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Conversion Factors

Inch/Pound to SI

Multiply By To obtain
Length
mile (mi) 1.609 kilometer (km)
Area
square foot (ft’) 0.09290 square meter (m®)
square inch (in”) 6.452 square centimeter (cm’)
Volume
cubic foot (ft°) 0.02832 cubic meter (m’)
acre-foot (acre-ft) 1,233 cubic meter (m®)
SI to Inch/Pound
Multiply By To obtain
Length
centimeter (cm) 0.3937 inch (in.)
millimeter (mm) 0.03937 inch (in.)
meter (m) 3.281 foot (ft)
kilometer (km) 0.6214 mile (mi)
Area
square meter (m?) 10.76 square foot (ft%)
square centimeter (cm’) 0.1550 square inch (ft%)
Volume
cubic meter (m®) 35.31 cubic foot (ft’)
cubic meter (m®) 0.0008107 acre-foot (acre-ft)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:

°F=(1.8x°C)+32

Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows:

°C=(°F-32)/1.8

v



Summary Report of Responses of Key Resources to
the 2000 Low Steady Summer Flow Experiment, along
the Colorado River Downstream from Glen Canyon
Dam, Arizona

By Barbara E. Ralston

Executive Summary

In the spring and summer of 2000, a series of steady discharges of water from Glen
Canyon Dam on the Colorado River were used to evaluate the effects of aquatic habitat stability
and water temperatures on native fish growth and survival, with a special focus on the
endangered humpback chub (Gila cypha), downstream from the dam in Grand Canyon. The
steady releases were bracketed by peak powerplant releases in late-May and early-September.
The duration and volume of releases from the dam varied between spring and summer. The
intent of the experimental hydrograph was to mimic predam river discharge patterns by including
a high, steady discharge in the spring and a low steady discharge in the summer. The hydrologic
experiment was called the Low Steady Summer Flow (LSSF) experiment because steady
discharges of 226 m’/s dominated the hydrograph for 4 months from June through September
2000.

The experimental hydrograph was developed in response to one of the U.S. Fish and
Wildlife Service’s Reasonable and Prudent Alternatives (RPA) in its Biological Opinion of
the Operation of Glen Canyon Dam Final Environmental Impact Statement. The RPA focused on
the hypothesis that seasonally adjusted steady flows were dam operations that might benefit
humpback chub more than the Record of Decision operations, known as Modified Low
Fluctuating Flow (MLFF) operations. Condensed timelines between planning and
implementation (2 months) of the experiment and the time required for logistics, purchasing, and
contracting resulted in limited data collection during the high-release part of the experiment that
occurred in spring. The LSSF experiment is the longest planned hydrograph that departed from
the MLFF operations since Record of Decision operations began in 1996.

As part of the experiment, several studies focused on the responses of physical properties
related to environments that young-of-year (YOY) native fish might occupy (for example,
measuring mainstem and shoreline water temperature, and quantifying useable shorelines). The
part of the hydrograph that included a habitat maintenance flow (a 4-day spike at a powerplant
capacity of 877 m3/s) and sustained high releases in April and May (averaging 509 m?/s) resulted
in sediment export to Lake Mead, the reservoir downstream from Glen Canyon Dam, which is
outside the study area. Some mid-elevation sandbar building (between 566 and 877 m?/s stage
elevations) occurred from existing sediment deposits rather than from sediment inputs from



tributaries during the previous winter. Low releases in the summer combined with low tributary
sediment inputs resulted in minor sediment accumulation in the study area. The September
habitat maintenance flow reworked accumulated sediment and resulted in increases in the area of
some backwaters. The mainstem water temperatures in the reach near the Little Colorado River
during the LSSF experiment varied little from previous years. Mainstem water temperatures in
western Grand Canyon average 17 to 20°C. During the LSSF, backwaters warmed more than
other shoreline environments during the day, but most backwaters returned to mainstem water
temperatures overnight. Shoreline surface water temperatures from river mile (RM) 30 to 72
varied between 9 and 28°C in the middle of the day in July. These temperatures are within the
optimal temperature range for humpback chub growth and spawning, which is between 15 and
24°C. How surface water temperatures transfer to subsurface water temperatures is unknown.

Data collection associated with the response of fish to the 2000 LSSF hydrograph
focused on fish growth and abundance along the Colorado River in Grand Canyon. The target
resource, humpback chub and other native fishes, did not respond in a strongly positive or
strongly negative manner to the LSSF hydrograph during the sampling period, which extended
from June to September 2000. In 2000, the mean total length of YOY native fishes was similar to
the mean length from previous years, but the abundance of YOY native fish was greater in 2000.
The greatest numbers of humpback chub were near the confluence of the Colorado River with
the Little Colorado River, where the largest spawning population is found. Factors directly
associated with the LSSF hydrograph, geography, and the abundance of nonnative salmonids in
the system before the experiment, as well as elements not affected by mainstem hydrology, may
have contributed to the neutral response observed for native fish. The close proximity of the
Little Colorado River to Glen Canyon Dam precluded sufficient warming of the mainstem down
to the confluence with the Little Colorado River (RM 61) to reach optimal growth and spawning
conditions for humpback chub, unlike shoreline surface water temperatures. The 4-day habitat
maintenance flow in September interrupted persistent habitats for YOY fishes and may have
confounded the results. The high abundance of salmonids in the mainstem before the experiment
and predation by them may have affected the number and size of native fish that were caught.
Native larval fish survival in the tributaries that is unrelated to mainstem environments and flow
manipulations also can affect relative abundance observed in the mainstem. Collectively, these
variables limit understanding the effects of the LSSF hydrograph on young native fish growth
and survival.

The complicated hydrograph composed of steady discharges at multiple volumes that
varied in duration from 4 days to 8 weeks and in magnitude from 226 to 877 m’/s presented a
disruption to persistent habitat, which was the intent of the experiment. The longest
uninterrupted period of persistent habitat for YOY fish was 3 months. YOY fish that entered the
mainstem in mid-July (for example, humpback chub) had a shorter exposure to persistent habitat.
Achieving effective high-magnitude discharges for ecological experiments is a challenge in a
regulated system. The presence of a dam restricts discharge magnitude, and delivery agreements
among States further restricts annual and monthly volumes releases.

A change in flow magnitude is the most common element associated with regulation, and
fish appear to be sensitive to this variable. The spring discharge magnitudes during the LSSF
experiment were only 25 percent greater than the average MLFFs in the 1990s and 78 percent
less than the average predam spring discharge. The changes in discharge associated with the
experimental hydrograph likely were too small compared to standard operations to observe a
response by fish. The bulk of YOY fish enter the mainstem from tributaries in the summer



months, with humpback chub YOY entering the mainstem primarily in association with
monsoons that typically begin in July. Trying to affect life stages (for example, spawning and
larval development) that primarily are associated with tributaries that have retained their
hydrology by altering mainstem volumes may be minimally effective. Instead, developing
experimental flows that can target YOY life stages directly affected by mainstem hydrology and
temperatures may be more informative. In contrast to experiments involving large volume
releases that can often only be of short-duration, lower volume releases may be more attainable
and allow testing of hypotheses about limiting factors in endangered fish species survival in the
mainstem.

Other resource responses that were measured during the LSSF experiment included
seedling establishment of tamarisk (7amarix spp.), growth of wetland species during the summer,
recreation safety and perceptions, and the financial costs of the experimental hydrograph to
recreational businesses and power users. The LSSF hydrograph supported tamarisk seedling
establishment, as the high-sustained spring flows scoured shorelines and the habitat maintenance
flow transported tamarisk seeds. The reduced summer hydrograph exposed open shorelines and
resulted in a proliferation of tamarisk seedlings along the scoured shorelines. The September
habitat maintenance flow reduced tamarisk seedling densities associated with later season
germination; those individuals that first established in June likely persisted.

The experimental hydrograph affected recreational users and businesses, and the
hydrograph increased the financial costs of power. The low-discharge part of the hydrograph,
with reduced water velocity, increased travel time for whitewater rafting, reduced time spent at
attraction sites, increased the availability of low-water camps, and initially increased the number
of boating accidents at rapids. However, the recreational experience that includes these elements
and participants’ perceptions likely were affected little by the experimental hydrograph.
Financial costs to the downstream commercial rafting industry included repair and replacement
of equipment damaged by exposed rocks and customer refunds associated with trip evacuations
because of stranding in rapids. Commercial fishing guides in Lees Ferry lost business during the
habitat maintenance flows because they could not access desired fishing locales. Lastly, Federal
power users incurred increased financial costs because the experiment occurred when higher than
normal daily market prices had to be paid to supplement power needs. Reallocating water
delivery to other months and in the subsequent water year (12 month delivery of water delivery
from October to the end of September) to accommodate the hydrograph also increased costs to
power users. The timing of the 2000 LSSF experiment was coincident with the onset of a
drought in the American Southwest, an energy crisis in California, and market manipulation by
energy suppliers that collectively affected daily market prices for power translated to increased
costs to power users.

The 2000 LSSF experiment was the first seasonally based experiment using Glen Canyon
Dam releases that focused on biological resources, primarily humpback chub and other native
fish. Implementing such an ecosystem-scale experiment created an opportunity to learn about
resource responses and identify flaws and barriers that limit experimental success. The short
amount of time available for planning and implementation and the lack of long-term monitoring
were apparent flaws of the 2000 LSSF experiment. Future experiments would benefit from
sufficient planning, long-term monitoring, and testable hypotheses for resource responses that
can be measured and are appropriate for the duration of the experiment. Future experiments
would also benefit from publishing results and findings in peer-reviewed reports and journal
articles that can be summarized for stakeholder use in a timely fashion. Reports by cooperators



who collected and analyzed data are the first step in the process of incorporating knowledge but
not the final step. Having citable literature, which can be incorporated into future experimental
efforts, is critical to building a solid, peer-reviewed basis for documenting results and furthering
experimental planning and decisionmaking by resource managers.

Basin hydrology and reservoir elevations greatly affect experimental capacity in the
Colorado River downstream from Glen Canyon Dam. Taking advantage of unexpected sediment
inputs to the system or increased water temperatures because of reduced inflows and associated
reservoir elevations can be used to advance the understanding of how manipulated flow variables
benefit downstream resources. If experiments were approached opportunistically, flexibility also
would need to extend to administrative tasks associated with launch schedules, collection
permits, and use of motorized equipment.

Experimental flexibility necessitates the implementation of long-term monitoring that
provides a consistent data stream for long-term resource response. Immediate measures of
response may be meaningless in the longer term, particularly for long-lived species, if consistent
monitoring is absent after the experiment. A lack of response observed for 1 year may not mean
the treatment was ineffective. Multiple years of data collection may be necessary for a response
to be measurable or understood.



