
ptu?oses of analysis, these respondents were then
broken into two groups, depending on departure point.

Actul trip

Fl,or steary at
3,000 cfs

5,000 cfs Hith
f lrctutiom dai ty

Stccdy 10,000 cfs

10,000 cfs rith
f tncttntiqr dei ty

Stcedy 25,000 cfs

e5, m0 cfs Hi th
dei Ly f lwtuetiong

Stecdy 40,000 cfs

Dorttc chircc for a
trophy sizG fish

DorStc chalrc of not
crtching fish

Actr.nt trip

Ftor stedy et
5,000 cfs

51000 cfs rith
f trrtuatione dai ty

Steady 15,000 cfst

Steady 22,000 cfs

22,000 cfs Hith
f luctuat i ons

Stedy 40,000 cfs

Redlction in beaches

I
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The outcome of applying the contingent valuationtechnique, then, was a suryIus value for the tripactually taken and for each of the alternative tripscenarios. These values were estimated for arl threeuser _groups. The results were used to developfunctions showing how the surplus value of tharecreation experience changes as flow conditions
change.

f,hy Use Dollar Ueasures?

Dollar values are used in everyday rife to cornmunicatererative inrportance. !{hen we reid, for exanple, that
videotape recorders have becone a billion -doilar 

ayear industry, this tells us something about how
inportant these devices have become to consumers, andhence, to the industry and enployees who produce them.
Il a sense, such dollar values convey something aboutth9 priority that our society is pllcing on the iten
being valued. Siurilarly, dollar vllues ian be used toevaluate social priorities in natural resource'manaltement.

By definition, resource nanagement involves choices
among- alternatives. fhis is certainly true when
choosing appropriate flow release patterns fron Glen
Canyon Pam. As discussed in Section I, a wide varietyof daily and annual flow release patterns aretechnically feasible within the constraints set by thedesign features of the dam, the inflows of water- fronupstream, and legar and - adrninistrative requirenents.
Each potential flow release alternative has its owninplicat!ons for power revenues; the well-being ofterrestriar and aquatic ecosystems downstreami vaiious
recreational users of Lake powell, GIen Canyon, and the
Grand canyoni water revers at Lake Mead; and the legar
requirements for operation of the dam. Decisions ab6ut
release patterns, thus, involve a complex balancing of
many social priorities.
Sgch priorities are usually based, at Least in part, onthe preferences of user gloups. But, how aie suchpr-eferences to be measured? One approach would besinply to -ask users which alternalLves they wouldprefer. This was done in the current study as part ofthe attrlbute sunreys. Nevertheless, using a dollaryardstick to quantify preferences has tignificant
advantages over simple ranking of alternativei.
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First. dollars are a comrnonly used and easily
understood unit of measure. To say, for example, that
Grand Canyon white-water boaters prefer flow
Alternative A to flow Alternative B is certainly
relevant information, but more infornation is
connunicated by saying that white-water boaters gain
$10or000 more per year in benefits under Alternative A
than they do under Alternative B. Dollars take on
extra significance in an absolute sense because we
measure the worth of so many things in nonetary units.
This is true for not only mundane things like bus
rides or a can of beans, but for objects of art,
classical music recordings, tickets to' the Super Bowl,
and vacations in exotic places.

The second advantage of usina dollars to measure
orqferences is.that thev are easilv added, subtracted.
and compared. other more qualitative measures of
preferences are not easily reduced to a common
denominator. ReEource manalters must inevitabLy work
sith aggregates of people. When a given dam release
alternative affects both white-water boaters and GIen
Canyon anglers, the dollar benefits accruing to each
group can be added to measure the aggregate inpact of
that aLternative. Perhaps more inportantly, when user
groups disagree, dollar values provide a basis for
comparison. We can determine which alternative
produces the largest total dollar benefits for each
group separately or for all groups combined.

While the GCES dld not involve a full benefit-cost
analysis of alternative regimes for operating Glen
Canyon dam, dollar valuation of recreational effects
was conducted in full accordance with accepted
practices for benefit-cost analysis. Surplus value is
the accepted measure irf economic value in the Water
Resources Councilrs Principles and Guidelines (U.S.
Water Resources Council 1983) and applies not only to
recreation but to other project purposes such as
nunicipal and industrial water supply, watemay
transportation, agricultural prodrlction, and flood
control. Furthermore, the Principles and Guidelines
specifically endorse contingent valuation as an
acceptable technique for neasuring recreation benefits.
A review of recent research literature fron naturaL
resource economics, conducted as part of, the recreation
couponent of tbe GCES, indicated that this endorsenent
of contingent valuation is further justified by recent
advances (Bishop et aI. 1987). Nevertheless, it is
important to view dollar measures in perspective.
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Dollar lleasursg ia perspectLve

To the extent that flows af,fect the qtrality of down-
strean recreation, those effects will be reflected in
recreational values. More favorable flow conditions
will produce higher values than less favorable
conditions. However, it is important to recognize that
recreational values will also reflect many other
influences, including current and past polici-s. For
exanple, the values generated by white-water boating
each year are directly affected by NpS policies such as
those governing total recreational use of the Grand
Canyon and launch schedules. Likewise, the recreational
values generated by Glen Canyon fishing are tightly
Linked to fishery management decisions oe tne Arizona
Departnent of Game and Fish. To fully understand the
economics of Colorado River recreation and thepotential effects of an entire range of poliey
alternatives would have taken us far beyond the goals
of the GCES. The dollar valuation of the downstream
effects of dam operations on recreation was conducted
holding all other management policies constant.

In addition, it should be explicitly recognized that
only specific, rather unique for:ns of recreation were
studied here. Results are not generalizable to other
forms of recreation or to other locations. For
example, fishing values generated, sdy, below Flaming
Gorge Dam or on rivers in the pacific Northwest could
be substantiatly different from the values estinated
here. Furthemore, many activities other than
white-water boating occur in Grand Canyon National
Park, and the values reported here for white-water
boating would not apply to sight-seeing, hiking, or
other activities in the park.

Eow Safety lnpacts f,ere ileasured

Theoretically, safety could have been treated as a part
of quality. One attribute of a recreational trip could
have been its relative safety. However, it was
decided at the outset of the GCES that safety should betreated separately. This decision was motivatedpartly by recognition that the effects of dan
o-perations on safety were a recurring concern expressedin the public debate leading to the GCES. Also, aIIthree recreational activities (white-water boating,GIen Canyon fishing, and day-use rafting) are quite
safe. fndividual recreationists could not have had
.enough experience with accidents to have well-founded
opinions and preferences regarding risk trade-offs
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that could be assessed in the attrlbute and contingent
valuation Euriveys. other sources of data on safety
had to be utilized. Three sources were used: (1) the
sun/ey of whl.te-water guides and trip leaders and
inforual contacts with fishing and day-q"" rafting
gruides, (2, official NPS accident recordE, and (3)
actual obsenration of white-water boats nrnning
Eelected rapids.

AE previously nentioned, a sample of commercial
white-water guides and private trip leaders was
surrreyed by nail. In addition to questions regarding
other trip attributes, the guides and trip leaders were
asked a series of questions about the effects of fl,ows
on safety. ComparabLe questions were raised informally
during conversations with fishing gruides and day-use
rafting_ guides.

NPS accident records were also examined. Accidents are
officially recorded if NPs personnel are required for
medical treatment, rescue or evacuation, or if danage
over $2OO is reported. NPS personnel bel.ieve that many
incidents involving equiprnent damage are not reported.
The years evaluated were selected considering both the
number of accidents occurring and the represent-
ativeness of the yearly flow regimer ,r

For Glen Canyon, boating accident records from 1980'
1982, and 1984 were evaluated and correlated with the
river flow Levels occurring at the time of each
accident. Ttlenty-nine accidents were recorded during
these years. For the Grand Canyon rthit€-wdter
section, accident records for 1981, L982, and 1983 were
evaluated. Forty accidents $rere recorded in this
period. For purposes of the accident studies, the
range of river flows was broken into four categories:
Iow (less than 91000 cfs); Mediun (91000 to L5,999
cfs); High (15r000-31,5oo cfs) i and Flood (greater than
31r500 cfs).
These studies indicated whether the number of reported
accidents in each of the flow categories was greater
than would be expected if accidents were not related
to river flou level.
The analysis of NPS accident records was baEed on the
smaLl number of accidents that were serious enough to
be reported. This neant that the data base was quite
small. The obsenration study was conducted to provide
a larger data base fron which to assess the
relationship between river flow levels and a wider
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range of white-water boating accidents, incidents, andrisk management actions. Obsenrers were placed in the
Grand Canyon at ten rapids, dt intenrals betweenAugust, 1985 and Septenber, 1986. They obser:lred
nearly 51000 boats running rapids. Both steady flowsand fluctuating flows were present during the
obserrration periods. The obserlrers recorded whether
each boat:

(1) Lost control of an oar

(2') rlipped
(3) Struck a rock

(4) Lost persons overboard, and if so, length of
tine overboard

(5) Had passenlters sustaining injury and, if so,
nature of uost serious injury

(6) Had equipnent lost or damaged

(7'l Had passengers walk around the rapid
(8) Portaged or lined the boat through the.rapid

Resulting data were analyzed to determine whether therate of the accidents was significantly related toactual river flow at the tine. (Other vaiiables [e.g.,type of boatl were also evaluated, but are not
discussed here because they are not controlled as part
of_ dam operations [see the technical report by Blown
and Hahn 19871.)

8uunatlt

fn summar:f , irnpacts on recreational quality !f,ere
assessed by:

(1) Identifying which aspects or attributesof the experience were irnportant torecreationists. For example, taking hikesin side canyons is very inportint to
white-water boaters;

(2't Understanding how dam operations andresulting flows affect these a-pects of therecreation experience. For exanple, low-' water reLeases nake raft trips travel more
slowLy, reducing hiking time available; and
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(3) Measuring how the dollar value of the
experience would change for recreationists as
a function of different dam operations. For
example, tbe value boaters placed on the
white-water experience night be significantly
dininished if the opportunity for taking
side canyon hikes was reduced.

Inpacts on the safety of recreation were assessed by:

(X) obtaining expert opinion on the effects
of dan operations on recreational safety.
For exanple, white-water guides believe that
tt is unsafe to run notor rafts with
passengers at flows lesE than 8r00o cfs;
(2) 'Evaluating official NPS accident records
to identify any relationship between recorded
accidents and river flows;

(3) obserrring white-water boats nrnning
rapids at various flows to correlate safety
with flow leveLs and/or fluctuations.
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SBCTIOX III: RE8UI.T8

In thiE chapterr w€ surnmarize the inpacts of flows on
the Grand Canyon white-water boating e:q)erience, the
Glen Canyon fishing experience, and the Glen Canyon
day-use rafting experience. The chapter draws heavily
on the GCES teehnical reports by Bishop et aI. (1987) 'Underhill et al. (1987), and Brown and llahn (1987).
The reader interested in additional details should
consult these reports. Results for recreational
qual.ity wilt be stated in terms of dollar benefits per
trip. Safety inpacts wiII be described as risk rates
for particular types of accidents and using overall
composite risk indices. In the next Section, these
reEultE will be used to evaluate how quality and
safety are affected by actual dan operations and how
operations and other poLicies could be nodified to
improve recreatioh.

Recalling some definitions fron the introductory
chapter may prove helpful in understanding the results
to be presented non. Impacts on qpality and safetY
will be related to average daily flow. Howeverr tr€
f,ound that quality impacts are often detenrined not
onl.y fron the average daily flow but also from whether
the flow was relatively steady around the average or
fluctuated widely. To deal with degree of
fluctuation, we designated flows to be steady when the
daily difference between the nininum and naximum
releages at the dam was less than 10'o0O cfs, and
fluctuating when this difference equalled or exceeded
10r00O cfs. The discussions of flow impacts on each
recreationaL group will begin with the inpacts of
steady flows and then turn to fluctuating fLows. L€t
us turn first to white-water boaters.

Grand Caryol rDite-rater Boating: Effeets of Steady
Flov Levels

Recreational oualitv. The effeet of flows on
recreational quallty was assessed using the contingent
vaLuation nethod. Resulting surplus values varied
substantially aE a function of river flow.

The first step in asking white-water boaters about
their surplus values was to ask them about actual
exPenditures. On averdg€, commercial white-vtater
pasEengers reported expenditures of roughty $1400 for
their trip, while private boaters reported roughly
9SOO. Figrure C-2 shows surplus values over and above
these exp-nditures that they woutd be willing to spend
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Figure C-2. I{hite-water boating quality under steady
flows: relationship between surplus values and flow
lewels for respondentsr actual trip ($ per trip).
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for access to the recreation experience at different
steady flow levels. River flow Level has a substantial
effect on the val.ue of the experience and the effect
is similar for private boaters' and comnercial
pasgengers.

The lowest surplus values are produced at very low
average daily flows. For example, at 5r000 cfs,
private boaters receive an average of $rzg and
cornrnercial boaters 9Zgg in surplus value per trip.
This amounts to about $10 per day for private boaters
and $30 per day for connercial boaters. The value of
the trip rises steadily as flow levels increase.
Private boaters receive maximun benefits, on averafte,
at approxinatety 29rooo cfs, which resultE in roughly
$700 in surplus value per trip ($er per day).
Conmercial passengers prefer approximately 33ro00 cfs,
which results in roughly $90o in benefits per trip
($U5 Per daY) o Surplus values for commercial
pasEen{ters were not affected by the type of boat they
used. At flows above these preferred levels, the vaLue
of the experience falls ofi, but more rapidly for
private boaters than comrnercial passengers.

These changes in recreational value reflect the effects
of flows on important trip attributes. Tine at
attraction sites and f6r J.ayovers depends on the speed
of the current. The size and nunber of rapids are
affected by dan releases. Boaters, particularly those
on commercial trips, enjoy fairly large rapids that
depend on substantial flows. At relatively low flows
and flood flows, passengers, particularly those on
cornnercial oar trips, [dy have to walk around rapids.
This is generally considered undesirable by
passeng€rs. Flood flows may raise concerns about
safety in the ninds of some boaters. some risk at
rapids makes the trip more exciting, but higher flood
flows (say, 40r0oo cfs and above) may be perceived as
too hazardous for many. The lack of crowding is
important to many boaters. High and flood flows can
contribute to crowding at campsites and attraction
sites by inundating beaches. Both the guide surwey
and the attribute survey results agree closely with the
contingent valuation conclusions, increasingr our
eonfidence that these results are vaLid.

The long-term effect of flows on the beaches in the
Grand Canyon is a major concern. These beaches are
critically important to white-water boaters. In many
stretches of the river, they provide the only place to
moor boats and canp. The beaches also support the
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major comnunities of riparian vegetation and wildlife
along the river. lfithout the beaches, the river
corridor would be a nearly shadeless, rocky landscape,
with few eomfortable plabes to camp. wildlife,
particularly bird species, would be more scarce.

To investigate the potential irnpact that beach losses
could have r w€ asked contingent valuation sur.veyparticipants to express surplus value for a scenario
trip exactly like their actual trip except that
substantially fewer beaches would be available. Table
C-5 gives the exact wording of this scenario. The
average cornnercial passenger valued this scenario at
$efg in surplus value per trip ($Sg per day) while the
average private boater valued it at 1377 per trip ($ZZ
per day). Actual trips were valued, on averall€r at
$ezg ($roe per day) and $574 ($ae per day),
respectively. Thus, under conditions experienced by
our respondents, a substantial loss of beaches could
reduce surplus values by about 50 percent for
coumercial passengers and 34 percent for private
boaters.

Tab1e C-5. Beach loss scenario wording.

$f'
I
I
I
I

H

-
'f-

Beaches Ref,uced

There are indications that certain tlpes of
flow patterns in the long run may reduce the
number of sandy beaches in the Grand Canyon.
At present, the area between Ha4ce Rapids and
Havasu has fewer beaches than other parts of
the canyon. Trip leaders must plan
schedules very closely to ensure a good
canpsite in this area. As beaches disappear,
this careful pl.anning would have to be
extended to other parts of the canyon.

This planning night mean nissing some
attraction sites. Fewer beaches would
increase the Likelihood of camping near other
parties and perhaps sharing a beach with
other parties. Some camps rnight have to be
made in areas without any sand.
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Recreational Safetv. The analysis of NPS boating
accident records for the Grand Canyon for 1981, L982
.and 1983, suggested significantly higher accident
ratee at Crltstal Rapid at high and flood flowE, but did
not shos a relationship between reported accidents and
river flows for the canyon as a whole. However, due to
the ver:f low frequency of accidents requiring medical
evacuation, this is a fairly weak test of the
relationship between flow levels and accident rateE.

The accident obser:rration study found a significant
effect of flow level on several accident variables.
Figure c-l shows the variables significantly af,.fected
by flow level for the ten obsenred rapids taken
together. For all the rapids together, the accident
variables significantly related to fLow are losing
control of an oar, striking rocks, flipping a boat,
inJury, walking passengers around a rapid, and lining
or portaging a boat through a rapid.

Striking rocks is most likely at low flows because more
rocks are exposed. Iosing control of an oar is most
frequent at nediun flows. flipping a boat, inJuries'
walking passengers around a rapid, and portaging boats
generally increase with higher flows.

These patterns are even more dramatic when Crystal
Rapid is analyzed alone, as shown in Figure c-4. For
this rapid, all of the above variables (except losing
an oar) are significantty affected by flow, with the
addition of [persons fallingr into the water.n AlL
variables increase with flows, except for striking
rocks, which drops substantially as flows increaEe. A
sinilar pattern holds for Lava Falls.
Thus, over all ten rapids obserrred, and for najor
rapids assessed separately, river flow level affects
the rate of minor and significant accidents, and the
actions boaters take to avoid aecidents. These
enpirical results closely paralleled the estimates of
hazard provided by white-water guides for each fLow
Ievel (Bishop et aI. 1987).

To detemine which flow rangre is safest, a composite
variable was constrrrcted in which flipping a boat,
losing a person overboard, a slight inJury, and
equipnent danage were judged equally serious and
received a score of 1. Hitting a rock was judged half
as serious and received a score of 0.5. An
incapacitating injury was judged twice as serious and
given a score of 2. For example, a boat passing through
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a rapid without incident would receive a score of zero.
A boat hitting a rock and then flipping was scored at
1.5. If a boat flipped and one passenger was seriously
inJured, the score would be 3. In this wey, the
various kinds of risks could be aggregated and
compared across flow levels. Iilhile we believe this is
a reasonable, if arbitrary, approach for the purposes
of evaluating the aggreglte -Lazard associatLa -with
different flow levels, other weightings could be
enployed. Due to the small number of obsenrations at
very low flows, the index at low flows is based on
white-water guidesr hazard rating (see Brosn and Hahn
1997) .

