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PREFACE

Most people view the Grand Canyon as a land of high scenic mesas and deep rugged canyons bisected by
dry washes and few intermittent streams that lead to a brown torrential ribbon of water known as the Colorado
River. The desert landscape that surrounds this arid region hardly seems a fitting place for fish. Yet the very
nature of this torrential, muddy, and salt-laden river has given rise, over nearly 3 million years, to one of the most
unique and highly indigenous fish assemblages in North America.

Known more to native Americans and early explorers as a food source than to recent inhabitants, the fish of
the Colorado River were hardly a household word before passage of the Endangered Species Act of 1973.
Federal protection of these fishes has brought to the attention of the public not only the decline of these unique
life forms, but also the plight of this ancient and overburdened western river. Protection for the bonytail,
roundtail chub, and Colorado squawfish--largest of North American minnows at 100 pounds!--was too late, for
these species were extirpated from Grand Canyon by the early 1970's. It may also be too late for the razorback
sucker, a species that is rarely caught in the region, and declines in flannelmouth suckers and bluehead suckers
warn of ongoing and persistent deterrents to these species. While the emphasis of this réport is on the humpback
chub, the decline of all the Colorado River native fishes serves as a reminder of the connectivity between all life
forms, and the need to protect ecosystems that support these forms. Aldo Leopold best described the relationship:

"It is truly the ultimate arrogance of man to discard a part for the sake of not understanding its function."

Today, nearly 1 million people a year visit Grand Canyon National Park, most to peer from the numerous
vistas into the depths of the canyon to catch a glimpse of the famous river nearly 1 mi below. Many come for
the exciting and spectacular whitewater rafting, marked by 160 recognized rapids in 225 mi of otherwise
inaccessible wilderness. These world-renowned rapids attract 15,000 - 20,000 commercial and private boaters
annually. An additional 50,000 visitors, mainly anglers and day rafters, use the 15-mi reach between Glen
Canyon Dam and Lees Ferry, most to fish the blue-ribbon trout fishery, provided by cold dam releases from the
depths of Lake Powell. Far fewer hardy and devout anglers hike into tributaries and inflows to seek additional
opportunities for trophy trout and an occasional channel catfish in isolated and scenic settings.

Except for trout and catfish, and those "bizzare" fish, whose technical names dot the pages of so many
reports, few people recognize or understand the fish fauna that lies beneath of depths of the deep and torrential
Colorado River.

While this report is intended as a scientific document for agency administrators and the scientific community,
we have strived to present our findings in a way that might be readable and useable by interested members of the
public. We did this to make the document readable and informative, and as a tribute to the unique fishes that
remain in Grand Canyon, as well as those alien species that have managed to survive in this arduous environment.



Consistent with our efforts at attempting to reach a wide audience, we have provided both English and metric
units of measure, either jointly for ease of conversion, or individually in commonly used terms, such as a measure
of river flow in cubic feet per second, instead of cubic meters per second. Scientific and common names are
consistent with nomenclature of the American Fisheries Society, and a glossary is provided to facilitate use of
scientific terms in the text.

The report is presented as ten chapters. Following the Introduction (Chapter 1) and Study Design (Chapter
2), are a characterization of River Hydrology (Chapter 3) and Water Quality (Chapter 4). The next four chapters
describe life history aspects of humpback chub, including Distribution and Abundance (Chapter 5),
Demographics (Chapter 6), Habitat (Chapter 7), Movement and Activity (Chapter 8), Drift and Food Habits
(Chapter 9). The last chapter is an Integration (Chapter 10) of information presented, and a discussion of effects
of dam operations on the life history and ecology of the humpback chub in Grand Canyon.

R.A. Valdez
R.J. Ryel
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CHAPTER 1 - INTRODUCTION

This Final Report was submitted to Bureau of Reclamation (Reclamation) by BIO/WEST, Inc. (B/W), in
partial fulfillment of Reclamation Contract No. 0-CS-40-09110, entitled Characterization of the Life History and
Ecology of the Humpback Chub (Gila cypha) in the Grand Canyon. The report presents findings of a fisheries
investigation conducted from September 1, 1990 through October 15, 1994 as part of Reclamation's evaluation
of Glen Canyon Dam operations. Information contained in this report was collected in 36 monthly trips through
Grand Canyon, from October 1990 through November 1993, and summarized in Trip Reports and Annual
Reports for 1990 (Valdez 1991), 1991 (Valdez et al. 1992), and 1992 (Valdez and Hugentobler 1993). An
Executive Summary is available as a companion document to this Final Report, and a separate Appendix contains

detailed tables and figures. A complete list of all reports and publications produced during this investigation is
included in Appendix A. A Data Collection Plan and computerized database are also available from B/W or
Reclamation for all data collected under this investigation.

BACKGROUND

This investigation was conducted as part of the Native and Endangered Fish (NEF) Studies (Fig. 1-1) of
the Phase II Draft Integrated Research Plan (DIRP) of the Glen Canyon Environmental Studies (GCES 1990).
This plan was developed as a roadmap to provide overall research direction and logic, as well as technical
information transfer to GCES researchers, the scientific community, and the interested public. The objective of
the NEF Studies was to understand population ecology of the fish and identify responses to the operation of Glen
Canyon Dam. These studies were a cooperative effort between Arizona Game and Fish Department (AGF), U.S.
Fish and Wildlife Service (Service), National Park Service (NPS), Arizona State University (ASU), Reclamation,
and the Navajo Nation, Hopi Tribe, and Hualapai Tribe. These entities comprised the Aquatic Coordination
Team (ACT)--a group of researchers that worked jointly and cooperatively to ensure an integrated research
approach, and provided guidance to a Senior Scientific Advisor and the GCES Program Manager.

The NEF Studies consisted of Native Fish Studies in the mainstem Colorado River, Little Colorado River
(LCR), and other tributaries, and Endangered Fish Studies consisting of eight study plans (Fig. 1-2). BIO/WEST
was contracted by Reclamation to conduct ecological studies of humpback chub in the mainstem Colorado River,
from Lees Ferry to Diamond Creek, including early life history studies in all habitats except backwaters, adult
movement studies, adult and juvenile studies, and habitat studies (Table 1-1). Results of these studies were
provided in this report and associated datasets to aid Reclamation in its mandated responsibility, under Section
7(a)(1) of the Endangered Species Act of 1973, as amended, to "...utilize their authorities in furtherance of the

TR-250-08 10/94 Draft Report
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Table 1-1. Study titles and investigators for ecological studies of humpback chub.
Study Title Investigator

Mainstem Colorado River (Lees Ferry to Diamond Creek)

Early Life History Studies Arizona Game and Fish Department (backwaters and
beach faces)

BIOMWEST (all habitats except backwaters)

Hualapai Tribe (Diamond Creek to Pearce Ferry)

Adult Movement Studies BIOMWEST
Adult and Juvenile Studies BIOMWEST
Habitat Studies BIO/WEST (all habitats except backwaters)

Arizona Game and Fish Department (backwaters and
beach faces)

Little Colorado River

Early Life History Studies Arizona Game and Fish Department

Adult Movement Studies Arizona State University

Adult and Juvenile Studies Arizona State University

Habitat Studies U.S. Fish and Wildlife Service
Other Tributaries

All Studies University of Arizona

U.S. Fish and Wildlife Service

purposes of this Act by carrying out programs for the conservation of endangered species and threatened
species...".

Glen Canyon Environmental Studies was formed on April 15, 1983, in response to public concern over the
effects of Glen Canyon Dam operations on Grand Canyon resources. Reclamation Commissioner Robert M.
Broadbent instructed Regional Director Clifford Barrett (letter dated December 6, 1982) to determine the effect
of present (1982) flow patterns on the canyon environment. In 1988, GCES submitted a Phase I Report (U.S.
Department of Interior 1988), which determined that flood releases and fluctuating flows had substantial adverse
effects on downstream resources. A review by the National Research Council (1987) of the National Academy
of Sciences, recommended further investigations to identify the causes of these effects.

On June 19, 1988, the U.S. Department of Interior directed Reclamation to continue GCES, with the
recognition that sufficient data had not been collected or analyzed under Phase [ to make operational decisions
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on Glen Canyon Dam. The Phase II program focused on better understanding the relationship of low and
fluctuating flows on specific resources in Grand Canyon, and the potential economic impact of operational
modification. The Phase II DIRP identified ten primary study components and two monitoring components to
assess impacts of operations on specific resources. A series of hypotheses was developed by the GCES Senior
Scientific Advisor, GCES researchers, interested groups, and the National Academy of Sciences to address
specific questions for each resource (GCES 1990). These hypotheses became the foundation for this and other
NEF Studies in Grand Canyon.

On July 27, 1989, Secretary of Interior, Manuel Lujan, directed the initiation of an Environmental Impact
Statement (EIS) on the Operation of Glen Canyon Dam. Passage of the Grand Canyon Protection Act of 1992
(PL 102-575) on October 30, 1992, mandated completion of a Final EIS not later than 2 years after the date of
enactment (Sec. 1804). Most of the NEF Studies identified in Fig. 1-2 were not completed in time for the Draft
EIS of April 1994, and only preliminary findings and results were provided from this B/W investigation to the
EIS Team. L

The Endangered Fish Studies of the Phase II DIRP were formulated in response to a 1978 Biological
Opinion that determined that the operation of Glen Canyon Dam "...is likely to jeopardize the continued existence
of the humpback chub...". This jeopardy determination was considered in developing the GCES Phase I Studies,
and at their conclusion, the Service reinitiated consultation with the new information collected. The reconsultation
resulted in seven conservation measures developed jointly by AGF, NPS, the Service, the Navajo Nation, and
Reclamation. A Draft Biological Opinion, with a no-jeopardy determination, was being prepared when Interior
Secretary Lujan announced the initiation of the EIS on the Operation of Glen Canyon Dam. The opinion was
withdrawn, pending selection of a preferred alternative, but the Service requested continued implementation of
the seven conservation measures, which became the technical study plans identified in Fig. 1-2.

Conservation Measure 1: Taxonomic status of the genus Gila
Conservation Measure 2: Maintenance of hatchery stocks of Grand Canyon humpback chub

Conservation Measure 3: Ensure that flood releases from Glen Canyon Dam occur with a frequency of not
greater than one in twenty years

Conservation Measure 4: Development of a management plan for the Little Colorado River

Conservation Measure 5: Conduct research to identify impacts of Glen Canyon Dam operations on the
humpback chub in the mainstem and tributaries

TR-250-08 10/94 Draft Report
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Conservation Measure 6: Establish a long-term monitoring program to assess the relationship of project
operations to the humpback chub

Conservation Measure 7: Establish a second spawning population of humpback chub in the Grand Canyon

Conservation measures 5 and 7 provided the framework for purpose and objectives of the B/W
investigation, as detailed in the following section. These measures also guided study designs of other
investigations, as part of the Phase II DIRP.

PURPOSE AND OBJECTIVES

The purpose of this investigation, as stated in the project contract, was to:

"Evaluate the ecological and limiting factors of all life stages of humpback chub
in the mainstem Colorado River, Grand Canyon, and the effects of Glen Canyon
Dam operations."

This investigation was designed to coordinate and integrate with other studies, a description of physical,
chemical, and biological components of the aquatic ecosystem in Grand Canyon to provide an understanding of
principal factors that limit the endangered humpback chub. By itself, this investigation addressed only certain
aspects of these components, and shared roles and responsibilities with other investigators, as outlined in Table
1-1. The study objectives for B/W were to determine the following for humpback chub in the mainstem Colorado
River in Grand Canyon:

1. Resource availability and use (i.c., habitat, food).

2. Distribution, abundance and movement.
3. Reproductive capacity and success.
4. Survivorship of early life stages.
5. Important biotic interactions with other species for all life stages.
6. The life history schedule.
These objectives were developed by Reclamation as part of the NEF Studies and to address conservation
measures 5 and 7.
These objectives were also designed to provide insight into Question 6 and Hypotheses Ho-6.1, Ho-6.1a, and
Ho-6.1b of the Phase II DIRP (Volume 1, pages 10-11):

Question 6: "How do discharge fluctuations and rates of change in fluctuating discharges affect other
fish, especially native fish species? Do the USFWS Conservation Measures adequately address this

question?"
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Ho-6.1: "There is no significant relationship between the population dynamics (including short-term
abundance of early life stages and potential predation relationships) of native (especially the humpback
chub) and introduced fish species in the mainstem Colorado, including mainstem backwaters and the
confluence of the Little Colorado, and the magnitude of fluctuations, minimum discharges and rates of
change of fluctuating discharges."

Ho-6.1a: "There is no significant relationship between population dynamics of native and introduced
fish species in the mainstem Colorado, including backwaters and tributaries, and the magnitude of
discharge fluctuations."

Ho-6.1b: "There is no significant relationship between population dynamics of native and introduced
fish species in the mainstem Colorado, including backwaters and tributaries, and the magnitude of
minimum discharges."

SCOPE OF WORK

The scope of work for this investigation was founded on a sampling program that provided an understanding
of the life history of the humpback chub, and simultaneously addressed hypotheses on operational effects. The
ecological nature of the study objectives required an ecosystem approach to link life history requirements with
physical, chemical, and biological components affected by dam operations. Evaluating limiting factors first
required a comprehensive understanding of life history requirements for humpback chub from throughout its
range. Although the species was described in 1946, and variously investigated since the late 1960's, only general
life history information and schedules were known for each of the six populations in the basin. While the
population in Grand Canyon was the most intensively studied, the focus of past investigations has been in the
LCR, rather than the mainstem Colorado River. This limited understanding of the species required parallel and
sometimes simultaneous assimilation of life history information, and hypothesis development and testing (Fig.
1-3). Limiting factors were identified and explained through a process of life history descriptions leading to
multiple sequential hypotheses and multiple parallel hypotheses (Schumm 1991).

Because flow characteristics of the Colorado River in Grand Canyon have varied dramatically since Glen
Canyon dam began impounding water in 1963 (See Chapter 3 - HYDROLOGY), this scope of work focused
on operational components (i.e., magnitude of fluctuations, minimum discharges, and rates of change of
fluctuating discharges) rather than operational regimes. Operational regimes during this investigation included
"research flows" (June 1, 1990 through July 29, 1991) and "interim ﬂows" (starting August 1, 1991). Their short
duration precluded identifying, isolating, and tracking important physical, chemical, and biological variables and
identification of biological responses.
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Fig. 1-3. Relationship of assimilation of life history information and hypothesis development and testing.

Changes in operational regimes during this study provided limited opportunity for inducing and observing
long-term ecosystem responses. Rigorous testing of hypotheses was not possible because the system under
investigation was not experimentally manipulated for ichthyofaunal responses, and replicate systems were not
identified and simultaneously studied. Cause-effect relationships were first identified through systematic
sampling, and hypotheses developed from inferences of these relationships. These hypotheses provided valuable
insight into ecological limitations for humpback chub, and helped to identify mechanisms and causes of effects
from dam operations.

Inferences were made to identify possible effects of dam operations on humpback chub, based on literature
and available data collected from this and other investigations. Few inferences were made for operational effects
on other trophic levels, because data collected in parallel studies by other researchers were not available.
Linkages to tributary studies, particularly in the LCR, were also minimal since information from these
investigations were not available.

Selected physical, chemical, and biological components were described and quantified, where possible, to
provide an integrated understanding of those elements of the ecosystem that most likely affected and limited
humpback chub in Grand Canyon. Data were systematically collected in this study, or in cooperation with other
studies, to minimize overlap with other research efforts, and provide a comprehensive database to GCES for

development of an integrated report.
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STUDY AREA

This investigation was conducted in a 226-mi (364-km) area of the Colorado River in Grand Canyon, from
Lees Ferry (RM 0) to Diamond Creek (RM 226) (Fig. 1-4), in which the river flows for 15 mi (24 km) within
Glen Canyon National Recreation Area (Glen Canyon Dam to Lees Ferry), and 241 mi (388 km) within Grand
Canyon National Park (Lees Ferry to Separation Rapid). The lower 75 mi (121 km) of river, downstream of
National Canyon (RM 164.5), is bordered on the south by the Hualapai Indian Reservation.
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Fig. 1-4. BIO/WEST study area in Grand Canyon and four sample regions.

This area was divided into four study regions and 11 geomorphic reaches in order to approximate uniform
distribution of sampling (See Chapter 2 - METHODS). The four study regions included: (1) Region 0--Lees
Ferry to Kwagunt Rapid (RM 56.0), (2) Region I--Kwagunt Rapid to Hance Rapid (RM 76.6), (3) Region II--
Hance Rapid to below Havasu Creek (RM 160.0), and (4) Region III--below Havasu Creek to Diamond Creek
(RM 226.0). Regions I, II, and III, were sampled from October 1990 through December 1992, when Region 0
was added to extend the investigation upstream. A fifth region--Region IV (Diamond Creek to Pearce Ferry, RM
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280)--was investigated by B/W, as part of an aquatic resources study for the Hualapai Indian Tribe and GCES
(Valdez 1993, 1994).

Reference landmarks along the river corridor were located to the nearest tenth (0.1) of a river mile (i.e.,
distance downstream from Lees Ferry along the center of the river) according to Belknap and Evans (1989), and
sample sites were entered in the database to the nearest twentieth (0.05) of a river mile. It should be noted that
Lees Ferry is 15.2 river miles downstream of Glen Canyon Dam, and river miles cited in this report are in
reference to Lees Ferry and not Glen Canyon Dam. A list of sites commonly referenced in this report are
provided with river miles in the GLOSSARY.