Chapter 1. Introduction and Background

Introduction

Adaptive management acknowledges the inherent uncertainty of ecosystem responses to
systemic management actions and embraces the notion of “learning by doing” (Walters and
Holling, 1990). The U.S. Department of the Interior uses adaptive management approaches for
several ecosystem-scale landscapes, including the Colorado River downstream from Glen
Canyon Dam (fig. 1-1; Williams and others, 2007). The adaptive management program for Glen
Canyon Dam, established in 1996 (U.S. Department of the Interior, 1996), was developed in
response to the Operation of Glen Canyon Dam Final Environmental Impact Statement
(GCDEIS; U.S. Department of the Interior, 1995) and the Grand Canyon Protection Act of 1992
(GCPA; title XVIII, secs. 1801-1809, of Public Law 102-575). The GCDEIS identified
uncertainties of downstream resource responses to water release patterns from the dam. The
GCPA directed the Secretary of the Interior to implement long-term monitoring programs and
research activities to ensure that the dam was operated “in such a manner as to protect, mitigate
adverse impacts to, and improve the values for which Grand Canyon National Park and Glen
Canyon National Recreation Area were established, including, but not limited to natural and
cultural resources and visitor use” (GCPA, sec. 1802(a)).

Short-duration, high-discharge floods from Glen Canyon Dam are the predominant
ecosystem experiments implemented by the Secretary of the Interior since 1996 (U.S.
Department of the Interior, 1996; Melis, 2011). These floods (discharges as much as 1,274 cubic
m?®/s) have advanced understanding about sediment storage and transport within the river
corridor (Webb and others, 1999; Topping and others, 2000b; Rubin and others, 2002; Schmidt
and others, 2004; Hazel and others, 2006; Wright and others, 2008). The responses of biological
resources to these floods are not always immediately evident and may not be measurable
depending on the life history of the organism and other factors, such as food availability and the
effects that tributaries may have on the survival of organisms (Melis and others, 2006a; Coggins
and Walters, 2009; Kennedy and Ralston, 2011).

A response to a multiple-day event by an organism does not necessarily identify the long-
term fate of the population of the organism. Many investigators associated with an experimental
flood conducted in 1996 noted immediate responses by fish or other organisms to the flood
pulse. The responses were in the form of movement by fish or short-term reduction in algal and
plant biomass through scour and transport (Kearsley and Ayers, 1999; McKinney and others,
1999; Stevens and others, 2001). For organisms that evolved in environments subject to annual
flooding that lasted a month or more, the likelihood of a short-duration “flood” eliciting a long-
term measurable biological response such as increased recruitment is low, and the reported
results support this observation (Blinn and others, 1999; Kearsley and Ayers, 1999; McKinney
and others, 1999). More recently, however, data from the 2008 high-flow experiment (HFE)
suggest that rainbow trout in the Lees Ferry reach may have an increased recruitment response to
these experiments (Korman and others, 2011). A longer-duration flow experiment intended to
improve native fish growth and recruitment was implemented in the spring and summer of 2000.
The experiment was called the Low Steady Summer Flow (LSSF) experiment. This report
describes key results of the effects of the LSSF experiment on mainstem and shoreline water



temperatures, sediment reworking and mainstem young-of-year (YOY) fish rearing
environments, YOY fish growth and abundance, riparian vegetation response, campsite area and
recreation satisfaction, and the financial costs of the experiment. Also included is a review of the
process associated with the implementation of the experiment, a discussion of the management
implications associated with long-duration experiments, and questions that remain unresolved
following the LSSF experiment.
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Background

Native fish species, particularly the endangered humpback chub (Gila cypha; fig. 1-2),
are a resource of concern for the stakeholders in the Glen Canyon Dam Adaptive Management
Program. The species’ declining population numbers and their rarity were noted before the
establishment of the Endangered Species Act (Minckley, 1991). Multiple factors contributed to
the decline of the humpback chub, including predation by nonnative species, competition for
resources, reduced mainstem temperatures (temperatures below 15°C), and unstable shoreline
habitats (Minckley, 1991; Gloss and Coggins, 2005; Yard and others, 2011). Aspects of Glen
Canyon Dam operations that are hypothesized to affect native fish recruitment are coldwater dam
releases that average 10.5°C (Vernieu and others, 2005; Voichick and Wright, 2007) and daily
fluctuating discharges that result in unstable shoreline habitats. The result is reduced spawning,
growth, and subsequent recruitment of humpback chub and other native fish species in the
Colorado River mainstem downstream from Glen Canyon Dam (Hamman, 1982; Douglas and
Marsh, 1996; Clarkson and Childs, 2000).

Figure 1-2.  Image of adult humpback chub (Gila cypha), an endangered species with a population that
persists in the Colorado River downstream from Glen Canyon Dam (George Andrejko, Arizona Game and
Fish Department). Adult humpback chub range in size from 120 to 380 mm (Marsh and Douglas, 1997).

The U.S. Fish and Wildlife Service issued a Biological Opinion (U.S. Fish and Wildlife
Service, 1995) and a series of Reasonable Prudent Alternatives (RPAs) in association with
the GCDEIS to improve conditions for endangered native fish, principally humpback chub. One
RPA directed the Bureau of Reclamation to initiate a program of experimental dam releases
consisting of high, steady flows in the spring and low steady flows in the summer. The
experimental flows were to be implemented when annual water delivery between the upper and



lower Colorado River Basin States (not shown) was at the minimum of 8.23 million acre feet
(maf). The assumptions of the required flows were that long-duration, steady flows would reduce
the risk of further jeopardizing the continued existence of the endangered humpback chub by
stabilizing shoreline habitats for young humpback chub, and that mainstem temperatures would
increase in association with low-volume, steady releases, thus improving spawning and growth
of this species in the mainstem (U.S. Fish and Wildlife Service, 1995).

In response to the RPA, a flow plan that considered habitat needs associated with
humpback chub life-history stages (for example, larvae, YOY, juveniles) and other native fish
was developed by SWCA Environmental Consultants, Inc. (Valdez and others, unpub. report,
2000"). Valdez and others (unpub. report, 2000) recommended different discharges and release
patterns for each life stage and divided flows into three time periods: March—May (high steady
flows of 594 m?3/s with a 4-day 877 m?*/s spike); June—September (low steady flows of 226 m?/s
ending with a 4-day 877 m?/s spike); and October—February (steady flows of 226 m?/s). The
three time-periods (fig. 1-3) are respectively coincident with spawning and emergence in
tributaries, summer migration into the mainstem and subsequent growth, and overwintering in
the mainstem. Valdez and others (unpub. report, 2000) identified the following objectives for
experimental flow plan:

e To enhance survival and growth of young native fishes by providing stable, warm,
productive shoreline nursery habitats

e To increase recruitment of native fish

e To minimize adverse effects of nonnative fish

e To contribute to the recovery of endangered humpback chub

! Although the U.S. Geological Survey does not typically cite unpublished reports, this report
makes reference to several unpublished reports to provide the reader with important background
information not otherwise available. Copies of unpublished reports are available upon request by
contacting the Center Director, U.S. Geological Survey, Southwest Biological Science Center,
2255 N. Gemini Drive, Flagstaff, Ariz. 86001.
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Figure 1-3.  Experimental hydrograph of dam releases measured in cubic meters per second (m3/s) from
Glen Canyon Dam recommended by Valdez and others (adapted from Valdez and others, unpub. report,
2000).

Valdez and others (unpub. report, 2000) identified the objective of each flow period and
the potential response by physical and aquatic resources (table 1-1). They identified possible
negative and positive effects to sediment because sediment conservation is affected directly by
discharge volume, and sediment in eddies affects some fish habitat (for example, backwaters).
The plan did not speculate on the effects of the hydrograph on resources that did not appear to
support fish directly (for example, riparian vegetation and recreation). Funding was provided by
the Bureau of Reclamation to study the response of these resources as well as those identified by
Valdez and others (unpub. report, 2000).



Table 1-1.

Hypothesized effects of experimental flows on physical and aquatic resources (Valdez and

others, unpub. report, 2000), and identification of associated studies conducted during the 2000 Low
Steady Summer Flow (LSSF) experiment.

Benefits to physical and aquatic
resources

Risks to physical and aquatic
resources

Studied during LSSF/
author

Period 1: March to May

Scour backwater eddies and
increase area for shoreline fish
habitat

Mobilize and store sand and
sediment in campsites/increase
campsite area

Create warm, low-velocity areas at
tributary mouths

Ponding as thermal refuges for
drifting larvae and young fish

Destabilize habitats to
disadvantage nonnative fishes

Redistribute nutrients

Reset community primary
production

Spike flows flush nonnative fish
from nearshore habitats

No negative risk identified

Export sediment, reduce campsite
areas

No negative risk identified
Warm ponded tributaries attract
nonnative fish predators/
competitors

No negative risk identified

No negative risk identified

No negative risk identified

No negative risk identified

YES

Goeking and others, unpub. report,
2003; Hazel and others, 2006;
Schmidt and others, 2007.

YES

Hazel and others, 2006; Schmidt
and others, 2007.

YES

Protiva and others, 2010

NO

NO

NO

NO

NO

Period II: June to September

Store sediment in river channel

Expand campsite beach area

September habitat maintenance
flows resuspend and store sand
from summer tributary inputs

Create stable shorelines for fish
habitat

Increased growth and survival of
young native fishes

Increased autotrophic algal and
macroinvertebrate production

No negative risk identified

No negative risk identified

September habitat maintenance
flows export sand and sediment
instead of storing it

No negative risk identified

Increased growth and survival of
nonnative fishes

Decreased drift of food for fish

10

Hazel and others, 2006; Schmidt
and others, 2007.

YES

Kaplinski and others, 2005; Hazel
and others, 2006; Schmidt and
others, 2007.

YES

Kaplinski and others, 2005; Hazel
and others, 2006; Schmidt and
others, 2007.

YES

Korman and others, 2004

YES

Trammell and others, unpub.
report, 2002; Speas and others,
unpub. report, 2003, 2004;
Coggins and Walters, 2009

YES

Yard and Blinn unpub. report,
2001; Rogers and others, unpub.
report, 2003;Benenati and others,
unpub. report, 2002



Table 1-1.

Hypothesized effects of experimental flows on physical and aquatic resources (Valdez and

others, unpub. report, 2000), and identification of associated studies conducted during the 2000 Low
Steady Summer Flow (LSSF) experiment. —Continued

Benefits to physical and aquatic Risks to physical and aquatic Studied during LSSF/
resources resources author
Possible mainstem hatching Mainstem reproduction by YES
success nonnative fishes Trammell and others, unpub.
report, 2002
September habitat maintenance Minimized thermal plume at RM NO
flows flush nonnative fishes from 30 may reduce survival of young
nearshore habitats humpback chub
September habitat maintenance Increased water clarity leads to NO
flows flush nonnative fishes from  increased predation of native fish
nearshore habitats by sight predators
September habitat maintenance Increased infestation of parasites NO
flows flush nonnative fishes from  and diseases
nearshore habitats
Period Ill: October to February

Retain sediment with low volume  No negative risk identified NO
discharge
Increased survival of young native ~ Possible overwinter survival and YES

fishes

Maintain stable winter conditions
to minimize energy expenditure

Maintain overwinter autotrophic
production in mainstem,
shorelines, backwaters

Maintain overwinter autotrophic
production in mainstem,
shorelines, backwaters

expansion of nonnative fishes

Possible greater spawning success
of downstream populations of
trout

Decreased drift of food for fish

Increased predation by sight
feeders

Trammell and others, unpub.
report, 2002; Speas and others,
unpub. report, 2004. Modified
Low Fluctuating Flow operations
implemented in October 2000 and
overwinter survival under steady
flows not tested

NO

NO

NO

Modified Low Fluctuating Flow
operations implemented in
October 2000 and studies
discontinued

The experimental plan (Valdez and others, unpub. report, 2000) recommended that long-
term monitoring of resources be in place for trend detection before experimentation. They also
suggested data collection should occur for a year of Modified Low Fluctuating Flow (MLFF)
operations for an 8.23 maf water year (WY; water delivery for 12 months from October to the
end of September) before implementing the experimental LSSF hydrograph. Additionally, the

authors outlined a yearlong implementation process for the experiment that included stakeholder
approval, regulatory environmental assessment and permitting, and data collection and reporting.