This index indicates that flood flows and low flows are
less safe than high and rnedium flows when looking at
all boaters combined (Table C-5).

T$tc C-6. OvcratI rhite-rater risk index.

Risk lndex
F tor
CatcAory Cornprciat Private Co{tbined
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Graad Canyon trbite-fater Eoatingr Effeatg of Rivar
lluctuatloag
Recreational cnrality. The straight Lines in Figure C-5
show the recreation benefits for fluctuating flow
conditions for connercial and private boaters. These
lines refer to flow conditions in which flows vary by
101000 cfs or more around an average daily flow shown
on the horizontal axis. Fluctuating flows at averagre
daily flows in excess of 251000 cfs and below 31000 cfs
were not evaluat€d, s j.nce they would not be
technically feasible. In Figure C-5, the upper lines,
for purposes of comparison, show the recreation value
aEsociated with steady flow conditions.

As can be seen for both private and connercial boaters,
the presence of significant river fluctuations reduces
the value of the experience, except at average daily
flows below 101000 cfs, where fluctuating flows are
preferred to low, steady flows. Values may be lower
by 25 percent or more for trips with fluctuating flows
corpared to steady flows at the same average daily
flow.
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ValueE are lower under fluctuating flows for several
reasons. One of the prinary attributes of white-water
boating is experiencing the natural environnent of the
Grand Canyon. Perceptible fluctuations in water leveL
make the canyon seem less natural to mostparticipants. AllowS.ng for changes in water level
nakes camping and mooring of boats for the night more
difflcult as well. Moored boats must be checked
during the night to avoid being stranded on beaches in
the morrring. Fluctuations also increase the likelihood
of arriving at rapids at disadvantagreous tines, when it
nay be necessar? to wait for water level to change or
to walk around a rapid. Careful scouting of rapids may
be required. Running rapids during the low flows
associated with fluctuations increaseE the risk that
boats will get hung up on rocks. Being hung up on a
rock may nean only a ninor inconvenience, but can mean
disaster for the trip if the boat is seriously damaged
or injuries are sustained in trying to free it.
As was pointed out in examining Figure C-5, dollar
values are higher f,or fluctuating flows around average
daily flows below IO,OOO cfs than for steady flows of
less than 10r0O0 cfs. This very likely reflects a
desire to have flows in excess of lOr0OO cfs for at
Ieast part of each day. For 'example, many rapids
become more passable at higher flows and the ride
becomes more exciting for most passengers.

In addition to the direct impacts of fluctuations, the
tining of fluctuations becomes an issue. Because the
fluctuations are greatest close to the dam (they
becoue attenuated as one moves downstream), choosing a
launch tine during fluctuations is important. Trips
leaving Lees Ferry try to aim at specific rapids
downstrean during the higher end of fluctuations. For
exarnple, during such periods of fluctuations,
comnercial outfitters have traditionally tried to avoid
the low-water days that occur on weekends. If they
had to launch during the weekend, most would leave late
on Sunday and make camp before reaching a rapid they
felt could not be navigated at particularly low fl.ows
(below 5r00O cfs). They would then wait for the rising
waters that normally occur early the following
norning. Thus, good trlaunch windowsrr are reduced
during fLuctuating flows.

Recreational safetv. The obserrrati.on data allowed
comparison of accident rates at high, steady flows with
rates obsernred at high flows during fluctuations.
Except for a slightly higher rate of portaging boats

7
I

I.-
-

J
I
t

I
I
I
t
I
I

c-3 g



I

I
I
t-r
I

-.-

t
r

-

during fluctuations, none of the accident variables
was related to fluctuations. So; while the value of
the recreation experience appears significantly
affected by fluctuations, we do not have evidencd'that
fluctuations, thernselv€s, affect safety. A more
complete analysis could be done if obsenrations at low,
steady flows were available to compare to low water
during fluctuations.
Glen Canyon Fisbery: Bffects ol Steady Flov Leve1s

Recreational cnralitv. The surplus values per fishing
trip are depicted in Figure C-5. The solid line shows
values for steady flows while the broken line applies
to fluctuating flows, which wiII be discussed
momentarily. Ttre recreational value for fishing is low
for very low flows. For example, the surplus val.ue per
trip was $50 ($ZE per day) at 3,000 cfs. The value
rises steadily with higher flow levels, reaching a
peak of $fZe ($SO per day) at 10r00o cfs constant
flowE. Thereafter, the value of the experience drops
steadily at higher flows, declining to $64 per trip
($Ze per day) for constant flows at 40,000 cfs and even
lower at 45r000 cfs.
fhis value function reflects the combined influence of
flow levels on several aspects of the fishing
experience. Lower water is desirable because it
concentrates the fish and is believed to produce better
fishing. (Historical biological data from the Glen
Canyon tends to support the conclusion that fishing is
better at low to medium flows. ) However, dt very low
water, below 3r0oo cfs, it is not possible to cross
Three Mile Bar with motor boats, thus restricting
fishing to a much smaller area. Grounding boats and
striking notors on rocks is also more frequent at low
flows. Thus, very low flows are undesirable.

on the other hand, high water disperses the fish, which
may reduce fishing success. It also creates stronger
currents, increasing problems for boat handling.
Tradeoffs among these countenrailing impacts result in
lOrO0O cfs receiving the greatest surplus value, with
fishing value dectining both above and, more rapidly,
below this flow leveL.

Recreational safetv. Table C-7 shows the percent of
fishing trips taken while flows rf,ere in each of the
four fLow ranges, for the years 1980, L982, and 1984,
and the percent of reported accidents in each flow
range. An analysis of these data indicates that
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Tabla C-7. Recorded boating accidents: Gten Canyon 1980, 198e ' 1984

Lou
F lor Levet

-

t{edirm HiSh F tood

Perccnt of fishirU trips
llulbcr of recorded aceidents
Percent of recorded accidents

Emcd on 27,747 bott'd€ys of f ishing.

These data can be used to develop an index of the
relative risk of boating accidents at the four flow
levelsr is Ehown in Table C-8. These figures were
calculated based on the data presented in Table C-7 and
express the probability of a reportable accident per
angler-day given the average daily fIow.

Tabl,c C-E. Retative risk of Gten Canyon bogting accidents across f tor
categor i e8.

30u 25r 40/ 5Z
6220 I

21I 71 697 5Z

Lor
l'ledim
High
F tood

.0007?

.00029

.00180

.00072

As can be seen, the chances of an accident are greatest
at high flows and least at medium flows. Risks are
approximately equivalent at low and flood flows.
I{hile no firn conclusions can be made from these data
as to !{hy high flows are associated with more
accidents, stronger river currents nay play an
important role. It is conmon practice to drag an
anchor while fishing to control downstream novement-
At high flows it ii nore likely that boats will be
swanped when their anchors catch on the botton. Also'
the effect of fluctuations is not separated from the
effect of flow level in this analysis. Thus, the
somewhat surprising decrease in risk at flood flows
conpared to high flows may be due to the fact that
fluctuating flows do not occur at flood flows-
Current data do not, allow us to separate high, steady
flows from high flows occurring on days when flovs were
fluctuating. This is a weakness that should be
corrected through additional research. In the
meantime, further analysis of the effects of high flows
on fishing could be very nisteading and wiLl not be
attenpted here.

GIeD Canyon engting: Effects of River Fluctuations

Recreational qualitv. As has already been shown
(Figure C-6), surplus values for fishing are generally

t
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Fluctuating
as much as
which both
low va1ue.

fluctuating than for steady flows.
flows reduce the surplus values per trip by

30 percent, except at flows of 3,0OO cfs, at
steady and fluctuating flows have the same

Large fluctuations require anglers to operate part of
the day at low or high flows, with the attendant
disadvantages of both. Changing water levels add
additional difficulties. Falling water may make it
difficult to get downstream over rocks and gravel bars
that had more water over them on the trip upriver.
Rising water may increase the likelihood of swamping a
boat while anchored or while the bow is pulled up on
shore. A few anglers do favor fluctuating flows
because they believe that rising water may stinulate
feeding by fish. Nevertheless, the najority of anglers
feel that the disadvantages of fluctuations outweigh
the advantages, except at very low flows.

Recreational safetv. The evidence on whether
fluctuations contribute to angler boating accidents is
inconclusive. NPS records of 53 boating accidents in
GIen Canyon for the years L977, L979, 1980, 1981, L982,
1983, and 1984 were evaluated. Sixty-one percent of
the accidents involved boats flooding or capsizing.
Many of the accidents occurred when boats were dragging
their anchors to reduce downstream drifting.
Fluctuations in flows were identified on NPS accident
records as a contributing cause in 25 percent of the
cases. In suweys of boaters during april to
December, 1985, 18 of 21 accidents occurred during a
three-month period of fluctuating flows.

The great najority of these incidents involved damage
to propellers. These data suggest that rapid changes
in flow level may contribute to accident rates.
Further, some kinds of accidents, such as tethered
boats being subnerged when the river rises, are
clearly related to fluctuations.
A statistical analysis was performed to explore the
relationship between accidents and fluctuations in
river level. The hlpothesis was that an increase in
flow level, which raises the river elevation, increases
the chances for accidents. However, no significant
differences were found in the flows from time periods
containing accidents and matched trcontrolrr periods in
which no accidents occurred.
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From this we would conclude that river fluctuations do
not appear to be a predictor of accidents. However,
this type of analysis is a relatively indirect test of
the relationship between fluctuations and boating
accidents. AE was stated at the end of the steady flow
sectionEr w€ recommend that additional study be given
to thls issue.

Eltocts of Flous oa Glea Canyo! Day-U"" Raftlag

Recreational cmalitv. The attribute suntey of day-use
raf,ters indicated that river flows affected only the
point of departure for GIen Canyon raft trips. To
assess whether point of departure affected the value of
the trip to participants, the surplus value was
detetmined for trips departing from Lees Ferry and
trips departing from the dam. The recreation benefits
measured for the two types of trips were not
significantly different from oRe another. No
sigmificant effects of fluctuating flows were
identified.
It was concluded, therefore, that river flows over a
broad range do not affect the recreational guality of
the day-raft trips. However, at flows above 451000
cfs, trips becorne unprofitabte for the rafting company,
due to increased fuel usage, and are not offered. In
that case, benefitE of the trip are foregone in the
amount of 926 in surplus value per trip (per passenger)
lost.
Recreational safetv. These flat water tours are
extrenely saf,e, with no.reported accidents. Neither
safety nor the effect of river flows on safety were
identified as issues in discussions with outfitters or
in the attribute suwey
gu![at?

Figure C-7 sunnarizes the effects of flows on various
attributes of white-water boating and GIen Canyon
fishing. For each attribute, flows are listed, fromrrbestrr to rrworst. rr For example, beach availability for
white-sater boating is best at low flows and worst at
flood flous. or, looking at the bottom of the figure,
nedium flows are best for catching fish while flood
flows are worst. P1uses (+) and minuses (-) indicate
flows' that are particularly desirable or undesirable,
respectively.
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Figure C-T. Srmnary of inpacts on recreationat resqrces.

Like most areas of human activity, these recreationists
face trade-offs. For example, conmercial white-water
boaters prefer flood flows for running rapids, but low
f,Iows for beach availabitity. The compronise across
all attributes, 'as expressed in suzplus values, is
flows on the border between high and flood flows
(29',OoO to 33,OOO cfs). Anglers tend to be best off at
nediun flows in all respects, but given that a nedium
flow is not available, they would tend to prefer low
fl.ows for'catching fish and.safety and high flows for
ease of access upriver. The ideal fLow for anglers is
about lOr0OO cfs. .

lfhile white-water boaters and anglers do disagree about
ideal f,lows, this conflict could be partially resolved
by nrnning higher flows in the sunmer months when
rlfting peaks ind lower f,lows during the rest of the
year when most of the fishing occuts. Furthernore,
both groups agree that except at low average daily
flows, fluctuations detract from the recreational
experience. This result was clear from the guide
sunrey, the attribute surveys, and the contingent
valuation results. The iurplications of these results
sill now be explored by evaluating dan operations
nodified to benefit recreation.
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8BSIION IVS SYALUASION OF DIil OPERATION 8CENNRIOS

In Section III we described how current operations of
Glen Canyon Dam affect the quality and safety of
fishing and day-rafting in Glen canyon and white-water
boating in Grand Canyon. It was shown that the flows
released fron the dam can significantly affect both
angling and white-water boating.

In this chapter we describe the improvements in
recreational quality and safety that can be produced
through changes in dan operations. Specifically, we
Iook at the recreational effects produced by:

(1) Avoiding fluctuations in flow;

(21 Avoiding f lows below 10, O0O cfs ( low
flows) and above 3L,500 cfs (flood flows) o

While these linits were set to inprove
safety, they also increase recreational
surplus values;

(3) Better matching the distribution of
flows during the year to the pattern of
recreation use,

To better assess these changes, w€ have analyzed
recreational effects for three water years that cover a
broad range of nrnoff conditions--1982, 198rt, and
1986. This uitl highlight the recreation benefits and
effects on safety of operational changes under a
fairly low annual release (1982 - 8.2 nillion acre-feet
[naf]), a moderately high annual release (1986 - 15.5
naf), and a very high annual release (1984 2O.L
maf) .

For each year we calculate the total recreation
benefits for anglers and white-water boaters and a
measure of the risk associ.ated with those activities.
These figures are based on the actual flows released
during the year. We then propose some ways of changing
dam operations, assess the same measures of
recreational quality and safety, and compare those to
actual operations. Thusr u€ calculate the recreation
benef,its that could be obtained through changes in
management under a wide range of runoff conditions.

The total recreation benefits (our measure of quality)
aie obtained by nultiplying, for each recreational
group, the surplus value of the white-water boating or.
fishing trip under the given set of flow conditions by
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the number of persons experiencing those conditions.
For all calculations, the recreation use rates for 1985
were used. This is done on a nonthly basis, using the
average fl-ow conditions for that rnonttr. The resutting
annual benefits for white-water boating and angling
have been sunned to obtain the total recreation
benefits. These values can be interpreted as the totaL
anount anglers and white-water boaters would pay in the
aggregate, above their actual expenses, for the
opportunity to participate in the activity under the
flow conditions specified.

The recreation risk indices for white-water boating are
obtained in siuilar fashion, nultiplying the risk index
associated with the given nonthly flows by the nunber
of rafters for that month. These risk indices reflect
the rel.ative risk of an accident under different flow
conditions, with higher values indicating higher risk.
I{hile the units of the scales are arbitrary, they are
ratio scales. Thus, it is neaningful to calculate
percentage changes in risk, since a zero on each scale
represents zero risk of accidents. Unfortunately,
risk indiceE could only be calculated for white-water
boating. The problems with data on angling safety
discussed in Section fII rneant that meaningful. indices
for fishing cannot yet be estimated.

It is inrportant to note that the potential
nodifications to dam operations evaluated here have
been desigmed to explore the inplications of
recreational results for dam operations. The only
constraint inposed on these scenarios is that they pass
through the dam the sane total amount of water as was
passed in the refbrence water years, L982, L984, and
1985" Water years begin in October and end the
following September. For example, water year L982 (WY
L982) ran from October 1, 1981 through September 30,
l_98 2 . No consideration has been given to other
constraints in dam operations, such as the level of the
rbsenroir at the stalt of the water year, the tining
of the spring runoff, or other demands for water
releases. Thus, the scenarios that develop
modifications in how the dan was operated should not be
viewed as proposals for actual operations. The ain is
to illuEtrate the gains in terms of benefits and
saf,ety that would be achievable were such operational
changes actually f,easible. The full feasibility and
desirabitity of operational changes are beyond the
scope of the GCES.
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The analysis of effectg of L982, L984, and 1985
operations on recreation will focus on innediate
short-term effects on recreationists experiencing the
flowE. Later in this chapter, we wiLl turn to two
possible long-run effects of dam operations: loss of
beaches and rehabilitation of the Glen Canyon trophy
fishery. To quantify the effects, we will compare
benefits of actual operations with estimated benefits
if beaches had been eroded and the fishery had been
restored. The ef fects of f ive alternative dam
operation scenarios designed to benefit specific
environnental resources (e.g., humpback chub and other
native fishes) and some non-operational alternatives
will also be considered.

The ghort-Run Recreatl.on
Operations

Beneflts fron Modified

WY 1982 - 8.2 million acre:feet. The average nonthly
flows released in the WY L982 are shown in the top
graph of Figrure C-8. The dam was operated on a
peaking power (fluctuating flows) basis in all nonths.
As is shown in the figure, this resulted in conbined
annual recreation benefits for anglers and white-water
boaters of $4.8 nillion and a risk index value for
white-water boaters (Ifi{) of 13. o.

Eliuinating fluctuations would increase overall
recreation benefits by SO.8 million, or 15 percent.
Anglers would enJoy a 42.9 percent increase in
benefits (iZlZrOOO at constant flows versus $5fZrO00
with fluctuations). Connercial white-water boating
benefits would increase by 15.9 percent, while private
white-water boatersr benefits would fall slightly. The
Latter result is caused by flows so low in some nonths
.that private boaters would prefer fluctuating flows.

As a second step toward irnproving recreation for this
target year, we have elininated flows below 101000 cfs
as well as fluctuating flows, while still releasing
8.2 maf. The resulting monthly flow scenario is shown
in the second graph in Figure c-8. This scenario
improves recreational guality to $5.1 nillion in
benefits, a 27 percent increase, and reduces the risk
of accidentE for white-water boaters by 5.4 percent,
compared to actual operations.

The next modification, shown in the third graph in
Figure C-8, was to shift some of the releases to better
match the nonthly recreation use pattern.
Specifically, water is shifted away from the winter
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months (since fishing is the predominant activity then
and anglers prefer lower flows), toward the summer
nonths (since white-water boating predominates then and
boaters prefer higher flows). This scenario, which
roughly approxinates the optinal flow schedule that can
be produced with 8.2 maf of water, resultE in
recreation benefits of $5.8 nillion (a 42 percent
increase over actual L982 conditions) and a reduction
in the risk of accidents of 14 percent for white-water
boaters, compared to actual operations.

WY 1986 - 16.6 nillion acre-feet. We next consider the
WY 1985 because it is our trmiddle yearrr in terms of the
annual flow--16.6 maf. Actua1 operations, shown in
the top graph in Figure C-9, produced total recreation
benefits of $1o.3 nillion and a risk index of 10.0 for
white-water boaters.