The following is a description of the four study regions and the geomorphic reaches identified by Schmidt
and Graf (1988a, 1988b, 1990). This description is provided to familiarize the reader with the physical character
of the study area, and to develop a foundation for later discussion of fish habitat availability and use. (See
Chapter 7 - HABITAT).

Region 0 {Lees Ferry to Kwagunt Rapid)

The study was expanded upstream to Lees Ferry in January 1993 to sample additional locations for
humpback chub and to provided a more complete characterization of the ichthyofauna of the river. This region
was 56.0 miles (90.1 km) long from the Lees Ferry to Kwagunt Rapid, and was characterized by three
geomorphic reaches--Permian Section, Supai Gorge, Redwall Gorge, and Lower Marble Canyon (Table 1-2;
Howard and Dolan 1981, Schmidt and Graf 1988a, 1988b, 1990). Average channel widths in the three reaches
were 280, 210, 220, and 350 ft (79, 64, 67, and 107 m), respectively, and channel slope was low to moderate.
Substrate was composed of 25-30 % bedrock and boulders, and shoreline was typically rock talus with intermit-
tent tributary alluvial fans, sand bars, or earthen banks with vegetation.

Shoreline features in Region 0 were formed primarily by the Toroweap Formation and Coconino Sandstone
(RM 2-5); Hermut Shale (RM 5-11.5); the Supai Group, including Esplanade Sandstone (RM 11.5-15),
Wescogame, Manakacha, Watahomigi, and Surprise Canyon Formations (RM 15-23); Red Wall Limestone (RM
23-35); and Muav Limestone (RM 37-56).

The Paria River (RM 1.0) and Nankoweap Creek (RM 52.2) were the only perennial tributaries in this region.
Several local drainages flowed intermittently during rain spates in June, July, and August, introducing large
amounts of sediment into the river; the largest contributor of sediment to this upper portion of the study area was
the Pana River. Large alluvial boulder fans at tributary inflows in this region constricted the channel, forming
12 minor and 6 major rapids (Badger Creek, Soap Creek, House Rock, North Canyon, 21-Mile, Nankoweap).
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Region | (Kwagunt Rapid to Hance Rapid)
Region I was 20.6 mi (33.2 km) long from Kwagunt Rapid to Hance Rapid, and was characterized by two

geomorphic reach--Lower Marble Canyon and Furnace Flats (Table 1-2). The river channel in these reaches
averaged 350 and 390 ft (107 and 119 m) in width, respectively, and channel slope was low to moderate at 0.10
and 0.21 %, respectively. Substrate was composed of 30-36 % bedrock and boulders, and shoreline was typically
rock talus, tapeats ledges, or vertical cliffs with intermittent tributary alluvial fans, sand bars, or earthen banks
with vegetation.

Shoreline features in Region I were formed primarily by Bright Angel Shale (RM 47-58), Tapeats Sandstone
(RM 58-63), and the Unkar Group (RM 63-76.5) of the Great Unconformity. Soft shales and sandstones of
Bright Angel Shale and Tapeats Sandstone created characteristic ledges and shorelines lined with fractured and
collapsed rock fragments.

The Precambrian sedimentary series first appeared in the Nankoweap Formation as an angular unconformity
at RM 63, and from that point to RM 65.5, the shoreline was characterized by steep vertical walls, short talus
slopes and large angular blocks. Cardenas Basalt and Dox Sandstone of the Unkar Group were angularly
Jjuxtaposed downstream of the Palisades Fault, so that from Lava Canyon (RM 65.5) to Escalante Creek (RM
75), the channel was wider and the shoreline composed of boulders and cobble, with intermittent talus slopes and
occasional vertical walls.

The only perennial tributary in Region I was the LCR (RM 61.3), which was the largest tributary and
contributor of sediment to the Colorado River in Grand Canyon. Large alluvial boulder fans formed 9 minor and
5 major rapids (60-Mile, Lava Canyon, Tanner, Unkar, Nevills) in this region.

Region |l (Hance Rapid to below Havasu Creek)

Region II was 83.4 miles (134.2 k) long, and extended from Hance Rapid to below Havasu Creek. This
region was composed of four geomorphic reaches, including Upper Granite Gorge, Aisles, Middle Granite
Gorge, and Muav Gorge (Table 1-2). Upper Granite Gorge (RM 77.4-117.8) had the lowest average ratio of top
canyon width to mean depth (7), the second narrowest average channel width (190 ft, 60 m) and the steepest

channel slope (0.23%) of any geomorphic reach in Grand Canyon. The river in Upper Granite Gorge flowed
primarily through Vishnu Schist (black), Zoroaster Granite (pink), and Hotautu Conglomerate--hard Precambrian
formations about 1.8 billion years old, forming steep canyon walls and smooth, scoured shorelines with little
talus.
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The Aisles (RM 117.8-125.5) included Stephen Aisle and Conquistador Aisle, and was characterized by the
reappearance of Tapeats Sandstone (RM 120-130), found in Lower Marble Canyon. Average channel width was
230 ft (70 m), and 48 % of the bed was composed of bedrock and boulders.

The river in Middle Granite Gorge (RM 125.5-140.0) flowed through a combination of Precambrian
sedimentary rock, volcanic and metamorphic rock consisting of amphibolitic schist, limestones, diabase
intrusives, and granitic plutons. These relatively hard materials constricted the river to its narrowest point in
Grand Canyon~76 ft (23 m) at RM 135.0. Average channel width in this reach was 210 ft (64 m), and the bed
was composed of 68 % bedrock and boulders.

The river in Muav Gorge (RM 140.0-160.0) flowed through hard, Precambrian vishnu schist and zoroaster
granite, which contained the river to the narrowest average channel width of any geomorphic reach in Grand
Canyon--180 ft (55 m)--and the highest percentage of bedrock and boulders (78%).

Eight perennial tributaries flowed into the Colorado River in Region II, including Clear Creek (RM 84.1),
Bright Angel Creek (RM 87.7), Crystal Creek (RM 98.1), Shinumo Creek (RM 108.6), Tapeats Creek (RM
133.7), Deer Creek (RM 136.3), Kanab Creek (RM 143.5), and Havasu Creek (RM 156.7). These streams
typically had low base flows with little effect on mainstem flows, and only local effects on water chemistry and
biology. Occasionally, high spring flows or severe local thunderstorms produced high tributary flows and short-
term effects on mainstem water quantity and quality. The majority of native fishes found in this region were in
close proximity to these perennial tributary inflows (Maddux et al. 1986, Valdez et al. 1992).

Region II contained 36 major rapids (Hance, Sockdolager, Grapevine, 83-Mile, Zoroaster, Pipe Springs, Hom
Creek, Salt Creek, Granite Creek, Hermit, Boucher, Crystal, Tuna Creek, Sapphire, Turquoise, 104-Mile, Ruby,
Serpentine, Bass, Shinumo, 110-Mile, Waltenberg, Forster, Fossil, 128-Mile, Specter, Bedrock, Dubendorff,
Tapeats, 135-Mile, Fishtail, Kanab, Matkatamiba, Upset, Sinyala, and Havasu).

Region [l {(Below Havasu Creek to Diamond Creek)

Region III was 66.0 mi (106 km) long from below Havasu Creek to Diamond Creek, and was divided into
two geomorphic reaches--Lower Canyon and Lower Granite Gorge (Table 1-2). Lower Canyon (RM 160.0-
213.9) had an average channel width of 310 ft (94 m), a moderate slope (0.13%) and a bed composition of only
32% bedrock and boulders. The river flowed through sedimentary deposits consisting primarily of Bright Angel
Shale, and the shoreline was characterized by talus slopes, with intermittent alluvial boulder fans. Tertiary lava
flows extended downstream of RM 180, shaping much of the shoreline with emergent boulders and cliffs formed

by columnar basalt.
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Lower Granite Gorge (RM 213.9-225.0) had an average channel width of 240 ft (73 m), a moderate slope
of 0.16%, and a bed composed of 58% bedrock and boulders. This reach consisted of metamorphic and
sedimentary features similar to those in the lower portion of Upper Granite Gorge. The geologic formations
consisted primarily of granitic and granodioritic rock of the Zoroaster Granite Complex, intermixed with Tapeats
Sandstone.

This region contained 11 major rapids (164-Mile, Fern Glen, Gateway, Lava Falls, 185-Mile, Whitmore,
205-Mile, 209-Mile, 217-Mile, Granite Spring, and 224-Mile), formed mostly by alluvial tributary fans. There

were no significant perennial tributaries in Region ITI.
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CHAPTER 2 - STUDY DESIGN

This chapter describes the elements common to the overall sampling program, including project schedule,

sampling design, sampling gear, and fish handling methods. Specific methods used to gather hydrology and water

This study was initiated in September 1990, and completed with this report in October 1994 (Fig. 2-1).

Project workshops were held in December of 1990, 1991, 1992, and 1993 to provide ongoing staff coordination,
GCES. A Data Collection Plan , issued as a supplement to this Final Report was drafted early in the project to

identify and resolve problems, update data collection status, and provide progress reports to Reclamation and
standardize techniques and establish protocols to provide consistent data collection, compatible with other GCES
investigations. This plan provides detailed descriptions of field sampling methods, care and handling of fish, and

quality data, and unique methods, techniques, formulas, and calculations used to determine distribution and
abundance, demographics, habitat use, movement, and food habits are presented in respective chapters.
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Field Trips

A total of 36 monthly field trips were conducted on the Colorado River in Grand Canyon, from Lees Ferry
(RM 0) to Diamond Creek (RM 226), starting in October 1990 and ending in November 1993 (Fig. 2-1). Trips
were held monthly, except for December 1991 and 1992. From October 1990 through November 1992, trip
length alternated between 12 and 20 d, resulting in five 12-d trips each in 1991 and 1992 (February, April, June,
August, October) and six 20-d trips (January, March, May, July, September, November). The schedule was
modified in 1993 to include eight 16-d trips (January, February, March, April, June, August, October,
November), and three 20-d trips (May, July, September). Launch dates and sampling locations were coordinated
with AGF, when possible, to provide concurrent sampling and comparable data.

Twenty-day trips were conducted to assess composition and distribution of fish, monitor habitat availability
and use, determine important biotic interactions between humpback chub and other fish species, and capture
humpback chub for implanting radiotransmitters. These trips included two field teams, one with 6 B/W and 1
ACT biologists sampling Region I, and one with 4 B/W and 1 ACT biologists sampling concurrently in Region
II. The two teams jointly sampled Region III during the last 5 d of the trip, so that each of the three study regions
was sampled with equal effort of about 10 team-days.

Twelve-day trips were conducted primarily to recontact previously radiotagged adult humpback chub, and
monitor their movement and habitat use in Region I. These trips involved one field team with 6 B/W and 2 ACT
biologists. Fish were usually equipped with radiotransmitters during 20-d trips, and tracked and monitored during
12-d trips from October 1990 through November 1992.

Sixteen-day trips were conducted from January through November 1993, when radiotelemetry was
discontinued in Region I and implemented in Region II. The 16-d schedule allowed teams to allocate more time
to tracking fish in Region II, while maintaining sampling frequency and intensity throughout the study area. The
number of teams on 16-d trips alternated between one team (February, April, June, August, October) and two
teams (January, March, May, July, September, November), with number of personnel as described for 12-d and
20-d trips, respectively.

Reports

Tnp reports were completed and submitted within 10 d of the completion of each of the 36 field trips, and
annual reports were completed at the end of 1990, 1991, and 1992. These reports were submitted to Reclamation
and GCES, and distributed to cooperating agencies and interested individuals. A complete list of reports and
publications produced from this investigation is included as Appendix A. This final report was written entirely
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by the B/W Grand Canyon Staff, and reviewed by GCES, Reclamation, the Senior Scientist, several independent
reviewers, and the National Research Council of the National Academy of Sciences.
SAMPLING DESIGN

A stratified random sampling design was implemented to approximate uniform spatial and temporal sampling
of fish assemblages and associated physical, chemical, and biological components (Schreck and Moyle 1990).
The four study regions (0-IIT) were longitudinally divided into 11 geomorphic reaches (Schmidt and Graf 1988,
1990), each with approximately uniform channel and shoreline characteristics (Table 1-2). The 11 geomorphic
reaches were subdivided into 34 sample strata that ranged from 2.0 to 12.1 mi (3.2 to 19.5 km) in length (Table
2-1). These strata were the base spatial sampling units, and were considered representative of the geomorphic
reaches in which they occurred (Fig. 2-2). The five major tributary inflows in Region II (i.e., Bright Angel Creek,
Shinumo Creek, Tapeats Creek, Kanab Creek, and Havasu Creek) were each treated as individual stratum to be
selected and sampled at least once seasonally in order to insure adequate temporal characterization of areas where
fishes aggregated seasonally. Eight to 16 strata were randomly selected for sampling during each monthly trip.

Selected strata were not eliminated from consideration for selection on subsequent trips.
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Fig. 2-2. Spatial stratified sampling design for Region II; a-m are sampling strata within geomorphic reaches,
Upper Granite Gorge, Aisles, Middle Granite Gorge, and Muav Gorge.
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Table 2-1. Lengths of sample strata within the 11 geomorphic reaches.

Study Length
Region Geomorphic Reach Sample Strata River Miles km(mi)

0 1 - Permian Section a. Paria - Badger Creek 1.0-8.0 11.3(7.0)

b. Badger Creek - Soap Creek 8.0-11.3 5.3(3.3)

2 - Supai Gorge ¢. Soap Creek - Sheer Wall 11.3-14.5 5.1(3.2)

d. Sheer Wall - House Rock 14.5-17.0 4.0 (2.5)

e. House Rock - North Canyon 17.0-22.6 9.0 (5.6)

3 - Redwall Gorge f. North Canyon - Tiger Wash 22.6-26.5 6.3 (3.9)

g. Tiger Wash - Vasey's 26.5-35.9 15.1 (9.4)

4 - Lower Marble Canyon h. Vasey's - President Harding Rapid 35.9-43.7 12.6 (7.8)

i. President Harding Rapid - Nankoweep 43.7-52.0 13.4(8.3)

j. Nankoweep - Kwagunt 52.0-56.0 6.4 (4.0)

| Lower Marble Canyon a. Kwagunt- LCR 56.0-61.5 8.9 (5.5)

5 - Furnace Flats b. LCR - Chuar Rapid 61.5-65.5 6.4 (4.0)

¢. Chuar Rapid - Unkar Rapid 65.5-72.5 11.3(7.0)

d. Unkar Rapid - RM 77.4 72.5-77.4 7.9(4.9)

I 6 - Upper Granite Gorge a. Hance Rapid - Cremation Canyon 77.4-86.5 14.6 (8.1)

*b. Bright Angel Creek 86.5-89.0 4.0 (2.5)

c. Pipe Creek - Crystal Rapid 89.0-98.0 14.5 (9.0)

d. Crystal Rapid - Bass Rapid 98.0-107.8 15.8 (9.8)

*e. Shinumo Creek 107.8-109.8 3.2(2.0)

f.  110-mile Rapid - RM 117.8 109.8-117.8 12.9 (8.0)

7 - Aisles g. Aisles 117.8-125.5 124 (7.7)

8 - Middle Granite Gorge h. RM 125.5 - Dubendorf SSR 125.5-131.7 9.8 (6.2)

Y. Tapeats Creek 131.7-1345 4.5 (2.8)

j- 134 Mile Rapid - RM 140.0 134.5-139.9 8.7 (5.4)

9 - Muav Gorge *k. Kanab Creek 139.9-143.8 6.3 (3.9)

l.  Kanab Rapid - Sinyala Rapid 143.8-153.5 16.6 (3.7)

*m. Havasu Creek 163.5-159.9 10.3 (6.4)

i} 10 - Lower Canyon a. RM160-RM 169.9 159.9-169.9 15.8 (9.8)

b. RM 169.9 - Lava Falls 169.9-179.4 16.3(9.5)

c. LavaFalls-RM 189.1 179.4-189.1 15.6 (9.7)

d. RM189.1 - RM 200.0 189.1-200.0 17.5(10.9)

e. RM 200.0 - 209-Mile Rapid 200.0-208.9 14.3 (8.9)

f.  20S-Mile Rapid - 214 Mile Cr 208.9-213.9 8.0(5.0)

11 - Lower Granite Gorge g. 214-Mile Cr - Diamond Creek 213.9-226.0 19.6 (12.1)

*Tributary strata

Length of each sampling stratum was determined primarily by the distance of river between large rapids that
was repeatedly accessible by research boats (See SAMPLING GEAR - Research Boats) from temporary riverside
camps for setting and retrieving sampling gear and tracking radiotagged fish. Whitewater rapids too large or
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swift to ascend with small motorized research boats prevented repeated access to sample sites, and frequently
delineated stratum boundaries.

Sampling was conducted monthly and at different o gEASONS
times of day and night to account for temporal varia-
tion (Fig. 2-3). Effort was partitioned by season to
represent winter (December-February), spring (March-
May), summer (June-August), and fall (September-
November), and by time of day to represent night,
dawn, day, and dusk. Since day length and photope-

riod varied with season, a computer program (Sun and
Moon Events Worksheet, Heizer Software, Inc., Palo
Alto, CA) was used to appropriately adjust time
blocks. B. TIME OF DAY
SAMPLING GEAR
Research Boats

Inflatable hypalon boats (Achilles Corp., Number
22 Daikyo-Cho, Shinjuku-Ku, Tokyo 160) were used
for sampling and radiotracking. These small boats

increased access to a greater variety of habitats than
previously sampled, and enhanced scientific validity
by allowing replication of data collection (Valdez et al. :;!; :;ST&T ::;at'i:;a;':g ;?g;f’""g design for
1993). The sport utility SU-16 model (4.9 m long)

was used primarily for electrofishing and radiotracking, and the sport heavy-duty SH-170 model (5.2 m long) was
used primarily for netting and radiotracking (Fig. 2-4). Each model had a removable sectional aluminum floor
and wooden transom, and was powered by a 40-hp Yamaha outboard motor. Frames were designed for each
model to accommodate appropriate research gear (Fig. 2-5).

