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Abstract

Urban, agricultural, and industrial water usersvaty manage water supplies
and demands to increase water use efficiency throagservation, water
markets, infrastructure changes, and creative tiparand management
strategies. Improving water use efficiency is jusginning to be incorporated
in the environmental sector to extend benefitsraddce costs. This study
explores methods to improve environmental watereffsgency, as well as to
reduce competition for water between environmemgak and traditional water
resources. California’s Shasta River is used@ssa-study to evaluate
restoration alternatives and efficient use of emvinental water allocations.
Low instream flow and high water temperature caodg are two factors
limiting survival of native salmon in the Shastav&i This study examines the
potential to enhance fish habitat conditions bydsehanaging environmental
instream flow and water temperature, using thecaktinalysis, field
monitoring, simulation, and optimization modelinglany other potential
methods to improve environmental water use efficyeexist. Results suggest
that environmental water use efficiency can pogdigtimprove environmental
performance and perhaps reduce some water manageomdlicts. Additional
research for managing environmental water use rgede Modeling results
specific to the Shasta River indicate that restpBig Springs Creek is
especially promising to enhance fish habitat inShasta River, cold water is
necessary in the upper reaches for most restorat@asures to be effective,
and a combination of restoration alternatives nmgroves instream habitat
for native salmon species in the Shasta River.
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Chapter 1: Introduction

In recent decades, urban and agricultural watem@agg have actively managed
their water supplies and demands to increase wateefficiency, reduce costs, and
improve benefits. Improvements have been madegplg and demand infrastructure,
policies, operations, and management strategielsidimg coordinated use of existing
supplies, conjunctive use of ground and surfaceryatater conservation technologies,
water transfers, desalination, and recycling pnogrélglesias and Blanco, 2008; Wilchfort
and Lund, 1997; Yeh, 1985). This has allowed urnash agricultural agencies to stretch
existing supplies to serve growing demands. Sarok water use efficiency methods also
could be applied to environmental water uses teesse environmental protection and
restoration with limited environmental water allboas and availability.

Environmental water allocations are needed becaad#ional water resource
development has impacted aquatic systems. Allmeafior urban and agricultural water
uses have historically been given priority, witlvieonmental needs being identified more
recently. A balance must be made between wateures management for traditional
water uses, such as urban, agricultural, and industipplies, and newer water resources
such as environmental and recreational uses. Wmgavater use efficiency in all water
use sectors may reduce competition for limited wsigplies.

In recent decades in the U.S., water has beeraédiddor environmental uses,
often through legislative or regulatory processeB\(VR, 1998). Examples of
environmental water uses include instream flow ckgitbns, pulse flood releases (for seed
recruitment, river channel geomorphology, fish ratgms, etc.), wetland mitigation, and
California’s Bay-Delta outflows. Environmental \watypically also includes
undeveloped water, such as uncontrolled flood selear water evapotranspirated by
native vegetation (CDWR, 1998). However, this agsk focuses on managed
environmental water, and thus necessarily condesels with environmental water
allocations that can be controlled, quantified, arahipulated for environmental
enhancement. Managed environmental water is vspgifically allocated to improve or
enhance environmental conditions. Environmentatidmns can be single species,
habitats, rivers, lakes, riparian zones, ecosy$tetions, processes, or ecosystem
elements, such as food webs.

Managed environmental water use efficiency (WUEsuseative operations and
management strategies to maximize environmentadfli¢ar a given amount of water
(Begley et al., 2006; Deason et al., 2004; Lankf@D3). Here, emphasis is on
increasing environmental benefit from allocatedexatather than decreasing
environmental water allocations to maintain curggnotection. Environmental WUE is
important because the environmental water sectat fikely consider and improve
efficiency to continue increasing environmental dféa with limited water availability, as
urban and agricultural water sectors have impra@fédiency to stretch water supplies.