Interestingly,
eliminating

the increase in benefits from
fluctuations in this moderately

high-release year is quite close to the increase for
the low-water case (1982), about $O,8 nillion. In
1986, this amounts to about an 8.2 percent improvement
in overall recreational quality. Both anglers and
white-water boaters gain benefits: fishing benefits
increase by 21.8 percent, white-water cornmercial
passenger benefits increase by 7.6 pericent, and private
white-water trip benefits increase by 7.o percent. The
fishing benefit increase is particularly large in
percentage terms because fluctuations in leY 1985 came
during October through February, all prime fishing
months, whereas flows were steady during the summer
rnonths except for July.

ELininating flood flows, low flows, and fluctuations
result in a 12 percent increase in benefits and a 20
percent reduction in white-water boating risk conpared
to actual operations. (See the rniddle graph in Figure
C-9.) It should be noted that this scenario is
sonewhat unrealistic in the early nonths where flows
are set at 181000 cfs. In actuality, the high runoff
in WY 1986 could not have been anticipated until
forecasts began to accr.unulate in January. As pointed
out at the outset, the goal of these scenarios is not
to be fully realistic but to illustrate the
inplications of dan operations for recreation.

The approxinate optinal scenario, in the third graph in
Figure C-9, capitalizes on the opportunity to move
nexcessrr faII flows. (above the 10r00O cfs ideal for
fishing) to the summer white-water boating season.
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This scenario reduces the risk for white-water boaters
by 18 percent and boosts recreational quality by 18
percent to S12.2 nilllon, conpared to actual
operations.

IfIt 1984 - 2O.1 nillion acre-feet. This year witnessed
the highest runoff in recent history. Recreation
benefits from actual operations were the highest of
the three years, dt $fr.e uillion. The risk index for
white-water boaters was 1O.8 (Figrure C-10).

the dam was run at constant flows for the entire year.
Avoiding flood and low flows improves recreational
quaLity by 4 percent and reduces white-water risk by
26 percent, compared to actual operations.

Under the approxinate optinal conditions, recreational
quality is increased $o.Z nillion (6 percent) and
white-water risk is reduced 25 percent.

Posgtble Long-1sru Inpacts of Flowg ol Recr€atioa

The inpacts discussed so far are immediate. If flows
are favorable or unfavorable to recreational quality or
safety, the effects are felt directly by the
recreationists on the river at the tine. Flows today
may also have less direct effects that will only be
felt in the long run. Two possible long-run inpacts
will be analyzed here:

1. Potential effects on white-water boating
quality of loss of beaches, and

2. Potential effects on angling quaLity of
rehabilitation of the GIen canyon fishery.

Beach losses. As was enrphasized in Section I, beaches
play an inportant role in white-water boating. As
canpsites and as places to stopover during the day,
beaches along the river contribute substantially to the
quality of recreation.

The problen of quantifying the potential impacts of
beach loss was addressed by asking what the inpact
would have been in 1985 if substantially fewer beaches
had been available along the river. In effect, we
asked: !{hat would 1985 white-water benefits have been
if beach loss had already occurred? Table C-9 shows
those calculations. The first set of figures show
estimated annual benefits for actuaL operations and
conditions in 1985. Since the sanple for the contingent
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Tebtc C-9. Effccts of gr.Sstentirl, toes of bcechce on 1986 *titc-rrt.r bolting bcncfite.

Bcnef i ts/tri p
( in dol, tars)

Totat Benefi ts
(in mittion 3)

I
1

t

tlith Cument BeFcheE (Actr+at 1985 Conditions!

Cmmrciot Passengers
Privatc Boaters

ToteI

tf i th Fwer Beaches

Conrnrci al Paesatgers
Privrtc Boatcrs

Totat

Benefits Lost to Beach Erosion

3 821
509

3 9.3
1.4

t
310.8

3 4.7
0,9

3 5.6

3 5.2

3 413
377

I
I
I

Totet diffcrent frm coturn sun dre to ror.nrding error.

valuation surivey was drawn fron calendar year 1985
white-water boatere, the figrures in this table also
refer to calendar year 1985. Releases were quite high
during that year, total.ing 16.6 maf. Total white-
water benefits were about $10.8 million. Based on
beach loss scenario values as discussed in Section
III, we would estimate that had substantialS.y fewer
beaches been present in 1985, the benefits would have
been only about $5.G million. This constituteE, a 48
percent reduction in benefits.
Thus:, we would estinate that a substantial IoEs of
beaches could adversely affect white-water boating.
Under 1985 conditions, the loss would amount to S5.2nillion annually. Since 1985 was a year of relativety
high water, the loss rrould probably be sonewhat
sualler in more normal years for two reasons. First,
high-water years tend to provide high, steady flows
during the spring and early summer. This yields
larger nhite-water boating benefits than would occur in
Iow-water years when nedium fluctuating flows during
the white-water boating season are more common. Thus,
the analysis in Table C-9 began with a rather high
baseline figure. Second, beaches that are flooded
during high-water years are more available during low-
water years. This would tend to increase the size and
availability of remaining beaches.

Rehabilitation of the Glen Canyon trout fisherv. Under
all scenarios, the recreation benefits estimated for
the Glen Canyon fishery are based on 1985 visitation
and fishing conditions. However, as explained in
Section I, both the average size of fish caught and
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the annual visitation were in a state of decline in
1985. Both the surplus values for fishing trips at
GIen Canyon in 1985 and the 1985 visitation rates
probably underestimate the recreational potential of
the area. If current efforts to rehabilitate the
fishery are successful, the annual nrrnber of t,rips nay
return toward previous levels and the value per trip
would rise as weIl. Such a possibility has been
considered by recalculating Glen Canyon fishery
benefits based on a return to greater visitation and
improved fishing quality.

The actual fishing conditions and angler visitation for
1985 produced benefits of $525r0o0. This corresponds
to an average trip value of approxinately $as and an
average value per day of $34. The contingent valuation
surx/ey indicated that each trip would have been worth
$13O (952 per angler day) if the chances of catching a
trophy-size fish were doubled. If this type of
improvement were achieved and participation returned
to 1983 levels (52r0OO angler days) in response to the
improved fishing, the total recreation benefits sould
be approxinately 12.7 million per year. The recreation
benefits would have increased nearly six-foLd due to a
50 percent increase in the value of each trip and a
more than tripling of visitation. This estimate may
provide a roughly accurate measure of the recreation
benefits produced in 1983, when fishing guality was
still fairly high and visitation was at a maximun. It
is unlikely, however, that such a level of benefits
could be sustained biologically, given the fishing
pressure that such high leve1s of
produce.

visitation would

A more realistic estimate of the levels of recreation
benefits that night be sustained for the Glen Canyon
fishery would be based on doubling the chances of
catching a trophy fish, and doubling the 1985
visitation levels. This would produce annual
recreation benefits of $1.5 nillion. The actual
benefits produced at Glen Canyon are a conplex function
of the fish population, flow conditions, fishing
regulations and long-term use patterns. However, this
analysis suggests that substantial increases in
benefits are feasible.

At present, the construction of optirnal recreation
scenarios is dorninated by the interests of white-water
boating, due to the larger population of boaters and
the high per-trip val.ues for that activity. rf the
value of fishing trips and/or visitation increased,
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more weight would be given to providing optinal flows
for fishing when constructing annual flow scenarios to
enhance overall recreation benefits. Xn this case'
optinal recreation flow levels' would be decreased
somewhat year round, but particularly in months like
April and october, when fishing is popular and
white-water boating populations are relatively low.

Recreational Inpacts of op€ratl.onal ttodLfLcations to
EnDaacc EavLrouuental Resourceg

Section VII of the Final Report explored five
operational scenarios that would enhance environnental
resources. Selected resources for which scenarios were
developed were (1) humpback chub, (2) common native
fish, (3) trout, (4) beaches, terrestrial vegetation,
and wildlife, and (5) courbined recreation. Each of
these scenarios was evaluated for its ef,fects on the
fuII range of environmental resources. The purpose of
this Eection is to explore the recreational effects of
these scenarios in more detail.
FolLowing the logic of the Final Reportr u€ will deal
with four-year cycles that include three low-water
years like L982 and one high-water year like 1986. As
an index of recreational quality, the benefits of a
four-year cycle will be aggregated for each p1an.
These benefit sums will not be discounted since our
only goal is to construct an index of quality over low-
and high-water years. Fishing and white-water boating
witl be treated separately, as they were in the Final
Report itself, and in total since doLlars can be added
directly to give an ovenriew of the full recreational
effects.
Results for recreational guality are given in Table
C-10. The baseline for purposes of comparison is therrActual operations Planrr which was based on actual
operations in L982 and 1986. AII of the scenarios
improved fishing, generating at least 90.4 nillion in
increased benefits over the four-year period. The
Conbined Recreation Scenario generated 9o.9 nilLion in
additional fishing benefits conpared to actual
operations. This is a 45 percent increESe.

Iilhite-water boating is inproved under all scenarios
except the one designed to benefit conmon native fish,
which has very low flows in the summer months when
white-water boaters would prefer high flows. AII other
Ecenarios improve white-water boating by at least 92.1
nillion over four years. The Combined Recreation
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Actual, Srations
Chr^6

Ccrnpn Xativc Fish

Trout

Bcaches/Habi tet/lli tdt i fc

Cofiined Recreation

32.0

2.4

2.6

2.6

2.7

2.9

''22.7
29.1

.|6.6

24.8

?5.7

n.3

''24 
"7

3l .5

19.2

27.4

28.4

32.2

seenario was designed to approach optimal conditions
for white-water boating and fishing conbined, and it
produces $6.6 rnillion more in white-water boating
benefits than does actual operations over the four-year
cycle. This is a 29 percent inprovement.

Exanining the last column of the table indicates that
recreation benefits in total are enhanced by up to 30.3
percent by the various scenarios to enhance
environmental resources. The only scenario that is
worse than actual operations is the one for Common
Native Fish, for reasons that have already been
explained. Also interesting are the relatively very
high recreation benefits associated with the scenario
for chub. This scenario involves high, steady flows
that enhance vhite-water recreation.

The trout scenario raises the possibility of increasing
naturial trout reproduction. This could increase
benefits in tvo ways. First, it would reduce fish
management costs through reduced stocking. Second, it
is eonrnonly held that many anglers prefer to catch
rrnaturaltr trout as opposed to stocked trout. Research
on this topic is in its infancy. An interesting recent
investigation is that by Johnson and Walsh (1986).
Glen Canyon probably represents an intermediate case
because it is sustaining some natural reproduction
under current dam operations and because it is not arrput-and-takerr fishery in the usual sense. In the
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usual put-Erd-take fishery, a large share of the fish
are caught within a few days after stocking. Glen
Canyon would more appropriately be classified as anput-grow-and-taketr fisherf. Stocked fish spend long
enough in the river to grow larger and to take on the
characteristics of rrnaturaln trout. At teast part of
the aversion anglers feel for stocked trout may be
dissipated Ln the process, but more research would be
required to evaluate the effects of stockj.ng versus
natural reproduction on recreational quality.
The only scenario that raises substantial safety
concerns is the one designed to enhance native fishes
other than chub. The low fLows during a large part of
the vhite-water boating season would increase the
overall risk of accidents compared to actual
operations. A11 the other scenarios enhance safety
conpared to actual operations because they elininate
fl,oods and low flows.

ft should be born in nind that only the short-term
effects are considered here. To the extent that
beacheE and fishery productivity are affected by the
various plans, these additional long-term inpacts could
change the conclusions.

Othcr Potentill ltalageuent Actiong

Raisinq the water ternnerature. Currently, water
released through Glen Canyon Dam comes from deep within
Lake Powell and iE quite cold (averaging around 45
degrees F). The possibifity exists of taking water
from nearer the surface, water that would be
considerably warmer. This has been proposed prinarily
to inprove the downstream river habitat for the
indigenous humpback chub, an endangered species which
requires water tenperatures above 51 degrees F for
successful spawning.

fncreasing the water tenperature could have significant
inpacts on recreation, prinarily white-water boating.
ff temperatures could be raised above 55 degrees F
during the primary white-water boating season, a major
benefit would be to reduce the hazard to those falling
into the river. !{hile fatal.ities associated with
white-water boating in the Grand Canyon are rare, the
five drownings which occurred fron 1980 through 1935
are attributable in Large part to the extremely cold
water, which quickly renders perEons falling overboard
helpless.
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Because of the very cold water tenperatures, almost no
one swims in the river. Warmer water would make the
river an attractive place for swirnrning, providing a
najor new recreaticinal resource for visitors. However,
since increasing the water temperature would not
reduce the dangerous rapids or strong currents, use of
the river for swirmring could be accompanied by a
commensurate increase in drownings.

War:uer water would make all contact with the water more
enjoyable, including getting soaked in rapids in the
early norning or on cold days, which night extend the
rafting season further into fatl and early winter.
Negative aspects of warmer river temperatures would
include a reduction in both natural refrigeration for
food and beverages and air conditioning to moderate hot
sunmer air temperatures near the river. If river
tenperatures rose above 55 degrees F, some shift in the
Glen Canyon fish populations away from rainbow and
cutthroat trout toward brown trout night be
ex;lerienced.

Improved forecastina and communication of dam
operations. Both low, steady flows and fluctuating
flows are undesirable for white-water boating. As
mentioned previously, low, steady flows usually occur
on weekends, when power demand is low. Boaters prefer
to schedule their launches to avoid these periods.
This strategy for mitigating the negative effects of
low f,Iows depends upon accurate forecasts of dam
operations being available to private and conmercial
boaters prior to scheduling launches. Both cornmercial
and private launches are scheduled at the beginning of
the year. The potential for shifting launch dates at
the last ninute is quite linited for two reasons.
First, neither connercial nor private trips usually
have the logistical flexibility to delay a launch.
Second, since linits are set on the total nunber of
persons launching each day, delaying a launch ispetmitted only if another trip has cancelled on the
desired launch day. Thus, boaters can avoid less
preferred flows only to the extent that they are able,
when seJ.ecting their launch dates, to forecast darn
operations for those dates.

Accurate knowledge of dam operations is also helpful
when adjusting itineraries while on the river,
especial.ly during periods of fluctuating flows.
GuideE can time their arrival at critical rapids or the
nooring of boats for the night to coincide with
desirable flow levels only if they can predict when
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flow levels will change. Guides are able with a
predictable schedule of fluctuations to significantly
reduce nany of the negative effects of fluctuations.
Therefore, for both the scheduling of trips and the
management of trip itineraries, accurate prediction of
future dam operations and the tirnely conmunication of
those forecasts to boaters can significantly enhance
white-water recreation.

SuDnary

The analysis of short-ter:n effects from low, moderately
high, and high annual water releases (1982, 1985, and
1984, respectively) revealed several conclusions.
First, as has been repeatedly enphasized, recreationalquality and safety respond in the same way to flows.
As a general rrrl,e, flows that provide more (or fewer)
benefits also provide more (or less) safety. Though
more research on fishing safety is called for here, it
is doubtful that Euch research would lead to a reversal
of this conclusion.

Second, actual operations produce higher recreation
benefits when more water is available to be released.
Benefits produced under actual operations in 1984 and
again in tgge rf,ere more than twice that produced in the
low-water year L982, holding all else constant. The
constant high flows and flood flows that nornally occur
in high-water years tend to provide good to excellent
white-water boating conditions during spring and sunmer
vhen large white-water benefits accrue. The lower
benefits earned in ]'982 are the direct result of
nedium flows during the white-water boating season.
Mediun flows produce lower white-water benefits per
trip than high flows and flows toward the bottom end of
the flood flow range. Interestingly, the risk index
for white-water boating was also lower in 1984 and
1986 conpared to 1982.

Third, fLuctuations have a significant adverse effect
on recreation benefits. In L982, when flows fluctuated
throughout the year, and.in 1986 when flows fluctuated
about half the year, recreation benefits were roughly
$800r0OO per year less than they could have been if
daily fluctuations of J.OrOOO cfs or more could have
been avoided.

Fourth, analysis of 1982, L984, and 1986 scenarios
indicates that substantial inprovenents in quality and
safety may be achievable through nodified dan
operations. Elininating fluctuations, Iow, and flood
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flows improved benef,its fron $0.5 (4.3 percent) to $1.3
nillion (27.L percent), depending on the year examined.
I.todifying the release schedule to better suit the flow
preferences of recreationists (i.e., the approxinately
optimurn scenarios) led to increased benefits between
$0.7 nillion (6.o percent,) and 92.0 nillion (4L.7
percent) per year, compared to actual operations. And,
such modifications in dan operations seem alnost
invariably to lead to safer conditions as well.
Potential long-tern effects of dam operations on
beaches and fishery productivity were also analyzed.
If dam operations do lead to a long-term loss of
canping beaches, the loss in recreation benefits would
totaL nillions of dollars each year. For example, had
substantiaLly fewer beaches been available in 1985,
more than $5 nillion in benefits would have been lost
even if the same number of trips had been taken.
l{hether by dam operations or other measures,
rehabilitation of the troptry fishery in Glen Canyon
could easily increase benefits by $f uillion per year.

To a considerable degree, measures to protect and
entrance other environmental resources such as the
hunpback chub would also enhance recreation. The only
readily apparent exception is the low flows. in summer
that would enhance populations of native fish other
than chub.

Raising water temperatures through a nulti-Ievel intake
structure at Glen Canyon Dam and improved forecasting
were also discussed. High water would have both
positive and negative effects on downstream recreation
and whether the net effect would be positive or
negative is inrpossible to say at this time.

Particularly difficult to weigh is the prospect of
additional swirnning opportunities against the prospect
of additional drownings. Improved forecasting and
conmunication would help noderate the adverse effects
of operations on recreation, although the inpact would
probably not be large.
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SECTION V3 COITCIJUSIONS AND RECOUIIBNDATIONS

Having already. suumarized the principal f,indings of the
GCES relating to recreation (Section I), the opening
section of this final chapter will be more narrowllz
focused. IiIe will begin by examining the general
conclusions of the GCES Final Report (as presented in
Section VIII of the Final Report). The support from a
recreational perspective for each conclusion will be
summarized, then the linitations of the recreation
studies wilL be explored. This will lead naturally
into a discussion of future research needs.

CoaclugLoas

(1) Current operations of Glen Canyon Dam
bave a sl.gniftcant effeet on many downstream
environmeDtal resources.

The most serious potential recreational
effect is probably the long-tem effect of
flood flows on beaches" Substantial 1oss of
beaches would lead to whit€-w€rter benefit
reductions amounting to nillions of dollars
each year. This nould constitute serious
and potentially irreversible damage to a
najor national recreational resource.