The research boats were usually folded and loaded on larger support boats (33 or 37-ft S-rigs, or 23-ft
snouts) for transport to and from riverside camps to reduce boat activity in the canyon, and to minimize personal
nisk and damage to equipment in traversing large whitewater rapids. Support rafts were provided by OARS, a
commercial river concessionaire from Flagstaff, Arizona, contracted by GCES to provide logistical support for

research efforts in Grand Canyon.
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Fig. 2-4. Fishery research boats, SU-16 used for electrofishing
(A) and SH-170 used for netting and radiotracking (B). research boats.

~ YN

SuU-16
(Electrofishing Boat)

Safety Ralling
( El-ctroﬂshlnlq
Complex Puise
I
Safe ma'x:ﬁ‘d_;a" ystem—Mark XX)
Swite /

Spherical Stainless

Stesl Anode (+) 17 / >
7

] Motor Repalr Kit

Outboard Motor

4 40-HP Yamaha
4 \ Gas Tank
120v Floodlights 1 Y 3
False Wood Deck / \ \ .
\s kw
Generator
Front Sublrome Uve Well Spherical S!nlnl-n Steel
Cathod:
Reor Sublrome
SH-170
(Ragiotracking/Netting Boat) Live Well
Diomond Plate
Walkway
—J /)

Drop—bag Hatch ._./

(wet Storoge) Equipment Compartment

(Semi-Dry Storage)
One-—Fiece frome

Fish Sampling Methods

A complete description of parameters recorded for each sample method, including field data forms and codes,
is provided in Appendix B.
Gill and Trammel Nets

Gill and trammel nets were the primary sampling gear for characterizing large-fish assemblages in deep
habitats, and to capture adult humpback chub for implanting radiotransmitters. Nets were used to compare fish
distribution and abundance by area and time, as well as to characterize general fish habitat use in support of
radiotelemetry data. These nets are commonly used to survey and monitor other populations of humpback chub
in the Upper Colorado River Basin (Valdez and Clemmer 1982, McAda et al. 1994, U.S. Fish and Wildlife
Service 1987).
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Gill nets were 100 ft long and 6 ft deep, with 1.5 or 2-in square mesh (30.5 m x 1.8 m, 3.8 or 5.1 cm mesh).
Experimental gill nets were also used with four sections of 0.5, 1, 1.5, and 2-in mesh (1.3, 2.5, 3.8, 5.1-cm).
Trammel nets were 75 fi long and 6 ft deep (22.9 m x 1.8 m), with three panels of netting--two outer walls of 12-
in (30.5 cm) mesh and one inner panel of 0.5, 1, or 1.5-in mesh (1.3, 2.5, or 3.8-cm). Gill and trammel nets were
made of double knotted #139 multifilament twine with 0.5-in (1.3-cm) diameter braided polyfoamcore float line
and 5/16-in (0.8-cm) leadcore line. White, labeled mooring boat bumpers, 5-in (12.7 cm) in diameter and 18-in
(45.7-cm) long, were tied to a line at the distal end of each net to facilitate relocation and retrieval, and to alert
boaters of submerged nets. Polypropylene mesh bags were filled with rocks and used as convenient net weights.

Gill and trammel nets were typically tied to shore, and stretched along the channel bed with net weights to
anchor each end of the leadline, and a long line and mooring bumper to keep the net spread and marked (Fig. 2-6).
Nets were also suspended in the water column to sample midwater habitat. Nets were checked at intervals of
about 2 h to minimize stress and reduce mortality of entangled fish. Nets clogged with algae (Cladophora
glomerata) or debris were replaced and cleaned regularly.

Shoreline

Attachment Point
Marker Float { ||.-I
! water Surface _-n_ ] _T_Lr‘—
A A —

Glit or Tramme!l Net

r~ ~

Fig. 2-8. Typical gill or trammel net set.

Hoop Nets
Three sizes of hoop nets were used in various velocity habitats including 2 ft x 10 ft x 0.5-in (0.6 mx 3.0 m x
1.3<cm),3ftx13ftx 1-in(0.9mx4.0mx2.5-cm),and4 ft x 16 ft x 0.5-in (1.2 m x 4.9 m x 1.3-cm) (diameter
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x length x square mesh). Two 25-ft (7.6 m) wings made of 1-in (2.5-cm) #15 knotless nylon were attached to
the opening of the hoop nets. Hoop nets were set by anchoring the rear of the net with a length of rebar and
orienting the mouth in a downstream direction to capture fish moving upstream (Fig. 2-7). Nets were checked

at least every 8 h to minimize stress and mortality to fish.

() _SHORELINE ATTACHMENT POINT

CURRENT
DIRECTION REBAR
. STAKE
ANCHOR

Fig. 2-7. Typical hoop net set.

Minnow Traps

Unbaited minnow traps were used to sample small fish in a variety of shoreline habitats. Minnow traps were
standard Gee minnow traps—17.5 in (44.5 cm) long, 9 in (22.9 cm) diameter, and constructed of galvanized wire
and steel. Funneled openings were located at each end of the trap. Traps were placed on the bottom or suspended
in the water column depending on conditions. Traps were also set in pods of five as sample repititions for habitat
types. Each trap was tethered to a secure anchor point and discretely flagged for easy relocation. Traps were
checked at intervals of no longer than 24 h to minimize stress and mortality to fish.

Seines

Seines were used to characterize assemblages of small fish in relatively shallow habitats (up to about 1.5
m in depth). Three sizes of seines were used, including 30 ft x 4 ft x 0.25-in (9.1 m x 1.2 m x 0.6-cm), 30 ft x
5fx025-in(9.1 mx 1.5mx 0.6-cm), and 10 ft x 3 ft x 0.125-in (3.0 m x 0.9 m x 0.3-cm) (length x height x
square mesh). The float line was constructed of 0.3125-in (0.8-cm) braided polypropylene with hard foam floats
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at 18-in (45-cm) intervals. The bottom line was made of braided polypropylene line with lead sinkers at 6-in (15-
cm) intervals.

Length and width of each seine haul were measured and three water depths recorded; one at the deepest point
of the haul, and one each midway between the deepest point and the nearest shore. Length and width of the
habitat sampled were also recorded, where applicable.

Electrofishing
Electrofishing was used to sample fishes along shorelines, and to capture adult humpback chub for

implanting radiotransmitters. Each electrofishing effort was conducted within a distinct geomorphic shoreline
type (i.e., alluvial fan, bedrock, cobble bar, sand bar, talus slope, vegetation) in order to evaluate habitat use and
reduce variability in comparing catch rates between habitats and reaches, as well as between flow levels and over
time.

Electrofishing was conducted from an Achilles SU-16 research boat capable of ascending small and medium-
sized rapids for increased access to sample areas (Fig. 2-4, 2-5). Each boat was designed to meet Occupational
Safety and Health Administration (OSHA) safety standards with specialized features such as pressure safety
switches, insulated railing, separate line-channeling for circuits and lights, and rubber gloves, rubber boots, and
fiberglass-lined dip nets for netters and boat handler. The system was powered by a 5000-W Yamaha industrial
grade generator (Model YG-500-D) or a Honda 5000-W generator (Model EB 5000X), and routed through a
Mark XX Complex Pulse System (CPS) developed by Coffelt Manufacturing (Flagstaff, AZ). Stainless steel
spheres, were used as electrodes with the anode (positive electrode) mounted on a boom projecting from the bow,
and the cathode (negative electrode) suspended from the stem. Anode and cathode were interchanged every 45-60
min of electrofishing to allow for cleaning of the cathode surface by reversing the electroplating process.

In 1990-91, CPS output settings ranged from 15 to 20 A and 300 to 350 V, as recommended by Coffelt
Manufacturing for electrofishing in the Colorado River below Glen Canyon Dam (N. Scharber, Coffelt
Manufacturing, pers. comm.). In 1992, output was reduced to a range of 8-10 A and 200-250 V after "bruise
marks" were observed on trout under the higher settings. The lower settings seemed to reduce the incidence of
these marks (See EVALUATION OF SAMPLING DESIGN).

Angling

Angling has been used as an effective method for capturing humpback chub in the upper Colorado River
basin, in Black Rocks and Westwater Canyon (Valdez et al. 1982) and in Yampa Canyon (Tyus and Karp 1989).
Cheese balls, commercial salmon eggs, stink bait, grasshoppers, Mormon crickets (Tyus and Minckley 1988),
and artificial flies have been used with varying success. Angling was not used extensively in Grand Canyon
because of the relative high efficiency and low impact of other sampling gears, and the time and commitment
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necessary for successful angling of this endangered species. However, angling was used to catch actively feeding
rainbow trout for stomach analysis to assess predation on YOY and juvenile humpback chub in the vicinity of
the LCR inflow, where concentrations of young chubs were highest.

FISH HANDLING METHODS

Care and Processing

Captured fish were placed in live wells to minimize stress and enhance recovery. Live wells consisted of
120-qt (127-L) insulated coolers located on each boat (Fig. 2-5), 5-gal (1.3-L) bail buckets carried by seining
crews, and 4 ft x 6 ft, 0.5-in mesh (1.2 m x 1.8 m x 1.3-cm) holding pens placed in the river. Fresh river water
was used for contained fish of each sample effort, and changed frequently when holding time was prolonged or
large numbers of fish were being held. Fish showing signs of stress (e.g., increased or irregular respiration, loss
of equilibrium, dramatic color change, reddened fins, excessive slime) were isolated in fresh water, carefully
monitored, and treated with a salt solution to minimize electrolytic losses (Bulkley et al. 1982, Hattingh et al.
1975). Fish with extended lethargy or obvious injuries were appropriately treated (e.g., Betadine™ was applied
to wounds) and released upon recovery. Dead fish were preserved in an appropriately labeled container, and
transferred to the ichthyology collection at Arizona State University. Incidental mortality of humpback chub from
this investigation did not exceed 10 per year, the number allowed under B/W's federal collecting permit.

From October 1990 through July 1991, all humpback chub captured were transported to a central processing
station near camp, and then returned to their capture location for release--a one-way distance of up to 4 mi (6.4
km). This protocol prolonged holding time and unnecessarily stressed the fish, and was modified in August 1991,
when humpback chub were processed and released near their capture location. Only adults destined for
radioimplant were transported to a central processing station.

A number of fish processing procedures were used during the course of this investigation. Some were
initiated by the original study design, and modified or discontinued, while others were implemented as a result
of specific data needs or at the request of the ACT (Fig. 2-8). Humpback chub were measured for total length
(TL), standard length (SL), and forked length (FL) in millimeters, weighed wet in grams, and gender determined.
From October 1990 through July 1991, the left aspect of every humpback chub>200 mm TL was photographed
(35-mm color slide and VHS video) on a white plasticized board marked with a 1-cm grid. Starting in August
1991, 35-mm photographs were taken of every tenth adult captured, and videography was discontinued. Primary

rays of dorsal and anal fins were also counted for every tenth adult, and ten morphometric dimensions were
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@ 1990 1991 1992 1993
PROCEDURES OIN [ 3 [F INATR3[ITATSTOINID [ F INTATN T3] ATSTOINIB L4 [F WIAIMTI [JTATS[OINID

HUMPBACK CHUB

TL, SL, FL, WT - All Sizes

35mm Photo - 2200mm TL

VHS Video - 2200mm TL

Morphometrics & Meristics -2 200mm TL
Morphometrics & Meristics (1 of 10}~ 2200mm TU|
Fin Punch - 80-150mm TL

Radioimplant - >550q - e Eu Ew MR m am B WS W W Ew oam
Radicimplant ~ >450q -
Stomach Pump — >250mm TL - -
PIT Tag ~ 2175mm TL

PIT Tag = 2150mm TL

Scale Samples — <200mm TL

NATIVE SPECIES (FM.BH)

TL, SL, WT - All Sizes
PIT Tog - 2150mm 1L

NON-NATIVE SPECIES

TL. WT - Ali Sizes
Stomach Samples - RB.BR,SB,CC

TL= total length, SL= standard length, FL= forked length, Wi= weight
FM= flanneimouth sucker, BH= bluehead sucker. RB= rainbow trout
BR= brown trout, SB= striped bass, CC= channel catfish.

Fig. 2-8. Schedule of fish processing procedures conducted by BIO/WEST.

measured with venier calipers (Fig. 2-9), accurate to the nearest 0.01 mm, including depth of nuchal hump, head
length, snout length, distance between insertion of pelvic and pectoral fins, maximum body depth, caudal
peduncle length, maximum caudal peduncle depth, minimum caudal peduncle depth, length of anal fin base, and
length of dorsal fin base.

Select adult humpback chub weighing more than 550 g were surgically equipped with 11-g radiotransmitters
from October 1990 through January 1991, and every other month through March 1993. Use of 9-g
radiotransmitters in fish 450-550 g was discontinued because of transmitter limitations. A nonlethal stomach
pumping technique was implemented in September 1992, following an evaluation the technique (Wasowicz and
Valdez 1994). Scales were taken from chub <200 mm TL to determine age and size at transition from the LCR

to the mainstem.
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1) Total length

2) Forked length

3; Standard length

4) Head length

5) Snout length

6) Nuchal hump depth

7) Insertion of pectoral to pelvic fins
8) Maximum total body depth

9) Caudal peduncie length
10) Maximum caudal peduncle depth
11) Minimum caudal peduncie depth
12) Base of dorsal fin

13) Base of anal fin

14) Dorsal ray count

15) Anal ray count

Fig. 2-9. Morphometrics and meristics recorded for adult humpback chub >200 mm TL.

Other native species, including flannelmouth sucker, bluehead sucker, and speckled dace were measured for
total and standard length (i.e., TL, SL), weighed, and those >150 mm TL were PIT-tagged starting in August
1991. Non-native species were also measured for total and standard length, weighed, examined
for reproductive condition and gender, and released. All channel catfish, striped bass, and selected rainbow trout
and brown trout were sacrificed for removal of stomachs. Gut contents were preserved in ethanol, placed in
labeled whirl-packs, and transported to Leibfried Environmental Services in Flagstaff, Arizona, for identification
and quantification of food contents (See Chapter 9 - DRIFT AND FOOD HABITS).

All fish were examined for anomalous characteristics such as previous marks (e.g., fin punches, fin clips,
external fish tags), parasites, wounds, or deformities. Anomalies were recorded in detail on appropriate data
sheets and photographed if relevant.

Marking

A PIT tag (Passive Integrated Transponder) was injected into the parietal cavity (Fig. 2-10) of humpback
chub >175 mm TL, and starting in February 1991 minimum size of tagging was reduced to 150 mm TL. External
tags (i.e., Carlin or Floy tags placed by previous investigators) were removed from native fish and replaced with
PIT tags, and both tag numbers recorded in the database for corresponding information. These old tags were
replaced at the request of the ACT because PIT tags were considered more reliable, with less chance of tag loss,
and greater capacity and facility for information retrieval (Burdick and Hamman 1993).
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Fig. 2-10. Attachment sites for Carlin dangler tag (A) and Floy anchor tag (B) by previous investigators, and
injection site for PIT tag (C) by this investigation.

Beginning in January 1993, humpback chub 60-150 mm TL (juveniles) were temporarily marked with fin
punches (Fig. 2-11) to track longitudinal dispersal. A 3-mm diameter biopsy needle was used to punch various
fin combinations specific to river subreaches (Wydoski and Emery 1983). Fish captured between RM 57 and
RM 65.5 were marked with a dorsal fin punch; those between RM 65.5 and RM 76.5, with a lower caudal fin lobe
punch; those between RM 76.5 and RM 157, with a lower caudal fin lobe punch; and those between RM 157 and
RM 225, with a combination dorsal and upper caudal lobe punch.

Fig. 2-11. Juvenile humpback chub with dorsal fin punch (A) and location of scale samples (B).
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CHAPTER 3 - HYDROLOGY

INTRODUCTION :

The Colorado River drains a basin of approximately 242,000 mi? (626,780 km?), and flows for about 1450
mi (2330 km) from the Rocky Mountains of Colorado to the Gulf of Lower California in Mcxico. The river and
its tributaries flow through seven arid western states (Colorado, Wyoming, Utah, Arizona, New Mexico,
California, and Nevada) and Mexico, and drain approximately one-twelfth of the U.S. land area. Major
tributaries include the Green, Yampa, White, Gunnison, Dolores, and San Juan xiveré in the upper basin (above
Lees Ferry), and the Little Colorado, Virgin, Bill Williams, and Gila rivers in the lower basin (below Lees Ferry).
Although upper basin drainage area is. less than half of total basin area--about 111,800 mi? (289,540 km?)--
average annual historic upper basin discharge of 12.93 million acre feet (maf), measured in 1912-62 at Lees
Ferry, is about 90% of average total basin volume (13.9 maf) (Boner et al. 1990). Current estimates of inflow
into Lake Powell are 14.35 maf (Dawdy 1991 and literature cited therein).

The Colorado River in Grand Canyon is the longest continuous portion of river remaining in the lower
basin, flowing for 250 mi (403 km) from Glen Canyon Dam to Bridge Canyon in upper Lake Mead. Major
tributaries include the Paria River, Bright Angel Creek, Shinumo Creek, Tapeats Creek, and Kanab Creek flowing
from the north rim, and the LCR, Havasu Creek, Diamond Creek, and Spencer Creek from the south rim. The
largest tributary in Grand Canyon is the LCR with a drainage basin of about 26,964 mi? (69,832 km?).