Despite good intentions, a considerable allocatiomater, laws, and protective
legislation, many aquatic species and habitats Hesappeared in recent decades because
water allocations and restoration efforts have he®ble to keep pace with environmental
degradation that has occurred in the previous cgifbiackey, 1999; Nehlsen, 1991).
Although water is being ‘invested’ in the environmiethere has often been little or no
obvious improvement in habitat quality or ecosystealth. Current uses of
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environmental water alone often cannot meet gdaisatecting or enhancing riparian and
instream habitats, and ecosystem function. Inntedecades, much effort has focused on
securing additional water supplies for the envirenim While worthwhile in the past,
much of California’s developable water has alrelaglgn allocated, so additional large
guantities of water for environmental use are wellik Managed environmental WUE is
now likely to be effective to improve environmentb@nefits with existing supplies, as is
the case with urban and agricultural water users.

Environmental WUE may have potential to improveisanmental conditions in a
variety of ways, such as environmental water balek®e setbacks, combining
environmental uses with traditional water uses,imim instream flows, pulse flow
releases, dam removal, or temperature control deoa reservoirs. These examples are
further defined and discussed in the following dkapThis research focuses on water use
in the American West, although the ideas and matkeleloped here are applicable to any
regions with environmental water conflicts.

In subsequent chapters, the Shasta River, a tnptdahe Klamath River in
Northern California, is used as a case-study tongxathe potential of environmental
water use efficiency to improve instream conditiang maximize fish habitat and
population. Coho fish habitat and population &aeednly environmental water uses
considered, and instream flow and water temperattge¢he primary criteria used to
describe and rank habitat. The hypothesis ispbegntial exists to improve the health and
status of native fish populations by managing edienvironmental water and monetary
allocations more creatively and effectively. Aghwivater use efficiency in other sectors,
this may involve changes in infrastructure, tecbggl and operations regarding both
supply and demand.

Considerable research and analysis have been akéeiin the Shasta River basin
(CDFG, 1997; Abbott, 2002; Deas et al., 2003; NR@)4,; Deas et al., 2004; Geisler,
2005; Jeffres et al., 2008). Previous studies h@aljged provide direction and identify a
clear understanding of local issues and problefmwyever, most studies were developed
in response to specific questions. A compreherstivédy of the Shasta River Valley is
needed, and is undertaken here to understand heogyttem works as a whole, evaluate
potential restoration alternatives, and analyze hasin-wide management approaches or
combinations of approaches may improve condition€d®ho salmon.

This study relates restoration costs with improveinte instream habitat provided
by restoration alternatives. Theoretical analyfges] monitoring, simulation modeling,
and optimization modeling are used to highlightnpiing restoration alternatives and
increase understanding regarding salmon habitagfiteifrom increasing instream flow,
and benefits from water temperature improvemeitss dissertation has six additional
chapters.

» Chapter 2 develops the concept of environmentat¢mege efficiency, and
discusses it from a theoretical standpoint. TWsitative optimization models are
developed. The first evaluates benefits to fisimfincreasing flow and decreasing
water temperature, and the second presents pobsibédits of specializing rivers
for environmental and urban water uses.

» Chapter 3 provides a background on historical amteat conditions in
California’s Shasta River, which is used as a &d8dy in subsequent chapters.



Factors that limit salmon production in the Sh&¥tger are discussed, with
previous research and data gaps noted.

* Chapter 4 summarizes methods and observationsfietshmonitoring, including
longitudinal water temperature analysis, explogatbermal diversity probing,
winter water temperature sampling, and tailwatarrremonitoring. Field data are
analyzed to understand fine-scale variability natient in simulation and
optimization models.

* Yearlong model simulations of the Shasta Riverdaneeloped and used to compare
habitat improvement alternatives for the Shasta&Riv chapter 5. Alternatives
include current conditions, increased riparian sigddecreased surface water
diversions, tailwater return management alternativestored spring complexes,
scheduling changes to Dwinnell Dam, removal of DweilhDam, and unimpaired
conditions.