Except for possible damage to beaches, normal
dan operations have been, to a considerable
extent, conducive to srhite-vrater recreation,
particularly in high-wd,ter years. Flows tend
to be high in late spring and early summer
when rafting is particutarly popular and low
to moderate during the good fishing months.
Still, modifications in how the dam is
operated could further inprove recreation,
particularly during losr-water years. The low
to nedium average daily flows typical of late
spring and summer in low-water years have
meant lower benefits and less safety for
tthit€-wd,ter boaters than would have been
achievable had more water been retained in
the preceding faII and winter to be released
during the heavy white-water boating months
of May through September. Under eurrent
conditions such release patterns typically
reduce recreation benefits by about $Z
nillion per year in lon-nrater yearsi. When
more water is available, this problem becomes
less severe since normal procedures in
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high-water years call for the high flows
that are preferred by whit€-w€rter boaters,
However, flood flows reduse safety and,
particularly above 40,000 cfs, also
substantially reduce white-water benefits .

Anglers are adversely affected by current
operating procedures in both lott- and
high-wErter years. In low-water years,
fluctuating flows tend to reduce quality and
safety. fn high-lrlater years, flows tend to
be more steady, but are too high to provide
good to excellent fishing conditions.
T1pically, the loss in benefits amounts to
$2001 000 per year compared to what could be
earned witn constant ffows more amenable to
fishing. The risk of accidents is greater at
high flows than at moderate flows.

In low- and medium-water years, normal dam
operations have involved fluctuating releases
necessary to generate on-peak power" Such
fluctuations can reduce annual recreation
benefits by $8001 000, compared to the
benefits that could be achieved if flows
were steady around sinilar daily averagfes.
In fact, as our analysis of WY 1986
illustrated, fluctuations can have effects
of this magrnitude even in relatively
high-water years. Though more research is
need€d, the possibility exists that
fluctuations reduce the safety of Glen
Canyon fishing.
Low flows, which can occur in lott-water years
when e:lectricity demand is down, reduce
benefits and safety for both white-water
boating and Glen Canyon fishing.
Finally, restoration of the trophy fishery in
Glen Canyon could increase fishing benefits
by as much as $f million per year.

2. It is possible, uitbin the pbysieal
llnitatlons of dan and resernroir, to operate
during low- and higb-uEter years in rays
that prevent or reduee further degradation,
and in some sases enhance, downstream
regources.
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The recreation studies summarized in this
appendix lead to the following recone
mendations for improving recreational quality
and safety:

tt. Avoid fluctuating flows unless the
alternative is steady flows of 51 000 cfs
or less.

b. Avoid flows of less than 101000 cfs,
especially during the main white-water
boating seasor, April through October.

c. Avoid flows greater than 33 r 0O0 cfs,
whenever possible.

d. Steady flows in the range of 10rOO0
cfs to 15 r 0OO cfs are desirable in the
months Novernber through March.

€. Steady flows in the range 25,0OO
to 33 r 000 cfs are desirable in
months April through October.

f. Take all reasonable actions to avoid
substantial loss of beaches in the Grand
Canyon.

gt . To the extent that it is
economically feasible to do sor operate
the dam so as to support a trophy
fisher"y in GIen Canyon.

These recommendations consider only
recreational objectives. This i,s not
intended to deny the importance of many other
objectives or to argrue that recreation should
necessarily be predominant. Our goal was to
better understand the relationships between
dam operations and recreation as one step
toward reconciliation of the full range of
objectives. I{e have been able to show that
recreational and other environmental
objectives are compatible for the most part,
but to go farther would be beyond the scope
of the GCES.

I
I
I
I

c-53



(3) The changes in dam operations due to the
Uprate and Rewl.nd Program are not yet
determin€d. Effects of thig progran oa
rosreation cannotr therefore, be spscified
precLsely.

ft is not possible at this time to specify
precisely how the new powerplant capacity
will affect future dam operations.
Variability in the forecast, management
options, and physical system linitations will
impact the actual releases scheduled. The
way that the new capacity will be used has
not been fotmalized, and may change when
future generations scheduled and policies are
decided. '|

As described in Appendix D: Dan Operations,
use of the uprated capacity in the Glen
Canyon generators may lead to several
changes in flow patterns through the dam.
These changes would be most apparent in water
years with moderate runoff, which occur
approximately 30 percent of the time. In
these years, peak steady releases may be
raised from 31, 5OO cfs to 33 ,100 cfs. During
periods of fluctuation, the peak flows may
also increase this amount. This would
reqtuire either lowering the bottom end of
fluctuations by approximately 2,O0O cfs or by
increasing tha rlte of rise and faIl in tha
pattern of releases.

In years of high runoff, which also occur
approximately 30 percent of the time, the
peak steady releases would likely be
increased from 31r 500 cfs to 33 r 1OO cfs.
Changes in the level of steady releases are
not likely to affect recreation
signif icantly,
Increases in the range or the rate of
fluctuations will have a negative effect on
both fishing and.white-water boating. The
magrnitude of the adverse effects cannot be
estinAted until specific operational patterns
are proposed.

(ll Reducing tbe rmlnerability of the
endangered htupback chub in Grand Canyon must
depend oD non-operational alternativ€e.
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Vfhile this was a najor conclusion of the
GCES, the humpback chub is not a fishing
resource and has not been dealt with in this
appendix. Nevertheless, DoD- operational
alternatives such as a multi- level intake
structure at Glen Canyon Dam could affect
recreation. If and when such alternatives
are investigat€d, attention should be given
to possible recreational inpacts.
(5) Eeveral additional noD-operational or
nanagement alternatives exist which could
enhance the environmental re9ources
dovlgtrean fron cler CaDyon DaE.

Perhaps most promising from the standpoint of
recreation would be to improve the
predictability of dam operations and the
conmunication of operational plans to
recreational groups ani businesses.

UacertaLnties and lteedg f,or Future Researcb

In the recreation studiesr w€ have concentrated
exclusively on the people who are most directly
affected by dam releases: white-water boaters,
anglers, and day-use rafters. The broader public may
weLl be concerned about the long-term inpacts of GIen
Canyon Dam operations on Grand Canyon National Park and
Glen Canyon National Recreation Area. Such concerns
lre sometines dealt with under the heading of option
ind existence values. Houever, research on nethods to
measure such values is in its infancy and no attenpt
waE made to estimate them as part of the GCES.

Focusing on the recreationists alone, several gaps are
apparent. As noted repeatedly, the effects of
fluctuations on angling safety are not yet well
understood. This probleur could be alleviated through
further research and substantial progress night be
feasible with existing data.

The obserrration of white-water boats nrnning rapidsproved a valuable method of neasuring risks.
Unfortunately, the flows during previous obsenration
periods did not include sufficient steady flows below
91000 cfs. AIso, we lack data at some flood flows
above 331000 cfs. Obserrrations at steady, Iow flows
and flood flows would help complete'a valuable data set
that couLd be used to address safety issues over a
full range of constant and fluctuating flows.

I
I
I
I

c-65



on the recreational quality side, further lirnitations
and research needs can be identified. A particularly
difficult problem is to predict participat,ion in the
GLen Canyon fishery under different conditions.
Estination of total benefits requires not only an
estimate of the value per trip but also an estimate of
the nuuber of trips that will be taken. we know from
historical experience that the ntrnber of angler-trips
can fluctuate widely depending on fishing success. For
this report, we speculated, based on historical
ercperience, about how the number of trips night change
if the chances of catching a trophy fish increased. A
more systenatic examination would be helpful.
Then, too, a najor parameter has changed since 1985
when we last sanrpled Glen Canyon anglers. The Arizona
Departnent of Game and Fish inposed a Lures-only
regulation in the fishery above Lees Ferry. The
initial inpact wae a rather drastic drop in
participation and displacement of some bank anglers
downstream. More recently, both the size of fish and
the rate of participation seem to be increasing, but
the data are Etill incomplete.

Thus, a new angler study to update the results
presented here appears to be in order. Such a study
would not only update the monetary values to account
for changes in regulations and fish caught, but also
would exanine the deterninants of participation in the
fishery. Data may be available or obtainable to
develop a participation nodel that would predict how
participation would change in response to changes in
the fiEhery and dam releases.

Ideally, dam flows would have been manipulated so that
our contingent valuation sur\rey respondents could have
actually experienced a wide variety of steady and
fluctuating flows. This'was not possible, and we had
to fall back on scenarios that asked respondents to
imagine what their trips would have been like under
different flows than they actually experienced. The
scenarios were carefully constructed based on
attribute sun/ey results, suriveys of white-water gruides
and trip leader, and inforural contacts with fishing
guides and resource nanagers. Contingent valuation
questions based on scenarios produced values that were
sufficiently valid to justify the analyses conducted
and conclusions drawn here. However, values based on
actual experiences of recreationists would be even
better. As various flows are released in coming yearst
it would be useful to re-estimate benefits per trip as
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a function of flows. Since data were adequate, such a
function was estimated for white-water boating under
various steady flows and results were uEed in this
report. Comparable functions for white-water boating
under fluctuating flows and fishing under both steady
and fluctuating flows should be substituted for results
based on scenarios uEed in this report.

The treatment of fluctuations in this study has been
intended only as a first approxination. Intuitively,
the effects of, fl,uctuating flows on recreation should
be different depending on the magnitude of the
f,Luctuation and the average daily flow around which
the flows fluctuate. This supposition is supported by
the results of our lilhite-Water Guide Sutrrey. However,
as a sinplifying assumption, we classified aII days as
either steady flow days or fluctuating flow days based
on shether the difference between the daily ninimun
flow and the daily maximurn flow exceeded 10roo0 cfs
without regard to the averagie daily fLow. We believe
that our sirnplified view provided satisfactorT first
approximations of the effects of fluctuations on trip
values, but nuch room exists for refinements.

Preliminary e:<ploration of courputer nodels to sinulate
white-water boating experiences at different flows was
accomplished as part of the GcEs (Borkan and Underhill
1997) . Through the use of the Wilderness Use
Sinulation Model, the effects of alternative flow
regines on white-water boating was quantified in terns
of the amount of tine available for attraction site
visits, delays at rapids, and on congestion and
crowding. These data were useful in designing the
contingent valuation scenarios. For the GCES
recreation component, it was decided that dollar values
were the appropriate measure for recreational quality,
hence the model was not utilized nor developed to its
fullest extent. Future lrorl< on the model in
progranming, data collection, and nodel verification
should be undertaken.

FinaLly, it is worth recalling that many parameters
affect the quality of recreation in the canyon. For
exanple, NPS policies relating to launches and other
aspects of white-water boating might be manipulated to
increase surplus values. However, our charge in the
present study was linrited to an examination of the
effects of flows.

In the long run, a plan for periodically sanpling and
sunreying white-water boaters and GIen Canlzon anglers
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should be considered.. Major national resources are
being managed in GIen Canyon and Grand Canyon. It is
as inportant to build a more complete understanding of
user groups and how they are changing over time as it
iE to build a more courplete understanding of, the
phyeical and blological components of the environnent.
The cCEs has made a beginning in this direction by
including research on recreation as a full partner
al.ong with aquatic and terrestrial biology and research
on sedinentation and hydrologry. Future research on the
resources of Grand Canyon National Park and GIen Canyon
National Recreation Area should continue to emphasize
not only the physical and biological environments, but
thd hunan dinensions as well.
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8ECTION I: ITTTRODUCTION

The Colorado River is a critical elenent ln the lives,
industry, and recreation of a large segment of thci
American West. It is a lif,e-sustaining water resourcethat winds more than 1r4o0 niles through seven stateE
and northern llexico. The river descends from the Rocky
Mountains to ltexicors Gulf of California and is thepriuary source of water for much of the basin i.tdrains. The econonic health, recreati.onal opportu-nities, and growth potential of many conmunities- in thebasin are directly related to the nanagement of theriver. However, the flow of the Colorado River and itstributaries cannot be altered without influencing thesedinent, hydrology, and the terrestrial and aquatic
ecology of the riparian system. It is the obJective ofthe Glen Canyon Environmental Studies to better
understand the dynanics of this changing system as itrelates to Glen Canyon Dam. An understanding of thehistory of the developnent of the river -and theconflicting interests and conponents that define its
management is necessary to understand these dynanics.

Glen Canyon Dam is the key regulatory feature on the
Upper Colorado River. The objective of this report isto define the background and history of the Colorado
River systen, as well as the constriints and criteriathat dictate the operation of GIen Canyon Dam. Morespecifically, it describes the operation of, the dan asrelated to the management of the Colorado River sys:
tem, the Colorado River Storage project (CRSP), and the
WeEtera Area Power Adninistration (WAPA) power and
transnission systen.

The Colorado River (Figrure D-1) has Lts headwaters inthe nountains of iolorado, Wyoning, Utah, and New
Mexico and flows southwestward to iti mouth at the Gulfof California. The Colorado River drains an area of
approximately 244,OOO square miles (sq ni), of which
242,0O0 sq ni are in the ltnited States and 2, OOO sq niare in northern Mexico. The basin extends from the
Wind River Mountains in Wyoning to below the Mexicanborder, a straight line distance of approxinately 9OOniles. The basin varies in width fron approxiiately
30O nileE in the upper reaches to over SOO niles in the
lower reaches. ft is bounded on the north and eastby the Continental Divide in the Rocky Mountains, on
the west by the WaEatch trlountains, and on the southwest
by the san .Iacinto lrlountains. Tributaries drain seven
western states: Arizona, California, Colorado, Nevada,
New Mexico, Utah, and l{yoming.
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The Upper Colorado River Basin drains an area of
1081335 sq mi. Its tributary baEins include the Upper
Colorado River, the Green River, and the San rluan
River. The Iower Colorado River Basl.n drains an area
of 135,665 sq ni and includeE the Icwer Colorado River,
the l,ittle Colorado River, the Virgin River, and the
Gila River as its tributary basins.

The scarcity and unpredictable nature of water in the
areaE serrred by the river have resulted in a need for
contrsl and a long history of competition for this r€:
source. Over the past 100 years, the use of the
Colorado River hbs increased and the demands on the
resourceE have accelerated. Originally the prinary
beneficiarieE of the Colorado River were those who
Iived along its banks and irrigated from it. Now the
use of the rLver hae expanded to urban and industrial
areas nany miles away.

Today, over 6441000 acres of irrigated land in the
Upper Basin and over 1.5 nillion acres of irrigated
land Ln the Lower Basin are developed. The Colorado
River system reserrroir storage capacity totals over61.5 nillion acre-feet (nraf) and can provide over
3r33OrO00 kilowatts (kt[) of electrical capacity.
Given the inportance of this resource to the area and
the magnltude and conplexity of the deuands up6n it, it
has been necessary over the years to define use of theriver through a nurnber of Congressional acts, courtdecisions, treaties, and compacts known collectively
aE the nlaw of the Rivertr (Nathanson 1928). '
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gEc,lrot II:
'ATER 

!|UTAGEUET[1| O' TIE COIJC'RIDC' RI\rER BASIlt

llanagenent of the Colorado River Basin was recoumendedby ilohn ![esley Powell (L962/tg7gl as early as 1gZB.E.C. Ia.Rue (1916) was among the first of many in-vestigators to suggest that the deveJ.opment -of a
comprehensive water supply study of the Cotrorado River
waa necessal'f/. Growing presgure fron the states to de-
termine storage needs and available water suppliee ledto the L922 Colorado River Compact (Nathanson 1978).

TttiE compact, an agreement anong the Colorado River
Basin states (Arizona, California, Colorado, Newllexico, Nerrada, Utah, and Wyoning) and the United
StateE, divided the drainage into ttre Upper and IpwerBasins. The dividing point, termed the-eonpact point,
was established in the nrainstream of the Colorado Riverone mlle below the mouth of the paria River (LeeE
Ferry) . The Colorado River Compact defined the Upper
Basin as those states from which waters naturally aiiin
Lnto tlre Colorado River above the Conpact point. Like-wise, the Lower Basin is defined as Lhose Etates frouwhich waters naturally drain into the Colorado River
below the Conpact Point. The Conpact then apportioned,in perpetuity, 7.5 naf annually to each the Upper Basin
and the lpser Basin. In addition, the Lower Basin wasgiven the right to i.ncrease this apportionuent by as
nuch ae 1.0 naf in anlr given year. The most inportant
operating provision in the CoLorado River Conpact isthe required delivery at the Conrpact point of Z5.O maffor any perJ.od of ten consecutive years. This delivery
requLrenent has been strictly iollowed up to the
present tine and is not like1y to change in the future.
During the three decades after the Co}orado River Com-pact was forged, the unequal water resource development
9f_ _the Upper and Iower Basins progressed at verydifferent rates. In an atternpt to ensure that theconditions of the Conpact (as Lelated to each staters
apportionment of water) were met, and to provide forprotection of their resources, the Upper gasin states
worked to secure their rights. As part of thiE effort,the Colorado River Storage project (CRSP) Act (p.L.
84-485) was developed in the early l95os and paesed
lnto lan on Aprit 11, 1956 (Nathapson 1978). -

Colorado Rl,vcr Btorage proJect

The CRSP Act allows comprehensive development of the
water resources of the Upper Colorado River Basin and
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Iong-teru regulatory storage to occur. The original
plan for the CRSP was outlined in a Letter from the
Department of the Interior to the 83rd Congrees (USDI
1954). The plan e:rplained the need for the Upper Basin
states to develop the nean6 to meet their downEtream
uater conmitrnents to the Lower Basin through the
control of their water resources.

Originally, the CRSP plan included ten dams and
resernroirs uithin the Upper Colorado River Basin.
Eight of the ten dams vere to have rlver regrul,ation as
their uain purTrose, while the other two would be built
prlnarily for hydroelectric potter generation" Under
the proposal, each of the ten facilities were to be
constriucted and operated by the Bureau of Reclamation
(BoR). The conbined resenroir capacity from the ten
proJects would equal 48r555rO0O acre-f,eet (af) , of
which 37 r53OrOO0 af would be active storage (storage
that is available for hydroelectric power Eeneration)and 11r025'OOO af would be inactive storage. Figure
D-2 illustrates active and inactive storage for Lake
PoweII. of the originaL ten proposed dams, six were
authorized for constrrrction when the CRSP Act became
law. lltris authorized the Secretary of the fnterior to
constnrct, operate, and naintain f,our storage proJects
and eleven particlpating projects for irrigation and
other related uses. The four nain storage projects
were the Wayne D. Aspinatl Unit (including Blue Mesa,
Crystal, and Morrow Point Dams), and the Flaming Gorget
NavaJo, and GLen Canyon Dams. The obJectives of the
storage projects uere:

(U To regulate the flow of the Colorado River.
(2) To store water for beneficial consrrnptive use.
(3) To provide reclamation of arid and seniarid land.
(4) To provide control of floods.
(5) To generate hydroelectric power.