It is estimated that the Colorado River has flowed through Grand Canyon for the last 5 million years, in
which natural streamflow has decreased from an increasingly arid basin climatology and hydrology. The
Colorado River is a high elevation desert stream, characterized by high spring snowmelt flows, and low summer,
fall, and winter flows, with periodic and spurious short-term flows from summer rainstorms. The Colorado River
through Grand Canyon has undergone many changes, greatly increasing variability in streamflow regime,
sediment loads, and water quality. Also, periodic geologic phenomena have temporarily altered and reshaped the
channel; Late Cenozoic lava flows in western Grand Canyon formed at least 12 major lava dams in the last 1.2
million years. The largest of these dams was approximately 2000 ft (610 m) high and backed the Colorado River
for over 200 mi (322 km) for an estimated 3000 years (Hamblin ***).

Natural streamflow is now substantially modified by anthropogenic activities--irrigation withdrawals,
transbasin diversions, and dam construction. Thirteen mainstem dams have variously regulated flow of the
Colorado River since construction of Boulder Dam in 1935, énd hundreds of smaller dams control virtually every
stream in the basin (Fradkin 1984). Glen Canyon Dam,wlargest of the dams on the Colorado River, was
authorized under the Colorado River Storage project Act of 1956 and completed in 1963 (Martin 1989). The
dam is located 15.2 mi (25 km) upstream of Lees Ferry, the dividing point between upper and lower basins, as
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designated by the Colorado River Compact of 1922 (Compact). The dam is 730 ft (222.5 m) high, and backs
water in Lake Powell for approximately 200 mi (322 km), at a maximum lake elevation of 3700 f (1128 m).
The reservoir is used to provide storage replacement for upstream irrigation development, to meet downstream
requirements under the Compact, and for storing water for peaking power generation through Glen Canyon Dam.

Lake Powell has a total capacity of 27 maf, and an active useable capacity of 25 maf. Water can be released
through Glen Canyon Dam in the following three ways (U.S. Department of Interior 1994):

»  Powerplant releases. The powerplant has eight generators with a maximum combined discharge
capacity of about 33,200 cfs, although releases during fluctuations are limited to 31,500 cfs.
Powerplant releases are preferred because of electrical production and associated revenues. Penstock
intakes are located 229 ft (70 m) below the water surface at maximum lake elevation.

»  River outlet works releases. Capacity of the river outlet works is 15,000 cfs, providing a total release
capacity of 48,200 cfs, when used in conjunction with powerplant releases. The river outlet works
as "jet tubes" draw water from 20 ft (6 m) below the water surface at maximum lake elevation.

»  Spillway releases. Spillway releases are made only when necessary to avoid overtopping the dam or
to lower the level of Lake Powell. Combined capacity of right and left spillways is about 208,000 cfs.
Spillway releases draw water from 20 ft (6 m) below the water surface at maximum lake elevation.

Although combined release capacity of the powerplant, river outlet works, and spillway is about 256,000
cfs, maximum combined releases from Glen Canyon Dam are not expected to exceed 180,000 cfs. Releases
during this investigation, from October 1990 through November 1993, were entirely through the powerplant.

This chapter presents streamflow characteristics of the Colorado River and selected tributaries in Grand
Canyon. An overview of the hydrology of Glen Canyon and Grand Canyon by Dawdy (1991) was used as a
source for this chapter. Flow characteristics of the mainstem are presented for pre and post-dam conditions to
provide a perspective of hydrology during the term of this investigation. Although tributaries contribute a
relatively minor component of flow to the mainstem, flow characteristics are presented because inflows were
important areas of fish concentrations, providing local habitats _for holding, food resources, warming, and
possibly spawning and rearing. Also, access to tributaries by adult native fishes for spawning, and subsequent
dispersal of young is greatly influenced by volume and timing of tributary flow.

METHODS

Flow of the Colorado River and its tributaries in Grand Canyon was evaluated from stream gage records
of the U.S. Geological Survey (USGS, Table 3-1, Fig. 3-1). Earliest records for Grand Canyon are for the
Colorado River at Lees Ferry starting in 1895. Early records were typically based on single daily measurements,

while most gaging stations today record streamflow at 15-min intervals. The most current records are

provisional, and subject to verification and change by USGS. Some provisional records were modified for this



Table 3-1. Stream gages used for hydrology analysis.

USGS Station  Station Name Location* Drainage Area  Period of Record
Number (mi?) (water years)
9380000 Colorado River at Lees Ferry, AZ RM 0.0 111,800 1895-present
9383100 Colorado River above LCR, AZ RM61.2 - Apr 1983-present
9402500 Colorado River near Grand Canyon, AZ RM 87.4 ~141,600 1925-1988
9404120 Colorado River at National Canyon, AZ RM 166.5 - Apr 1983-present
9404200 Colorado River above Diamond Creek, AZ RM 226.0 - Apr 1983-present
9402000 Little Colorado River near Cameron, AZ 45 mi ups 26,459 1947-present
9402300 Litle Colorado River near mouth, AZ 0.5 mi ups 26,964 1989-Jan 1993™
9382000 Paria River at Lees Ferry, AZ 1.1 miups 1,410 1923-present
9403000 Bright Angel Creek near Grand Canyon, AZ 0.5 mi ups 101 1923-1974
9403780 Kanab Creek near Fredonia, AZ 31 mi ups 1,085 1963-1980

*RM = river miles downstream from Lees Ferry.

ups = distance upstream from Colorado River confluence.

®data inconsistent

‘discharge based on stage elevations, periodically adjusted based on stream channel measures.

|

| ST. GEORGE °

UTAH

’;_ e UV AH 9403600 %
ARIZONA

Fredonia
(-]

NEVADA

(launcn)

9380000

|
!
1
|
| Fence Fault Springs
|

i

9383100

/- 9402300

Ligy 9402000

Comomn°

[)
£ Lova Springs
3 9404200
a
]
Oiamond Creek
Diamona  (lake out)
Creek
E [} 30 mies
- ———cd
: |
N ® USGS gaging stations M

e

FLAGsTAFF ©

) |

Lees Ferry 9379910

Fig. 3-1. Locations of stream gages used for hydrology analysis.
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report, using data from adjacent gaging stations where obvious data irregularities existed. Final published
records of the USGS are not expected to vary significantly from those presented in this report.

A streamflow routing model was developed for this study to provide time and site-specific flow for
correlation with radiotclemeu'y observations of adult humpback chub and collection of drift material. This flow
routing model was based on the flood wave theory (Lazenby 1987), using the nearest stream gages for calibration.
Stage-discharge relationships were derived from USGS stream gages for determination of flow from channel
bathymetry (See Chapter 7 - HABITAT).

Mainstem Colorado River

Flow data for the Colorado River in Grand Canyon were obtained from five USGS stream gages (Fig. 3-1),
identified by the following gage numbers and descriptions:

» 09380000 - at Lees Ferry, AZ

» 09383100 - above Little Colorado River, AZ

» 09402500 - near Grand Canyon, AZ

» 09404120 - at National Canyon, AZ

» 09404200 - above Diamond Creek, AZ

Historic records were available from the Lees Ferry gage (1895 to present) and from the Grand Canyon
gage (1922 to present), but only intermittent records were available from above the LCR, at National Canyon,
and above Diamond Creek (mid-1980s to present). The gage above the LCR was used most frequently because
of its proximity to many aspects of this investigation that required time and site-specific streamflow information
(e.g, fish movement from radiotelemetry observations, habitat assessment, fish movement into tributaries from
channel bathymetry). Missing or aberrant discharge measurements were replaced using routed flow data from
the Lees Ferry gage. Because USGS discontinued gaging streamflow above the LCR in April 1993, GCES began
collecting flow data in March 1993, and a correlation was developed between the two records to adjust the GCES
data and provide a consistent record.

Little Colorado River

Flow data for the LCR were obtained from the following two USGS stream gages (Fig. 3-1):

» 09402000 - near Cameron, AZ

» 09402300 - near mouth, AZ

The gage near Cameron provided an historic record of flow for the LCR since 1947. However, the gage
was located 45 mi (72 km) upstream of the confluence, and did not record flow from Blue Springs (21 km
upstream of the confluence), which was the major source of base flow for the LCR. The gage above the

confluence with the mainstem was operated from 1987 to January 1993, when it was disabled by an unusually
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high flood. GCES measured stage at this location with a manometer pressure sensor starting in January 1993,
but no correlation with discharge was made in time for this report.
Other Tributaries

Flow data for major tributaries in Grand Canyon, other than the LCR, were obtained from the following
three USGS stream gages (Fig. 3-1):

» 09382000 - Paria River at Lees Ferry, AZ

» 09403000 - Bright Angel Creek near Grand Canyon, AZ

» 09403780 - Kanab Creek near Fredonia, AZ

Of seven major tributaries identified in the study region, only four had USGS gaging streamflow data--LCR,
Paria River, Bright Angel Creek, and Kanab Creek. No USGS gages were located on Shinumo Creek, Tapeats
Creek, or Havasu Creek. The gages on the Paria River and Bright Angel Creek were each located within 1.2 mi
(2 km) of the mouth, and were valuable for determining annual and seasonal inflow into the Colorado River. The
Kanab Creek gage was located about 31 mi (50 km)

upstream from the mouth, and reflected general z_ — Annual Discharge
hydrology. %2 ~ ] P i
FLOW CHARACTERISTICS : :; s ] I
Mainstem Colorado River 2 104
Pre-Dam Flows g : ] !

Prior to completion of Glen Canyon Dam in 4" [ {
1963, flow of the Colorado River through Grand :‘ém. s s s
Canyon was characterized by dramatic annual and Water Your
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snowpack accumulated high in the basin's headwaters. g =
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. § 20000
exceeded 18 maf, while the lowest recorded annual i
20,000
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(Fig. 3-2). Mean annual discharge for 51 water years
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annual discharge was 14,350 cfs and mean volume was (WY 1965-92) flow of the Colorado River at Lees
Ferry, AZ.
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Pre-dam seasonal discharge patterns were characterized by exceptionally high spring and early summer
flows, and low fall and winter flows (Fig. 3-2). Flows typically began rising in March with low elevation
snowmelt, and were generally highest in late May and early June with snowmelt runoff. Although flows in June
averaged nearly 60,000 cfs, peak daily flows frequently were over 100,000 cfs. Flows typically receded in late
June and July, and from August through March, averaged 5000 to 10,000 cfs. Lowest recorded flow at Lees
Ferry, since the USGS gage was installed in 1895, was 750 cfs on December 27, 1924, and highest was 220,000
cfs on June 18, 1921 (Boner et al. 1990). Maximum discharge since at least 1868 was about 300,000 cfs on July
7, 1884, and climatological evidence from tree rings indicates that a flow of about 500,000 cfs occurred in the
1600's (Webb *****),

Post-Dam Flows

Annual and seasonal flow variation dramatically decreased, and daily fluctuations dramatically increased
when Glen Canyon Dam was closed on March 13, 1963. Except in years of high-runoff (WY 1983-87), year-to-
year variation in total annual discharge has been maintained between 8 and 9 maf (Fig. 3-2). Average daily post-
dam flows have exceeded 30,000 cfs only about 3% of the time, and have been less than 5000 cfs about 10% of
the time. Seasonal streamflow regime has also been modified, with mean daily springtime flows reduced from
about 60,000 cfs to less than 20,000 cfs. Conversely, mean daily flows during late summer and winter have
increased from a range of 5000-10,000 cfs to 10,000-15,000 cfs (Fig. 3-2). Fluctuations within the day have
varied dramatically for peaking power generation, with a range in median (equalled or exceeded 50% of the time)
daily fluctuations (difference between minimum and maximum daily releases) of about 12,000 cfs in October to
about 16,000 cfs in January and August. Minimum flows during peaking power operations ranged from 1000
to 4000 cfs prior to August 1, 1991.

Hydroelectric power generation is one of the more significant operational aspects affecting the character
of Glen Canyon Dam releases through Grand Canyon. Since hydroelectric power is used primarily for "peaking
power” (power needs above base loads brought about by daily changes in demand), water is held in the reservoir
at night when demand for power is low, énd released at higher volume during high daytime demand. Weekends
and holidays are often extended periods of low flow. This daily fluctuation in releases generates long waves
which travel downriver with a characteristic pattern (Fig. 3-3).: Discharge and river flow velocities are
substantially greater at wave peaks than at wave troughs. As the waves move downriver, wave peaks travel faster
and tend to overtake wave troughs, but because of flow hydraulics, wave peaks maintain similar magnitude and
wave troughs increase. High tributary inflows may disrupt this pattern by increasing discharge for both wave
peaks and wave troughs.

Six distinct, and sometimes overlapping, operational scenarios were evident for post-dam flows of the
Colorado River in Grand Canyon for WY 1963-93 (Fig. 3-4):
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Fig. 3-3. Characteristic wave patterns generated by daily fluctuating releases over a 44-h period, as measured
simultaneously at Lees Ferry, above LCR, and above Bright Angel.
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Fig. 34. Six operational scenarios during post-dam discharges (WY 1963-93), as measured at Lees Ferry, AZ
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»  Initial reservoir filling from March 1963 through WY 1964

»  Long-term filling and operation from WY 1965 to WY 1982

»  High floods flows from WY 1983 through WY 1986

»  High fluctuating releases from WY 1987 to June 1, 1990

»  GCES Research flows from June 1, 1990 through July 29, 1991

»  Interim flows beginning August 1, 1991

For the first 2 years following closure of Glen Canyon Dam in 1963, releases were low to allow for initial
filling of the reservoir. Minimum daily flow on January 23 and 24, 1963 was 700 cfs, as a result of closing the
coffer dam, and annual discharge in 1963 and 1964 was less than 2.5 maf. Water released through the dam was
of similar chemical and thermal nature to upstream river water through the late 1960's, but became increasingly
cold and clear as the reservoir filled and impounded sediments, eventually stratifying to trap cold water in the
lowermost hypolimnion. Lake Powell reached maximum capacity of 26.373 maf on July 14, 1983, at 3708 ft
(1130 m) elevation (Boner 1990).

The third operational scenario resulted from heavy snowfall in winter 1982-83 and 1983-84 which produced
an unusually high ninoff, and a maximum discharge of 97,300 cfs on June 29, 1983. Over 20 maf were released
through the dam in WY 1984 (October 1, 1983 through September 30, 1984), more than any year since WY
1922. Annual releases from WY 1983 through WY 1987 averaged 12 maf, as a result of this wet period.

The period from WY 1987 to June 1, 1990, was characterized by low annual runoff, and high daily
fluctuating releases, as a result of increased regional peaking power demands. Typical daily release patterns (Fig.
3-5) for a low-release year (WY 1989), moderate release year (WY 1987), and high release year (WY 1984)
(U.S. Department of Interior 1994) illustrate the wide variation of operational scenarios caused by local weather
patterns and peaking power demands. The magnitude of daily fluctuations was greater for low to moderate
release years than for high release years.

Releases from June 1, 1990 through July 29, 1991 were identified as research flows--releases requested by
GCES to evaluate the effects of controlled releases on canyon resources (Fig. 3-6). These releases were
characterized by normal flow for periods of 10-30 d with: |

»  minimum daily releases of 1000 cfs from Labor Day to Easter, and 3000 cfs from Easter to
Labor Day

»  maximum release of 31,500 cfs

»  daily fluctuations of 30,500 cfs/24 h from Labor Day to Easter, and 28,500 cfs/24 h from Easter
to Labor Day

»  unrestricted ramping rate

39



Fig. 3-5. Low, moderate, and high release water years for Glen Canyon Dam. Used with permission of Bureau of
Reclamation, Colorado River Studies Office, Sait Lake City, UT.

3-10



Fig. 3-6. Research flow schedule for releases from Glen Canyon Dam. The 3-d 5000 cfs constant flows were
scheduled to begin at 12:01 a.m. on Friday and conclude at 12:01 a.m. on Monday. The 8000 cfs, 11,000 cfs, and
15,000 cfs constant flows each lasted 11 d.
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The research flows also consisted of constant flow of:
» 5000 cfs for 3 d at least once monthly, except for March 1991
» 8000, 11,000, and 15,000 cfs in October and December 1991, and May 1992, respectively.

Beginning August 1, 1991, Secretary of Interior Manuel Lujan issued a decree to operate Glen Canyon Dam
under "interim operating criteria” until the Record of Decision for the Glen Canyon Dam Environmental Impact
Statement, expected in October 1995. Interim criteria were characterized by:

»  Flows limited to a maximum of 20,000 cfs
»  Daytime minimum of 8000 cfs, and a nighttime minimum of 5000 cfs

»  Maximum allowable daily flow variation of 5000 cfs for low (<600,000 af), 6000 cfs for medium
(600,000-800,000 af), and 8000 cfs for high (>800,000 af) volume months

»  Maximum allowable rate of release change for rising flows (up ramp) no greater than 2500
cfs/h, with a maximum of 8000 cfs change during any 4-h period

»  Maximum allowable rate of release change for falling flows (down ramp), of 1500 cfs/h.

This investigation spanned from October 1990 through November 1993, and covered three complete water
years (WY 1991-93), plus the first two months of WY 1994 (i.e., October and November 1993). Hydrographs
showing daily high and low flows for this period for the Colorado River above the LCR are presented in Fig. 3-7.
Except for "normal flow" periods during research flows, daily and hourly flow variations were generally less
during the 3-year study period than prior to inception of research flows on June 1, 1990.