» Chapter 6 uses optimization modeling to highligtivhmprovements to instream
flow or water temperature affect habitat capacftgrte fish species, and estimates
the cost of restoration for each alternative. hdeoff between fish production
and the restoration costs highlight the most prorgimethods of improving fish
habitat while preserving the existing societal ealin the Shasta Valley.

* The final chapter provides a discussion of the mi@alings from this dissertation
and outlines future and ongoing work.
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Chapter 2: Environmental Water Use Efficiency Theor vy

This chapter describes environmental WUE and iteng@l as a management
strategy. A literature review on environmental Wfdows, with examples of
environmental WUE, novel methods of environmentale management, and how the
idea of restoration efficiency relates to enviromtaéWUE. Summaries of successful and
unsuccessful environmental WUE examples are indud®cus is on California, although
environmental WUE could apply to any location wheger scarcity is a problem and
greater environmental protection is desired foragiglsystems or other habitats.

Environmental WUE potential is illustrated with twptimization models. The
first model optimizes fish as indicators of envinmental quality, where changes to
instream flow and water temperature can improve lisbitat. This provides a method to
evaluate relative environmental improvement (fish habitat) among different restoration
alternatives. The model is illustrated with a egif related examples. The second model
represents competing water uses over two rivesshows specializing rivers for fish
production and other economic uses, such as wap@iys may be optimal. The chapter
concludes with a discussion of limitations of eonimental WUE.

Environmental Water Use Efficiency

In recent decades, effort has focused on secuddtji@nal water supplies for the
environment, usually as minimum instream flows, ckihére often mandated on rivers
throughout California and the nation. Environméwtater is required because humans
have extensively developed water resources fomygricultural, and industrial uses.
Prior to this water resource development, all watas used for environmental purposes.
With the environmental movement in the 1960’s, saol@ecloped water was allocated
back to the environment for protection and enhamcgraf aquatic species and habitats.
However, with growing urban populations and corgthagricultural demands, large new
allocations of environmental water will be increwsgy difficult to obtain (Figure 1).
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Figure 1. Conceptualized history of environmentalater use



This research explores methods to quantify enviemtal benefit from a given
amount of water dedicated to environmental useth, afocus on improving
environmental benefits. Like urban and agricultMvY&E, options sometimes exist to
improve environmental efficiency, such as environtabwater banks, scheduling
minimum instream flows to mimic natural hydrograindish migrations, substituting
water of different qualities with other users (amswy some other users are less sensitive
to water quality), and quantifying the benefit av#onmental water to ensure more
effective use.

Environmental WUE is not yet widely accepted agmavironmental management
strategy. Proponents believe it may be a toaijorove environmental protection and
enhancement, ultimately saving money, time, waied, Species. Skeptics believe it is not
useful for improving environmental protection besauit is difficult to quantify
environmental improvements, it could be misused sisategy to reduce environmental
water allocations, and long term restoration commaiits must be made (Begley et al.,
2006). Little has been written on environmental B/@dlthough a report by Deason et al.
(2004) was included in CDWR'’s 2005 California Wadéan Update (CDWR, 2005) and
the idea has been discussed among water manadeasifornia (Begley et al., 2006;
Deason et al., 2004). Table 1 provides a summiaepdronmental WUE examples, and
the following paragraphs discuss select examples.



Table 1. Strategies for environmental water use ahprotection through time

Option Examples and Explanation References

Past Strategies
Infrastructure Changes

Fish hatcheries Throughout U.S. Kauffman et al9719
Engineered river Dutch coastal engineering; bank stabilizationKauffman et al., 1997; Discq
channels and instream structures, artificial riffles 2002; Brown and Pasternac|
environments 2008

A

Habitat Enhancement
Dilute, retain, or treat Required for most urban discharge, i.e.: Iron US EPA, 2006
pollutants Mountain Mine (CA), before 1988,

Present Strategies
Operations and Management
Environmental water EWA (CA), EWP (CA), proposed at Klamath Winternitz, 2001; Jones and

transfers/banks River (OR, CA) Stokes, 2003; Hollinshead,
2005; Burke et al., 2004