The six dams, with a total storage capacity of 34 maf,
uere eventually completed as components of the CRSP
(USDI x981). Their individual storage capacities are
presented in Table D-1.

GIen Canyon Dam was proposed aE the hi.ghest dan behind
which would be the Largest resetnroir for the mainstem
Upper Colorado River. It was to be the key structure
in controlllng water releaseE to the Lower Basin.
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Figure D-2. Only 77 percent of
Lalce Powell is available for
generation (active storrage) .
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Uni t

Gtsn Cantmn

Ftming Gorgc

Btua llesa

t{orror Point

Cryttat

tlava jo

TOTAL

Total, C+mityz
(acr!'fcct )

?7, oo0, ooo

3,788,700

%0,800

117,190

8,273

l,708,600

-rr-33,580,56

Liva capacity3 Surf*a Arca
(acrc-fcctl (acrcs)

25,002,0oo

3,749, oo0

EX),3?3

117,025

17,573

l r696r4m
-r-
31 ,41f r52l

161 ,390

42.024

9,lEo

El7

301

15 ,610
a-

229,31E

usDr l98I
Total, capccity eqrats Livc storagp ard dcrd storagc'
Livc capircity ecpts ectivc storagc ptlj3 inactivc storagc.

llhe hydroetr ectric powerplants and transmission lineE
authorized by the CRSP Act were directed to be operated
in conjunction with other federal powerplanls'_present
and potential, to produce the greatest practical anount
of, power that could be sold at finn power and energy
rates. FLrm power is the capacity (usually in kw or
uegawatts tt{t{l ) marketed on a long-term or short-term
(uiualty not tLss than one nonth), lotr-interruptibLe
basis lssociated with a specific enercn/ rate of
delivery. Capacity is the rating (usually iT kI or MI{)
assigned to a-geneiator, station, or transmission Eys-
tem at a naxinum load. Energy is the production of
electrical generation over tine (i.e., work expressed
in kilowatt-hours tk9fhl , megawatthours tMl{hl , ?E
gigawatthours tcwnl ) . llon-fir:rr power is power- that is
noi available-eontinuously and is interruptibLe upon
reasonable notice. The generation of power at the
powerltlants of the CRSP is incidental to providing
Eonsenration of water for domestic or agricultural uses
and the controlting of floods. Table D-2 lists the
nameplate energy it which full load generation is
produced and the overall capacityr ot linits, of the
CRSP powerlllants.

I
2
3

D-L1



I
I
I
I
I
I
I
I
I
I
I
I
I

Tebtc D-2. Cotor.* Riwr Storegp Projcct - pdJGrptant cscity.

Pompt*rt tuilcr of tIri tc
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(krf)

l r28Erooo

t08,000

60,000

1 20, 000

eE, o0o

Cflcity
(kH)

1 ,500,000

132,000

72,000

146,000

28,000
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Iccral cri.teria of Glen Canvon Dan. The operations, of
Glen Canyon Dau are controlled by the Liniting physical
parameters of resenroir size, annual rrrnoff , and
discharge capacity, as well as the legal and institu-
tional constraints specified in various federaL laws,
interstate compacts, international treatieE, and
Supreme Court decisions. Some of the earliest
legislative accords directing the dam operation include
provisions for the initial filling of take PoweII as
defined in the L962 General Principles to Govern and,
Operatinq Criteria for GIen Canvon Resernroir (Iake
Powell) and Iake Mead during the Lake Powell Filling
Period (rtlltng crlterial (Nathanson X978). Specific
dam operating objectives were defined in L97o (P.L.
90-537) in the Criteria for Cgordinated Lonq-Range
Operation of the Colorado River Reserrroirs Pursuant to
the Colorado Rivgr Basin Proiect Act of Septenber 30,
1958 (Oprratlng Criterial (Nathanson 1978).

ItlltaE Critcrl,a. The FiIIing Criteria had three main
obJectives: (X) to provide sufficient water for
dosnstrean requirements, (2) to nake a fair allowance
for any deficiency in energy generation at Hoover Dan
due to the inpoundnent of water behind GIen Canyon Dam,
and (3) to bring the storage capacity in Lake Powell
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to elevation 3r49O feet (ft) at the earlieEt feasible
time. Specif,lc management principles were establiEhed
to aseist in the achievenent of these obJectives.

Operatl,ag Crl,terLa. Section 602 of P.Ir. 90-53,7
directed the Secretary of the fnterior to develop
criteria, after consultation with the Colorado River
Basin states, consistent with the provisionE of the
Colorado River Compact, the Upper Colorado River Basin
Compact, and the ltexican Water Treaty. These criteria,
called the Operating Criteria, nere to cover the
coordinated long-range operations of facilities of the
CRSP, Parker-Davis Projeet, Boulder Canyon Project, and
the participating CRSp projects.

Section 5O2 (a) of the act requires the Secretary of the
Interior to prepare a report annuall.y that describes
the actual, operations under the adopted criteria for
the preceding year and the projected operations for thecurrent year. The Secretary is to determine if
sufficient water exists in storage to meet the
downstrean deliveries. If too little water is in
storage, releases from Glen Canyon Dau will be linited
to 8.23 maf. Ilowever, if excess sater exists, then
releases greater than 8.23 maf, can be released to
accouplish specific goats defined in the act.
The Operatl,ng Criteria take into consideratlon thegreat diversity among the users and beneflciaries ofthe Colorado River systen and stipulate that any plan
of operation must reflect appropriate consideration of
the uEes of the reserrroirs for all puryoses, including
fLood control, water quality control, recreation,
enhancenent of fish and wildlife, and other
environmental factors. The Secretary of the Interior
nay modify the Operat,ing Criteria frorn tine to tine in
accordance with Section 602(b) of P.L. 9O-S32. The
Secretary sponsors a fomal review of the OperatingCriteria at least every five years, with partibipatLon
by state representatives and such other parties and
agencies as the Secretary may deem approprlate.
The naJor provisions of the Operating Criteria dealwit! the release and storage oe watei in the Upper
Basin resersroirs and in the operation of lake Mead.

Ooeration of Upper Basin resenroirs, The operation ofthe Upper tsasin resenroirs talces into account thefollowing factorss (1) The obJective shall be to
uaintain a ninimum release of, water fron Iake powell of
8.23 maf annually, and (2, if the Upper Basin storage
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reservoirst active storage forecast for septenber 30 ofthe current -year is gieater tlian the -quantity ofstorage rgquired by section 6o2(a) of ttre col6radoRiver Basin Project-Act, as detiriined by the secre-tary' and if the active storage f,orecast ior septerber30 of the current year of rake powell is greatel thanthe rake Mead active storage forecast for that date,then water shall be rereased annually from r,ake poweli
at_ a-rate greater than 9.23 maf to lcconplish any orall of the folrowing objectives: (a) relsonabry ienrebeneficial domestic ind agricuiturat needsl (b)maintainr eis nearly as practical, active storage 'inhI" - Mead equal to the active storage in take powell,
and (c) avoid anticipated spills in-Lake powell.

rt should be noted that the secretary has not made anrulerical determination of 602 (a) sf,orage. Ilowever,
gach year, he has detemined ,that the ictive storagein Uqper Basin resenroirs forecast for Septenber 36,exceeds the 602(a) storage requirement under any
reasonable range of assumptions which night be applied.Therefore, the accumulation of 602 (a) sf,orage i3 notthe criterion governing the release-of waf,er duringthe current year.tr rt is f,urther noted that thedefinition of rractive storage, rf pertaining to thegpgTalilg criteria, is considEria syironomoua iftrr BoRrsdefinltlon of_rrLve storager, i.€.1 avairable storage
above the dead storage level.

Water released from LakePowell, plus the trfi.butary inflowE between r.ake powelL
and rake Mead, Ehall be ieguLated in r.ake Mead andeither punped frou rake uead or released to [n"colorado River to meet requirements as f,orlows: (a)
MexLcan Treaty obrigations, (b) reasonable consumptive
uEe requirernents of mainstem users in the Lower Bisin,(e) net resenroir losses, and (d) regulatory wastes.

After the cornnencement of derivery of mainstream waterto the central Arizona project, tle consunptive uge re-quirenents of these operaling criteria eoi r.ake Meaduill be net to the following 6xtent: (a) normal: theannual punping and releaie fron r,,akd Mead will besufficient to _satisfy 2.5 naf of annual consunptiveg?e, (b) surplus: the Secretary shall deterrnine- fromtine to tine shen water in quairtities greater thannnermalfr is availabre for ei€her punping- or releasefrom r.ake Mead, and (c) shortage: -thl s6cretary shalldetermine from tin! to tine when insuciicit"tnaLnstream water iE available to satiJiy --i""""r
consunptive use requirements of 7.5 maf.
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trLgtorLc operatl,on ol Gle.l canyol Dar

llhe closure and water release management of Gl,en Canyon
Dau has had an inpact on the flows of the Colorado
River through the Grand Canyon. Three distinct phases
of river flow can be interlreted fron the flow records
naintained at Iees Ferr1. Figure D-3 illustrates the
changes in the pattern of flows at Iees Ferry through
these phases.

Phase I. Pre-dan, L922-L96Z.
Phase II. Lake PowelL filling, 1963-1980.
Phase III. Lake Powell post-filling, 1981-present.

Phase f. Pre-dam, 1922-1962. The pre-dan period was
characterized by f,requent very high flows in the late
spring and early summer seasons ana ly very low flows
during the late sunmer, fall, and wintir seasons. I{ean
daiJ.y flows in excess of SOTOOO cubic feet per second(cfs) were not uncommon and were occasionally as high
aE J'OO'O0O cfs. FLows less than 3r0OO cfs were frequent
during the fall and winter monthE. Average daily flowsgreater than 30rO00 cfs occurred about 18 percent of
the tine, and flows less than S'OOO cfs occurred about
2O percent of the time. Such a range of variation in
fLows is tlpical of any najor river without significant
regulation capabilities.
Fhase fI. Lake Powell filling. 1963-198O. Iake powell
began storing water in March 19G3, and was filled inilune of 1980. The management of Iake Powell and the
operation of Glen Canyon Dam functioned under the Fill-
ing Criteria, whose prinary purpose was to ensure ef-
ficient filling of Iake Powell while nininizing the
iupact to the downstream operation of Iake Mead.

Very little water was released through Grand Canyon forthe first two years after dam closure (about Z.S maf
each year). In L965, Lake Powell achieved the mininum
elevation neceasary for production of porrer (3r49O ft).
However, the Iake Mead elevation dropped below 11193ft, the nininrrm necessar-lz there for the Hooverpowerplant. This occurred prior to spring runoff being
available to pasE through both resenroirs to neet
downstreau water use requirements. Subsequently,
nearly 11 naf of water was released from Glen Canyon in
1965 to restore the rated head (elevation 11183 ft) at
Iake Mead without lowering Lake powell below elevation
31490 ft. As 75 naf is legislated by the ColoradoRiver Compaet to be detiverea to the Conpact DeliveryPoint (Lees Ferry) in any consecutive ten-year period,
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Figure D-3. Flood flows occurred ressfilllry of r.ake powerl than during the
and the post-filling period.
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annual releaces fron Glen Canyon Dan were targeted to
achieve thiE goal. Table D-3 presents the -releases
fron Glen Canyon Dan both in annual and cunmuLative
volunes.

As the Operating Criteria was implenented before the
teruination of the Filling Criteria, the Filling period
wae lengthened, accr-uing additional water deficiencies
in Iake ltead. Due to a storage equalization provision,
the Operating Criteria.caused both resenroirs to gain
storage about equally, and Hoover deficiencies were
accrrred untitr lalse Powell reached maximum capacity at
elevation 3r70O ft (fulf poot):.

trbte D-3. Fittlrrg prriod of Letc Porctt, 196l'1m. Cotorado livor Ftro
at Lres Farty.

I
I

I
I
I
l
I
T

I
I

I
I
T

I
I
I
I
I
I

Opcrating
Rcgimc

ll,atcr
Year

Ar*T-Et Totat
(acrc'fset )

Cr^mrrlsti vc
Tcn-Ysar Totat
(acrc'fcct )

Opcrating
Critcrie

14,771,,000
2,500,0oo
?r474r000

10',8?0 r 000
7,854,000
7,77t7,000
E,s34,@0
g,Setrout
Er6inros
8159l rooo
9,511,,000

10,108r000
812f61000
g,z55 r0o0
g,482,ooo
8r261 ,000
8,354,000
ErnT r0oo

10,910,000

0
e,50o, ooo
4,914,000

13,734,000
e3,58Er o0o
31 ,385,000
,9,7191000
6,342,000
57 r21t4r0@
65 ,805, 000
E,716rooo
u2,7241 000
8E,576,000
E7,01 1 ,000
87,639,000
68,103,000
8E,125,000
87,597,000
99,835,000

I
I

I
Fitl,ine
Cri tcri I

t96a
1965
r%4
r965
1966
l%7
1S8
1960
1970
1971
1972
1973
1974
1975
1976
1977
1978
lgn
198{l

D-17



I
I
i
;

I
I
d

I
I
I
I
I
!
I
I
t
I
2

I

The range over which river flows varied during the
filling period was smaller than that of, the pre-dan
period. Flows greater than 651000 cfs did not exist
and flows less than 51000 cfs occurred only 1O percent
of the time.

Phase IIf. Lake Powell post-fillina 1981-present.
Detetmining the frequency of various mean daily flows
at Iees Ferry during the post-fitling period is influ-
enced by the sample size during this period. Only sixyears of data are available for this analysis.
(Eighteen years of data were used for the analysis for
the filling period and 41 years of data were used for
the pre-dan period.) The post-filling period analysis
is aIEo influenced by the preponderance of high flow
data. Specif,ically, L984 nrnoff, above GLen Canyon Dam
was the highest of record and the 1983 runoff was the
third highest of record. In additionr 1983-1984 were
the highest two consecutive years of record, 1983-1985
were the highest three years of record, and 1983-1986
were the highest four years of record. Since flows in
four of the Eix years ln the analysis were unusually
high, it is qulte likely that the frequency analysis is
biased upwards. Nevertheless, it is useful to note
that only 2 percent of the nean dail.y flows at Lees
Ferry were above 42.OOO cfs and none uere above 85rOO0
cfs. Even with the data bias, only approximately 10
percent of the flpws lrere greater than 25r0O0 cfs.
Curront Operatioaa

FIowE through the Grand Canyon are infl,uenced by
storage and release decisions that are made and
scheduled annually, rnonthly, and hourly. The annual
decisione are guided by the operating Criteria. The
nonthly decisions are generally intemediate targets
needed to systematically achieve the annual
requirenents. The hourJ,y schedules are set to meet the
monthly target but are heavily influenced by the power
demands and mininum flow requirements. Mininun
releases naintained at Glen Canyon Dam are currently
Lr0o0 cfs during the winteri and 3rO00 cfs during the
Eumer. Other factors are also considered, includi.ng
energencies and safety. The following paragraphe
diEcuss the process and procedures used in the de-
tetnLnatl.on of, annual, monthly, and hourly releases.

Detetmination of annual release volumeE. These release
Echedules vary greatly in annual release volunes, but
each adhere to the Operating Criteria provisions of a
ninimum release of 8.23 naf and storage equalization
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between Lake Fouell and Iake Mead. Nrnual releaEes
greater than the ninimum are pennitted only if the
reEenroir storage in the Upper Basin regernroirs is
greater than the storage required by Section 602(a) of
tlre Colorado River Basin Project Act IND if the storage
in Ialce Posell is greater than the storage in Iake
Mead. As a practical matt€r, the resenroir is
targeted to fill each July. An informal understanding
between BOR and the Upper Basin Etates establiEhed a
yearly January L target for Lake Fowell storage at
22.6 naf as an intermediate target and to achieve full
resenroir condltions each JuIy.

Since a full resernroir condition induces the greatest
risk of flood releaEesi it is important to understand
the basis for filLing the reserrroir each year. From a
sater conservation perspective, a full reserrroir pool
represents insurance against possible shortages during
the drought cycles sinil.ar to those that have occurred
historically. Since there has not been a numerical
detetmination made of the quantity of 602 (a) storage
required by law, a practical sol,ution to the question
of nininum storage has been to keep Iake PoweII full.
In addition, since 1983, releases in excess of 8.23 naf
annually have been allowed only under the Criteria
provision of avoiding spills. Excess water is released
only to the extent that it is required by the forecast
to avoid powerplant blpasses. The inpact of this
provLsion has also been to keep Lake PoweLl full.'
Determination of monthly release volumes. The volume of
water released from Iake Powell. each month depends on
the forecasted inflow, the annual storage targets, and
annual release requirementE described above. Demand
for electrical enerlty is also considered and
accoumodated as long as the release and storage
requirements are not affected. The Colorado River
Forecasting Sernrice provides the nonthly forecasts of
expected inflow into Lake Powe1l. The Forecasting
Sernrice us.es a satellite telemetered network of more
than 1OO data collection points within the Upper
Colorado River BaEin that gather snow water content,precipitation, temperature, and streamflow information.
Regression and conceptual couputer models use the
real-tine inforuation to produce f,orecasted inflows
which are then used by BOR to plan future nonthly
release volunes. Dle to the variability tn clinatic
conditions, modeling, and data errors, these forecasts
contain large uncertainties. As shown in figure D-4,
the greatest uncertainty occurs in early winter and

I
I
il

I
I
I
I
I
l
I
I
I
il

I
I
T

l
T

I
D-19



I
I
I
T

I
I

I
I

cooo

4000

2000

I
I

I
I
I

6oo
F

x
Y

F
UJ
ufIL
UJ
E
C){

LAKE POWELL FORECASTED INFLOW

\r
=.-ta

AcruAL tNFLow HTcHER THAN FoREcAST \l-
\

\

MAY JUN

Figrure D-4. Lake powell inflow forecast begins with alarge potential error which is continually ieduced asthe nrnoff season progresses.

t
I
I
I
I
I

-/
ACruAL INFLOW LOWER THAN FORECASI_- O- 

-4

-*x-4 
-F-

MAR

D-20



decreases as the Enou accumulation period progresses
into the snow uelt season, often torLing noaLticationsto the nonthly schedule of releases.