Little Colorado River

The LCR is the largest tributary to the Colorado River in Grand Canyon, with a drainage area of about
26,964 mi* (69,832 km?) and an average annual discharge of 170,000 af. Although the LCR drainage comprises
nearly 23% of the area of the Colorado River Basin, it contributes less than 2% of flow volume. The
LCRoriginates on Mount Baldy in the White Mountains and flows north for about 256 mi (412 km) through
northeastern Arizona, entering the Colorado River at RM 61.3 (61.3 mi below Lees Ferry, 76.8 mi below Glen
Canyon Dam). Stream gradient in the last 2 km is low with an average change of about 12 m/km.
originates on Mount Baldy in the White Mountains and flows north for about 256 mi (412 km) through
northeastern Arizona, entering the Colorado River at RM 61.3 (61.3 mi below Lees Ferry, 76.8 mi below Glen
Canyon Dam). Stream gradient in the last 2 km is low with an average change of about 12 m/km.
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The LCR, unlike the upper Colorado
River, does not drain a large mountainous
region, and does not produce large
snowmelt runoffs. Although greatest
annual flows generally originate from
snowmelt in March and April, high flows
often occur from late summer to winter
(Fig. 3-8), as a result of 1
ocal high-intensity rainstorms. The LCR
is often dry at the Highway 89A bridge
near Cameron, but a series of springs
located 3-13 mi (5-21 km) upstream from
the mouth provide a relatively constant
baseflow of 200-300 cfs. The largest
spring, Blue Springs, is located 13 mi (21
km) from the mouth, and imparts the
characteristic aqua-blue color to the LCR.

Flows of the LCR during the study
period (WY 1991-93) displayed the erratic
variability in streamflow, characteristic of
this stream (Fig. 3-9). Volume discharged
in WY 1991 was below normal from low
snowmelt runoff, and only three major
flood events occurred—-peaks of about 2200
cfs in early January and March, and about
2700 cfs in mid April. Above normal
runoff occurred in WY 1992 and WY
1993. In WY 1992, an extended spring
runoff occurred from February through
Apnil, and unlike WY 1991, several spike

30,000

25,000+

-
o
[=]
8

Mean Daily Flow (cfs)

20,000+

Water Year 1991

30,000

OCT NOV DEC JAN FEB MAR APR MAY JUN JUL AUG SEP

B
g

Mean Dally Flow (cfs)
&

10

5,000

[
8

WW“‘WMM“W

Water Year 1992

OCT NOV DEC JAN FEB MAR APR MAY JUN JUL AUG SEP

B
2

g

Nlean Dilly Flog (cts)
E E
o B
e =
——
=
%
=

Water Year 1993

ﬂOCTN()V[JE(!.MNFEBMN'\‘APF! MAY JUN JUL AUG SEP

Fig. 3-7. Mean daily flow of the Colorado River for WY 1981-
93 as measured above the Little Colorado River, AZ.
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Fig. 3-8. Annual discharge and mean daily flow for WY 1948-91 of the Little Colorado River at Cameron, AZ.

flows of about 2200-2500 cfs occurred throughout summer. The high rainfall-induced flow in June 1992 was
unusual, since high intensity rainstorms on the Colorado Plateau usually occur in late summer (late July to mid
September). WY 1993 was marked by an unusually high winter flood event that peaked at about 17,000 cfs on
January 13, 1993, and a second event of about 14,000 cfs in late January 1993. The first event disabled the
stream gage near the mouth, and precluded continued streamflow data for the lower LCR.
Other Tributaries
Paria River

The Paria River enters the Colorado River about 1 mi (1.6 km) downstream from Lees Ferry (Fig. 3-1).
It originates in the Escalante Mountains and the Paria Plateau of southern Utah, and flows south for 55 mi (88
km), draining an area of approximately 1409 mi? (3650 km?). The lower 2 km of the channel has a low gradient
of about 12 m/km. Unlike the Colorado River and LCR, the Paria River does not originate in high mountainous
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areas (highest elevation in the watershed is less

than 6560 ft, 2000 m), and springtime snowmelt ~ jg Wator Yoar 1981
runoff is not a large contributor to streamflow. £ 8000}
The largest flows typically occur in late summer § :2
and fall following high-intensity rainstorms. S 30001
This irregular and unpredictable streamflow 2 fg ﬂ M [ \
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River (See Chapter 4 - WATER QUALITY). u—z :g
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was about 21,000 af, with average streamflow 2,000 w
1000 T__:JL\_JMJ\/
of 29 cfs that varied widely (Fig. 3-10). 0
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70w Water Year 1983
mid May to mid July, when flow was oftenless § 000 |
than 10 cfs. Beginning about mid July, summer & 5900
storm activity often produced flash floods with 3 ;ﬁ , ’
discharges >1000 cfs. However, without such § 2000 ¢

1,000 + ﬁ }
runoff, low flows were likely. The probability 0
OCT NOV DEC JAN FEB MARAPR MAY JUN JUL AUGSEP
of storm-generated runoff typically decreased in
Fig. 3-9. Mean daily flow of the Little Colorado River
November. for WY 1991-93 at Cameron, AZ, and near the mouth.
Bright Angel Creek Discontinuous line indicates missing data.

Bright Angel Creek originates near Greenland Lake in the southern part of the Kaibab Plateau in northern
Arizona. It flows south for about 12.5 mi (20 km), and enters the Colorado River at RM 87.6, near Phantom
Ranch. The watershed of Bright Angel Creek is small, and encompasses an area of about 100 mi? (260 km?).
The stream drains a karstic ground water system, with numerous springs providing a relatively constant baseflow
of about 20 cfs. Forthe period of record, discharge typically increased with local snowmelt, between April and

early June, when flows often reached several hundred cubic feet per second (Fig. 3-10). However, in drought
years, flows never exceeded 50 cfs.
Shinumo Creek

Shinumo Creek originates at South Big Springs within the Shinumo Amphitheater, and drains about 85 mi?
(220 kan?) of the southern Kaibab Plateau in northern Arizona--similar to terrain drained by Bright Angel Creek.
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The stream flows south for about 12.5 mi (20
km), and enters the Colorado River at RM 108.5.
Stream gradient is high, with an average
elevational change of about 46 m/km in the last 2

km. Numerous springs support a year-round base
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flow, and annual streamflow regime is probably
similar to that of Bright Angel Creck. A USGS
stream gage has never been installed in Shinumo
Creek, and discharge information is based on Bright Angel Creek

individual  measurements by  different
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investigators. Johnson and Sanderson (1968)
measured a range of flow near the mouth of 3.5-
16 cfs. Maddux et al. (1986) reported a range of
10.5-108.0 cfs during a study from April 1, 1984
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Tapeats Creek originates in the Tapeats %5‘,,
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of the southem Kaibab Plateau in northem g7
Arizona. It is formed by a number of springs, the = [
10+
largest of which is Tapeats Spring, and flows . ,!(“A L M ) ‘A th
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south for about 6 mi (10 km) to enter the

Colorado River at RM 133.7. Springs originating
Fig. 3-10. Mean daily flow of the Paria River near Lees

from Monument and Crazy Jug points, as well as Ferry, AZ (WY 1923-93), Bright Angel Creek near Phantom

. . . Ranch, AZ (WY 1923-74), and Kanab Creek near Fredonia,
Thunder Springs, which feeds Thunder River and AZ (WY 1963-80). Discontinuous line indicates missing
enters Tapeats Creek about 2 mi (3 km) above the data.

Colorado River, also provide water to Tapeats Creek. Although a USGS stream gage has not been installed in
Tapeats Creek, it is estimated that this stream has the highest discharge of any tributary originating from the north
rim of Grand Canyon (Huntoon 1968). Maddux et al. (1986) reported a flow range of 78.4-281.9 cfs from April
1, 1984 to May 30, 1986. Stream gradient in the last 2 km is among the steepest of tributaries in Grand Canyon,
with an average change of about 49 m/km. Seasonal flow pattern of Tapeats Creek is probably similar to that
of Bright Angel Creek (Fig. 3-10).
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Kanab Creek

Kanab Creek originates in the Pausagunt Plateau of southern Utah, and flows south for over 62 mi (100 km)
to enter the Colorado River at RM 143.5. The stream drains a watershed area of approximately 2200 mi? (5700
km?), and like the Paria River and LCR, has an irregular and unpredictable flow, characterized by high, short-term
floods following severe rainstorms in late summer. Mean daily flow, recorded at the USGS gage near Fredonia,
Arizona (about 31 mi, 50 km, upstream from the mouth), varied dramatically from over 60 cfs in December to
periods of no flow in June and July (Fig. 3-10). Maddux et al. (1986) reported a flow range of 2.8-38.0 cfs
between April 1, 1984 and May 30, 1986. Stream gradient in the lower 2 km is low with an average change of
about 12 m/km.

Havasu Creek

Havasu Creek is the major tributary draining the Coconino Plateau south of the Colorado River. A constant
baseflow of about 70 cfs is provided by Havasu Springs, which is located about 10 mi (16 km) above the
confluence with the Colorado River (Johnson and Sanderson, 1968). Havasu Creek enters the Colorado River
at RM 156.7, and is the only major perennial tributary for 69 mi (111 km) to Diamond Creek (RM 225.7).
Maddux et al. (1986) reported a flow range of 60.6-207.4 cfs between April 1, 1984 and May 30, 1986.
Seasonal flow regime for Havasu Creek is similar to the other tributaries in Grand Canyon, with high snowmelt
flows in spring, and low summer, fall, and winter baseflows, marked by high, short-term rainstorm floods.
Gradient over the last 2 km of stream is moderate with an average elevational change of about 25 m/km.
DISCUSSION

Historic hydrology of the Colorado River in Grand Canyon illustrates the great annual and seasonal
variability in flow, characteristic of this southwestern river. Highest annual flow volume (18 maf) from WY 1922
to WY 1962 was four times higher than lowest volume (4.4 maf), and highest mean daily flow in June (75,000
cfs) was more than one order of magnitude (10 times) greater than lowest mean daily flow in January (5000 cfs).
The most dramatic illustration of system variability was the difference of nearly three orders of magnitude
between record lowest (750 cfs) and estimated highest (500,000 cfs) flow. Daily variation in summer, fall, and
winter was low, except for periodic rainstorm floods that, at times, dramatically increased river volume and
subsided over a period of days.

Since completion of Glen Canyon Dam in 1963, annual and seasonal variability was greatly reduced, and
daily variation was increased. Except for high flood flows in WY 1983-87, highest annual flow volume (11 maf)
from WY 1965-WY 1990 was only 50% higher than lowest volume (7 maf), and highest mean daily flow (20,000
cfs) was only four times greater than lowest mean daily flow (5000 cfs). The difference between lowest (1000
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cfs) and highest (31,500 cfs) flow was greatly reduced from pre-dam conditions, but represented daily variation
through some of the post-dam period that greatly exceeded pre-dam conditions.

Release patterns from during this investigation (October 1990-November 1993), were unlike those of any
comparable period of time, and unlike those witnessed by previous investigators on the Colorado River in Grand
Canyon (Fig.43-1 1). Flow of the Colorado River, during the first 10 months of this study (October 1990-July
1991), was characterized by intervening periods of high fluctuating flows and constant releases--the research
flows. The last 28 months of the study (August 1991-November 1993) were marked by dramaticaily higher
minimums, lower maximums, and less range in daily fluctuations--the interim flows.

Although high fluctuating releases of 1000 or 3000 cfs to 31,500 cfs, with unlimited ramping rates, were
similar to previous maximum peaking power operations (e.g., WY 1987-89), the intervening monthly constant
flows of 5000, 8000, 11,000, and 15,000 cfs, during research flows (June 1990-July 1991), were uncharacteristic
of previous operations. Also, the elements of interim flows (starting August 1991) had not been integrated into
any previous operation, i.e., minimum of 5000 or 8000 cfs, maximum of 20,000 cfs, and maximum daily
variation of 5000, 6000, or 8000 cfs, with limited ramping rates.

Flows during this investigation lacked the high spring floods of pre-dam years (WY 1949-62), some
exceeding 120,000 cfs, (Fig. 3-11). They also lacked the characteristic high daily fluctuating releases and
periodic low flows of post-dam years (WY 1964-93). The most dramatic contrast, for this investigation, was
with the period WY 1983-86, during the time of the last major mainstem investigation by AGF (Maddux et al.
1987). Researchers during that period witnessed three monthly maximums of over 40,000 cfs, and many monthly
minimums of over 20,000 cfs (based on mean daily flows).

Stage-discharge relationships for the Colorado River above the LCR inflow illustrated the differences in
flow magnitude and flow change rate observed in the principal humpback chub habitat. River stage varied up
to ** m during research flows of 3000 to 4\31,500 cfs, and up to ** m during interim flows of 8000 to 20,000
cfs. Average ramping rate observed during research flows was 886 cfs/h (s.d.=1230), and 378 cfs/h (s.d.-379)
during interim flows, while magnitude of daily flow change decreased from an average of 5643 cfs (s.d.=5144)
during research flows to an average of 4014 cfs (s.d.=1991) during interim flows.

Flows of seven principal tributaries in Grand Canyon (LCR, Paria, Bright Angel, Shinumo, Tapeats, Kanab,
Havasu creeks) were characteristically variable with high spring runoff, low summer flows, and erratic late
summer and winter floods. Large floods of about 20,000 cfs in Havasu Creek in January 1990 and 1991, and
in the LCR in January 1993 of about 17,000 cfs were dramatic and notable to this investigation. The Havasu
Creek flood scoured much of in-channel travertine and most of the streamside riparian vegetation, and transported
large volumes of woody debris, sand, and silt to form a temporary dam across the Colorado River. This flood
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occurred early in this investigation, and its effects on fish and fish habitat were largely undocumented.

The LCR flood also scoured much of the in-channel travertine (Gorman et al. (1993), and transported large
volumes of sand and silt into the Colorado River. This flood occurred immediately before a scheduled B/W trip,
and was the important aspect of several analyses in this report including dispersal of fish (See Chapter 5 -
DISTRIBUTION AND ABUNDANCE) and reformation of channel morphology (Chapter 7 - HABITAT). Sand
beaches, formed primarily from reattachment bars in large recirculating eddies, received substantial deposits of
sand downstream of the LCR.
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Fig. 3-11. Monthly maximum, mean and minimum flow of the Colorado River at Lees Ferry for WY 1949-1993, with
fishery investigation periods indicated.
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CHAPTER 4 - WATER QUALITY

INTRODUCTION

Water quality of the Colorado River in Grand Canyon has been substantially altered by reduced variation
in seasonal streamflow and temperature, increased daily fluctuations, and reduced sediment load. Before Glen
Canyon Dam, water temperature ranged widely, from winter lows near freezing to highs of near 30°C in late
summer (Table 4-1). After the dam, hypolimnetic releases from Lake Powell have ranged from about 7.5°C to
10°C. Average pre-dam sediment load through Grand Canyon was about 140 million tons per year, with a range
of 50-500 million tons. Average post-dam sediment load has been about 15 million tons per year (Cole and
Kubley 1976, Marzolf et al. 1987). Sediment deposits in Lake Powell in 1986 ranged from a depth of 36 ft (11
m) near the base of the dam to a maximum depth of 182 ft (55.5 m) near the mouth of Dark Canyon, in the
Colorado River inflow about 180 mi (290 km) upstream of the dam (Ferrari 1988). Deposition of sediment and
lacustrine chemical dynamics in Lake Powell have also altered other water quality parameters, including inorganic
and organic components (Stanford and Ward 1991).

Table 4-1. Summary of pre- and post-dam sediment transport and thermal characteristics of the
Colorado River below Glen Canyon Dam.

Measurement Lees Ferry Grand Canyon
Pre-dam Post-dam Pre-dam Post-dam
Temperature(°C)*
Range in mean daily 0-295 75-10 2-25 6-13
Mean annual 10 10 " 12
Total Sediment (tons/year)®
Mean annual load 76.3x 108 8.6 x 10° 138.7 x 10° 146x10°
(years of record) (1948-58)
Suspended Sediment (mg/)*
Range in mean daily - - 1000-19,000 mgA 500-7000 mgA
(years of record) (1947-57) (1967-71)

Sources: *Cole and Kubly 1976; USGS Water Supply Papers
®Schmidt and Graf 1991 - Lees Ferry
®Carothers and Brown 1991 - Grand Canyon
‘USGS data from Earth Info on CD-Rom

Water quality parameters presented in this report include temperature, turbidity, specific conductance,
dissolved oxygen, and hydrogen ion concentration (pH). These parameters were used as chemical descriptors,
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together with physical and biological components, to characterize dynamics of the ichthyofaunal environment
resulting from dam operations. Conductivity, dissolved oxygen and pH remained within known acceptable levels
for the warmwater native fishes. Bulkley et al. (1982) reported that juvenile humpback chub preferred a TDS
range of 1.3-3.0 microsemens per centimeter (uS/cm), which is slightly higher than normally reported in Grand
Canyon, and avoided levels greater than 8.5 pS/cm, which is reported only from local springs in the basin.
Dissolved oxygen and pH do not appear to be significantly different from pre-dam levels.

Lowered water temperature and decreased turbidity have contributed substantially to a new set of
environmental conditions for the riverine ecosystem in Grand Canyon. Relatively constant post-dam temperatures
have remained below-optimum for warmwater fish species (Hamman 1982, Marsh 1985, Bulkley et al 1982),
and disrupted life cycles of many species of diatoms, algae, (Hardwick et al. 1992) and macroinvertebrates
essential to the pre-dam ecosystem (Carothers and Brown 1991). Reduced sediment has resulted in reduced
organic levels and suspended food supplies, and increased water clarity, which may reduce cover for feeding and
escape from predators.