Mitigation banking Kimball Island (CA), Campbell Reh (CA) US EPA, 1995

Managed wetland Manage wetland area, volume, deptliater Lankford, 2003; Kelley, Jr.,

supply and quality; Design of wetlands to et al., 1993
benefit wildlife (common)

Optimize restoration Mono Lake (CA), Deckers Creek (WV) Hart, 1996; Gdllet al.,

level 2005

Combine environmental Yolo Bypass/Yolo Basin Wetlands (CA); San Sommer et al., 2001;

use with other uses Joaquin River release reused for water supplggommer et al., 2003
(CA)

Water Scheduling

Minimum instream flows Common. California exampl€gnity, Gillilan and Brown, 1997
Sacramento, American, Feather, San Joaquin,
Tuolumne Rivers (CA), Putah Creek (CA),
CVPIA (CA)

Pulse flows: migration ~ Proposed on Yuba, American, Mokelumne, AFRP, 2001; Richter et al.,
cues, geomorphology... Merced, Tuolumne, San Joaquin Rivers (CA)1996; Poff et al., 1997

Channel wetting: Cosumnes River (CA) Fleckenstein et al., 2001
conjunctive use

Infrastructure Changes
Dam removal/removal of Battle Creek dam removal (CA), Red Bluff  Kier Associates, 1999;

—

migration barriers Diversion Dam fish passage (CA) USBR website
Temperature control Shasta Dam (CA), Whiskeytown and Vermeyen, 1997; GCMRC,
curtains/devices Lewiston Reservoirs (CA), proposed at Glen 1999
Canyon Dam (AZ)
New water treatment Iron Mountain Mine (CA), 1988 US EPA, 2006
facilities
Habitat Enhancement
Compatible water and  Sacramento Valley waterfowl and rice Shuford, 1998; Heitmeyer,
environmental uses cultivation 1989
Riparian shading Sacramento River (CA), ShastarRua) Lowney, 2000; Deas, 2000
Levee setbacks Maximize flooded habitat; Providaitha Kelley, Jr., et al., 1993
diversity
Dust mitigation Owens Dry Lakebed (CA) Anderson)@0
Possible Future Strategies
River specialization Specialize systems for envinental or other Mar, 1981, 1998; Bay-Delta
economic water uses; Battle Creek (CA) damAuthority, 2006
removal
Weed management Replace high ET species with I&#Wer Zavaleta, 2000; Davenport ¢
species, i.e.: tamarisk, yellow starthistle al., 1982
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The most widely discussed example of environmaMidE in California is the
Bay Delta Authority’s Environmental Water AccouiWA) for San Francisco’s Bay
Delta. The EWA buys water from willing sellersppiding carriage water to balance delta
salinity and augment flows for migratory fish spec{Hollinshead, 2005; Winternitz,
2001). The EWA demonstrates that environmenta¢mtaansfers can sometimes improve
water use efficiency and increase environmentakptmn. Environmental water banks
also are being considered in the Klamath RiverBasstretch limited environmental
water supplies because they allow for more comérohove water when and where it is
needed (Burke et al. 2004).

The Bay Delta Authority has a program similar te EWA called the
Environmental Water Program, which can buy wateirfstream uses upstream of the Bay
Delta. To date, no water transfers have been nadithugh funding or other support may
exist (Jones & Stokes, 2003). This program wasnahéd to enhance upstream habitat
areas using methods similar to the EWA.

In addition to environmental water transfers, othyerational options exist to
improve environmental WUE. Controlling the areepth, velocity, and residence time of
engineered wetlands through water timing, placenard scheduling decisions may
reduce environmental water demand. Man-made wis|aor other engineered habitats
should be hydrologically, ecologically, and econcaily efficient (Kelley Jr. et al., 1993;
Lankford, 2003). Lankford is one of only a fewlamts who mention environmental WUE
explicitly, arguing the environment should be irded in water efficiency and productivity
analysis, as are other water users.