If releases are nade to avoid anticipated spills, the
Echedule of the late winter and spring releases haE asigmificant inpact on the ability-oe €ne resenroir to
accornnodate unanticipated late spring inflow.Typically, changes in the forecastea hflow have beenevenly distributed through the nonthly releases
reuaining in the spring runoff period. this tlpe of
operation lowers the risk of nol fitling the resenroir,but raiEes the riEk of powerplant blpasses. Analternative operation could schedule releases in the
January-March period significantly higher than an evendiEtribution would require. f,,ow to moderate flows
corrld be scheduled for the April-June period to compen-sate f,or the disproportionately higher earlier re-leases. In the event that the inflowi during this tineare larger than expected, releases can be increasedwithout blpassing the powerplant,. This type of, op-erati.on reduces the risk of bypassing the- - powerjlant
uithout substantially increasing the risk of notf,illing 'the resenroii. Table o-e suggests a tlpicalrelease pattern for three releases when the resenroiriE expected to fill.

Tabtr D'3. rpigrt rrtcr rctcarc prttcrm fra Gtcn c.nyon 0r if Lakc porctt
lr cxpcctcd to fitt.
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Jannry
February
tfarch
Apri t
llsy
Jtne
Jul,y
Attgns-^-t

Septenber
0ctober
llovea{rcr
Decel6er

Tota I

Lqr Rctease*
l0tXlaf e f s

1 ,000 16,263
800 14,405
600 9,75E
550 9,243
550 g, &65
550 9,243

1,100 17,9e0
1 ,000 16,263

900 13,444
550 9,945
550 9,243
950 15,450

tledisr Rcleese
1000af cfs

11300 2t+13%
1,100 25,zgg

900 17,990
8E0 14,7W
900 14,231
900 14,295

1,200 ?6,0i22
f ,300 26,022go0 ?3,52E

tr10 10,571
600 10,0&3

1,000 16,29

H i gh Release
1000ef cfs

1,500 e4,395
1,400 25,2Ag
1,200 17,990
| ,500 29,569
|,500 27,99
| ,500 28,569
1,6{10 25,56
1,700 27,&g
1,300 e2,6gg

900 13,824
900 16,806

| ,000 16,263

9,000 I 1 ,300 16,000
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VerT high nonthly release volurneE severely restrict the
flexiblllty in scheduling. Monthly releaseE lese than
60010OO af do not take advantage of the entire peaking
capabillty and uaintaln the rninimum release rateg and
conforn to the nonthly volume. Siuilarly, nonthly
releaee volurnes greater than lr2OOr0OO af, require the
hourly and dally rates to be near powerpl.ant uaximun
capacity in order to pass the nonthly volune.
Naturally, nonthly volunes between 600rO00 and
X.r2OOrOOO af are Dore desirable from the power pro-
duction point of vies.
If lake Powell is not scheduled to fill, then a
different strategy is uEed. The nininuu schedule of
8.23 naf or the storage equalization provision nust
apply. Table D-5 identifies potential annual and
monthly operations under a non-filling resenroir year.
Releases would be patterned for the nininum 8.23 naf or
for storage equaliiation.
Thus, fall and winter releases are designed to ueet the
January I storage targeti Januar:f through March
releases are scheduled to build space in the resenroir
to accomnodate forecast uncertainty. Aprll, Mdy, and
June releases are deEigned to accornnodate the changres
ln inflow as they oicur, such that the reEernroir is

Tabtc 0-5. Tyryicet rster rGteasc patterrr frm Gten Caqfon Dsr if
Lakc Pmt L ie rrot cxpcctd to f i t l, .I

I
E.23 mf

lfinim.n Retccse
lfil0rf cf ei

Storagc
Eryal i zat i on Rcl.acEc

l000af cfs

I
l
I

Tffith

Jarnry
Fcbruary
llarch
Apri t
llay
Jrnc
JuLy
Aug.rEt
Scptcfrcr
Octobcr
Xovq$cr
Dccq&cr

TotaI

9ff1
6TXI

550
550
550
550

lr0m
lrmo

630
550
550
800

14,87
10,804
Er945
9,243
E,945
9,243

16,263
16,263
.| 0, 588
8,91+5
9,243

15,011

900
600
550
550
550
750

1,350
| ,400
| ,200

700
650
800

14,87
10,&14
8,945
g,243
8,945

12,6U
21 ,956
22,769
20,167
1 1,384
10,9U
13,011

E,250 10,000
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full by July L. July through Septenber releaEes are
used to compensate for any missed targets and to
prepare for the January 1 target of 22.5 naf of stor-
age.

ff after all these considerations have been satisfied
and nonthly releases are flexible, then seasonal
variatLons in the power deuand are considered. Poser
Ioads are highest during the coldest winter and hottest
aunmer nonths. Therefore, trigher releases are
scheduled in these nonths whenever possible. There is
greater flexibility to pattern monthly releases after
power loads in yeais of noderate runoff and reserrroir
conditions. figure D-5 illustrates the monthly
volumes that show the greatest flexibility in terms of
plant operation.

Operational f,lexibility ie greatest when the nonthllz
releaEes are moderate and least when nonthly releases
are low or high. I{hen inflows are high' such as
occurred from fggf through 1986, the uonthly water
releaseE uust be at or near maximum throughotlt the year
and little flexibility exists for managing the sater
releaeeE for hor.lr-to-hour purposes" Tlttical
operations for 1983 through 1986 involved the
grcverplant being nrn at full capacity 24 hours a day.

Detemination of hourlv release volunes. Ilourly
releasee from GIen Canyon Dau are generally set to
reach ttre nonthly release voltrmes, to naintain
eetablished ninimun rates, and to folLow the pattern of,
enerqty deuand. The physical linitations of the
powerplant provide the boundaries of the managed re-
leaEBS. The maximum turbine capacity is dP-
proxinately 33,100 cfs, but a linit of 31,5o0 cfs is
presentLy followed under the direction of the
Departnent of the Interior.
The foLlowing guidelines are followed, to the extent
possible wlthin higher priority operating constraints,
in producing hydroelectric powers (1) blpasses of
powerpl,ants are ninimized, and to the extent possiblet
elinl.natedi (2', water rel.eases are maxinized during the
peak ener!ry denand periods, qtenerally Monday through
Saturday between 7 a.m. and 11 p.m.; (3) water re-
Ieases are naxinized during months of peak ener!ry
demand and mininized during low demand months; and (4)
sufficient resenroir storage is maintained to assure
ef,ficient use of the units.
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Demand for power may change the rate at which water is
releasedi however, this deuand is never allowed to
alter the volune required for other purltoEes. In a
system as complicated as the Colorado River wittt its
aseociated power tranEmis5ion system, it is not
uncomnon for-emergency conditions to arise from tine to
time. These energencies may cauae severe departures
from expected schedules. General.lyr departures are
short-lived and their effect on release voltmes can be
nitigated rapidly.
Glen Canvon Dan Uorate and Rewind Procrram. In 1975r arr
inspection of the generators at GIen canyon Dam
revealed that the original generator windings were
reaching their Eerrrice life and tlrat a trrewinding" of
the gen-ratorE would be necessary. The reuinding was
inititated in L976. since this program was classified
aE a normal maintenance functionr Do National
Environmental Policy Act (NEPA) conpliance waE D€c-
essaRr.

A decision to rrupratef, the eight generators at Glen
Canyon Dan was nade to reduce power generation
conetraints and to provide for an even match of Power
systen conponents. Because the uprating of the gen-
elators was not a normal maintenance function, conpLi-
ance with NEPA was required. An environmental
aEsessment vaE coupleted in December L982, and resulted
in a Flnding of No Significant Impact (USBR 1982). BoR
began the uprating of tlre eight generators at Glen
Canyon Dam -in 1943. Before- uprating, the naximum
release wlae 27r5O0 cfs at the full-lake leve1 of 3r70o
ft, and 31r5oo cfs at an elevation at or below 3r64L
ft. The elevation of the resenroir determines the head
or pressure on the turbines which drive the generators.
With reduced resenroir head, greater water releases are
required to produce the naximun generator capacity.

The generator uprating process was completed il April
L987. The powerylant can now release a naximum of
32r2OO cfs at an elevation of 3 

'7OO 
ft and 33'100 cfs

at an elevation of 31693 ft or below. However, an
operational cap of 311500 cfs has been placed on the
releases until the completion of the GCES. In terus of
the present normaL operating range of the resenrtoir
(etevatlon 3 1675 to 3,7OO ft), the uprated generators
have increased the water release capability of the
powerplant by approximately 4rOOo cfs at Certain
reserirtoir elevation levels. Figure D-6 presents
powerplant discharge capability in terms of powerplant
generation and reserrroir elevation.
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Figure D-6. The two dashed lines represent the liuitsof turbine discharge capability .prior to uprating (at
31,500 cfs) and after uprating (at 33,100 cfs).

t
l
I
t
I
l
t
T

t

Uproted Generotor Limitotion (33rlO0 cf s)---Drrr-.r,-- --r

Pfgsgnf GgngfgtOf ,- rr- ,r- .rrD .- -r .r-
Limilo rion (3l,5oo) 

^t

zogfg

\6,ooll:L:

IO,OOO cf s

'D-26



To predict future release patterns using the uprated
generators, historical hourLy releaEe data were
analyzed, for lor-nedl.un, bJ.gb, and rrceptionally btg!
uonthly releases with the following conclusions3

During nonths with lou to nedi.nn release volumes
(4O0'O0O to 90O,0OO af), the uprated capacity would not
be used and there would be no difference in the
pre-uprate and post-uprate flow conditions. llonthE
with this release volume have historically had peak
releases of 15rOO0 to 25r0O0 cfs and were linited by
the volune of water available for generation. Off-peak
uinimum releasee during theEe ruonths were often kept in
the 1r0OO to 5'OOO cfs range in an ef,fort to consernre
water f,or release during the peak power demand portion
of the day.

hrring btgb release months (1r0OOr000 to 115001000 af),
historicaL releaeeE Lndicate that the percentage of re-
leasee greater than 27 .OOO cfs ie at least 10 percent,
and the uprated capacity of the generatore could be
used. If the uprated capacity were used, the extra
water needed to increase the releaseE to 33r1OO cfs
would be taken fron three areas in the daily release
hydrograph: releaee from other peakload hours from the
arcead!.ag portion, peakload hours from the deacrndLag
portLoa, and from the nl.aLnun daily rclcas. hours.

If, water is taken f,rom the acsndlag portl,oa, the daily
range of fluctuation would increase but the probability
of, low f,lowe and the hour-to-hour rate of change of
reLeases would renain as at present. This conditLon
would have niniual inpact on the river below the dam.

If water is taken from the deseeu{Llg portLo!, the rate
of change of hour-to-hour releases would increase, but
the total daily fluctuation and low releases would
remain as at present. If water is taken fron nLaLnnn
datly releage hours, two actions are possible. Either
(1) the daily low fLoss would decrease about 2r00O cfs,
the total daily fluctuation sould increase, and the
hour-to-hour rate of change would remain as at present;
or (2, water would be taken from off-peak days (such as
seekendE or holidays ) and norred to on-peak weekdays.
However, since the pre-uprate low flows occurred during
noderately high monthE when these volumee were 8r0O0 to
15r0OO cfs, the decreased release due to using the
uprates would be well above the currently established
nininun flow releases. Marketing and hourly operating
strategy of the elestrical resource will influence
which of these actions will occur in the future.'
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hrring rrcoptl,oaally htgb release nonths (1r60010o0 to
1r9oo,000 af), the uprated capacity would be uged
almost constantly due to the need to release as uuch
water as possibte through the powerplant. Such nonthly
releases would occur during extreue mnoff years or as
the result of large forecast errors. In theEe
inetances, the uprateE would provide a naJor benefit by
reducing the frequency and rnagnitude of blpasses later
in the nrnoff season. These releases vould essentially
be a constant flow of about 33,100 cfs.
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The ldeal operating plan would enable the reserrroir to
fllf each year without rlsking undeEirable or danagLng
flood-level releages. Unfortunately, forecaEted
Lnflows have a large degree of uneertainty which
anplifles the rieks of either fl.ood releaEes or not
ftlling the reservoir. To evaluate the probability of
releaees greater than 31r500 cfs, the following
aesunptions were uade: (1) the resenroir storage on
January l of each year is 22.6 maf, (2') the
powerplant release capacity is 31,5O0 cfs (ap-
proxiuately 1.9 naflnonth), (3) the reEenroir is
assuned to be f,ull by JuIy 31 of each year (27 naf),
and (4) unanticipated inflow is accommodated by
additlonal releases distributed evenly over the
remaining months of the mnoff season.

Flood releases under these assrrmptions could occur from
two conditions: (X) from an extrene nrnoff which could
not have been contained even vith full powerplant
diecharges starting January L, or (21 fron
unanticipated large late-season changee in the inflow
which exceedE the renaining storage and release
capability. Ttre probability of the first scenario is
about 1 ln 10 and represents a nininum f,requency of
f,lood releaEes under the current storage target
assunptions. ThiE recurrence frequency was calculated
fron ttre 19O6-1983 natural flow at Iees Ferry data
base, adJusted for current depletionE. The probability
of the eecond condition is about 1 in 6, and is highly
subjective due to resenroir operation assrrnptions.
Tttls frequency was calculated by obsenring the effect
of varying probabilities of forecast error on reservoir
operatlon. The totat probability of about 1 in 4
represents the current f,requency of flood blpasses f,rou
GIen Canyon Dam. Further statistical analysis is
planned to evaluate the risk of flood releases. As
Upper Basin depletions increase in the future, theprobability of the elevation of Lake Powell being
significantly drawn down will also increaEe, even with
nininum releaEes of .8.23 maf,. t{hen this situation
ocsurs, the risk of flood releaEes will drop to near
zeto until the resenroir refills.
One of the key criterla f,or the operation of GIen
Canyon Dam is to nininize blpasses of the powerplant,
i.e., avoid flood releases. Therefore, under high
inflow conditions, releaseE are held at or near 31r5OO
cfe until it becones obvious that greater releases will
be needed. Due to the acknowledged uncertainties in
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forecasts, the decision to exceed 31r5OO cfs is often
delayed ln the hope that actual lnfLow will be IesE
than that forecasted and flood releases will be
unnecessary. If, the forecast proves to be correct,
however, otr even underestimates inflow, this delay
neeessitates releasing larger f,lowE than wouLd have
been required had flood releases been etarted earlier.
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DOmn XIRf,EIIIXC - COIORADC! BII/IR 8lBOilOE PROJECII

In 1961, BOR lnitiated the development of, a plan to
narltet power fron the CRSP. A public partieipation
proceEs asEessed the interest in the power and
developed long-term flrm power contracts for the future
energy to be produced by the CRSP powerplants,
including the yet to be built Glen Canyon Dam.

trhe narketing criteria considered the following Ltens:
(1) what the source of power would be, (2) how nuch
poser would be available and when, (3) who sould be
eligible to participate and receive the power, (4) hos
the power was to be delivered and where, and (5) the
provisions and restrictions contained in the finn power
contracts.

On Uarch 9, L962 (Nathanson 1978) ,' Secretary of
Interior Stewart Udall issued the General Power
llarketing Criteria which identified the following
couponents necessar:f for the diEtribution of the CRSP
power:

(U Marlcet Area: defined the market area in
tetms of a Northern and Southern Division.
Figure D-7 depicts the CRSP Market Area
under the 1986 criteria.
(2) Service Seasons: established a six month
winter and suumer season.

(3) Basis of Atlotments: identified general
tetms of how the CRSP power would be divided
amongl' customers.

(4) Priority and Allotmentss established the
priority of the applications for preference
customers for initial and subseqluent
allocations of power.

(5) Basis for Firt Power Supply: defined
the amount and schedule of power to be
available, and other related conditions.

(6) Energ:f Linitations: established the
linlt of the United States obligation to
dellver energy to project customers (2,550
kl{h per kI{ per season) .
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COLORADO RIVER STORAGE PROJECT
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fiEure D-7. Western Area Power Adninistration markets
power over a large area of the western Uni-ted States.
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(7'l, Delivery ConditionE: detailed the
deJ.ivery points and voliageE for receipt of
CRSP power.

(8) Points of DefiverT! defined obligations
of the contractor to arrange f,or additional
transmission of CRSP power beyond the
eEtablished federal points of delivery.

lotnatlon ol fcgtera lrca porer ldllaiatratLon
On August 4, L977 , the Department of Energy (DOE) was
fotrued (U.S. Congress 1980) and assuned federal power
narketing responsibiltties. The Western Area power
Adninlstration (WAPA) was established aE an agency
within DOE by Section 302 of P.L,. 95-91 to uarket- andtransmit federal power in 15 central and westerngtatee. WAPA operates and"uaintains roughty 1612OOcircult-niles of transnisEion lines and 2ao- substa-tions, covering a distribution area of 1.25 nillion sqni. Power generated by BOR, the Ar:rny Cor? of En-gineers, and the InternationaL eoundary ind Water
Coqnission is sold through WAPA Xo 572 nunicipalities,
r:trral electric cooperatives, public utility diEtricts,
prlyate utiLLties, federal and Etate agenciee,lrrlgation districts, and other project-use cuitomers.
TheEe power sources provide 9r93O t{If of installed ca-pacity, capable of generating tSr2OO GIfh of energy
annually.

Itoditlaatioa of tbe ttarkctlng Crl.terl.a

With the creation of I{APA in 1922, the original Lg6ZGeneral Power ttarketing Criteria f,or the CRSPhydroelectric power required changes to redefine the
geographic narket area, the availability of peakingpover, and additional delivery points and conditions.Modifications were made -through the publicparticipation process and approved on febnrary 9, .Lg7e
(USDOE 1986). A provieion extended the ternination
date of the original and recent contracts to Septenber30, 1989, allowing for a more efficient accountingprocess. In addition, the new marketing criteriaprovided a new class of sernrice with the availabilityof ^long-tern fim and peaking power capacity of Lrj24lltt in both the winter and summer seasons.

ResponsibiLities of WApA and BOR. With the
authorization 9f WAPA, it became necesEary to specifytlre responsibilities of BOR and WApA. An agr-enenl
signed lrlarch 26, 19BO defined the two rolei: BOR
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manages the reEerrroirs and generates hydroelectric.
pos€; and ffAPA markets and transuits power to the
cugtomerg.

BOR|E responsibilities are to pLan, desLgn' eonstrrrct'
operate, and maintain the hydroelectric powerplants
auttrorized by CongreEE. BOR schedules the release of
water from ttre Upper and Lower Basin powerplants ?nd
operates the genelating units. They coordinate with
Wapa by including IIAPA in water re].ease decisions, and
to tha extent -possibl.e, providing WAPA with the
opportunS.ty to optlmize the utilization of pouer
resources.