METHODS

Water quality parameters, analyzed for the mainstem Colorado River, LCR, other tributaries, and special
habitats (i.., riverside springs, tributary inflows, shallow embayments, areas of local fish abundance), included
temperature, turbidity, specific conductance, dissolved oxygen, and hydrogen ion concentration (pH). Water
quality data were procured from three sources, including portable Hydrolab water quality instruments (Hydrolab
Corp, Austin, TX), USGS stream gaging stations, and Ryan Tempmentors (Ryan Instruments, Redmond, WA)
deployed and maintained by GCES. Water quality data were collected during monthly field trips to characterize
local habitats and supplement other data. Hydrolab data were usually collected hourly for 10-20 d/month, and
discontinuous between field trips, since instruments were not left in the field between trips. BIO/WEST used the
following Hydrolab water quality instruments:

»  Surveyor 2: With Field Data Logger (Model 5100A)

»  Surveyor 2: Display Unit (Model: SVR2-SU)

»  Surveyor 3: 1100 Surveyor Data Logger (Model SVR3-DL)
» DataSonde 2: (Model 2270 H)

Water temperature was recorded in degrees Celsius (°C), and turbidity (as light transmisivity) was recorded
in nephelometric turbidity units (NTUs) with a Hach Model 2100P turbidimeter, and as depth of water clarity
with a standard 20-cm diameter Secchi disk. Specific conductance was measured in microSemens per centimeter
(uS/em), adjusted to 25°C. Dissolved oxygen was expressed as milligrams per liter (mg/1), and hydrogen ion

concentration in pH units (0-14).



Each Hydrolab instrument was calibrated before and after each field trip. Water quality data were
downloaded from dataloggers using a laptop or desktop computer and Procomm Plus Version 1.1B
communications program (Datastrom Technologies, Inc., Columbia, MO). Water quality parameters (except
turbidity) were recorded at camp locations, sample sites, tributary inﬂows,. and special habitats. Turbidity was
measured daily at camp, or with dramatic changes, usually from tributary inflow. A summary of water quality
instruments used by river mile and month for 1991, 1992, and 1993 is presented in Appendix Table D-1.

Data from six mainstem gages and six tributary USGS gages were used to provide historic and present
overviews of water quality in the mainstem Colorado River and its tributaries (Table 4-2, Fig. 3-1). Pre-dam
water quality and sediment data were obtained from two mainstem gages (Colorado River at Lees Ferry and
Colorado River near Grand Canyon, AZ) and three tributary gages (Paria River at Lees Ferry, LCR near
Cameron, and Bright Angel Creek near Grand Canyon). Post-dam data were from gages on the Colorado River
below Glen Canyon Dam, above the LCR, at National Canyon, and at Diamond Creek, which were installed in
1983, as part of GCES Phase I to evaluate sediment transport and provide data for a flow routing model. Post-
dam data were also obtained from gages (minimonitors) installed in 1989 on the lower LCR, Bright Angel Creek,

Kanab Creek, and Havasu Creek. These minimonitors recorded water temperature, DO, and conductivity, and

included pressure transducers for use with flow-rating curves to yield stream discharge estimates.

Table 4-2. Stream gages used for water quality analysis.

USGS Station Station Name Location® Period of Record
Number (water years)
09379910 Colorado River below Glen Canyon Dam, AZ RM +14.5 Oct 1989-Sep 1990
09380000 Colorado River at Lees Ferry, AZ RM 0.2 1895-present
09383100 Colorado River above LCR, AZ RM61.2 Apr 1983-present”
09402500 Colorado River near Grand Canyon, AZ RM 87.4 1925-1988
09404120 Colorado River at National Canyon, AZ RM 166.5 Apr 1983-present
09404200 Colorado River at Diamond Creek, AZ RM 226.0 Apr 1983-present
09382000 Paria River at Lees Ferry, AZ 1.1 mi ups 1923-present
09402000 Little Colorado River near Cameron, AZ 45 mi ups 1947-present
09402300 Litle Colorado River near mouth, AZ 0.5 mi ups 1989-Jan 1993™
09403000 Bright Angel Creek near Grand Canyon, AZ 0.5 mi ups 1923-1974
08403850 Kanab Creek near mouth, AZ 1.0 mi ups 1989-present
08404115 Havasu Creek near mouth, AZ 0.3 mi ups 1989-present

*RM = river miles downstream from Lees Ferry.
ups = distance upstream from Colorado River confluence.
®data inconsistent

‘discharge based on stage elevations, periodically adjusted to stream channel measurements.
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Ryan Tempmentors were installed by GCES in several tributaries and mainstem locations to supplement
USGS gaging data and to provide data for a temperature model for the Colorado River in Grand Canyon.
Tempmentors were located in lower Nankoweap Creek, LCR, Shinumo Creek, Kanab Creek, Tapeats Creek, and
Havasu Creek, as well as select locations on the mainstem, such as RM 127 (Middle Granite Gorge).

Methods for gathering water quality parameters were adjusted for particular locations and conditions in this
investigation. Water quality parameters in the mainstem were measured with a Hydrolab DataSonde deployed
from a 37-ft (11.3-m) raft at each temporary campsite. Parameters were recorded electronically at 1-h intervals,
and manual readings were recorded from a Hydrolab Surveyor 2, to supplement the electronic data in case of
battery failure. Water temperature associated with fish and drift sampling was recorded with handheld
thermometers, calibrated with a Surveyor 2 at the beginning of each trip. Water quality in the LCR was also
recorded electronically at 15-min intervals with a Hydrolab DataSonde. Datasondes were deployed only when
teams were in the vicinity--about 10 d/month--and temperature data were supplemented with Ryan Tempmentors
and CR10 dataloggers (Campbell Scientific, Inc., Logan, UT), and USGS ADAPs (Data Collection Platforms).
Hydrolab Datasondes or Surveyors were also used to record water quality data in various tributary inflows, which
were supplemented with data ﬁ-oxh Tempmentors or USGS gaging stations, to provide a continuous record of
tributary temperature. Water quality parameters of special habitats were measured opportunistacally with a
Surveyor 2 and results recorded manually.

WATER QUALITY CHARACTERISTICS

Colorado River

Water Temperature

Pre-Dam. Mean monthly temperature of the Colorado River at Lees Ferry and near Grand Canyon (Phantom
Ranch) before Glen Canyon Dam (1959 used as a representative year) ranged from about 2°C in winter to 26°C
in late summer (Fig. 4-1), with daily extremes of 0° C in December-January, and 29.5°C in July-August (Cole
and Kubly 1976). Although warming usually began in February, peak snowmelt from late May through early July
maintained relatively cool water temperature through spring and early summer. As flow decreased in mid-
summer, water temperature reached 23-26° C in July and August, and by September, water temperature began
cooling. Little longitudinal difference was seen in mean monthly temperature between these two stations,
approximately 87 mi apart, indicating little warming or cooling through the canyon in pre-dam flows.

Post-Dam. Following construction of Glen Canyon Dam, the Colorado River in Grand Canyon was
transformed into a cold, clear river. The same seasonal pattern of coldest water temperatures in December or

January, and warmest temperatures in June or July occurred after the dam, but the difference between winter lows
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Fig. 4-1. Pre-dam (1959) and post-dam (1976) mean monthly temperatures of the Colorado River at Lees Ferry,
AZ and near Grand Canyon, AZ (Phantom Ranch). USGS Water Resources Data.

and summer highs was only a few degrees Celsius. Mean daily post-dam water temperature at Lees Ferry (1976
used as a representative year) ranged annually from 8.0 to 10°C (Fig. 4-1), while mean temperature near Grand
Canyon (Phantom Ranch) ranged from 6.5 to 13°C.

Longitudinal warming of the Colorado River through Grand Canyon is an important aspect of the aquatic
ecosystem that can affect trophic levels spatially and temporally. Averages of mean daily temperatures for
representative months of the four seasons for WY 1992 (i.e., spring=April, summer=July, fall=October,
winter=January) showed greatest longitudinal increase in temperature in July (Fig. 4-2), of 8°C at the dam to
15.5°C at Diamond Creek, or about 7.5°C for 240 mi (1°C/32 mi). Comparable warming during selected
months were 1°C/37 mi in spring, 1°C/60 mi in fall, and no longitudinal warming or cooling was observed in
winter. Similar longitudinal warming was seen when temperature was averaged for the entire season for WY
1991, 1992, and 1993 (Fig. 4-3). This comparison also revealed differences between water years, e.g., spring
temperatures in WY 1992 were higher than WY 1991 or WY 1993, and similar to summer temperatures,
particularly at Diamond Creek (i.e., 15.5°C)
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Fig. 4-3. Mean seasonal temperature of the Colorado River for WY 1991-93 at six stations (Glen Canyon Dam,
Lees Ferry, Above LCR, Grand Canyon, National Canyon, Diamond Creek). USGS ADAPS data.
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Mean daily water temperatures for the mainstem Colorado River during research flows in 1991 were
compared for constant flows of 5000 cfs (May 16-20, May 31-June 3), 15,000 cfs (May 21-30), and normal
summer fluctuating flows (June 4-27) to evaluate the effect of flow volume on temperature (Fig. 4-4). Although
time span for this analysis was short and precluded distinction of diurnal and seasonal influences, specific
patterns are indicated. Assuming a travel time at 5000 cfs of about 15 h from the dam to the LCR, about 19 h
to Bright Angel Creek (gage at Grand Canyon ) (Dawdy 1991), and about 60 h to Diamond Creek, a relationship
of water mass and temperature was evident longitudinally. The river warmed 2-2.5° C under the combined
influence of longitudinal warming and constant 5000 cfs, but remained cooler and more isothermal under constant
15,000 cfs. These gage data were confirmed through field measurements near Diamond Creek, which showed
an increase of up to 3° C during the 3-d constant 5000 cfs release, and a decrease of up to 3°C with return to
normal operation or high fluctuating releases. It also appears that normal summer fluctuating flows resulted in
a higher average water temperature at downstream stations (i.e., Grand Canyon and Diamond Creek) than under
constant 15,000 cfs. Some of this increase in water temperature was probably attributed to seasonal warming,
but the analysis suggests a need to better understand the relationship between volume and temperature,

particularly when considering high spring releases or late summer constant low releases.

Temperature (°C)

O -« N WErOOENOGDODBIRDIITaeISD

# 18 1820 2 2% 28 28 0 1 3 5 7 9 11 1315 17 18 212822 7 2
May 1991 dre 1991

Fig. 4-4. Mean daily temperature of the Colorado River at four USGS stations (Lees Ferry, Above LCR, Grand
Canyon, Diamond Creek) during 1991 research flows of constant 5000 cfs (May 16-20, May 31-June 3),
constant 15,000 cfs (May 21-30), and normal summer fluctuating flows (June 4-27). Diagonal dashed lines
represent approximate travel time for flow to reach each of the four designated stations. USGS ADAPS data.
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While mean monthly temperature patterns provided an understanding of ambient seasonal conditions, mean
daily temperatures revealed variation within and between months at various distances downstream of Glen
Canyon Dam. Annual water temperature patterns, using mean daily values from six mainstem USGS gages (Glen
Canyon Dam, Lees Ferry, Above LCR, Grand Canyon, National Canyon, and Diamond Creek) for WY 1991(Fig.
4-5), WY 1992 (Fig. 4-6), and WY 1993 (Fig. 4-7) revealed the phenomena of seasonal longitudinal warming
and cooling, and increasingly greater downstream daily and monthly variation. In WY 1991, dam releases ranged
from about 7.5° C to 9.5° C, while water temperature at Diamond Creek (240 mi from the dam) ranged from about
5.5°Cto 18°C. In WY 1992, dam releases ranged from about 7°C to 11°C, and water temperature at Diamond
Creek ranged from about 8.5° C to 17° C; warmer dam releases were probably the result of lower levels in Lake
Powell, and withdrawal of warmer near-surface water. Dam releases in WY 1993 also ranged from about 7°C
to 11°C, and recorded temperature at Diamond Creek was 7.5° C to nearly 14° C, although the gage record was
incomplete for the warmest part of the year.

Sediment

Suspended sediment is the primary cause of turbidity in the Colorado River. It originates as particles of
disintegrated or eroded rocks that are suspended and transported by water. Suspended sediment is discussed
separately from turbidity in this chapter, because sediment load as milligrams/liter was a standard measurement
prior to Glen Canyon Dam, and few pre-dam turbidity measurements exist. Suspended sediment in the Colorado
River originates from two distinct sources. Mountainous headwater areas contribute about 31% of suspended
sediment, the remainder comes locally from tributaries draining the Colorado Plateau (Andrews 1991). In Grand
Canyon, the main sources of sediment are the Paria River and LCR. Sediments carried by the Colorado River
during spring runoff consist primarily of coarse sand from headwaters, while local summer floods transport
primarily silts and clays (Carothers and Brown 1991). Intermittent winter rains over the plateau may result in
tributary flooding and additional sediment input.

Pre-Dam. The pre-dam Colorado River was a sediment-rich system, undergoing an annual cycle of erosion,
transport, and deposition that. Mean annual suspended sediment load at Lees Ferry was 76.3 million tons per
year during 10 years (WY 1947-57) prior to dam construction (Laursen et al. 1976 in Schmidt and Graf 1991).
Mean daily suspended sediment at the Grand Canyon gage near Phantom Ranch varied from about 1000 to
19,000 mg/1 over the 10-year period (Fig. 4-8).
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Fig. 4-5. Mean daily temperature of the Colorado River for WY 1991 at six stations (Glen Canyon Dam, Lees
Ferry, Above LCR, Grand Canyon, National Canyon, Diamond Creek). Distance in kilometers downstream

from Glen Canyon Dam s indicated in parentheses. Discontinuous line indicates missing data. USGS
ADAPS data.
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Fig. 4-7. Mean daily temperature of the Colorado River for WY 1993 at six stations (Glen Canyon Dam, Lees
Ferry, Above LCR, Grand Canyon, National Canyon, Diamond Creek). Distance in kilometers downstream

from Glen Canyon Dam is indicated in parentheses. Discontinuous line indicates missing data. USGS
ADAPS data.
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Fig. 4-8. Pre-dam (WY 1947-1957) and post-dam (WY 1967-1971) average daily sediment concentrations (mg/l)
near Grand Canyon. USGS data from Earthinfo on CD ROM.

Historically, suspended sediment was highest during three distinct periods. Spring runoff produced a
consistent period of moderate sediment from late February through June, while summer rainstorms produced
short, spurious, and sometimes high sediment loads. The third period was marked to minor peaks in sediment
from mid-winter rainstorms or intermittent snow melt.

Post-Dam. Today, sediment originating from the headwaters of the Colorado River is deposited in a series
of reservoirs, primarily in Lake Powell. Sediment passing Lees Ferry decreased by almost 90% (76.3 to 8.6
million tons/year) in WY 1963-65 just after dam construction (Laursen et al. 1976 in Schmidt and Graf 1991).
The annual sustained sediment load during runoff (i.e., February-June) was eliminated by Glen Canyon Dam and
Lake Powell, and peaks in sediment load from summer rainstorms (i.e., July-November) and winter rains
(January) in major tributaries were still apparent, but reduced in magnitude (Fig. 4-8). Thus, the main volume
of sediment into Grand Canyon now occurs in late summer from local rainstorms, instead of in spring and early
summer from high elevation snowmelt.

Sediment load of the post-dam Colorado River in Grand Canyon is derived primarily from two tributaries—
Paria River and LCR. Mean annual sediment discharge of the Paria River for WY 1941-57 was 3.02 million
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tons, and sediment discharge for the same time period for the LCR near Cameron was 9.27 million tons (Andrews
1991). Other tributaries, such as Kanab Creek, and many ephemeral drainages, also contribute sediment
intermittently.

Suspended sediment load in the post-dam Colorado River increases with discharge and distance from Glen
Canyon Dam (M. Yard, GCES, pers. comm. ). This increase in suspended sediment load is attributed to tributary
input, and to the greater capacity of clear, cold water to transport sediment. Thus, phototrophic productivity of
the Colorado River between the dam and the Paria River (39 km) is much higher than historic levels, but quickly
decreases with distance from Glen Canyon Dam as suspended sediment increases.

Turbidity

Turbidity is an expression of the optical property that causes light to be scattered and absorbed rather than
transmitted through a water sample. Turbidity in water may be caused by suspended matter, finely divided
organic and inorganic matter, soluble colored organic compounds, plankton, or other microscopic organisms
(Greenburg et al. 1992). The current standard method for quantifying turbidity is the nephelometric method
(expressed as nephelometric turbidity units, NTU's), which measures light scattered at right angles to an incident
light source.

High spring snowmelt flows and spurious, intense late summer rainstorms was a sparsely-vegetated and arid
drainage basin to produce a history of high sediment loads and low water clarity. The relationship between light
attenuation and turbidity is not the same for all aquatic systems, because of variation in characteristic size, shape,
and refractive index of suspended material (Roos and Pieterse 1994, Yard 1994). The unique characteristics of
sediment from tributaries throughout Grand Canyon preclude direct correlation of turbidity with weight
concentration of suspended matter (milligrams per liter), without concurrent sampling. Thus, a power regression
curve (Fig. 4-9), describing the relationship between concurrent field measurements of Secchi depth and turbidity
(NTUs), was developed for a practical assessment of turbidity during this investigation. This relationship
revealed that a Secchi depth of 0.5 m equates to about 30 NTU's, and enabled researchers to use either technique
for assessing water clarity relative to fish catch information and movement (See Chapter 5 - DISTRIBUTION
AND ABUNDANCE; Chapter 8 - MOVEMENT).