Before the LSSF experimental hydrographic planning document was finalized (Valdez and
others, unpub. report, 2000), discussions began among the Bureau of Reclamation, Grand
Canyon Monitoring and Research Center (GCMRC), and other U.S. Department of the Interior

11



partners in January 2000 about implementing the LSSF experimental hydrograph in April 2000.
As a result, the LSSF experiment proceeded without the recommended year of baseline
monitoring under MLFF operations in an 8.23-maf WY.

Plan Implementation and Data Collection Limitations

The precipitation and snowpack conditions in the upper Colorado River Basin (not
shown) and the desire to meet Biological Opinion requirements associated with the GCDEIS
converged in the winter of 2000. The convergence resulted in a compressed timeline for the
implementation of an LSSF experiment in 2000. In January 2000, the Bureau of Reclamation
identified a high likelihood that the 2000 WY (October 1999—September 2000) would be an 8.23
maf delivery year and that an LSSF experiment might be implemented. The Bureau of
Reclamation identified March 2000 as the time at which a final decision about implementing the
LSSF experiment would take place, because by that time more data would be available about the
snowpack and predicted inflows to Lake Powell, the reservoir formed by Glen Canyon Dam (fig.
1-1). The experimental flow plan by Valdez and others (unpub. report, 2000) provided a
hydrograph (fig. 4), but lacked specific field approaches to evaluate resource responses to the
experimental hydrograph. There was no consistent monitoring plan in place for many of the
downstream resources in 2000; instead, several resource programs were initiating reviews of
previous data-collection efforts for implementing long-term monitoring. In early February 2000,
GCMRC convened a meeting of existing cooperators to explain the experimental hydrograph and
identify potential projects, approaches, and logistics needs for the LSSF experiment. In March
2000, the Bureau of Reclamation determined that an LSSF experiment would proceed. The
decision in March 2000 to implement the LSSF experiment provided some investigators, Grand
Canyon National Park (GRCA), GCMRC, and the Bureau of Reclamation 1 month to prepare for
and implement the experiment. Work associated with implementation included identifying
logistics needs, securing necessary permits, modifying and establishing new agreements among
cooperators, and buying equipment. Some of the hypotheses and data-collection approaches
identified in the plan (Valdez and others, unpub. report, 2000; table 1-1) could not be addressed
because of the compressed timeline for planning and implementation. For example, no baseline
data were collected during a year of MLFF operations with an annual release of less than or
equal to 8.23 maf.

The hydrograph implemented during the 2000 LSSF experiment differed from the
hydrograph proposed by Valdez and others (unpub. report, 2000). The high, steady discharge in
spring was reduced to 481 m?®/s in volume and shortened in duration by a month, starting in April
rather than March (fig. 1-4). The reduction in the volume and duration of the hydrograph
compromised the ponding hypotheses associated with Period I (table 1-1); although, the velocity
and temperatures at tributary mouths could be measured under different discharge volumes, the
duration of ponding and its effects on larval retention could not be measured as originally
intended. The proposed fall steady flows were terminated and MLFF operations were resumed
on October 1, 2000 (fig. 1-4). As a result, the effects of stable shorelines on growth and survival
of juvenile and YOY native fish in the fall period were not measured. Instead of developing
alternative hypotheses associated with the return of MLFF operations and young fish survival or
other resource responses, data collection for most resources ended when MLFF operations
resumed. With respect to environmental compliance needs, an environmental assessment of the
experiment was unnecessary because the hydrograph did not exceed powerplant capacity and fell
within Record of Decision flow criteria. As a result, implementation proceeded quickly.
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Figure 1-4. Actual release pattern of the experimental flow period from March to October 2000 (dotted
line) compared with the proposed experimental hydrograph (solid line) from Valdez and others (unpub.
report, 2000).

LSSF research projects dealt with individual resources and addressed questions related to
separate periods of the LSSF hydrograph. Physical, biological, and cultural resources were
studied, including sediment transport and reworking, changes in water temperature, aquatic
productivity, mainstem fish growth and abundance, riparian vegetation response, recreation
safety and perceptions, and the financial costs of the experiment. Many of the LSSF projects
were expanded efforts of existing research projects. For example, the sandbar and sediment
mass-balance project scheduled to collect sandbar area and volume data in the summer of 2000
expanded the number of trips and data-collection efforts to capture information about sediment
response for each experimental flow period (Schmidt and others, 2007). Some projects only
collected data during a single period within the experiment. For example, an algal production
study only occurred during Period II (Yard and Blinn, unpub. report, 2001). Other projects
collected data for a 2-year period, as in the case of riparian vegetation (Porter, 2002), or for a 9-
year period following the experiment, as in the case of humpback chub population estimates
(Coggins and Walters, 2009).

The status of monitoring program development for resources along the Colorado River
affected data collection approaches, intensity, and the ability of researchers to draw conclusions
about experimental effects. Plans for long-term monitoring of resources for Record of Decision
operations were still in development in 2000 (U.S. Geological Survey, 1999; Urquhart and
others, unpub. report, 2000; Anders and others, unpub. report, 2001). A comprehensive long-
term dataset for resources responding to different hydrographs was not available, which limited
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researchers’ abilities to compare resource responses to the LSSF hydrograph with Record of
Decision operations. However, the LSSF experiment provided opportunities to test sampling
strategies for long-term monitoring (Schmidt and others, 2007) because steady flow operations
removed one variable that can affect sampling for fish and sediment resources. In 2000, a fish-
monitoring program that estimated fish abundance downstream from Glen Canyon Dam was not
well developed. The fisheries and physical science programs used the experiment to refine
sampling approaches. As of this writing (2011), long-term monitoring programs for resources
remain in various states of development.

Report Organization, Place Names, and Units

This report summarizes the hydrologic design and implementation of the LSSF
experiment and describes the response of the key resources that were monitored during the
experiment. A conceptual diagram (fig. 1-5) developed for this report identifies the relations of
resources that were studied during the LSSF experiment. This report includes an annotated
bibliography summarizing individual publications associated with the LSSF experiment
(appendix). The final section of this report identifies the successes and failures of the LSSF
experiment and identifies aspects of resource responses to the experimental hydrograph that
remain unknown.

Throughout the report, “Grand Canyon” is used broadly to refer to the Colorado River
corridor between Glen Canyon Dam and the western boundary of Grand Canyon National Park,
including Glen, Marble, and Grand Canyons. The study area is referred to as the “Colorado River
ecosystem” (CRE).

In this report, metric units are used for all units, with the exception of river miles. By
convention, locations along the Colorado River below Glen Canyon are identified by river mile
(RM) and by side of the river (left (L) or right (R)). Lees Ferry, which is the dividing point
between the upper and lower Colorado River Basin, is the starting point RM 0 (fig. 1-1), with
mileage measured in upstream (-) and downstream directions.
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Chapter 2. Physical Resource Response to the Low Steady
Summer Flow Experiment

Introduction

Water temperature affects growth of young fish, and water velocity affects the
environments they can occupy by affecting their swimming endurance. Water volume affects the
warming potential of water and the velocity of water as it moves downstream. To benefit early
life stages of native fish, particularly humpback chub (Gila cypha), the Low Steady Summer
Flow (LSSF) experiment hydrograph incorporated different discharge volumes to affect
velocities along shorelines, rework shorelines associated with sediment deposition, and to affect
the warming potential of the water released from Glen Canyon Dam. The high, steady discharge
in the spring was intended to pond tributaries to improve tributary spawning and retain larvae by
creating low-velocity areas at the confluence areas. These high volumes of water would mobilize
and rework sediment along shorelines that young fish could occupy later in the summer after
entering the mainstem (Valdez and others, unpub. report, 2000). The lower water volume (226
m’/s) in the summer was intended to create warm, low-velocity shoreline environments for
young-of-year (YOY) and juvenile native fish. Ideally, warmer and slower velocity water along
shoreline environments would result in greater growth of young native fish occupying mainstem
shorelines; although, increased abundances of fish could limit growth of fish because of density-
dependent effects.

Several researchers studied the effects of discharge on the temperature and velocity of
water at the confluence with the Little Colorado River (LCR; fig. 2-1), in the mainstem, and
along shorelines in 2000 (Davis, 2002; Korman and others, 2004; Protiva and others, 2010).
Subsequently, Wright and others (2008) developed a model for mainstem warming potential that
helps explain the mainstem warming patterns observed in 2000. The physical effects of the
experimental hydrograph on sediment transport and shoreline reworking, specifically backwater
rejuvenation, were studied in 2000 (Goeking and others, unpub. report, 2003; Schmidt and
others, 2007), but primarily in association with the second habitat maintenance flow. Results
from these studies are described in this chapter.

Period I: Tributary Ponding

Before the regulation of the Colorado River by Glen Canyon Dam, the average annual
spring flood volume of the river in Grand Canyon was 2,407 m?/s: runoff began in March and
peaked in May and June (Carothers and Brown, 1991; Topping and others, 2003). The timing of
native fish spawning in tributaries is coincident with these historical flood peaks (Carothers and
Brown, 1991; Valdez and Carothers, unpub. report, 1998; Gorman and Stone, 1999). Typically,
during times of historical flooding, mainstem water would extend into tributary mouths and
create extensive low-velocity pools that lasted for several months for larval and subsequent YOY
fish (Robinson and others, 1998). Before regulation, mainstem water temperatures in April and
May at Lees Ferry were likely equal to or greater than the average of 14.2°C recorded between
1955 and 1965 for these months upstream at the Green River gaging station near Green River,
Utah (not shown; sta. number 09315000) (U.S. Geological Survey, 2010). This gage is located
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several hundred miles upstream from Lees Ferry and water temperatures may have increased as
it traveled downstream. Although volumes would be high, the water in the mainstem would be
approaching the optimal rearing and spawning temperatures of humpback chub, which are
greater than or equal to 15°C and 16°C, respectively (Bulkley and others, 1981), as it ponded in
tributaries downstream from Lees Ferry. Robinson and others (1998) and Clarkson and Childs
(2000) speculated that the younger fish would grow in these warmer tributary pools to a size that
would allow them to manage mainstem velocities when the fish entered the receding mainstem
flow in July.