WAPATE reaponsibilities are to pLan, design, construct,
operate, ind naintain the transmiseion system. T!t"ynlrket federal power and set rateE to asEure that
revenuea are sufficient to accomplish repalment of all
the alloeated investment. Other responsibillties of
WAPA include controlling the operation and maintenance
of high voltage lines, substationEt' and equipment;
adniniitration of safety procedures; operation of
principal tle lines and switcning; aqd-echeduling of
inergl.transactions with connecting utiLities. And fi-
nallil they provide power transuission, switching,
wheel'ing ariangenents, and substation serrrice for BORrs
proJects.

IIAPA narkets the power generated from the CRSP within a
El.x state area, ranging from t{yoning to Arizona. The
marketing of the federal power is governed by seleral
statutory criteria, including: (1) preference in the
sale of- power must go to municipalities, public
corjorations, cooperatives, and nonprofit organiza-
tions, (2) revenueE generated from the sale of power
must be adequate to pay for the total costs of generat-
ing the powCr and all lltocated investment costs iden-
tiiied under the original cRsP lcti and (3) the power
uuet be marketed at the lowest possible rates coneis-
tent with sound buEiness practices.

Por.a ltarlotLng Dy ItrPA

The power generated at Glen canyon Dan and the other
powerplants of, the CRSP system is marketed by ryAPAeitfrei on a long-tero fi1a basis through electrical
sales contracts, or on a short-term basis through
agreements with firn power custorners or associated
utititieE interconnectld with the CRSP transmission
system. The narketing of the power is based on
Iong-ter:m marketing criteria and contracts, short-tern
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uarketLng of resources, and the procese of pos€r
Lnveetnent repalment and fl.nancial obligatLons.

Lona-term marketLncr. The deternination of the anounts
of power available f,or long-term narlceting and the
dLstribution of this poser to utility sytens is a
cooperative effort betreen BoR and WAPA. BoR utLlizes
the Colorado River Sinulation Systen (CRSS) conputer
uodel (USDf 1985) and the hiEtorical hydrologrical data
base to predict available resources for future tine
periods. The CRSS conputer nodel utilizeE anticipated
Upper BaEin water depletions, historical hydrologrical
conditions, known reserrroir storage capacity, and
known and anticl,pated physical resources to predict the
availability of power reEoufces. WAPA asseEEes the
availabiltty of the resource, with consideration given
to the predicted probability of occurrence of varylng
levels of resource during future periods. This
asseEement results in a proposed level of risk
aeeociated with a particular level of resource to be
offered.

After the completion of the initial reaource
assessment, WAPA begins the developnent of a forual,
marketing plan and developuent of criteria through the
publlc participation process. The resulting uarketing
crl.teria provides the franework f,or the allocation of
the available resources and the preparation of
long-gsrlu f,inn power contracts.

l{ith the development of marketingr crl.teria, , gtAPA

requests and accepts applications for pouer fron
ellglble entitiesr pEBpares allocatlone, and
negoti.ates and exeeutes formal, Iong-term power
contracts with preferred custonerE. ITAPA takes the
power generated by BoR and delivers this power to
cuEtomerE at agreed to points of delivery on the
interconnected tranEmission systen.

l{APArs customers often purchase power from the CRSP
system to complenent other sources of electrieal
generation. The large baseload themal generators,
which utilities generally operate continuously at or
near naximun output, are the most fuel efflcient and
hence the nost economical to operate. During a norimal
day of operation, a utility will use a mixture of
electricaL resources to balance its needs. Qpically,
a utiLity will increase generation early in the morning
as denand increases. If demand continueE to grow,
utillties wilt Lncrease their generation by bringing on
line less-efficient interirn units. As the demandI
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contl.nues to grow, the utility will subsequently bring
on additional units, called peaking units. These are
generally oll- or gas-fired, and sen/e for a
relatively short period of tine at a Eubstantially
hlgher coet per unl,t of, ener!t'!? generated. The
resources of the CRSP are most connonly uEed to
supplement thls need for peaking power and displace the
power generated by the less eff,icient and more costly
peaking units. During the nighttine hoursr in excess
of power is available and the coEt for that pouer is
subetantially reduced. Drrring nighttiue, CRSP
powerplants reduce generation in order to save the
potential power resources for the peaking period.
Flgnrre D-8 shows the ways diff,erent kinds of
generation are nLxed.

The CRSP system is alEo connonly nanaged to' store
of,f-peak enerlty fron thermal generating Eources for use'
during peakload hours. ThiE is called nshapingn and,
is accomplished by requiring firn power contraetoris to
take a portion of their energryZ durinE off-peak hours.
llhe water that would have been released during the
off-peak period is stored in the reserrroir and the
enelrgv is delivered to the customer f,rom thetnal
energfr aourceE. During the peakload hours, the water
that was stored is released and the power generated is
sold,to displace the high priced peaking units.
The CRSP systen Ls also used to regulate the generation
to match ninute-tryr'-ninute load changes. A hy-dro unit I g
ef,ficiency is relatlvefy high over a large range of
use, while a themal unit I s ef f iciency changes
sigmificantly from low load to full load. The eRsP
system iE also utilized as a nbackuptr generatJ.on
capacity i.n case an unexpected outage or emergency
situation occurs.

Short-teIm narketing. l{hen the available resource is
greater than the defined electrical demand, a por:tion
of the resource nay be identified to be surplue to
that needed to meet flru load commitments. This nay be
in tlre foru of: (1) surpl,us energy resulting from
generation above firn commitment, (2, excess capacity'
ueually avaiLable since long-ter:m capacity will be
exceeded 9 out of 1O years, (3) excesE capacity r€-
sulting from the nechanical addition or modification to
generating units by BOR, (4) and in general, capacity
and enerlty amounts offered on a long-term basis that
were not cornmitted by contract. I{APA identifies and
narkets these surpluses on a short-tem basis as a
component of the overall narketinlt program.
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Figure D-8. WAPA"
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Detetmination of seasonal sqrpluses. Surplus
generation may be'available on a month-by-nontlr or a
ieasonal basis. llhis surplus is directly related to
the nrnoff forecasts and resulting Gl'en Canyon Dam
release progran. rn anticipation of high inflow to
Iake PoweLl, BOR may choose to increaEe nonthly release
volumeE, which tlanslate directly into increased
generation available for short-term narketing. The
surplus generation may be offered on a monthly or sea-
sonil basis to long-teru existing finn Power
cttEtoners. The rate paid for this additional energy is
the firu energy rate in place at that time.

Ifhen BoR rewound and uprated the generating units at
GLen Canyon Powerplant, it becane possible to make
additional capacity avaLlabLe for Ehort-tetm
narketing. After consideration of anticipated
naintenance activities and other operational
requirenentE, WAPA may offer this additional capacity
to- fitm power customers or to others. Since no ad-
ditional energry is associated with this capacity' the
result is a -itrort-tern increase in the capacity
entitlements to existing custoners accepting this
additlonal resource.

FueI Reolacement Procrr,am. WAPA also sells FueI
Replacement Energy as an additional short-tetm
naifeting activity. In L972r ds part of the an
in-house consenralion proftram' BoR developed an oil
conservation Program, Iater renamed the FueI
Replacenent Progrrin. The obJective of the Fuel
Replacenent Progiam was to conEenre foEsil fuels in the
prhuction of energy by displacing their use with
domestic renewable hydropower generation or low-cost,
off-peak themal purchase-. Fuel Replacenent Energy is
nonfirm enerqty not required to neet firn load and iE
sold on a short-term basis. Rateg are baEed upon 85
percent of the cuEtonerts replacement cost of
generation. Since initiation of the program in L972'
it is estinated that BoR and WAPA have displaced the
equivalent of 95 nillion barrels of oil. In 1985, CRSP
surplus generation provided approxinately 37* qf the
total energy Fuel Replacement sales.

Drvrlopucat of tbc Pogt-1989 ttarketl'ag CrLterLa and
Iong-'3s-t Contraats

Amendnents to the 19?8 marketing criteria (USDOE 1986)
stated that advance public notice be given prior t9
changing any marketing criteria. In May L978, WIPA
initiated the pubLic participation procese to develop
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the new narketing and alloeation criterLa for the
post-1989 contract period. On Febmar! 7, 1986, WAPA
publlshed the nFinal Post-1989 General Power lrtarketing
and Allocation Criteria and Call for the Applicatione
for Powertr in the Federal Register.

Ttre Poet-L989 Criteria rnade: the f,ol,Iowing changes in
the 1978 criteria and 1984 revisionE;, (1) integrated
CRSP wlth the Rio Griande ProJect in Nes ltexico and the
Collbran Project in Coloradoi (2) increased the
uarketable resourceE, with an optlonal annual purchase
of, 4OO GWh of, enerfty at the customerrs request and
erqtenaei (3) established a single class of long-tem
sentice defined as Long-Terru Firn Energy with Capacity;
(4) established a ls-year contract tem, with pro-
visions for adJustnents of the resource commitnent
after L0 yearEr and (5) created and alloeated a new
custouer reaource pool of, approxinately 1OO IiIIV in
either season.

After receipt of applications for power from interested
customers, WAPA publ.ished the trFinal PoEt;1989 Porer
Allocationsr in the FedercaL Reglister on April 2, 1987.
ltinor allocation correctLons ueie made on Uay 2O, 19?8.
Allocations were nade to 8O etigible customers.

As patt of the public participation process for the
post-L989 contract period, cugtomers receiving an
all,ocation were given six months, or until Septeuber
30, 1987, whichever comea ftrst, to accept the offered
electrieal serrrLce contract. The 198,6 criteria
requJ.res that all customers nust have the abllity to
receive and diEtribute power by Septenber 3-0, 19bg to
avoid automatic forfel.ture of their contract rights.
T,he ls-year poet-1989 contracta are scheduled to begin
October L, 1989 and end on Septenber 30, 2004.
Contracte may be revi,sed if, additional arhounts of
enerlty and capacity are deteruined to be available by
Septenber 30, 1999.

Paybacl lteebanLgu - Upper Colorado Blvcr EagLn lnrDd

Section 5 of the CRSP Act (Nathanson 1978) establiEhed
the Upper Colorado River Basin Fund. Revenues
collected from the operation of the storage projects
and participating proJects are oredited to this fund.
These revenuea repay the costs of operation,
naintenance, and replacement of, all facllities of the
CRSP. Section 5 also def,ined how the revenues would be
appLled to specific projects. The revenuea generated
were to provide for (11 the cost of each unit and
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l
partlcipatingr proJect which is allocated to power, 12,the cost of each unit and participating project which
is allocated to nunicipal water supply, (3) interest of
the unarnortized baLance of the investment in the power
and municipal water suppl.y featureE and, (4) the costs
of each storage unit which are allocated to irrigation
which is beyond the irrigators abi,l.ity to repay.

Power repayrnent studies are prepared annually for each
project to determine if rate adJuetnents are necessary.
BV law, rates for each project uuEt be set at the
lowest lev'el, consietent sith sound buEiness practices
that yields revenues sufficient to repay the federal
investnent and other costs outlined in the proJect
enabling legislation.
The current CRSP composite firn rate is 9.92 mills/kl{h'
which reflects a f,irm capacity rate of 92.o9/kVl-month
and a fim energlf rate of, 5.00 nills/kl{h. A ni1L
equals one-tenth (1/10) of a, cent, ($.001). This
composite rate i.s the fifth cRsP finn rate adjustnent
nade since the initlal CRSP power,plant was coupleted.
lfhe initiaL conposite- CRSP f,ifp rate, effective in
1962, waE 5.0O nillsr/klftr. In comparison, the coEt of
non-ren'ewable fossil-fuel generation can range as high
aE 60 to 7O nills/kl{h.
Source and dlsposition of CRSP revenues. CRSP revenues
co&e f,rom tbree prinary sources: municipal and
industrial water eales, power saleE, and irrigation
water salesr. Figune D-9- shows the manner in which
revenues are disbursed from the Upper Colorado River
Basin Fund. fn addition, re\fenues from speclfJ.c state
proJeets may be alloeated to repay specific project
featrrree and not be generatrl.11' disbursed.

In Fiscal Year 1985., approximately'55 percent of the
total revenue collected from CRSP power-related sales
resulted fron firu power sa1es. Fuel Replacement
sales accounted for 43 percent of total revenues and
transmission" and other serrriees accounted for the
remaining 2 percent. Frou these total revenuesr €lP-
proximately 60 percent went to repay anortization of
the federal investment in faci.lity constrrrction.
operation and uaintenanee costs accounted for 24
percent; 7 percent was used to repay the interest on
the federal investnent; and an additional 7 percent
went to'pay for the coet of, purchasing power to neet
firn power contract obligations. The Fiscal Year 1986
total gross revenues for CRSP amounted to 9137r000'00O.
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Figure D-9. The Colorado River Storage project
contributes revenue to the Upper Colorado River Basin
Fund. (Upper Colorado Regional Office, BOR, planning
Division, unpublished schematic drawing. )
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At the cornpletion of Fiscal Year 1986' approxinately 70
percent or $aeo nillion of the $640 nillion invested in
ttre CRSP power facilities had been repaid. Repalment
of, power faciLities is to be conpleted by 1995.

Firm oower rates. Separate rates are established for
each class of senrice provided by CRSP powerplantE.
The prinary rate is a firm power rate rhich consists
of firu capacity and firm enerlty components. In the
Lg77 nodifications to the marketing criteria, special
rates sere established for CRSP pealcing capacity.
Under tlre present rate schedule, the pealcing capacity
rate is the same as the finn capacity rate. In
addition, cRsP also provides sentices for wheeling of
firn and non-fitm Lransmisslon senrice. A speciaL
transnission study is conducted to set rates for these
serrrices.

Concslratl,ol aad Rcarvable Elergy (CsnEl Contract
Bequireuentg

In 1980, WAPA initiated itE Consernration and Renewable
Energry (C&RE) Program. The C&RE Program hae two naJor
conponents: (1) an in-house progran to inprove !h"efflciency of wiPArs operations and facillties, whiclr
includee -the initiation of the Fuel Replacenent or oil
conEentation Program, and (21 a custoner-oriented
program, which iniludes cuEtomer assistance, eguipnent
Loans, workshops, and cost-share incentives.

The objective of C&RE is to ensure that federal
hydropower is used wl.sely and to encourage the
consenration of energy and the development of renewable
resources. A naJority of WAPATs customers voluntarily
developed C&RE programE. In 1984, the Hoover
Powerplant Act (USDOE 1986) required that aLl customers
have Cgng programE or forfeit up to 10 percent of their
contract power.
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3EGlrOf Vt TUTURE OpEntIIOtn& C€XSEnIIX!8

The operational, structural, and clinatic constraints
that dictate the flow of the Colorado River are very
complex and require a sophleticated systen capable of
responding to political and econonic conditLons. This
eysteu, including the constraints and legal criteria
inf,lueneing the moveuent of water through Glen Canyon
Dan, will undoubtedly eontinue to evolve in response to
the ehanging needs for water and electrlcity in the
Anerican Southwest.

Ftrture constraintE on the operation of the Colorado
Rj.ver eysten are exenplified by the following:

(1) The Central Arizona ProJect will move
large quantities of Colorado River water to
the interior of Arizona. Thls action, along
rlth the continued developnent of the water
resources of the Upper Baein states, will
decreaEe the anount of water currentJ.y
avatlable to the State of California.
(2) The applicatLon of the l{inters Doctrine,
a federal court nrling, has.deternined that
when Indian Resernrations were estabLished,
water rights were traneferred along sith the
land. Hence, Indian Reserx/ationE in the
Colorado River Basin have a legal right to a
certaLn percentage of the waters of the' Colorado River. As development in the
Southwest continues at its rapid pace, water
uill increase in value, and Indian water
rights wiU eventually become very valuable.

(3) Groupe other tlran Native Americans nay
also' be banking on future dividends fron
thel,r water rights. Ranchers and farners are
beginnlng to look at their water rlghts as
their last harnrestable crop, rlghts that can
be eol,d f,or nuch more thin thelr land was
ever worth.

(4) The potential EaIe of water rights from
the Upper Basin to the Lower Basin Ls
euerging as an inportant Legal and
lnstitutional issue. Water has yet to be
treated as a connodity which can be bought
and sold directly. The proposed sale of
water rights fron the State of, Colorado to

D-4 3



San Diego, California hag recently brought
this iesue into the l€gal arena.

(5) Prrblic concerns over the iupact of CRSP
operations on natural resource va1ueE ln the
Colorado River Baein continue to increase
over tine. Current studies ongoing in the
Upper Basin by the U.S. Fish and gfildtife
Senrice and the BOR are detetnining the
levels of water required for the continued
existence of endangered f,ish species.
Habitat requirements f,or federalLy-protected
f,ish specLes may lead to changes in the
present operational criteria at other dams in
the CRSP.