Conductivity

Conductivity is a measure of the ability of an aqueous solution to carry an electric current, and is dependent
on concentrations of total dissolved solids (ions). Post-dam conductivity of the Colorado River in Grand Canyon
has varied slightly with volume of flow entering Lake Powell. Years with above-average flows have diluted the

lake water and reduced conductivity of releases, while below-average flows, combined
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Fig. 4-9. Relationship between Secchi depth (m) and turbidity (NTU) for the Colorado River in Grand Canyon.

with evaporation, have produced higher conductivities. Although tributary input within Grand Canyon has a
minor influence on local conductivity, collectively these add to constituents from many other streams in the
drainage to produce high salinity in downstream reaches.

During WY 1992 (October 1, 1991 - September 30, 1992), mean daily conductivity of the Colorado River
at Lees Ferry ranged from 874 to 981 pS/cm (USGS 1992), and mean daily conductivity above the LCR (RM
61.2) varied from 880 uS/cm in September to 1030 uS/cm in April (Table 4-3). Mainstem conductivity varied
slightly with season and distance from Glen Canyon Dam.

Dissolved Oxygen

Mean daily dissolved oxygen (DO) concentrations from the mainstem ranged from 10.35 mg/l in February
to 11.03 mg/l in July (Table 4-3). This relatively constant and high DO was attributed to cool water temperatures
and constant aeration by current. A slight seasonal trend in DO resulted from seasonal changes in water
temperature and associated saturation levels. All DO values recorded during the investigation approximated

saturation for the elevation of Grand Canyon.
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pH
Mean daily pH of the Colorado River above the LCR (RM 61.2) varied slightly and ranged from 7.66 in
October to 7.93 in May. No longitudinal trends in pH were apparent, and only slightly higher pH values were

recorded in summer months.

Little Colorado River | Water Year 1991
Water Temperature 2:
Seasonal  variaion in  water o ]V
temperatures of the lower LCR during this g 3:*
investigation (WY 1991-93) approximated = i ‘
the range of the pre-dam Colorado River S f
(Fig. 4-10). A low winter temperature of 0 OCTNOV' DEC "JAN “FEB TWAR APR WAV JUN " JUL TAUG ' SEP

about 2° C was recorded in January, with a Water Year 1992
maximum of 23-25°C in June and July.
The effect of water temperature from the
LCR on the mainstem was localized, with a

charactenstic downstream plume that varied st

Temperature (°C)
3

with flow of both rivers and time of year :

(See Chapter 7 - HABITAT). 2‘:

Conductivity = Water Year 1993
Conductivity of the LCR varied with -

runoff. At base flow in June, conductivity

was about 4480 pS/cm, and during floods

and runoff in January, dilution decreased

conductivity to less than 362 uS/cm (Table

4-3). Like temperature, conductivity of the OCT NOV DEC AN FER AR APR MAY Jn b Augesr

OCT NOV DEC JAN FEB MAR APR MAY JUN JUL AUG SEP

Temperature (*C)

LCR had only a localized effect on
mainstem con ductivity. Fig. 4-10. Daily mean, minimum, and maximum temperature of the

LCR for WY 1991-93. GCES Ryan Tempmentor data.
Dissolved Oxygen

Dissolved oxygen in the LCR was generally lower than the mainstem and other tributaries, possibly because
of warm LCR temperatures. Variation in DO levels in the LCR was caused by temperature fluxes and periodic
flood events. In 1992, mean daily DO values in the LCR varied from 7.66 mg/l in August to 9.93 mg/l in
February (Table 4-3).
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pH

Mean daily pH in the LCR, during 1992, ranged from 7.72 in January to 8.11 in April (Table 4-3). These
values were similar to those in the mainstem Colorado River.
Other Tributaries

A cursory examination of water quality for Bright Angel, Shinumo, Kanab, Havasu, Crystal, Tapeats, and
Deer creeks was conducted to determine if water quality at tributary inflows was related to occurrence of fish
species. Sources of water temperature data for the four major tributaries (Bright Angel, Shinumo, Kanab,

'F
}w

Havasu) are indicated on corresponding
figures (Fig. 4-11, 4-12, 4-13, 4-14), and

Bright Angel Creek

B R R
+—t—rt

the remaining parameters (conductivity,
DO, pH) are daily means for 1992 (Table
4-3).
Bright Angel Creek

Water temperature of Bright Angel

" Sy
-~ 6 o
i 4 n

1

-
-
3 4

i

f

Mean Dally Tempaerature
»

Creck ranged from a low of 1°C in
December 1990, to a high of 24°C in

N s o e
n I 4 1
T T T

August 1992 (Fig. 4-11). Conductivity y i’ i ‘g’ ’i.’ ) :3" ’i‘ ‘i‘ ’;’ § 3 ’3; *§° ’i‘ °§
measured in November 1992, was 390 1990 1901 12 196
S, wile DO ranged fom 830 1o P4 Nesndoy s of st Ange e
10.46 mg/l, and pH from 8.26 to 8.30 data. Discontinuous line indicates missing data.
(Table 4-3). 2
Shinumo Creek 2t 8hinumo Creek

The seasonal temperature pattern for :
Shinumo Creek was similar to that of é“ T
Bright Angel Creek, with a minimum of %:
1°C in December 1990, and a maximum ';éw i A
of 23°C in July-August 1991 and 1992 § .| /
(Fig. 4-12). Mean conductivity in January, * 41
May, and November 1992, ranged from :.:.;:::,;:.:.. R
370 to 1900 pS/cm, mean DO ranged 8"‘} $2 i"E 83182 51“3 3 &3 ‘: 3
from 10.34 to 13.31 mg/l, and pH ranged Fig. 4-12. Mean daily temperature of Shinumo Creek from

October 1990 through June 1993. GCES Ryan Tempmentor

from 8.00 to 8.49 (Table 4-3). data. Discontinuous line indicates missing data.
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Kanab Creek
Kanab Creck was the warmest tributary

Kanab Creek

sampled during this investigation, with a
maximum of 35°C in August 1991 (Fig. 4-
13). A minimum of 0°C was recorded in

December 1990, during lowest flow. Mean

Mean Dally Temperature
onmsreamdBraabBRRBERYEYSR

conductivity in May and November 1992
ranged from 1220 to 1260 pS/cm, DO ranged

from 8.52 to 10.17 mg/l, and pH from 8.05 to P A A g
8.07 (Table 4-3) 1990 1901 102 1989

Fig. 4-13. Mean daily temperature of Kanab Creek from

Havasu Creek April 1992 through October 1993. GCES Ryan
. Tempmentor data. Discontinuous line indicates missing
Maximum water temperature of Havasu data.

Creek was 22.5°C in July 1992, and

minimum mean daily temperature was 9.5°C
in December 1992 and January 1993 (Fig. 4-
14). The seasonal temperature pattern of
Havasu Creek, unlike that of the other}

tributaries examined, was moderated by the§
=

warm temperature of Havasu Springs,‘g

resulting in relatively warm winter

temperatures. Mean conductivity in March,

m
May, and November 1992 was 720 puS/cm,

o & o o o B8 B £ & 8 B B %

while mean DO ranged rom 893101046 & ¢ 3 & ¥ § 3 2 § 3 3 & § 2 ¥ & ¥ 5

mg/l, and mean pH from 7.98 to 8.06 (Table Fig. 4-14. Mean daily temperature of Havasu Creek from
4-3) February 1992 through June 1993. GCES Ryan
) Tempmentor and USGS ADAPS data. Discontinuous line

Additional Tributaries indicates missing data.

Daily means for water quality parameters from Crystal, Tapeats and Deer creeks were similar to those of
other tributaries examined for comparable periods, during this investigétion (Table 4-3). Temperature for these
tributaries could not be adequately characterized from periodic monthly samples. Limited measurements
indicated high conductivity in Crystal Creek (2000-2010 pS/cm), Tapeats Creek (340-2400 puS/cm) and Deer
Creek (3300 pS/cm). Dissolved oxygen was relatively high in all three tributaries; Crystal Creek (11.86-14.97
mg/1), Tapeats Creek (8.83-10.55 mg/l), and Deer Creek (9.50-9.85 mg/l).
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Special Habitats

Water quality parameters were collected from four
locations identified as special habitats, including three
spring areas and one mainstem area used by an
aggregation of humpback chub. The spring areas
included Fence Fault Springs (RM 30.1-31.8), Lava
Springs (RM 179.5), and Beecher Springs (RM 183.5).
The fourth special habitat was in Middle Granite Gorge
(RM 126.0-129.0).
Fence Fault Springs

Twelve springs were identified in a 2-mi stretch of

niver near South Canyon (RM 30-32) (Fig. 4-15). Seven
springs were closely spaced at Fence Fault and five
additional springs were located downstream to Vasey's
Paradise. These springs were collectively named the
Fence Fault Springs.

The spring identified as "Spring J" in Fig. 4-15
was the most intensively sampled. In January, 1992 the
undiluted spring temperature was 21.5°C, with a plume
extending into the mainstem that measured 2 mx 2 m
at 17.5°C, while mainstem temperature was 9°C.
When the spring was revisited on July 14, 1994, spring
temperature remained 21.5°C. Plume temperature was
approximately 15°C, 2 m from the source, 12°C, at 3
m from the source and was not perceptibly different
than the mainstem at 10 m from the source (Fig. 4-16).
Approximate area of the plume was 3 m wide and 10 m
long. The mouth of the spring was located in a
limestone shelf along the shoreline. Substrates in the
plume were composed of bedrock limestone, boulders
and sand. Estimated discharge on July 14, 1994 was 2-
4 cfs.
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Fig. 4-15. Locations of 12 springs (A-L) in the
Fence Fault area.

Fig. 4-16. Approximate plume shape and
thermal characteristics of Spring J at RM 30.8.
Data collected July 14, 1994, with a Hydrolab
Surveyor 3.



Locations, estimated discharges, plume areas, and source temperatures for the 12 Fence Fault Springs
indicated variable flow and plume areas, but relatively constant source temperatures of 21.0-21.5°C (Table 4-4),
except for Spring A (20.9°C) and Spring L (17°C). Spring L (Vasey's Paradise) emanated above the river level,
and possibly from a different groundwater source than the other springs. Estimated discharge of eight springs
ranged from less than 0.1 cfs (seeps) to about 10 cfs. Discharge from some springs (e.g., Spring H) varied daily,
perhaps with river stage. All springs in the Fence Fault area except for Spring L, emanated at river level between
the 10,000 and 15,000 cfs. Other springs may be present below this level, but were not detected or observed.
Most springs in this area, entered the river in the proximity of Fence Fault, emanating from fractures in the
Redwall limestone between RM 30.3 and RM 30.4.

Table 4-4. Physical and chemical characteristics of springs in the Fence Fault area, between RM
30.3 and RM 31.8.

Spring RM Estimated Estimate Area of Plume Temperature at source
Discharge (cfs) (m?) (°C)

A 303 0.5-5.0 15 20.9

B 303 - - -

c 30.3 <0.1 <1 -

D 304 - - -

E 304 <0.1 - -

F 304 1-3 20 21

G 304 5-10 30-40 21

H 30.5 Variable 10-40 21

I 307 0.5 1-10 -

J 30.8 24 10-30 21.54

K 31.6 - - -

L 31.8 10-15 200 17

Lava Springs

Lava Springs were located just downstream of Lava Falls on the left bank (RM 179.5). These springs flowed
into the river from low travertine rims at a temperature of 16° C, while mainstem temperature was 14°C.
Beecher Springs

Beecher Springs were located near river level at RM 183.5 on the left bank. Temperature of the main spring
at its source was 23.5°C, and temperature of the mixed plume was 17.5° C, while mainstem temperature was
14°C.

4-21



Middle Granite Gorge

The largest downstream aggregation
of humpback chub in Grand Canyon was
found in Middle Granite Gorge, RM
126.0-129.0 (See Chapter 5 -
DISTRIBUTION AND ABUNDANCE).
Mean daily temperature from late May to
mid-December 1993 reached a high of
14.2°C in late June and early July, while
concurrent maximum daily temperature
was about 14.6°C (Fig. 4-17). Water May Jun Jul Aug Sep Oct Nov
temperature measured near debris fans in 1=

the area showed no evidence of warm Fig. 4-17. Daily mean, minimum, and maximum temperature of
the Colorado River, May-December, 1993, near RM 127. GCES
shoreline springs, although the presence Ryan Tempmentor data.

of midchannel, subsurface springs could not be discounted. Data from two sites sampled in July 1992, showed

River Mile 127

Mean Daily Temperature
o N © o3 2 B8 233

only slight warming (about 0.1°C) in slack surface water and in pockets of quiet water next to schist cliffs--a
localized effect probably caused by heating from shoreline rocks and cliffs.
DISCUSSION

Water quality of the Colorado River in Grand Canyon is largely influenced by Lake Powell (Stanford and
Ward 1991). Many water quality parameters have changed since the reservoir was created by Glen Canyon Dam
in 1963. Changes in some parameters have had a direct and marked effect on fish populations, while others have
indirectly affected fish, or had no affect at all.

This investigation examined the water quality parameters of temperature, turbidity, dissolved oxygen,
conductivity, and pH. Other water quality parameters were the subject of other GCES investigations (GCES
1990). The most significant changes from pre-dam conditions were for temperature and turbidity. Pre-dam
temperature extremes of 0-29.5° C were replaced by dam releases with annual variation of 7-11°C. Greatest
longitudinal warming in summer (1°C/32 miles) produced mean daily temperatures of 10-11°C at the confluence
of the LCR (RM 61), 13-14°C in Middle Granite Gorge (RM 127), and 15-16°C at Diamond Creek (RM 226).

The maximum temperature range for the Colorado River in Grand Canyon observed for interim flows was
about 10°C below the temperature preferenda of 21-24.4°C for juvenile humpback chub under laboratory
conditions (Bulkley et al. 1982). This preferred range was based on juveniles that selected 21°C, 23.5°C, and
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24.4°C at acclimation temperatures of 14°C, 26°C, and 20°C, respectively. Mean temperatures selected for the
three acclimation temperatures were not significantly different.

Also, maximum temperature range observed under interim flows was marginally suitable for spawning,
incubation, and larval survival of humpback chub, with a reported optimum of 16-22° C (Marsh 1985). Hamman
(1982) found 79%, 84%, 62%, and 12% hatching success at 21-22°C, 19-20°C, 16-17°C, and 12-13°C,
respectively. He also found 99%, 95%, 91%, and 15% survival of swim-up larvae at 21-22°C, 19-20°C, 16-
17°C, and 12-13°C, respectively.

Under interim flow temperature regimes, special habitats such as tributary inflows, warm springs, and
backwaters provide special attraction to fish because of their thermal properties. Major tributaries, such as the
Paria River, LCR, Bright Angel Creek, Shinumo Creek, Kanab Creek, Havasu Creek, Crystal Creek, Tapeats
Creek, and Deer Creek, exhibited seasonal warming with temperatures higher than mainstem levels from about
April through September. However, during base tributary flows, thermal influence on the mainstem was
insignificant, and typically extended as a warm plume less than 200 m from the outflow (See Chapter 7 -
HABITAT).

Warm springs were also identified as important because of their thermal properties, but like tributary inflows,
their influence on the mainstem was insignificant, and their size and duration was dependent on mainstem flows.
Of 14 springs located in three areas (Fence Fault, RM 30.2; Lava Falls, RM 179.5; Beecher Springs, RM 183.5),
source temperature was typically >21°C, and plume diameter was highly variable with spring volume and
mainstem flow. One spring with a source temperature of 21.5°C had a plume of 3 m x 10 m that was warmer
than the mainstem (See Chapter 7 - HABITAT). |

The other water quality parameter that has been significantly altered in Grand Canyon is turbidity. Since
turbidity is a product of suspended sediment, it is reduced sediment concentrations from retention of spring runoff
in Lake Powell that has resulted in lower year-around turbidity, and reduced frequency of turbid conditions. The
average annual sediment load reduction of 140 million tons to 15 million tons is not a quantifiable relationship
to turbidity because of additional considerations, but provides a perspective of relative magnitude of change. The
effect of reduced turbidity on humpback chub and other Colorado River native fishes has not been evaluated, and
is further discussed in Chapter 8 (MOVEMENT AND AC’I’IVITY) of this report. However, it is known that
turbidity >30 NTUs significantly reduces feeding efforts by rainbow trout (Barrett et al. 1992), and likely affects
other sight feeders such as brown trout. '

Dissolved oxygen, conductivity, and pH were not significantly different in post-dam conditions, and were
not likely to have the direct affect on fishes hypothesized for temperature and turbidity. Also, levels of these
parameters did not exceed tolerance ranges for the Colorado River native fishes. Bulkley and Pimental (1982)
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determined that TDS avoidance levels for juvenile humpback chub, bonytail, and Colorado squawfish were 8500,
5100, and 5000 umhos/cm, respectively, with preferred levels of 1300-3000, 3400-3800, and 1000-1400
umhos/cm, respectively. Average mainstem conductivity, and most monthly maximums were below the preferred
range for humpback chub, while most monthly averages in the LCR were within or just above the preferred range.