114°0'W 113°0'W 112°0'W 111°0'W
HL I I T
| Glen Canyon S
-
' - Recreation Area
| . i
: b !
< | =
a UTAH = ko
37OOIN i S P s — A
s — S R
Cl ARIZONA
' X Lake
o Lees Ferry 3 Powell
I & fo
= o
' s ~ Glen Canyon
| R ¢ °¢ Dam
' = Q
) N &
| Grand Canyon C J’
36°30'N H National Park N 25
| 2 2 7
: O 2
©
Lake ! $t\\1°" ity 50 2
Mead <
| o 125
A 5
e 175 100 o1 % River Ganfluence
275 & -
& . 75
) ", <
36°0N - 200 i &a. ge‘o Ao L a
Pearce Ferry 9 . - 6 c s frey,
250 % N & rand -
N} - °-
225 N s 2
X =
N =
LR\ =
=
-
35°30'N — N _
— N
NEVADA
UTAH
(o) Ma
H 3 5, i | | |
%, 0 2 40 60 Miles Explanation
- 49 PARIZONA f T — — ! ® River Miles
> 0 2 40 60 KILOMETERS )
National Parks
I Other Park Units

Figure 2-1. Map of the Colorado River downstream from Glen Canyon Dam. River mile (RM)
designations occur at 25-mile intervals starting from Lees Ferry, designated as RM 0. Large tributaries to
the mainstem, including the Little Colorado River, are identified.

Both the water temperatures and the maximum planned spring releases from Glen
Canyon Dam in 2000 limited the potential benefit of tributary ponding. The high, steady
discharges in Period I (April and May) of the LSSF hydrograph included discharges of 538 and
877 m’/s (fig. 1-4); these volumes were, respectively, 75 and 70 percent lower than predam
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volumes. In 2000, the maximum tributary ponding occurred for 4 days at the end of May during
the 877 m?/s habitat maintenance flow (HMF). The 4-day ponding duration is a 93-percent
reduction compared to 2 months of ponding before regulation. Furthermore, in April and May of
2000, water temperatures at the Lees Ferry gaging station (sta. number 09380000), 15 miles
downstream from Glen Canyon Dam, varied between 9.1 and 10.3°C (fig. 2-2; U.S. Geological
Survey, 2010) and were 4 to 10°C lower than those upstream at the Green River gage for the
same period (fig. 2-3; U.S. Geological Survey, 2010). The hypolimnetic releases (releases from
the midpoint in the reservoir’s elevation) from Glen Canyon Dam result in water temperatures
that rarely exceed 12°C any time of the year except when the reservoir volume is reduced
(Voichick and Wright, 2007). In 2000, the reservoir was full and water release temperatures in
April and May were typical (Vernieu and others, 2005). High-volume discharges released in the
spring intended to pond tributaries in the postdam Colorado River are unlikely to create a
warmwater environment because colder water released from Glen Canyon Dam dominates the
ponded areas.
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Figure 2-2. Mean daily temperatures (°C) recorded at the gage at Lees Ferry, Ariz. (USGS 09380000),
from April 1 through May 31, 2000.
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Figure 2-3. Mean daily temperatures (°C) recorded at the gage at Green River, Utah (USGS 09315000),
from April 1 through May 31, 2000.

Protiva and others (2010) studied the effect of increased mainstem discharge on water
velocities and temperatures at the confluence of the LCR and the mainstem in the spring and
summer of 2000 (fig. 2-1). They determined that as mainstem discharge volumes increase, the
availability of low-velocity areas decrease at the confluence area (figs. 2-4 A—C). The greatest
available low-velocity area occurred when discharges were between 226 and 509 m’/s (fig. 2-
4B). The cobble island that is situated at the confluence affects the availability of low-velocity
areas. Mainstem volumes that force LCR inflow into the channel on the south side of the island
increased low velocity (<0.2 m/s) water when the tributary was at base flow. Similarly, Protiva
and others (2010) determined that warmwater areas (>15°C) are limited to areas directly affected
by the inflow from the LCR because the mainstem temperatures (typically 12°C even in the
summer months) are lower than those of the LCR (>16°C; Voichick and Wright, 2007). In the
spring, the potential benefit of ponding that might occur in the LCR decreases with higher
discharges because the colder mainstem waters enter the ponded tributary mouth and reduce the
area of warm water (fig. 2-5 A-C).
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Figure 2-4. Available low velocity area (<0.2 m/s and <1 m deep) at the confluence of the mainstem
Colorado River and the Little Colorado River (LCR). Low-velocity areas (pink colored polygons) are
superimposed on a black and white image of the confluence area taken in September 2000 when the
mainstem discharge was 226 m?/s. The light colored plume of sediment coming from the LCR in (A) shows
the direction the LCR inflow follows under a low mainstem discharge. When the mainstem discharge
increases to 368 m¥/s (B), ponding at the north side of the island occurs, LCR water is concentrated into
the southern channel of the cobble bar, and low-velocity area increases and includes areas in the
mainstem. When mainstem discharge reaches 509 m?/s (C), low-velocity area is significantly reduced at
the confluence. At discharges >509 m3/s (not shown), low-velocity area is limited to the LCR. Adapted from
Protiva and others, 2010.
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Figure 2-5. Available warmwater area (<1 m deep) at the confluence of the Colorado River and the Little
Colorado River (LCR). The images use 1°C contours and graduated color, with darkest blue representing
coldest temperatures (12°C) and red representing the warmest water temperatures (25°C) illustrate the
warmwater areas associated with three mainstem discharges (227, 368 and 509 m3/s). At discharges of
227 md/s (A), warmwater areas are found in the LCR mouth and along the north side of the cobble island in
association with the general direction of flow from the LCR. At a moderate discharge of 368 m3/s (B),
available warmwater areas increase and shift toward the lower channel as water from the LCR is directed
into the lower channel. At a mainstem discharge of 509 m3/s (C), warmwater is limited to the mouth of the
LCR because colder mainstem water is routed around the confluence and through the lower channel.
Adapted from Protiva and others, 2010.

Sediment Reworking and Habitat Rejuvenation Associated with a Habitat Maintenance Flow

Historically, high-volume spring floods associated with basin snowmelt transported large
quantities of sediment through Grand Canyon and reworked existing beaches and shorelines
(Andrews, 1991; Schmidt and Rubin, 1995; Topping and others, 2003; Schmidt and others,
2004). The 4-day HMF of 877 m?/s that took place in the middle of Period I (May 3—-6, 2000)
was intended to rework sediment in eddies and along channel margins to create shoreline aquatic
habitats, particularly backwaters (environments associated with recirculating eddies below debris
fans) (Rubin and others, 1990; table 1-1). The HMF at 877 m’/s is a discharge that can be
released without bypassing the turbines. Management agencies were interested in knowing if
sandbars and backwaters could be maintained by flows that did not bypass the powerplant.
Hypothetically, YOY fish would occupy the reworked backwaters and other shoreline habitats
during the summer. Sandbar building and sediment export are dependent on the balance between
accumulated sediment volumes in eddies and the channel, and available sediment storage space
at higher stage elevations (Topping and others, 2000b; Hazel and others, 2006). A sediment-
starved river subjected to a sustained high-discharge event can export more sediment than is
stored in the river channel (Rubin and others, 2002; Wright and others, 2006).

Results of sediment input monitoring before the sustained discharge of 481 m?*/s in April
2000 and the May HMF indicated that there were few sediment inputs from tributaries to the
mainstem in the previous winter months and that accumulated sediment in the eddies was low
(Schmidt and others, 2007). In the Colorado River downstream from Glen Canyon Dam,
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sustained discharges greater than 282 m?/s increase the amount of sediment exported from the
system—{flows of 424 m?/s transport 2 to 10 times more sediment than flows of 282 m?/s
(Topping and others, 2000a, 2006). Schmidt and others (2007) identified Period I, with 2 months
of high discharges, as a sediment-exporting period. Despite the export of sediment, results from
ground-based surveys of sandbars and eddies in June 2000 indicated that some sediment was
deposited along higher elevation sandbars and that sediment volumes in submerged eddies
decreased (Hazel and others, 2006; Schmidt and others, 2007). Because of the low amount of
sediment inputs in the previous winter months, the area and volume changes observed were
likely because of reworking of sediment from local sandbar sources rather than from sediment
that accumulated in the eddies through the winter.

Although the higher elevation sandbars (elevations equivalent to river stages associated
with discharges >708 m?/s) do not constitute shoreline habitat, the reduced sediment volumes
previously scoured from submerged eddy deposits might indicate increased backwater volumes.
Changes in backwater areas were determined following the September HMF. Sediment inputs
from tributaries also were low in the summer of 2000 (Schmidt and others, 2007). Results from
the September analysis indicate that the areas of backwaters located in the vicinity of the LCR
either increased or remained the same following the September HMF (fig. 2-6; Goeking and
others, unpub. report, 2003; Schmidt and others, 2007). The changes in backwater area were
associated with measured declines in sand volume in submerged eddies and increased area in
mid-elevation sandbars (Goeking and others, unpub. report, 2003; Schmidt and others, 2007).
Because sand volume deposited in submerged eddies decreased during the May HMF (Hazel and
others, 2006; Schmidt and others, 2007), just as it did during the September HMF, it can be
inferred that the spring HMF likely created or enlarged backwater areas before the June steady
flow period, but the extent of change is unknown.
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Figure 2-6. Backwater area in August and September 2000 upstream and downstream from the Little
Colorado River (LCR). A 4-day 877 m¥s habitat maintenance flow occurred between the two sampling
events. Data from Goeking and others (unpub. report, 2003).
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Period Il: Mainstem and Shoreline Warming during Low Steady Discharges
from June to August 2000

A primary hypothesis associated with Period II of the LSSF experiment was that the low
steady discharges of 226 m’/s would provide low velocity, stabilized shoreline environments for
YOY and juvenile fish from June through September. Lower volumes presumably also would
promote warmwater (>16°C) environments (Valdez and others, unpub report, 2000; table 1-1,
fig. 1-4). Water at least as warm as 16°C was the target temperature for the mainstem because
optimal spawning temperatures for humpback chub is at least 16°C (Bulkley and others, 1981;
Valdez and Ryel, unpub. report, 1995; Valdez and Carothers, unpub. report, 1998). The optimum
rearing temperatures for humpback chub range between 15 and 24°C (Bulkley and others, 1981;
Valdez and Ryel, unpub. report, 1995; Valdez and Carothers, unpub. report, 1998). Water release
temperature in the Colorado River from Glen Canyon Dam varies between 9 and 12°C (Vernieu
and others, 2005; Voichick and Wright, 2007), which limits potential for either spawning or
rearing of humpback chub in the mainstem. As a result of lower mainstem temperatures, growth
of fish is reduced (Clarkson and Childs, 2000). Before 2000, release temperatures reached 15°C
only in the early 1980s when the reservoir was still filling (Vernieu and others, 2005; Voichick
and Wright, 2007).

Valdez and others (unpub. report, 2000) anticipated that water in the mainstem would
reach minimum spawning and rearing temperature requirements for humpback chub by the
Middle Granite Gorge (RM 126, not shown). Release temperatures from Glen Canyon Dam in
June through August 2000 were between 9.4 and 9.5°C (Voichick and Wright, 2007). Mainstem
water temperatures immediately upstream from the LCR (RM 61.0, fig. 2-1) did not meet
optimal rearing temperatures during any time of Period II. Temperatures further downstream did
reach rearing temperatures from at least RM 132 (not shown), near the Middle Granite Gorge
humpback chub aggregation, to RM 225 (fig. 2-7).
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Figure 2-7. Mean water temperatures from June through September 2000 from river mile (RM) 62 to
225. The location of the Middle Granite Gorge humpback chub aggregation (RM 132) is identified by the
arrow (data adapted from Voichick and Wright, 2007).