Management of, the Colorado River will always be subJect
to the influences of, politicsr economicg, law, and
sel.ence. The conplex interrelationships among these
four eleuents conbine to form a management systen which
is not easily understood and even nore dif,ficul.t to
modify. Nevertheless, because the operation of the
CRSP, particularly Glen Canyon Dar, profoundly inpacts
the resources of the Colorado RLver through Grand
canyon Natlona1 Park, it lE inperative that we nake the
eff,ort to understand and to explore ways that the
systen night be adJusted to better neet alL the demands
on ttre river.
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cro88lnY

lcrr-foot: a volume of water that would cover an acre
of land to a depth of, one foot; 3261000 gallons or
43r560 cubic feet.
lotLvr rtoragr: the resenroir capacity that can be
used for power generation; at Glen Canyon Dan this iE
the reservoir storage above the penstock openi.ngs at
elevation 3r490 feet
16l: Arizona Department of Game & Fish

lEEradatLoa: the geol.ogic process wherein stream beds
and flood plains and the botton of water bodl,eE are
raiEed in elevation by the addition of materiali the
opposite of degradation

llgm: sinple plants containing chlorophylli nost live
eubnerged in water

llluvLel: relating to material deposited by nrnning
water, Euch as clay, silt, sand, and gravel

epgroprtetLon: an amount of water set apart or
assigned to a particular purpose or use

rquatLc: living or growing in vater; not terrestrial
IttrauatLon: a leEsening of ttre anplitude of flou
fluctuation
IttrLbutr tuFv.Ir: surley to detertine the inportant
couponents of the recreational experience.

lutonatLo gcneratLoa control: the regulation of the
pouer output of electric generators within a prescribed
area in response to changes in transmission systen
operational characteristics
Avrrrgo
Canyon
year

lvl,an:

yua3 in this report, a release from GIen
Dan equal to 11.3 nillion acre feet per water

of, or having to do with birds
Backretcr: a snall, ltenerally shallow body of water
wlttt little or no current which is attached to the main
channel

1



Bageload: the minimun amount of electric power used in
a stated period of tine
Eageload plaat: a powerplant normally operated to
carry baseloadi consequently, it operates essential.ly
at a constant load

Bagcloadl.ag: nrnning water through a powerplant at a
roughly steady rate, thereby producing pouer at a
steady rate.
Bed load: eedinent moving on or near the stream bed
and frequently in contact with it
Bed naterLal: the unconsolidated naterial of which a
streambed is conposed

Bedroct: the solid rock at the surface or underllring
other Eurface materials

BcaetLcial aoasunptLvo use: water used f,or the
bettetment of society, i.e. irrigation, drinking, or
other municipal use

BiologLcal' opiaLon: docr.rment that states the opinion
of the U.S. Fish and Wildlife Senrice as to whether or
not the Federal action is likely to jeopardize the
continued existence of listed species or result in the
destrtrction or adverse rnodification of critical babitat
EloctloadLag: providing a consistent anount of
electrical senrice in a stated period of tine
EOR: It.S. Bureau of RecLanation

g.nFl,ag beacbl area at the waterts edge composed of
sand and high enough in elevation to avoid inundation
at most flow levels

Cbranel" nargin deposita: narrow sand deposits whieh
continuously or discontinuously line the channel banks

Ciraul,t nile: the geographic or pole miles for power
transmissionlines

Clagg of serlvtcc: type of power sold to custoners

CounercLal rLvsr trip: trips organized by boating
companies that conduct tours for paying passengers or
customers

I
I
I
I
I
t
I
I
l
I
I
T

I
I
I
I
I
I
I



eouurttt: all menbers of a epecified group of species
present in a specific area at a specific tine
Co[ru[.r rurplua: The value of a recreation
opportunity, above the cost to the consumeri Eynonlmous
with recreation benefit; neasured using wilJ.ingness to
pay, as specified in federal guidelines for water
reaourees planning

GoatLlgoat valuatioa: sur:vey method asking for the
naximtru values that recreationists would pay f,or access
to a particular activity
Coatract detr of drll.vtEy: that date specified in ttre
firm power contract

Coatrol lr.t! part of a power system, or a conbination
of, eyetenE to which a comnon generation control schene
is applied

Gorrl,dor: a narros strip of land reserved for location
of transmission Lines,, pipelines, and senrice roads

CISD: Colorado River Storage ProJect

Gloll-tactl,onal trat: the area of a stream, channel,
or w4temay, usually taken perpendicular to the strean
centerline

eublc foot per socond (cfs):
diacharge or flow; egual to
scsond

Dord rto.ragr: the reserrroir capacity fron which stored
water cannot be evacuated by gravity; at Glen Canyon
Dau this is the resenroir storage belos the river
outlet works openings at elevation 31374 feet

DcDrLg fau: a sloping mass of boulders, sand, silt and
cXay formed at the mouth of a stream valley
DcDrLg tlor: a flow consisting of a mixture of
sediment and water more than 60 percent sediment by
weight

DrgrrdrtLoa: the geologic process wherein etream beds
and flood plains are lowered in elevation by the
runoval of materiali the opposite of aggradation

a unit expressing rate of
0.0283 cubic meters per



Drpletl,on: the total loss of water from a Etream
resultLng fron consunptive uses, evaporation, seepage,
and evapotranspiration

Dl,eton: microscopic, single-celled or colonial, algae
having ceLI walls of silisa
Dlactrarger volune of water that passes a given point
within a given period of time, expressed in this report
as cubic feet per second

DOE: U.S. Departnent of Energy

Dory: a flat bottoned boat with high fl.aring sides,
sharp bow, and deep V-shaped tranEon usually made of
wlod and carrying up to six people total
Draudova: lowering of a reserlroirts water level;
process of depleting

Drl,tt: the aquatic food organisms in the current of, a
river .

Ecosysteus a conplex system conposed of a conmunity of
f,auna and flora taking into account the chenical and
physical environment with which the system is
interrelated
Eddy: current of water moving against the main current
and uith a circular motion

EaorgETs the resultant electricaL work produced from a
generating unl.t over a period of time, expressed in
kilowatthours

Endaagered spcciea: generally taken to mean any
species or subspecies whose sunrival has been
detetmined to be threatened by extinction according to
P.Ir.93-205

Brodc: to wear away or remove the land surface by
wind, water, or other agents

E:cese capacity: additional capacity available on a
short-teru basis in excess of the firm energry on a
Iong-term contract offerred to an electricity customer

Erotic apeciea: introduced species, not indigenous to
a given area
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E:tlrprtrd rgrcire: a species which is no longer
present due to loaal extLnction

ilraa: all aninal life asEociated with a given
habitat, country, area, or period

til'r .a.r!tJ' or Porcrl non-internrptible power which is
guaranteed by the supplier to be available at all
tinee except for reasons of, certain uncontrollable
forcee or continuity of service provisions

llood: a general and ternporary condition of partial or
couplete inundation of normally dry land areas fron the
overflow of water; defined here as any release from
Glen Canyon Dam Ln excess of 3lr5o0 cfE (powerplant
capacity)

tlood coatrol capaoity: the resenroir capacity
aesigned to the sole purpose of regulating flood
inflows to reduce flood damage downstream

IluatuatLag floua: water released from Glen canyon Dam
that varies in volume, within the range of 1r0O0 to
31r5OO cfs, on a dail1r'basiE. For purposes of the GCES,
flons are defined as fluctuating if they change by nore
than 10r00O cfs in a 24-hour period.

lorrorlal: animals that burrow in the soil
lrt: life etage of f,ish between the egg and fingerling
stages

lurl lrplaocurnt Elergy: electric enerfry generated at
a hydroelectric plant as a subEtltute for energry which
would otheryise have been generated by a thermal
el,ectric plant

rrrll pool: the design volume of water in"a resenroir
at uaxl.mum design elevation. At Lake Powell this iE at
elevation 3r700 feet. Total volume is 27 rOOOr000
acretfeet

It8: U.S. Fish and Wildlife Serrrice

€rgo3 a specific location on a stream where systematic
obEenrations of hydrologic data arie obtained

GCES: Glen Canyon Environmental Studies

GLgaratt (6T1 3

watts
a unit of power eqrral to one billion



Gradiont: the slope or rate of change in vertical
elevation per unit of horizontal distance of water
surface of a fJ.owing stream

Ecad: refers to power head, the lake depth that wiLl
allow the utill.zation of generatorE due to the presEure
exerted by that column of water

Er4lrtotruDa: general grouping f,or reptiles and
anphibians

ligb-bed clevatLol: the naximum elevation of a river
bed

Aydroclectrl,a: of or relating to production of,
electricity by water power

EydaologEi: the science dealing with water and snow,
including their properties and distribution
Eyperconceatrated floyl a flow consisting of a mixture
of sedinent and water between 20 and 50 percent
sediment by weight

El1).rcoaduatl.vLty: an ability to transport power that
iE above normal conductive capacity

fnactl.ve storage: the resenroir capacity that can be
releaeed fron the dam but is not available for power
generationi at Glen Canyon Dam this is the resenroi,r
storage above the river outlet works openings at
elevation 31374 feet and below the penstock openings at
elevation 31490 f,eet

Inder: census of some object or varlable related to
the true nunber of aninals

fadLcator spccLea: an organism, dpeciesr or comunity
which indicateE the presence of an environmental.
condition or conditions

Iatlou: water flowing into; in this report referE to
water coming into Lake Powell from upstream watersheds

Iatercoanected eystens: a system consisting of two or
more individual power systems normally operating with
connecting tie lines
Inundate: to cover with inpounded waters or
floodrraters
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Iav*trbratsr: literalLy, all anl.nals without a
vertebral colunn

IttretLv. proc.us a process with uany repetitiong of
thc gaue actl.on

iluYoaLlcs young of a species

ILlouatthour (ffh, ! a unit of worlc or energnr equal to
that erqlanded by one kilowatt (equal to 1OO0 watts) in
on€ hour; for exanple, a 10 kilowatt generator, if
operated continuously for one hour will produce 10
kilowatthourE of electrical energry

Lar of tLr RLvcr: group of legislative and
international decisions which governs the managenent of
the Colorado River

llor-b.d rlcvatLon: the nininum elevation of the rLver
bed

LLvr atoregr: the resenroir capacity that can be
released. through the dan; at Glen Canyon Dan thls ls
the reserroir storage above the river outlet workE
openJ,ngs at elevation 3,374 feet; sum of active and
lnactLve storage

Ioag-ga-t regulatorlt rtorage: live storage

lorrr Bul,D: three states (Arizona, Nevada, and
California) within the Coloradd River watershed below
Ieee Ferry, Arizona

llala cbaanrl pool: a reach of river with a low bed
elevation, relative to rapids or riffleE
Ital.nsten: the main course

Ilegaratt (mt 3 one nillion
Idtlll,on acrs-fset (uaCl :
cover one nillion acres at

of a stream

watts of electrical power

a volume of water that would
a depth of one foot

Xltlgato: to render or become rnild or milder, to
nodify; moderater or malce or becone Less severe'

lloaonl,ctLc latrg (uarul: warm-water lakes which turn
over once per year (winter) and where the tenperature
never falls below 4 degrees C



lfotor boat: a 22- to 37-foot long inflatable raft
carrying between 8-20 people total and powered by a
motor

tan€plate: the full-load, continuous guarante€d,
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rating of a generator

Xor EtEh fater Zots (UEfZr: the area located next to
the river colonized since the constnrction of Glen
Canyon Dan in 1963 and tlpically conposed of riparian
species, both native and.exotic

Xo3-ftt! sDer[IX7s power that is not available
contlnuously and nay be intermptible t may be marketed
on a ehort-term baEis

Xonal y€ar: Eee average year

ItPg: U.S. Natlonal Park Senrice

lhrtrLeat: food subEtance

Oar boat: a 14- to l8-foot oar-powered inflatable raft
carrying up to six people

Obll.gate rl,pariatr speel.eg: a species conpletely
dependent upon habitat along a body of uater
ggg-peak dsuand: period of tine during the day
(usually between nidnight and 7:00 am) when demand f,or
enerqry is low, or Eeasonally during the strlring and fall
nonths when demand is generally less than during winter
and sununer months

Old Etgb fater Zols (OgfU I 3 an area which had been
maintained by high flood releases (about 125r0O0 cfs)
prior to conpletion of GIen Canyon Dan in 1963 and
tlplcally conposed of native leguminous tree species

Oa-pell denald: period of tine during the day (usually
between noon and 7:0O pn) when demand for energy is
higb, or seasonalJ.y during the winter and summer
months uhen demand is generally higher than during
spring and fall months

Operatl.onal losgeg: Iosses of water resutrting fron
evaporation and seepage

Outflor: water flowing out, in this report refers to
water leaving Iake PoweLL by way of Glen Canyon Dan



ovrnnpl,ag: exceeding the rated capacity of a ayctem;
Eynonlmous with the GCES study manager

Drlt doaaC: the greatest demand occur-ring within a
specified period

Prtt!.ag capacLty: that additional generatlng capacLty
available at peak tiues
Pratlag porea: that power which ie generated during
oD-p€ik or high denand periods of tine
Pcttload: the maximum amount of, electrieity tJrat can
be developed on a short-tern basis

Prartoct: a conduit or pipe for conductlng: w8t€tr
carries water f,rom the resenroir to ,the, , pouetlrlant
generators

Plytopbagrur Lncect: plant eating or herbivorous
Lnsects

Plralton: plants (phtrtoplankton). and animals
(zooplankton) with linited popwers, of loconotion
usually livi.ng free in the water away frem Eubstrates

Plot: an area of land that is studied or uEed for an
experS.nental purpose, in which sauple areas are often
Iocated

Populatl,oa: the total of individuale occuplring an
areai a group of interbreeding organisus that
represent the level of organizat'ion at whic-h speciation
occurs

PogulatLoa dcarLty: the ^r*"" 
p€r unit area of

individualE of any given species at a.given,tine
Portrdal: term used in this report referring to the
period of tine.after Glen canyon Dam was completed in
1963

Pou.a dcuard: the rate at which electric enerqty is
delivered to or by a systen over any designated period
of time

Porrrplaat: a facility which produces enerqty for power

Prl-du:' term used in this report referring to the
perlod of time before conpletion of Gl,en Canyon Dan in
1963



Quadrat: a sanpling area, nost conmonly one square
neter, used for analyzing vegetation

tratod brad: the pressure of the reEernroir water under
uhich a generator can be operatedi it is a function of
tlre depth of the water and the distance that it falls
before it drives ttre turbine

Reacb: any Epecified length of stream or conveyance

Bcattacbnent CcpoaLt: a sand deposit located where
dormstream flow meets the channel bank at the
downstream end of a recirculating zone

RcaLroulatl,oa ao!a: an area of f,Low compoeed of one or
more eddies innediately below a constriction in the
charurelr dD eddy

Brcrcatl,on DracfLt: The value of a recreation activity
to the recreationist, usually measured in dollar
terms, above the cost of participating in the
recreation activity, which -includel expenses for
traveL, entrance fees and the llke; for valuing
recreation resources produced through federal. projects,
sfmonlmous with the consumer surplus asEociated with
the recreation

RadC: depression in river or lake bed dug by fish f,or
the deposition of eggs

Retletl a group of organisms or a habitat persisting
in an environment whieh has changed from that which is
tlpical for it
Reuote seaaing: a method for deter:mining the
ctraracteristics of an object, organismr or cornnunity
from afar
Besoryoir: an artificially impounded body of water

noaLlilace: the ability of any system to resist or to
recover frou stresE

Bsvetnent: materials or a structure placed to restrain
material from being transported away -

Rerl,ad: act of putting new copper insulated wire in
the atnature windings of a generator

Aiparl,aa: living on or adJacent to a water supply such
as a riverbank, Iake, or pond
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rl,rt Lador: A nuneric scale reflecting the hazard
associated sith white-water boating and fishlng fron
boats in the study area at different river flow levele.
lfhe scale conbineE the risk of various kinds of
accidents and equipnent damage. Higher values on the
scale indicate higher risk, and a zero indicateE no
rl.sk of accidentg.

Bl,vrr ltLlr: a unit of neaEurement (in nilee) used on
the Colorado River with River l{iLe O located at the
U.S. Geological Survey Gage at Lees Ferry; uiles
downstrean from that point are positive and niles
upstream are negative

ll,vorlar: riparian; pertaining to a riverbank

8Trytl. .nor: random variation reflecting the inherent
variability within a populatign being censused

Stadbrr: a ridge of Eand built up by currents,
eepecl.ally in a river
Sabrdulod outago: the shutdown of a generating unit,
or other facility, for inspection or naintenance, in
accordance with an advance schedule

SrCLnrat: unconsolidated material nostly derived from
rocks or biologlcal naterial that is or has been
transported by water or wind

Srdimnt dLacbargr: the rate at whlch sedl.nent paEseE
a etream cross Eection in a given period of tine,
expresoed in nillions of tons per day (ntd)

Srdl,lrat load: quantity of sedinent paseing through a
stream cross section in a given period of tine,
expressed in nillions of tons (nt)

SrparatLoa doposit: a sand deposit located at the
upstrean end of a recirculation zane, where downstrean
flow beconeE separated fron the channel bank

8!trra: to Lay eggE; especially of fish
SprcLre: the basic category of biological
claesification intended to designate a single kind of
aniual or plant

8pill: water exiting GIen Canyon Dam without going
through the powerplant generators. In this report,
slmonlmous with trflood releaserl
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sDl,lUry: overflow channel of a dam

Stagr: see water surface elevation
Strady flor: f,low at any volume which does not vary by
uore than 10r0O0 cfs over a Z4-hour period

StochastLo: statistical. analysis involving a random
variable, probabilitlz, or chance

Stnen poucrs the product of the specifie weight of
water, discharge, and slope of a stream, exlrressed in
pounds per foot-second

Succsgstoa: a directional, orderly process of
conmunity change in shich the community nodifies the
physical envlronment to eventually establish an
ecosystem which is as stable as possible at the site in
question

Surplua crrerltli: enerlty surplus to contracted fitm load
which nay be available for a short-tem period to Eernre
additional load, usually attributed directly to
favorable but unanticipated hydrologic conditions

Surplus value! see consumer surplus

Surplus rater releage: water released from Glen Canyon
Dau in excess of 3lrOOO cfsi synonlmous with flood
release
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Tailuaters water below a dam
developnent

or watef-porrer

Talus: fragments of rock and other soil material
aqcunulated by gravity at the foot of cl,iffs or steep
slopes

lferrestrLal: not aquatic; refers to the land

Ibalreg: deepest part of a river channeL is a cross
section of a river profile
|[Lc lLaos: transmission line connecting two or more
power systems

Topograpby: the physicatr shape of the ground surface

L2



llraarats a line (or belt) through a conmunity on
rhich are noted the inportant characterigticE of the
lndividualE of the species obEerrredr sanpling along a
transect nay be plotless or refer to specific pLots

lrophLc: referE to nutrition
llropbl,c Lcvel: place of an animal in ttre food chain

Surbt0tty: a measure of
passing through water is
materials

the extent to which light
reduced due to susipended

UDp.r BaaLl: four states (Utah, Colorado, Wyoming, and
Nes Mexico) within the Colorado River vatershed above
the Conpact Point

O;lratr: nodification or replacement of generator
equipnent that would enable operation beyond present
capaclty, included in the act of rewinding; invol.veE
replaclng field wi.ndings, strengthening rotor armE, and
naking nechanical uodifications
Um-6ay: one paEsenger on the river for a day; a unit
of, neasure for recreation use

VrlocLtyr the speed of water moving down a system;
expressed in feet per second

IlPl: WeEtern Area Power Adninistration
fatrr surfacc rlevatl,on (atagrl: the elevation of a
water surface above or below an eEtablished reference

frtrr t.u3 period of tine beginning October 1 of one
year and endl.ng Septenber 30 of the fol.lowing year and
deslgmated by the calendar year in which it ends

ftrcllng: the use of the transmission facilities of
one systen to transmit power of and for another system

$Ltr-uatc: frothy water as in breakerlr, rapids, or
water falls
rllltngnrsr to pay: An approach to estinating the value
of recreation activities (and other goods), where value
ie defined as the maximum anount a consumer would be
willing to pay for the opportunity rather than do
without. The total willingness to pay, minuE the
userrg costE .of participating in the activity, defines
the eonsuner surplus and recreation benefits

13