Minimum observed dissolved oxygen in the mainstem (not including backwater habitats) was >8.88 mg/L,
while average DO was above 10.35 mg/L. Although preferred and tolerance levels of DO for the Colorado River
native fishes is unknown, other fish species require 5 mg/L or more for health, and 1 mg/L is usually lethal
(Whitmore et al. 1960, Moss and Scott 1961, Bonn et al. 1976, Piper et al. 1982, Stickney 1986). Dissolved
oxygen levels in the LCR in April and May were 5.92 and 5.02, respectively, during spring runoff.

Observed levels of pH were also not perceived as problematic for the native fishes, with a range of 6.92 to
8.00 in the mainstem, and 6.05 to 8.24 in the LCR.
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CHAPTER 6 - DISTRIBUTION AND ABUNDANCE

INTRODUCTION

Distribution and abundance of fishes in the Colorado River in Grand Canyon are not well understood
inspite of numerous surveys and studies over the last 35 years (McDonald and Dotson 1960, Stone and Rathbun
1968, Miller and Smith 1972, Holden and Stalnaker 1975, Minckley and Blinn 1976, Suttkus et al. 1976,
Carothers et al. 1981, Kaeding and Zimmerman 1983, Maddux et al. 1987, Arizona Game and Fish Department
1993). The present investigation adds to an increasing wealth of knowledge that will continue to grow as historic
and present data become integrated, sampling methodologies are refined, and monitoring programs are
implemented. Describing fish assemblages in Grand Canyon will continue to be challenged by logistical
difficulties of accessing and sampling the deep and swift river, and by relatively inefficient gears that sample but
a fraction of the river corridor. Implementation of new methodologies, such as radiotelemetry, timed sampling
strategies, and small, maneuverable research boats to reoccupy sample sites, will enhance opportunities for
collecting information vital to understanding the fishes in canyon regions (Valdez et al. 1993).

This chapter integrates pre- and post-dam information with data from this investigation to characterize fish
assemblages in the Colorado River in Grand Canyon. Composition, distribution, and abundance are presented
for all species, and in detail for humpback chub, together with a discussion of causative effects of Glen Canyon
Dam operations on distribution and abundance.

METHODS
Species Composition, Distribution, Abundance

Historic species composition, distribution, and abundance of fishes in the Colorado River in Grand Canyon
were described from a search of agency and university reports (i.e., gray literature) and published manuscripts.
Present distribution and abundance were determined from the pool of spatial and temporal information gathered
from a variety of sampling gears and radiotelemetry used in this investigation, and fish species composition was
determined from the sum of fish species captured. Distribution was determined from occurrence of specimens
throughout the study area, and abundance was computed as catch-rate statistics and mark-recapture population
estimates (see Chapter 6 - DEMOGRAPHICS).

Catch Rates

Catch per effort (CPE) statistics were used as indices of abundance, and to compare relative abundances,
temporally and spatially. Problems inherent to catch rate statistics are magnified when dealing with endangered
species, such as humpback chub, because low numbers of a target species yield a preponderance of samples with
no individuals and a skewed or non-normal catch distribution. Non-normal catch distributions limit parametric

5-1



tests (Cryer and Maclean 1991), which are based on normality, and distort nonparametric tests, which are based
on measures of central tendency, i.¢., use of simple non-parametric tests, such as the Mann-Whitney 'U’, provides
lower statistical power than parametric tests (Zar 1984), and results can be distorted by the large number of zero
values.

Two methods were used to compute catch per effort statistics for this investigation: arithmetic ﬁlcan
(AM5) and geometric mean (GM_;) (Sokal and Rohlf 1987). Arithmetic mean was used to estimate relative
fish abundance, for comparison with previous investigations, or where comparative statistical tests were not used.
Geometric mean was used for comparative parametric tests. Use of catch rate statistics was limited to those
datasets with robust sampling regimes and sufficient sample sizes, and for comparisons with identifiable and
consistent external variables.

Arithmetic mean catch per effort was calculated as the number of fish captured in each sample, divided by
respective effort, and averaged for a given set of samples (Equation 1). This statistic was used to perform
comparative tests for samples with normal catch distributions, or where sample efforts were similar. Where
sample efforts were dissimilar and catch was zero, this statistic climiriated variable effort from consideration
through the catch rate calculation; e.g., two electrofishing efforts of 0.5 h and 2.0 h with no fish each yielded zero
catch rates, but difference in effort was not reflected in the averaging statistic.

AMee = T (fle)/n (Equation 1)

where: AMc,¢ = arithmetic mean CPE,
f/le = number of fish divided by effort for each sample
n = number of samples

Geometric mean catch per effort was calculated as shown in Equation 2, with the catch rate for each sample
(number of fish divided by effort) transformed to natural logarithms. Samples were averaged, and geometric
mean was calculated as the antilog of the average. An adjustment for zero catches was made by adding '1' to each
untransformed sample (Sokal and Rohlf 1987). Standard deviation was computed from log-transformed values,
and the antilog taken to provide bounds around the geometric mean. The main advantage of GM; was reduced
dependence of the variance on the mean (Sokal and Rohlf 1987), and reduced influence of single samples with
exceptionally high CPE. Disadvantages included loss of individual effort from samples with no fish, and a
tendency for log transformations to underweight samples with higher CPE. Because of the reduced dependence
of the variance on the mean, GMp; was used to compare datasets with variable efforts, numerous zero catches,
and non-normal AM; distributions. This statistic was used as an index of abundance and was not considered
to yield realistic catch rates for comparison with AMg, which more accurately repleated true fish density.



GM g is used by the Service to estimate densities of age-0 Colorado squawfish in the Interagency Standardized
Monitoring Program for the Upper Colorado River Basin (McAda et al. 1994).
GMgpe = €xp [(1/n) T In (ffe + 1)] - 1 (Equation 2)

where: GM = geometric mean CPE,
f/e = number of fish divided by effort for each sample,
n = number of samples

Biomass

Biomass of native and non-native fish species was estimated by geomorphic reach, using electrofishing and
seine catch information for three age categories--young-of-year (YOY), juveniles, and adults. Numbers of
individuals per mile of each species and age category were estimated from a regression relating electrofishing
catch rate to numbers of fish (Coble 1992). A relationship was developed for humpback chub, in which a mark-
recapture estimate was compared with catch rate for each mile sampled. This relationship was applied to other
large species (e.g., flannelmouth sucker, bluehead sucker, rainbow trout, brown trout, carp, channel catfish, etc.),
for which mark-recapture data were insufficient for population estimates. Numbers per mile of small species
(e.g., fathead minnow, plains killifish, green sunfish, etc.) were estimated from seine haul catch rates as numbers
of fish/100 m*. Numbers of fish per mile were converted to numbers per hectare for a 10-m strip along each
shoreline--the approximate area effectively sampled with electrofishing and seines. It was assumed, and
supported with radiotelemetry and other sampling gears, that the majority of large fish frequented the shoreline
during nighttime electrofishing runs, and most small fish resided along shorelines, so that catch rate was a
reasonable indicator of minimum fish density. Average total length and weight were determined for each fish
species by age category from field measurements and literature (Carlander 1969), and weight was multiplied by
total number of fish by species and age category to determine biomass per hectare.
Species Diversity

Species diversity indices were computed for fish assemblages in geomorphic reaches using a measure of
information developed by Shannon and Weaver (1949) and applied to ecological situations by Margalef (1958,
1963, 1968). Species richness (i.e., number of fish species present) and evenness (number of individuals per
species) were also presented and discussed. Species diversity was computed according to Equation 3.

H=-Y (p/Inp) , (Equation 3)

where: H = species diversity index, o
p = n/N, or number of individuals of a given species/sum of individuals of all species.



RESULTS

Composition, Distribution, And Abundance Of All Species
Pre-Dam (Before 1964)

Fishery data for the Colorado River in Grand Canyon, prior to 1850, are nonexistent. Earliest
documentation of native fish species in the area was recovered from 4000-year old flood deposits in Stanton's
Cave at RM 31.5 (Euler 1978, Miller 1971, Miller and Smith 1984), which included skeletal remains of bonytail,
humpback chub, Colorado squawfish, flannelmouth sucker, and bluehead sucker. Bones of Gila species were
also discovered at an archeological site at RM 136 (Jones 1985) and in Catclaw Cave, now an inundated
archeological site in Lake Mead (Miller 1955). The original complement of fishes in Grand Canyon was also
surmised from early explorers to the region (Powell 1875, Stanton 1892, Dellenbaugh 1904, Kolb and Kolb
1914), and from initial fish surveys (Jordan 1891, Everman and Rutter 1895).

Establishment of Grand Canyon as a National Park in 1919 brought renewed attention to the area, but
initial efforts in fish management were toward establishment of a recreational fishery, with non-native trout in
clear water tributaries (Williamson and Tyler 1932). A preliminary checklist of fishes of Grand Canyon National
Park was assimilated by Miller (1944), and the first comprehensive portrayal of historic fish assemblages of the
Colorado River complex and tributaries was ﬁ':)m paleontological records of Tertiary and Quaternary deposits
(Miller 1959). The list consisted of 11 families, 22 genera, and 35 species, with 27% and 74% level of genus
and species endemism, respectively. The primary (mainstem) ichthyofauna consisted of 2 families (Cyprinidae
and Catostomidae), 12 genera, and 23 species, with 50% and 87% level of genus and species endemism,
respectively. The records and archaeological findings indicate that the primary ichthyofauna in Grand Canyon
consisted of 2 families, 5 genera, and 8 species--humpback chub, bonytail, roundtail chub, Colorado squawfish,
speckled dace, bluchead sucker, flannelmouth sucker, and razorback sucker. Secondary or tributary-dwelling
species, rarely found in the mainstem in Grand Canyon, included 2 Cyprinidae--Virgin spinedace and woundfin.

The first ichthyofaunal survey of the Colorado River in Glen Canyon in 1958-59 (McDonald and Dotson
1960) reported 17 species of fish (6 native, 11 non-native) from the mainstem and various tributaries (Table 5-1).
By this time, several non-native fishes had been introduced into the region, including carp in 1881 (Cooper 1987,
Sigler and Miller 1963), fathead minnows in the early 1900's, channel catfish in 1939 (Popov 1949), and rainbow
trout in the 1920's (Miller 1944). Of the eight primary native species, speckled dace were the most common
shoreline inhabitant, flannelmouth suckers were common in the mainstem, and bluehead suckers were restricted
to tributaries, while only two immature razorback suckers and one Colorado squawfish were reported. Humpback
chub were not reported, probably because the survey was concentrated in Glen Canyon, an intervening alluvial
reach not usually considered habitat for the species. Roundtail chub were rare and bonytail were not found.
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Even before completion of Glen Canyon Dam, the decline of much of the native ichthyofauna of the lower
Colorado River basin was being documented (Miller 1961).

The earliest catalogued collections of the Gila complex from the Grand Canyon were by R.R. Miller for
specimens held at the University of Michigan (M. Douglas, ASU, pers. comm.). Sixteen bonytail (11 from LCR,
3 from Lava Cliff Rapids, 1 from Lees Ferry, 1 from Marble Canyon), six roundtail chub (G. robusta), and five
humpback chub (G. cypha) were reported in the 1940's. Morphometrics and meristics from these specimens were
used in a paper by Bookstein et al. (1985).

Post-Dam (1964-90)

Following completion of Glen Canyon Dam in 1963, Stone and Rathbun (1968) reported 15 species of fish
(5 native, 10 non-native) from the tailwater of Glen Canyon Dam in 1967-68 (Table 5-1), and continued to show
the advance of non-native species and decline of natives species. Flannelmouth sucker, rainbow trout, and channel
catfish were the most abundant species, and carp were observed in large schools. Razorback sucker were not
reported, and "bonytail" were common (probably roundtail chub since specific epithet Gila robusta was used).
Colorado squawfish were "rare" in 1968, as the last report of the species from Grand Canyon. This survey also
report an abundance of coldwater salmonids introduced by resource agencies, including rainbow trout, brown
trout, and kokanee salmon.

In August 1968, Miller and Smith (1972) reported 10 species of fish (4 native, 6 non-native) between Lees
Ferry and Diamond Creek, noting that introduced fishes outnumbered native fishes. Channel catfish were
particularly abundant, as well as carp, fathead minnow, and red shiners (first reported from this area). Holden
and Stalnaker (1975) reported only 8 species (4 native, 4 non-native) from Glen, Marble, and Grand canyons in
1967-71, and Minckley and Blinn (1976) reported 10 species (4 native, 6 non-native). These investigations
continued to show the decline of native species, and increase in non-natives.

In 1970-73, Suttkus et al. (1976) reported 18 species (5 native, 13 non-native) between Glen Canyon Dam
and Pearce Ferry, including one Virgin spinedace from the mouth of the Paria River, humpback chub from various
mainstem locations and the LCR, and flannelmouth sucker, bluechead sucker, and speckled dace from numerous
tributary inflows. They also reported red shiner from five different sites, including five fish from RM 194.5, one
from RM 212.5, and unspecified numbers from three sites in Lake Mead (Spencer Creek, Scorpion Island, Pearce
Ferry).

Carothers et al. (1981), in a comprehensive treatise of fishes of Grand Canyon, identified 17 species (5
native, 12 non-native), with 6 (carp-42%, speckled dace-16%, flannelmouth sucker-14%, rainbow trout-13%,
bluehead sucker-9%, humpback chub-6%) comprising nearly 100% of the total number. Razorback suckers were
also reported during this investigation.
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Kaeding and Zimmerman (1983), as part of the Service's Colorado River Fishery Project in 1980-81, reported
14 species of fish from 32 km of the Colorado River (16 km above and 16 km below the LCR inflow). Fathead
minnows, speckled dace, and plains killifish were common to abundant along shorelines; flannelmouth sucker
and bluehead sucker were found primarily downstream of the LCR inflow; and rainbow trout were abundant.
This study also reported 10 redside shiners from RM 61.4 to RM 71.7, as the only record of the species from the
mainstem Colorado River in Grand Canyon.

As part of GCES Phase I, AGF conducted a complete fishery investigation of the Colorado River and
tributaries between Glen Canyon Dam and Diamond Creek from April 1984 to June 1986 (Maddux et al. 1987).
Twenty fish species (5 native, 15 non-native) were reported, and rainbow trout dominated total catch with 78%,
85%, 59%, 77%, and 42% of composition by number in five reaches sampled progressively downstream. The
second most common species was carp with 5%, 13%, 18%, and 37% composition in the lower four reaches.
Brown trout were the second most common fish between the LCR and Bright Angel Creek, with 19% of
composition. Native species were 17%, 8%, 8%, 2%, and 19% of fish composition m the five reaches. AGF also
reported five (TL=68-167 mm) golden shiners from 1985 to 1988, from RM 66.0 to RM 165.0, and one
(TL=124 mm) from the lower LCR. Red shiners were not reported from the mainstem, but two specimens
(TL=50, 70 mm) were collected in May 1989 from the lower LCR, about 100 m upstream from the confluence
(Minckley 1989).

Present (1990-93)

Present fish composition, distribution, and abundance were based on findings of this investigation. Some
preliminary findings from a concurrent mainstem investigation by AGF were available from progress reports and
personal communications, and data were used where available and applicable to this report.

Fifteen species of fish (4 native and 11 non-native) and one hybrid form were captured in the Colorado River
(not including tributaries) between Lees Ferry and Diamond Creek during this investigation in 1990-93 (Table
5-2), and an additional 7 non-native species (Table 5-1) were captured between Diamond Creek and Pearce Ferry
(including tributaries) in a separate study for the Hualapai Indian Tribe in 1992-94 (Valdez 1993, 1994, 1995).
Of the eight primary native species, only four were found--humpback chub, flannelmouth sucker, bluehead
sucker, and speckled dace. Razorback sucker were not captured, although five specimens were classified as
flannelmouth sucker x razorback sucker hybrids, based on external morphological characters (McAda and
Wydoski 1980). Colorado squawfish, roundtail chub and bonytail were also not captured. Morphologic variation
(e.g., nuchal hump depth, caudal peduncle length and depth) and meristic variation (e.g., fin ray counts) of
humpback chub handled in Grand Canyon suggest historic introgressive hybridization between the three forms
of Colorado River Gila (Gilbert 1961, Kaeding and Zimmerman 1983, Dowling and DeMarais 1993).
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Table 5-2. Fish species captured during this investigation in the Colorado River from Lees Ferry to Diamond
Creek, October 1990 - November 1993. See Table 5-1 for species names.

Common Name Species  Status® YOY JUv ADU Total Percent
Code
Family: Cyprinidae (minnows)
common carp CcP EX 4 44 2375 2423 8.6
humpback chub HB EN 2865 1638 1791 6294 223
fathead minnow FH NN 44 12 1074 1130 4.0
speckled dace SD NA 4 g2 1385 1491 53
Family: Catostomidae (suckers)
bluehead sucker BH NA 101 250 689 1040 3.7
flannelmouth sucker M EN 183 395 2197 2775 9.8
flannelmouth x razorback sucker FR - 0 0 5 5 <0.1
unidentified sucker SU - 32 0 0 32 0.1
Family: Ictaluridae (catfishes, bultheads)
black bullhead BB NN 0 3 3 6 <0.1
channel catfish cC NN 4 5 104 113 04
Family: Salmonidae (trout)
rainbow trout RB NN 169 1162 9800 11121 394
brown trout BR EX 2 107 1564 1673 59
brook trout BK NN 0 0 6 6 <0.1
Family: Cyprinodontidae (killifishes)
plains killifish PK® NN 1 0 75 76 03
Family: Percichthyidae (temperate basses)
striped bass sB NN 0 0 39 39 0.1
Family: Centrarchidae (sunfish)
green sunfish Gs NN 1 1 1 3 <0.1
Family: Percidae (perches)
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