Reservoir conditions, time of year, rate of discharge, and distance downstream from the
dam affect mainstem water temperature (Anderson and Wright, 2007; Wright and others, 2008).
Reservoir elevation affects release temperatures from Glen Canyon Dam by affecting the
withdrawal depth of water entering the penstocks (Vernieu and others, 2005; Wright and others,
2008). The rate at which water is discharged from the dam affects residence time in the river
channel. Water discharged at lower rates has a longer residence time in the river channel and, if
air temperatures are high, warming can occur (Korman and Campana, 2009; Wright and others,
2008). The greatest mainstem warming occurs in July, which is coincident with the greatest
value recorded for average monthly air temperature (for example, 28.4°C average monthly
temperature at Page, Ariz. (Wright and others, 2008)). July also is when humpback chub
frequently enter the mainstem from tributaries in association with tributary freshets from
monsoon storms (Valdez and Ryel, unpub. report, 1995).

A general pattern of mainstem warming in Grand Canyon is that initial release
temperatures from Glen Canyon Dam affect water temperature in the upper reaches of the
Colorado River (for example, at RM 61 near the LCR). Water temperature in lower reaches of
the river is affected by three physical properties: discharge rate, which affects residence time
(Anderson and Wright, 2007; Wright and others, 2008); channel aspect, which affects light
availability; and air temperature, which is generally greater in the western portion of Grand
Canyon (Yard and others, 2005). Mainstem water temperatures near the LCR cannot reach 16°C
in July and August unless release temperatures approach 14°C (Wright and others, 2008). In
contrast, warmer mainstem temperatures are attainable in the western part of the Colorado River
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in July when releases from Glen Canyon Dam are 12°C because of the longer residence time of
water in the river channel.

The rate of river warming from the dam downstream from the LCR was similar in 2000
to that observed in previous years under Modified Low Fluctuating Flow (MLFF) operations.
Downstream of the LCR, warming of water is dependent on the discharge rate and air
temperature, which affects local warming (Korman and others, unpub. report, 2006; Anderson
and Wright, 2007; Wright and others, 2008). Release temperatures in 2000 were 1°C warmer
than in previous years, which accounted for the 13°C water temperatures observed in the
mainstem near the LCR during the experiment (Voichick and Wright, 2007). For mainstem water
temperatures to reach optimal rearing temperatures for humpback chub at the confluence with
the LCR, release temperatures needed to be greater than 13°C. Mainstem warming in 2000 was
greatest in the western reaches of the mainstem (fig. 2-7) because of lower discharges rates,
compared with previous years, and longer residence time in the channel by the time the water
traveled 225 miles to Diamond Creek (fig. 2-1) in 2000 compared with the years 1993-99.

Similar patterns of mainstem water warming observed under steady discharges during the
summer of 2000 occurred in 2005 during higher discharges and MLFF operations (Voichick and
Wright, 2007). In 2005, release temperatures during the summer months averaged 13.2°C,
approximately 4°C warmer than in 2000, and monthly volumes were 141 m?/s greater in June
through August compared to 2000. Water temperatures at RM 61 were between 15 and 16°C in
July and August, approximately 1°C warmer than temperatures at Lees Ferry. The pattern
observed in 2005 illustrates how release temperatures affect downstream warming patterns. Even
during higher discharges and higher daily ranges of discharge, downstream warming that meets
optimal rearing temperature requirements of humpback chub is achievable in the mainstem near
the LCR, if initial release temperatures are greater than 13°C. The mainstem water temperatures
during 2000 may have benefitted fish in the western parts of Grand Canyon where mainstem
temperatures reached optimal rearing temperature requirements for humpback chub.

Period II: Shoreline Warming

The variables of water volume, residence time, and ambient temperatures that affect
mainstem warming also affect warming of water along the shoreline (Korman and others, unpub.
report, 2006). Time of year also affects how water temperatures might differ between shoreline
environments and the mainstem. Geomorphic features associated with low-velocity shorelines
(for example, talus and backwaters) affect residence time of water by affecting the degree to
which water is isolated from and mixes with mainstem water. Korman and others (unpub. report,
2006) collected temperature data from August through October 2004 in low- and high-angle
shoreline habitats and in backwaters in the mainstem during fluctuating discharges. The greatest
warming was associated with backwaters, followed by low-angle shorelines. Water temperatures
at steep-angled talus environments were similar to the mainstem (Korman and others, unpub.
report, 2006). Individual backwater habitat may warm substantially more than the mainstem
during parts of the day (Korman and others, unpub. report, 2006) depending on the orientation of
the backwater to the sun and time of year. Backwater and mainstem temperature data from
September 2005 (Ralston and others, 2007) indicated no difference in temperature between these
environments during steady (226 m?/s) and low discharge fluctuating releases, which likely
reflect the time of year and the effect of local air temperature on warming.

The depth of warming in the water column reported by Korman and others (unpub.
report, 2006) indicated that water temperatures measured below daily base-flow stage elevations
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along shorelines varied little from the mainstem. Shoreline water temperature associated with
vertical stratification was not measured during the LSSF experiment. Korman and others (unpub.
report, 2006) also indicated that shoreline temperatures reverted to mainstem temperatures at
night or during indirect sunlight conditions. These results corroborate the findings of Ralston and
others (2007), who reported little difference between mainstem and backwater temperatures
measured in September and October 2005, when sun angle is low and air temperatures are
correspondingly lower. Data from 2000 indicated similar warming in a backwater at RM 141
(William Vernieu, U.S. Geological Survey, unpub. data, 2011). At that backwater, the nighttime
temperatures differed by 3.5°C between the backwater and the mainstem, while the daytime
temperatures differed by 13.0°C. Ralston and others (2007) also indicate that areas closest to the
shoreline, which are therefore shallower environments, warmed more than areas farther from the
shoreline. In 2000, as in other years during MLFF operations, water in backwaters warmed
during the day and was warmest during the warmest period of the summer.

Period II: Surface Warming Patterns during Steady Flows

A 1-m? resolution thermal infrared sensor recorded maximum water-surface temperatures
along a 42-mile stretch of the river channel (RM 30-72) at 1:30 p.m. on July 21, 2000 (Davis,
2002). Water-surface thermal data are presented here for a total 44.6 ha of areas that extend 2 m
from shorelines to quantify the area and pattern of shoreline warming (fig. 2-8). The areas that
were measured included areas around mid-channel islands, cobble bars, debris fans, eddy bars,
and associated backwaters.

Water-surface temperatures along the shorelines varied from 9 to 28°C (Davis, 2002).
More than 50 percent of the shoreline temperatures were similar to the mainstem temperatures
during steady flows even in July at maximum light availability (fig. 2-8). Mainstem water-
surface temperatures near the LCR averaged 13.5°C. Water-surface temperatures between 13 and
14°C accounted for the largest proportion of all shoreline areas. Water-surface temperature for
some areas reached optimal rearing temperatures for humpback chub.

Fragmented water-surface warming patterns occurred along shorelines in 2000. As
identified by Korman and others (unpub. report, 2006), shoreline warming is not uniform
because water in eddies warms more than water along talus slopes. In general, in 2000,
backwaters had the largest contiguous areas of water with surface temperatures greater than
16°C. The area near the confluence with the LCR also was a large area of warm surface
temperatures that equaled or exceeded 16°C. This area could be a transition zone for young
humpback chub during lower dam releases and could reduce temperature shock to small-sized
fish. These data complement the subsurface temperature study of Protiva and others (2010).
Shoreline surface temperatures warmed in a downstream pattern in July 2000 (Davis, 2002),
similar to what was observed for the mainstem (fig. 2-7).

31



Area (hectares)

11 12 13 14 15 16 17 18 19 20
water-surface temperature (degrees Celsius)

Figure 2-8. Area distribution greater than or equal to 0.5 hectares of the water-surface temperatures
within 2 m from the shoreline, river mile 30-72, 1:30 p.m., July 21, 2000.

Period Il: Low Steady Summer Discharges and Shoreline Habitat for Fish

Persistent suitable habitat is a key variable for early life-stage survival and subsequent
recruitment of fish into the adult population (Freeman and others, 2001; Korman and others,
2004; Korman and Campana, 2009). Previous surveys of backwater area for discharges that
range from 141 to 849 m*/s (McGuinn-Robbins, unpub. report, 1995) and habitat suitability
studies for humpback chub (Converse and others, 1998) identified that a steady discharge of 226
m?/s increased low-velocity shoreline habitats compared with higher discharges. Korman and
others (2004) modeled shoreline habitats for a section of river downstream from the LCR for
discharges between 141 and 788 m?/s. The habitat study by Converse and others (1998)
identified the amount and types of shoreline habitats available at the proposed 226 m?®/s
discharge and at other discharges. Korman and others (2004) also evaluated how persistent
habitat varied with monthly discharge since regulation.

Available Habitat and Habitat Stability

Korman and others (2004) used velocity (<0.25 m/s), water depth (<1 m) and shoreline
types (for example, talus, vegetation, cobbles) to quantify suitable shoreline environments within
seven geomorphic reaches downstream from the LCR for discharges ranging from 82 to 2,830
m?/s. The physical constraints they selected for depth and velocity were based on studies of
swimming performance and shoreline locations of young humpback chub (Bulkley and others,
1981; Valdez and Ryel, unpub. report, 1995; Converse and others, 1998). Korman and others
(2004) determined that discharge rates and local morphology affect local velocities and the
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amount and availability of shoreline habitat. Reaches with large debris fans, steep profiles, and
associated large downstream eddies changed little with increasing discharge except when
discharges overtopped debris fans (for example, discharges of 2,830 m?/s). Generally, total
suitable habitat declined with increasing discharge (Korman and others, 2004).

When discharges were either greater than 424 m?/s or less than 226 m?/s, suitable
shoreline habitat declined by 50 percent (Korman and others, 2004). Similarly, Protiva and
others (2010) found discharges greater than 424 m?/s reduced low-velocity habitats at the
confluence of the LCR (fig. 2-4). Because Korman and others (2004) encountered variability
between suitable habitat and discharge rates within their short study reach (3.6 km), they
suggested that general trends about stage elevation and habitat availability could not be
determined for the whole river system. Further analysis could be done as shoreline mapping is
completed and sandbar- and reach-based velocity models are developed to explore the variability
across geomorphic reaches for a range of discharges.

Comparisons of predam and postdam average monthly discharges were made to
determine how regulation changed seasonal shoreline habitat availability (Korman and others,
2004). The authors note that predam seasonal discharges were higher in the May and June
periods (averaging 1,500 m?*/s) than during postdam regulation (averaging 400 m?/s). These high
predam discharges, which also were warmer, exceed those imposed during Period I of the LSSF
experiment by 275 percent and would have resulted in extensive ponding at tributaries. Korman
and others (2004) noted that the annual base discharge increased from 226 to 300 m3/s (based on
monthly averages), or 32 percent, for the period of record since regulation began in 1963.
Korman and others (2004) noted that regulation substantially reduced suitable shoreline habitat
for the months of August through February and increased suitable shoreline habitat for 3 months
of the year (April-June). YOY native fish, particularly humpback chub, are few in number in the
mainstem from April through June, but their abundances increase in the later summer months
(Valdez and Ryel, unpub. report, 1995) even though suitable habitat is reduced during MLFF
operations after June.