In California and other regions with competitiom feater among environmental
and economic interests and water delivery systéraady near capacity, native plants and
wildlife are in the difficult position of competingith other interests for increasingly
expensive water. In these instances, environmestsd can sometimes be combined with
traditional water uses. This occurred with Califars Yolo Bypass off-stream flood
channel, beginning with the realization that thpdss was remarkably productive for local
fish species and migratory birds (Sommer, 2001)is Tesulted in undeveloped water
providing habitat for migratory birds and fish letYolo Wildlife Area (Yolo Basin
Foundation, 2006). Also as wetlands have disagpearthe state (and throughout the
nation), Sacramento Valley rice fields have beemiified as productive waterfowl and
shorebird habitat, and cultivation is being modifte support these species (Shuford et al.,
1998; Heitmeyer et al., 1989).

Throughout California and the western U.S., minimuastream flows have been
used to ensure environmental water allocationsoime river systems, such as rivers
throughout California’s Central Valley, instrearol scheduling has been altered to
mimic a more natural hydrograph, with fluctuatiom$low magnitude, duration,
flashiness, timing, and frequency (AFRP, 2001; Rickt al., 1996). Hydrologic
variability is ecologically and geomorphically inmpant. Pulse flows can maintain river
channel integrity, improve seedling recruitment] ane migratory species (Poff et al.,
1997). For efficient environmental use, ecologéstd water managers should test how
much water is needed for desired goals (to mobgizaeels, flush sediment, cue migrating
fish, etc.) and release only the required watessitdy preserving water for additional
environmental functions. Altering instream flowhsdules is a technically easy method of
allocating environmental water to be more environtally effective (Poff et al., 1997),



although implementation can be difficult politigalind legally, as occurred at California’s
Putah Creek (Fell, 2000).

California has extensively developed its water ueses; thus changes to
infrastructure can sometimes improve environméMdaE. Recently, removing dams has
become more common to restore ecological connéctiviaesthetic values, especially
where re-operation of other dams in series mayigeonearly the same benefits (Null and
Lund, 2006). Battle Creek, at tributary to Califa‘'s Sacramento River, is a prime
example. Five small hydroelectric dams are beemgaved to restore anadromous fish
passage, and flow will be increased on three amwitinydroelectric dams to minimize
hydropower losses (Bay Delta Authority, 2006). &eating and re-operating aging or
outdated infrastructure may improve overall efinag, allowing greater water dedications
for environmental uses.

For certain species, cold water has a higher enmental value than warm water
during summer periods (or vice versa). Water taatpee control devices or curtains offer
another method to provide water temperatures thaiat fish without additional water
dedications. Temperature control devices have heed on Shasta, Whiskeytown, and
Lewiston Reservoirs in Northern California to dreeid water from depth rather than
warm surface water (Vermeyen, 1997).

Finally, constructing water treatment facilitiest@ad of diluting pollution often
results in water savings. Prior to 1988, dilutadracid mine drainage was used at Iron
Mountain Mine. In 1988 the US EPA built a treatiniaility to remove metals and other
contaminants (US EPA, 2006). New treatment faeditequire an investment of capital,
but may be preferable to dilution when water iscea

Not all projects that have tried to maintain enmirental value while decreasing
water or other resources have been successfuhéistheries are such an example. In the
early 1900’s when rivers throughout the Americans¥Weere developed for water supply,
flood protection, and hydropower, fish hatcheriesewffered as a solution to the loss of
natural fish habitat. It was thought that econaiycimportant fish stocks could be
maintained while river systems were developed tbeouses. Hatchery fish were later
discovered to be poor substitutes for wild salmad @out, with problems associated with
altered run timing, loss of genetic diversity, catipon with wild fish, and disease
(Nehlsen et al., 1991; Lackey, 1999). The improwpedrations of existing hatcheries
might be a promising environmental WUE option; heere this example emphasizes the
need for an adaptive management framework whereimgating environmental WUE
strategies.