Korman and others (2004) found that the LSSF experiment provided consistent suitable
habitat that was absent during other regulated discharge patterns. They concluded that the LSSF
experiment that included 226 m?/s discharges in June and July did not mimic the predam pattern
of discharge or minimum flows for these same months. The timing of the September HMF
(September 1-4) served as an interruption in persistent habitat at a time when YOY native fish
likely are occupying mainstem shoreline habitats, mainstem discharges were historically low,
and mainstem water was still warm. The results from Korman and others (2004) report suggest
YOY fish might benefit more from a low steady flow period that started later in the summer
season, such as August. The delayed timing might benefit YOY fishes entering the mainstem
from tributaries during monsoon flooding. The resulting reduction in base flow in August
compared to MLFF could provide maximum shoreline habitats coupled with warmer water
released from Lake Powell (fig. 2-1; Vernieu and others, 2005) and greater ambient air
temperatures (Wright and others, 2008). Releasing lower discharges later in the summer season
also would help conserve sediment inputs associated with late summer and fall monsoonal
storms. Lower discharges reduce sediment transport (Topping and others, 2000a; Schmidt and
others, 2007). The sediment could be reworked and deposited in higher elevation sandbars
during higher discharges (Rubin and others, 2002; Wright and others, 2006; Wright and
Kennedy, 2011).

Period II of the LSSF experiment began following a HMF intended to rework eddies and
rejuvenate backwaters. As mentioned in the description of Period I, the HMF in May mobilized
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sediment resulting in some accumulation of sand at mid-elevation sandbars and a reduction in
sand volume in eddies, suggesting that backwaters were reworked (Hazel and others, 2006;
Schmidt and others, 2007). The September HMF also resulted in deposition of sediment in the
mid-elevation sandbars (Schmidt and others, 2007) and increased backwater area in September
(Goeking and others, unpub. report, 2003; fig. 2.6). The response was not uniform among all
eddies or reaches (Goeking and others, unpub. report, 2003), which corresponds to results of
modeling done by Korman and others (2004). Goeking and others (unpub. report, 2003)
commented that the total backwater area in 2000 was comparable to that measured in 1984
following the largest postdam releases (2,747 m?/s) in 1983.

Conclusions

The high discharges associated with Period I (481 m?/s) were insufficient to create
extensive ponding at the LCR, and the dynamics between mainstem temperatures and tributary
mouths created a cold, low-velocity water interface rather than a warmwater interface that could
be beneficial for larval and YOY fish (Protiva and others, 2010). The low steady flows of Period
II were associated with average mainstem temperatures for comparable discharges during
fluctuating flows (Voichick and Wright, 2007)—mainstem temperatures in the eastern Grand
Canyon were similar to previous years during MLFF operations. Nearshore warming exceeded
mainstem temperatures in some places by as much as 13°C (Davis, 2002), but less than 50
percent of the shoreline water-surface area that was measured by thermal infrared imagery was
warmer than 14°C (fig. 2.8). Warming was not continuous along shorelines, resulting in
fragmented water-surface warming (Davis, 2002). Korman and others (unpub. report, 2006)
concluded that backwaters that have a reduced connection with the mainstem and slower
velocities reached the highest water temperatures measured in 2004 during MLFF operations,
suggesting that similar warming occurred in 2000. Shoreline warming occurred in 2004 and 2005
during MLFF operations that were coincident with warmer release temperatures (Johnstone and
Lauretta, unpub. report, 2006). The warmer mainstem temperatures observed in 2004 and 2005
may have resulted in more uniform temperatures between the mainstem and shorelines. The daily
temperature flux between the shoreline and mainstem temperatures within the vertical water
column may have been less in 2004 and 2005 than in 2000. The basin hydrology that affects
Lake Powell Reservoir elevations and subsequent release temperatures may be more important
for providing warm mainstem water than the daily discharge pattern. The linkage between warm
mainstem water and persistent habitat needs for fish remain unclear and further study would be
needed to better understand the linkages.
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Chapter 3. Native and Nonnative Fish Response to the
Steady Summer Flow Experiment in the Mainstem
Downstream from Lees Ferry

Introduction

The purpose of the Low Steady Summer Flow (LSSF) experiment was to determine if
reduced discharge and steady flows would improve mainstem spawning success and increase
growth of young native fish through improved nursery habitats and warmer water. The previous
section described how the discharge rates and initial release temperatures affect the warming
potential and water velocities in the mainstem and along shorelines. These variables translate to
suitable and sustained aquatic environments that young fish can occupy. The young fish use
these environments in the summer months after migrating from the tributaries, either as drifting
larvae, or as young-of-year (YOY) fish transported with tributary freshets. Korman and others
(2004) and Protiva and others (2010) quantified the effects of discharge on shoreline velocities
and the extent of available and sustained low-velocity areas that young native fish can occupy at
the confluence with the Little Colorado River and downstream from the confluence along the
shorelines of the mainstem (fig. 3-1). If mainstem and shoreline water temperatures reached
optimum rearing temperatures of 15°C or greater, an anticipated response of fish was a shift in
fish-length frequency toward larger sized YOY fish compared with previous years. An increase
in the abundance of fish also could be a response to warmer water.

Critical to understanding the fish response is data collected before, during, and following
the hydrologic treatment as identified by Valdez and others (unpub. report, 2000). During Period
I, few biological data related to larval drift and ponding were collected. During Period II, three
mainstem trips that included seining, trammel netting, and electroshocking were conducted in
June, August, and September. Trammel and others (unpub. report, 2002) and Speas and others
(unpub. report, 2004) documented changes in mean total fish length and the relative abundance
of species during Period II. Data collected before implementation of the experimental
hydrograph were not focused on long-term monitoring; instead, data were collected in
association with life-history studies of humpback chub (Valdez and Ryel, unpub. report, 1995) or
opportunistic sampling of backwater habitats (Arizona Game and Fish, unpub. report, 1996).
Lacking long-term historical data of mainstem trends for native and nonnative fish hampers
interpretation of the effects on fish of the 1-year hydrologic treatment. The results reported for
2000 are discussed in the context of the historical data, hydrology, and sampling effort to assist
in interpreting the growth and abundance results observed in 2000. Hydrology that benefits
native fish also was likely to benefit nonnative fish. Efforts to ameliorate the potential positive
response by nonnative fish to the experiment included the 4-day habitat maintenance flow
(HMF) at the beginning of September (fig. 1-4), which was intended to displace small-bodied
nonnative fish (for example, fathead minnows (Pimephales promelas) and red shiners). A
discussion of the utility of the ponding flows in the spring and the utility and uncertainties that
the September HMF added to the interpretation of the young fish response is included in this
section.
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Figure 3-1.  Map of the Colorado River downstream from Glen Canyon Dam. River mile (RM)
designations occur at 25-mile intervals starting from Lees Ferry, designated as RM 0. Large tributaries to
the mainstem, including the Little Colorado River, are identified.

Period I: Tributary Ponding

Tributary ponding was predicted to improve larval survival of all native fish, but tributary
ponding may benefit native sucker species more than humpback chub (Gila cypha) (Robinson
and others, 1998). Robinson and others (1998) reported large numbers of drifting bluehead
sucker (Catostomus discobolus) and flannelmouth sucker (Catostomus latipinnis) larvae, but few
numbers of humpback chub larvae drifting into the mainstem from the Little Colorado River
(LCR) during the months of May through July. Instead, they report that humpback chub largely
remain close to spawning sites. YOY humpback chub appear to enter the mainstem in
association with monsoon storms that occur in July through September (Valdez and Ryel, unpub.
report, 1995). The small numbers of drifting humpback chub larvae observed by Robinson and
others (1998) and their observations that chub remain close to spawning sites suggest that
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ponding using high flows in the spring may have had little measurable benefit for larval
humpback chub survivorship. The negligible benefit of ponding is further called into question
when the mainstem and LCR flow dynamics under high mainstem volumes reduce low-velocity,
warmwater areas (Protiva and others, 2010; figs. 2-4, 2-5). In contrast, larvae that drifted toward
the confluence area of the mainstem in June through August might have benefitted from the
lower mainstem discharge of 226 m?®/s. At this lower discharge, the area of warmer and lower-
velocity water at the confluence increases (Protiva and others, 2010; figs. 8 and 9) when LCR
flows are at base-flow levels.

Period II: Fish Growth and Abundance during Steady Minimal Discharges

Trammell and others (unpub. report, 2002) compared the 2000 YOY fish abundance and
mean total lengths of fish caught in seines with previous years (1991-97) to see if these variables
differed during steady flow and Modified Low Fluctuating Flow (MLFF) operations. Sampling
with seines, primarily used in backwaters, during the LSSF experiment occurred June 7-23,
shortly after the spring HMF; August 622, about halfway through Period II; and September 14—
29, a week following the fall HMF (Trammell and others, unpub. report, 2002). The data
collected by Trammel and others (unpub. report, 2002) are presented here with geographic
separation of sample sites upstream and downstream from river mile (RM) 150 (figs. 3-2 4, B; 3-
3 4, B). Mainstem water temperatures were at or above the optimal rearing temperature for
humpback chub (15°C) by May 2000 at sites downstream from RM 150 (Voichick and Wright,
2007; fig. 2.8) and may have affected growth or abundance patterns of YOY fish in 2000.

Trammell and others (unpub. report, 2002) noted that relative abundance of native fish
was greater than nonnative fish caught in seines in the eastern and western parts of Grand
Canyon, except upstream from RM 150 in September (figs. 3-2 4,B). Among native fish species
sampled in June 2000, flannelmouth suckers and speckled dace (Rhinichthys osculus) were the
most frequently encountered native fish upstream and downstream from RM 150, respectively
(figs. 3-3 4, B). The relative abundance of humpback chub was minimal in backwaters upstream
and downstream from RM 150 throughout the sampling period (figs. 3-3 4, B). Grams and others
(2010) also documented minimal abundances of humpback chub in a more recent backwater
study conducted in 2008 and 2009. The abundances Grams and others (2010) indicated for
humpback chub in 2008 and 2009 were small even in light of increased numbers for this species
since 2000 (Coggins and Walters, 2009), possibly indicating that humpback chub occupy other
shoreline environments besides backwaters, as identified by Converse and others (1998).
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Figure 3-2. Bar graphs showing relative abundance of native and native fish species with total lengths
less than 110 mm collected (A) upstream and (B) downstream from river mile 150, June 7-23, August 6-
22, and September 14-29, 2000 (data from Trammell and others, unpub. report, 2002).
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Figure 3-3. Bar graphs showing relative abundance of the six most abundant fish species with total
lengths less than 110 mm collected (A) upstream and (B) downstream from river mile 150, June 7-23,
August 6-22, and September 14-29, 2000 (data from Trammell and others, unpub. report, 2002).
Abbreviations along horizontal axis are BHS (bluehead sucker), FHM (fathead minnow), FMS (flannelmouth
sucker), HBC (humpback chub), RSH (red shiner), and SPD (speckled dace).

Mean total length of the six most abundant fish species in 2000 did not differ from
previous years (Trammell and others, unpub. report, 2002). Fish-length data from 2000 are
difficult to interpret because the sampling included seining data after the September HMF, and
mainstem water temperatures met optimal rearing requirements of native fish in the western
Grand Canyon, but not in the eastern Grand Canyon (the mainstem near the LCR). Trammell and
others (unpub. report, 2002) reported larger humpback chub caught near the LCR in 2000
compared to humpback chub located farther downstream (figs. 3-4 A, B). The authors attributed
the longer lengths of fish caught downstream from the LCR (RM 61-75; fig. 3-44) to fish
entering the mainstem from the LCR tributary, where conditions for growth were better.
Comparisons of mean total length in 2000 with data from 1991-97 for August and September
indicated that mean lengths for 2000 were less than in previous years (Trammell and others,
unpub. report, 2002). The smaller fishes observed in 2000 were attributed to protracted spawning
in the mainstem and the continuous influx of larvae and small fish into backwaters (Trammell
and others, unpub. report, 2002), particularly in the western Grand Canyon (fig. 3-4B). The
abundances of fish in backwaters was greater in 2000 compared with previous years. The HMF
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likely displaced some fish occupying backwaters and by September fish longer than 100 mm
may have moved from backwaters. Trammell and others (unpub. report, 2002) concluded that
steady flows did not appear to result in increased fish growth. This conclusion should be viewed
cautiously, however, because it is based on only 1 year of data that included the effects of a
HMF. In addition, the data were collected with a single gear type that does not sample all the
shoreline environments that YOY may occupy.
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Figure 3-4. Bar graphs showing mean fish length (total length) of the six most common fish species with
lengths less than 110 mm collected (A) upstream and (B) downstream from river mile 150, June 7-23,
August 6-22, and September 14-29, 2000. Error bars represent one standard error (data from Trammell
and others, unpub. report, 2002). Abbreviations along horizontal axis are BHS (bluehead sucker), FHM
(fathead minnow), FMS (flannelmouth sucker), HBC (humpback chub), RSH (red shiner), and SPD
(speckled dace).

Nonnative Response to Steady Flows and Warmer Water

Resource competition and native fish predation by nonnative fish are threats to the native
fish recruitment in the Colorado River in Grand Canyon (Minckley, 1991; Gloss and Coggins,
2005; Yard and others, 2011). The relative abundance of small-sized nonnative fish remained
smaller than those of native fish throughout the summer (figs. 3-2 4, B). The greater percentage
of native small-sized fish was associated with greater abundance of speckled dace earlier in the
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summer followed by increased abundances of flannelmouth and bluehead suckers in August and
September (figs. 3-3 4, B). Trammell and others (unpub. report, 2002) compared relative
abundance of nonnative fish captured in seines in 2000 with previous years (1990-97) and
determined there was no difference among years. Subsequent years, 2002—6, also did not indicate
substantial differences in YOY abundances for all fish combined (Ackerman, unpub. report,
2008).

Three nonnative fish—fathead minnows (Pimephales promelas), plains killifish
(Fundulus zebrinus), and rainbow trout (Oncorhynchus mykiss)—appeared to benefit from either
the reduced fluctuations, warmer water temperatures, or both. McKinney and others (2001) and
Korman and others (2011) documented the benefit of reduced flows associated with MLFF
operations on rainbow trout spawning and recruitment in the Lees Ferry fishery (fig. 3-1). Speas
and others (unpub. report, 2004) reported a large increase in rainbow trout with lengths less than
120 mm in Lees Ferry in summer 2000, but did not see a corresponding large recruitment into
the next size class in 2001. Fathead minnows caught in the western Grand Canyon (RM 160—
219) were most abundant in 2000 compared to subsequent years (Johnstone and Lauretta, unpub.
report, 2004), suggesting that steady flows may benefit this species. Plains killifish catch rates
increased beginning in 2002 for nearly every reach (Johnstone and Lauretta, unpub. report,
2004). This species did not constitute a large percentage of the fish captured in 2000.

A part of the LSSF experiment specifically included developing abundance estimates for
rainbow and brown trout (Salmo trutta) in the Colorado River mainstem and developing
monitoring approaches for nonnative fish in the mainstem (Speas and others, unpub. report,
2004). Data from the Arizona Game and Fish Department (Makinster and others, 2010) indicate
that abundances of adult rainbow and brown trout during 2000-9 were either at or approached a
maximum in 2000. No abundance estimates are available for these species before 2000. Because
of predation by rainbow and brown trout, the large abundance of these fish in the mainstem
likely affected the abundance of native and small-bodied nonnative fish in 2000, particularly near
the confluence with the LCR (Yard and others, 2011).

Habitat Maintenance Flows for the Purpose of Disadvantaging Nonnative
Fish

The purpose of the second HMF, conducted in September 2000, was to disadvantage
nonnative fish (Valdez and others, unpub. report, 2000; table 1). Minckley and Meffe (1987)
documented that flood events affected nonnative fish more negatively than native fish in a small
stream in the Southwest. More recently, Korman (2009) indicated that the 2004 fall high-flow
experiment (HFE) displaced young rainbow trout in Glen Canyon, though the fate of these fish is
unknown. A comparison of the relative abundance of native and nonnative fish in August and
September 2000 indicated that the relative abundance of nonnative fish was larger in September
upstream of RM 150 than in August (fig. 3-2; Trammell and others, unpub. report, 2002). This
suggests that the September HMF did not have the expected effect on small-sized nonnative fish.
The reasons for the response difference between the small streams studied by Minckley and
Mefte (1987) and the larger Colorado River are not known. One explanation may be that the
river scales may not be directly comparable and the expected effects may be unquantifiable in a
large river. Nonnative fish abundance increased upstream from RM 150 following the HMF (fig.
3-34) and Trammell and others (unpub. report, 2002) noted an increase between RM 60 and 80.
Increased abundances of nonnative fish moving into the mainstem during freshets in the LCR,
Havasu Creek, and Kanab Creek tributaries (fig. 3-1) in September may explain the observed
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increases in nonnative species. Speas and others (unpub. report, 2004) determined that the HMF
did not affect the fish-length frequencies of downstream YOY rainbow and brown trout. Because
of the uncertainty of how the HMF affected native fish and because small-sized nonnative fish
abundance was less than native fish before the HMF (fig. 3-2), research in conjunction with a fall
HMF might improve knowledge about native and nonnative fish responses to these below
powerplant-capacity pulses.

Factors Affecting Interpretations of Fish Abundance and Growth

Assessing changes in length frequency of small fish based on seining is problematic;
seining samples backwaters effectively but does not sample other shorelines and captures fish
that average 51 mm, rather than a range of lengths. Converse and others (1998) found that
humpback chub less than 200 mm long use shorelines other than backwaters (for example,
vegetated shorelines or talus). Slow electroshocking (for example, shocking along shorelines at a
slow rate) from a boat may be a sampling method for small fish along shorelines other than
backwaters. The LSSF data for small-sized fish captured using seining have a limited ability to
determine the fate of fish that grow beyond 110 mm length or occupy areas other than
backwaters.

Drawing conclusions about fish growth in 2000 compared to previous years also is
problematic. Fish abundances, particularly native fish abundances, were small in the 1990s
(Douglas and Marsh, 1996), and the monthly discharges in the summer, when fish were sampled,
were variable and generally greater than in 2000. Although Trammell and others (unpub. report,
2002) correctly point out that daily fluctuations in the 1990s were similar, they failed to note that
monthly discharges between years varied. The monthly discharges in July and August 1991-93
were relatively low (<368 m?/s), whereas the discharges were higher (>424 m?/s) for these same
months in 1994-96. The discharge rate can affect the catchability of small fish (Korman and
others, 2009) and availability of shoreline habitats (Converse and others, 1998; Korman and
others, 2004; Korman and others, 2009), thereby affecting abundance and size distribution of fish
caught. The higher monthly discharges in the late 1990s may have favored larger fish that could
withstand higher-velocity shorelines. The greater mean lengths reported by Trammell and others
(unpub. report, 2002) for fish caught in the 1990s may be an indication of these sampling biases
and merit further exploration. Lastly, the seining locations varied among the years that were
compared. In some years, seining efforts focused near the LCR, whereas in other years more
extensive sampling occurred throughout the river corridor (U.S. Geological Survey, unpub. data,
2009). Trammell and others (unpub. report, 2002) reported larger humpback chub near the LCR
in 2000 compared to locations farther downstream. The effect of the larger YOY fish entering
the mainstem from the LCR is another example of how previous sampling efforts can confound
interpretations of a single-season experiment. In years when sampling focused near the LCR,
mean total length of native fish may be greater than in years when sampling occurred throughout
the river corridor. The variability in sampling locations in the 1990s lends further uncertainty to
the meaning of fish lengths measured under steady-flow conditions in 2000 relative to those
measured during fluctuating-flow conditions in other years. These findings underscore the need
for consistent methods and timing of monitoring.
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Conclusions

Variables associated with gear types used to catch fish, fish life history, rarity of fish, and
the experimental hydrograph contributed to uncertainties associated with fish response to the
experimental hydrograph of Period II. Ontogenetic shifts (for example, changes in diet and
habitat use) associated with growth can cause fish to move out of one habitat and into another
(Robinson and others, 1998; Stone and Gorman, 2006). Gear types that sample one habitat but do
not effectively sample other habitats result in less than accurate sampling of fish. Korman and
Campana (2009) demonstrated that as YOY rainbow trout grow in the Glen Canyon reach of the
Colorado River, they shift away from shallow, low-angle habitats to environments with deeper
water. Similarly, Stone and Gorman (2006) documented that as they grow, young native fish in
the LCR shift from shorelines to open channels during daylight hours. Seines used in backwaters
capture fish that are most often less than 110 mm in length (Ackerman, unpub. report, 2008). The
limitation of a seine to catch fish longer than 110 mm and fish occupying habitats other than
backwaters precludes knowing the fate of the fish once they reach a size where they are either
less vulnerable to seining or have switched habitat from a backwater to another shoreline type.
Trammell and others (unpub. report, 2002) indicate that the number of fish captured with
different gear types during the same months in different years were insufficient to document an
ontogenetic shift. The rarity of native fish, the abundance of shoreline types other than
backwaters, and the limitations of different gear types (for example, trammel nets only work in
eddy environments) further obscure information on fish abundance and length frequencies in
response to the experimental treatment.

The potential for predation of native fish by the brown and rainbow trout, which were
abundant in the mainstem in 2000 (Makinster and others, 2010), further confounded assessment
of the experimental effects on YOY native fish. The large numbers of brown and rainbow trout
detected in the mainstem in 2000 were sufficient for resource managers to decide to implement
mechanical removal of these species from the mainstem near the LCR in 2003—6 as an
experiment to improve native fish recruitment (Gloss and Coggins, 2005; Coggins, 2008;
Coggins and others, 2011). In association with the mechanical removal experiment, Yard and
others (2011) demonstrated that greater abundances of brown and rainbow trout result in
predation of small-sized fish, including native fish, and that water clarity affects rates of
predation. In 2000, high levels of water clarity existed in the system for much of the summer
because of a lack of tributary inputs (Schmidt and others, 2007). Yard and others (2011)
determined that in the absence of fish suppression brown and rainbow trout could consume as
many as 45,000 native fish per year. The high abundance of adult brown and rainbow trout in the
mainstem and the high water clarity throughout the river corridor in the summer of 2000 might
have contributed to higher predation rates on native fish near the LCR and possibly affected
mean length data collected in 2000 (Trammell and others, unpub. report, 2002).

Lastly, the HMF in the middle of Period II likely contributed to inconclusive results by
displacing some small fish, including native fish, through habitat reworking and increased
shoreline velocities. The HMF changed habitat that had been persistent for 3 months (Schmidt
and others, 2007). Further, the September HMF was similar to dam operations until the 1990s.
The Operation of Glen Canyon Dam Final Environmental Impact Statement (U.S. Department of
the Interior, 1995) concluded that high, fluctuating flows were detrimental to native fish. Korman
and Campana (2009) determined that young rainbow trout stay in habitats that persist at the daily
minimum flow levels during MLFF operations instead of moving up and down the water column
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with the daily fluctuations. The young trout remain in place, presumably, to conserve energy and
avoid predators. The same behavioral pattern might apply to YOY native fish. Warmer mainstem
temperatures, achievable under lower reservoir elevations, may be more critical to fish growth
and survival than stable shorelines that only achieve rearing temperatures during part of the day.
Additional work may clarify how discharge patterns, shoreline warming, the locations of young
fish within the river channel, and daily variation in temperature along shorelines relate to fish
growth and movement.
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Chapter 4. Vegetation Response to a Low Steady Summer
Flow Experiment

Introduction

The effect of river regulation on riparian vegetation includes the removal of the historical
seasonal hydrologic disturbance patterns (Stromberg, 1997) and the reduction and coarsening of
sediment inputs (Lowrance and others, 1986; Stevens, 1989a; Schmidt and others, 2004). Both of
these alterations affect initial colonization dynamics that can promote exotic species
introductions following disturbance (Naiman and Decamps, 1997; Stromberg, 1997; Sher and
others, 2002; Cooper and others, 2003). The regulation of the Colorado River imposed by the
installation of Glen Canyon Dam resulted in reduced annual release volumes, a reduced spring
runoff hydrograph, and a shift in the peak discharges from spring to the summer and winter
months. The shift in peak discharges coincided with power demands in the Southwestern United
States (Turner and Karpiscak, 1980; Topping and others, 2003; Korman and others, 2004). The
changes in the hydrograph shifted the timing of disturbance for extant riparian vegetation and
seedlings from spring to early summer. The reduced annual hydrograph and reduced disturbance
interval resulted in exposure of substrates and subsequent expanded plant colonization (Turner
and Karpiscak, 1980; Carothers and Brown, 1991; Webb and others, 2002).

Introduction of tamarisk (7amarix spp.), a nonnative species, into the Colorado River
Basin began in the 19th century (Clover and Jotter, 1944). Although tamarisk proliferated in the
early 20" century before river regulation (Birken and Cooper, 2006), its expansion in the
Western United States also benefitted from the hydrologic shifts associated with regulation in the
1050s and 1960s (Stromberg, 1997; Stevens and Waring, 1986; Turner and Karpiscak, 1980).
Because tamarisk produces copious seeds continuously from late spring through the summer
months (coincident with the shift in the hydrologic peak) and the seeds germinate quickly, it
readily occupied the newly exposed shorelines and became a dominant species along the
Colorado River (Turner and Karpiscak, 1980; Carothers and Brown, 1991; Ralston and others,
2008; fig. 4.1). Even though tamarisk provides habitat for riparian bird species (Shafroth and
others, 2005), the Glen Canyon Dam Adaptive Management Program suggests promoting native
species within the riparian community and notes that hydrologic experiments that promote the
successful colonization of tamarisk is a concern to resource managers.
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Figure 4.1. Tamarisk vegetation dominates shoreline vegetation along the Colorado River.

The expansion of tamarisk along the river corridor in Grand Canyon is associated with
the initial operations of Glen Canyon Dam in 1963 (fig. 4.2; Carothers and Brown, 1991) and
flood releases in 1983—84 (Stevens and Waring, 1986; Mortenson and Weisberg, 2010). In both
cases, newly exposed, unvegetated substrates were available for colonization by tamarisk.
Though other factors contribute to the establishment of tamarisk within the Colorado River
ecosystem (CRE), a significant factor is that tamarisk can outcompete other species when
substrates are bare (Sher and others, 2002). The regulation of the Colorado River by Glen
Canyon Dam reduced the annual flood volume by more than 50 percent (Topping and others,
2003) and exposed shoreward substrates that previously were subject to annual scour that
inhibited colonization (Clover and Jotter, 1944; Carothers and Brown, 1991). Flood releases
from Glen Canyon Dam in the mid-1980s resulted in removal of 50 percent of the postdam
vegetation and establishment of bare sandbars and channel margins for a secondary expansion of
tamarisk with little competition (Stevens and Waring, 1986). In both instances, tamarisk
dominated when bare substrates were made available.
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Figure 4-2. Map of the Colorado River downstream from Glen Canyon Dam. River mile (RM)
designations occur at 25-mile intervals starting from Lees Ferry, designated as RM 0. Large tributaries to
the mainstem, including the Little Colorado River, are identified.

Low Steady Summer Flow Hydrograph and Tamarisk Response

The combination of sustained high releases from the dam in Period I and reduced steady
discharges in Period II presented an atypical hydrograph for the Colorado River following
regulation. Under annual operating plans, spring discharges (March through May) from Glen
Canyon Dam averaged between 271 and 289 m?3/s from 1992 to 1995 and then increased to
average volumes between 403 and 640 m?®/s from 1996 to 2000 (U.S. Geological Survey, 2010).
Average monthly discharges in June during the 1990s were either equal to or greater than the
previous months’ discharges, as the dam was operated to meet increasing electrical demands
associated with the summer months (Korman and others, 2004). The discharge in June 2000
differed from this pattern because the average monthly volume in June 2000 was less than the
previous months’ volumes. As with the tamarisk colonization events following initial dam
operations in 1963 and the mid-1980s flooding (Carothers and Brown, 1991; Turner and
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Karpiscak, 1980; Stevens and Waring, 1986), the LSSF hydrograph created conditions favoring a
tamarisk colonization event.

The sustained discharges in April and May and the spring habitat maintenance flows
(HMF) in 2000 resulted in sediment export from eddies and deposition at mid-elevation sandbars
(Hazel and others, 2006; Schmidt and others 2007). Scour of vegetation occurred below the 437
m?/s stage elevation and partial burial of vegetation occurred at the mid-elevation stages, which
are equivalent to discharges between 538 and 877 m?®/s (Porter, 2002; Hazel and others, 2006,
Schmidt and others, 2007). The beaches below stage elevations of 437 m?/s that were exposed in
June, when discharge volume was reduced to 226 m?/s stage elevations, provided largely
unoccupied areas for vegetation colonization, principally by tamarisk (Porter, 2002). The buried
areas associated with mid-elevation sediment deposition above the 437 m?/s stage and to as much
as the 877 m?/s stage also provided a disturbance event for extant plant response.

As the summer proceeded, tamarisk seedlings reached their greatest densities in the areas
closest to the shoreline, which also were the barest areas (Porter, 2002). The profuse seed
production and quick germination abilities of tamarisk (Stromberg, 1997; Sher and others, 2002)
were coincident with the exposure of shorelines in June. The expansive growth of tamarisk in
2000 is quantified by a mean stem density of 196 stems/m? recorded in July and the 219 percent
increase in stem densities (626 stems/m?) 30 days later in August (Porter, 2002; fig. 4.3). These
latter stem densities were comparable to those observed by Stevens and Waring (1986) following
the mid-1980s floods and to those observed by Stromberg (1997) on the San Pedro River in
southern Arizona. The availability of water relative to the location of the seeds along the bank
and the absence of competition supported tamarisk’s successful colonization (Stevens and
Waring, 1986; Sher and others, 2002). Porter (2002) indicated that the tamarisk establishment
was greatest at the mid-shore stage elevations (approximately 382 m?/s stage elevation) and
below. The successful colonization by tamarisk within these stage elevations suggests an optimal
soil/water relation within those stage elevations compared to higher stage elevations.

Tamarisk’s successful colonization associated with the LSSF is attributable to the
antecedent flows in the spring and the timing of reduced flows starting in June. The sustained
higher discharges in the spring and the May HMF scoured vegetation at low stage elevations.
The exposure of bare areas in June coincided with the timing of tamarisk seedling production
and was approximately 1 month later than the seedling production of native riparian species such
as Goodding’s willow (Salix gooddingii) and Fremont cottonwood (Populus fremontii)
(Stromberg, 1993). The small abundance of these native species in the CRE further limited
contributing seed sources for either of these species. The newly scoured areas provided a
substrate for tamarisk colonization in the absence of competition from other woody riparian
species.
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Figure 4.3. Mean stem density of tamarisk (Tamarix spp.) and native plants below 538 m?/s stage
elevation in 2000 and 2001. Error bars represent one standard error (data from Porter, 2002).

Low Steady Summer Flow Hydrograph and Native Species Response

Native woody riparian plant species found along the Colorado River in Grand Canyon
produce seeds in either the spring (for example, coyote willow (Salix exigua), and Goodding’s
willow) or late summer and fall (for example, arrowweed (Pluchea sericea), mesquite (Prosopis
glandulosa), and seepwillow (Baccharis spp.)). The timing and duration of flooding affects
germination success of wetland plant species and the availability of seeds for subsequent
germination. Some of these species (coyote willow and arrowweed) also reproduce vegetatively.
Vegetative reproduction, a form of asexual plant reproduction, also is a common form of
expansion among some wetland species (for example, common reed (Phragmites australis),
bulrush (Schoenoplectus sp.), and horsetail (Equisetum sp.).

Vegetative reproduction, rather than seed germination, was the dominant form of
establishment by and expansion of native plants following the spring HMF (Porter, 2002). A
seed bank study conducted during the 1996 high-flow experiment (HFE), or artificial flood, in
Grand Canyon determined that the 7-day sustained flood flows were sufficient to remove seeds
stored in shoreline sediment deposits (Kearsley and Ayers, 1999). The LSSF experiment Period I
discharge and HMF that spanned a 2-month period likely removed seeds stored in seed banks. In
addition, the timing of the reduced steady-flow volumes in June 2000 preceded seed production
of wetland species, which occurs in late summer and early fall, and was past the viability
window of most seeds produced by native woody riparian vegetation earlier in the spring (for
example, seed viability is 1-5 weeks for willows) (Stromberg, 1993). The abrupt change in
hydrology between May and June also reduced the water table elevation and may have
compromised any dispersed seeds germinating at the 538 m?/s stage elevations (Stromberg,
1993).
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Common reed, bulrush, horsetails, and sedges became established in the low-elevation
sandbar areas through the summer months of 2000, but at a slower rate than tamarisk (Porter,
2002). By August 2000, stem density of native riparian species averaged 56 stems/m? compared
to 626 stems/m? of tamarisk (fig. 4-3). Densities of native plants followed a progression of
lowest stem densities near the edge of the water and highest densities near establish plants
located above the 538 m?/s stage elevation (Porter, 2002). Plants reproducing vegetatively would
follow this pattern of expansion.

Plant Response to September Habitat Maintenance Flow

The September HMF that was intended to disadvantage nonnative fish (Valdez and
others, unpub. report, 2000) affected other resources. This small, short-duration flood had the
effect of reducing tamarisk stem densities by 57 percent (Porter, 2002). The res