In the future, new strategies to improve environtaeWUE will likely be
developed. Removing exotic vegetation with higapotranspiration (ET) rates and
specializing rivers (dedicating some rivers foriemwmental protections while extensively
developing other rivers) are two promising appre@ador increasing instream flow.
Preliminary modeling and lysimeter studies sugggsiacing invasive weeds with more
drought tolerant species may be promising for mengagnvironmental water in upland
and riparian areas if invasive species have highaigs. Tamarisk and yellow starthistle
are examples of two such species in the Americast\((Null, unpublished data, 2007;
Zavaleta, 2000; Davenport et al., 1982). Replatiege plants with species with lower
ET rates may save water, which could then be usedtfier environmental water uses.
Likewise, specializing rivers for different econanar environmental uses may become
more widespread in the future. This will be disadextensively in later sections.



Restoration Efficiency

Related to the idea of environmental WUE, is thecept of restoration efficiency,
meaning the money dedicated to restoration, asasdle water, should accomplish as
much environmental benefit as possible. Whiledhes been little research on
environmental WUE specifically, the idea of restimna efficiency is not new. Growing
concern in the media is indicative of fears thatomation funds are not spent as efficiently
as possible (Cornwall, 2005; Anderson, 2006; Har@e04). Not only should
environmental water and monetary dedications bewtded for, but so should the success
of programs at meeting restoration goals. Envirental programs must be more
accountable in terms of setting goals, quantifyingrovements, and comparing
alternative restoration options to know if enviraamtal water dedications and restoration
funds are being used efficiently. Accountabilifynater use and economic costs are
imperative in the urban and agricultural water @ecand have led to much greater urban
and agricultural benefits from limited water ugeis likely that environmental protection
would improve if the environmental sector bettéated benefits of restoration programs
with water use and associated costs.

A common technique for assessing restoration efiicy is to evaluate a desired
level of restoration. From an environmental pecsipe, it would be ideal to restore
degraded areas to their levels before human intéore But restoration costs, invasive
species, and competing water uses often makentfl@igsible and unrealistic. In these
instances, choosing a level of restoration to rdesired goals is needed. Restoration of
Mono Lake is an example where there is not enougflerto meet all environmental and
human demands. Mono Lake is currently being redtdsut not to the historic lake level
prior to construction of the L.A. Aqueduct (6,41[at956m] above sea level). Rather, itis
a compromise with other economic uses such as wapgly and hydropower generation.
The lake level will increase to 6,392 ft (1,948rhpee sea level, where it will be
maintained. This level prevents the naturallyrsalake from becoming too salty to
support aquatic life, reduces dust by limiting exyr@ of the lakebed, ensures the lake’s
islands do not become connected to land, and pesescenic quality of the region (Hart,
1996). Once the lake rises to this prescribed |évA. can divert excess water.

A recent study for Decker’s Creek in West Virgialao evaluated restoration level.
The public was surveyed as to whether they wartt ¢aould pay for) the creek to be
restored for aesthetic value, swimming and wadangiit and take fishery, or a self-
sustaining fishery. Restoration cost estimategweriuded for each restoration decision
(Collins et al., 2005).

Mitigation banking is another approach that incogpes elements of restoration
efficiency. Mitigation banking is wetland restacat or enhancement to compensate for
wetland losses from development at another siteyevrestoration at the developed site
would not be beneficial, or is otherwise infeasiblditigation banking has been both
cheaper and more successful than traditional wettlestoration (Environmental Defense,
1999). Mitigation banks can be created for endeetyspecies or key habitat regions can
be restored, providing ecological connectivity whis more valuable than isolated pockets
of habitat (Williams et al., 2003).

In some cases, water has been dedicated for envanatal use; however, it is
unclear how best to use that water to enhance@miental conditions. This has occurred
with California’s Central Valley Project Improventekct (CVPIA). The CVPIA is
unique because environmental water allocations ggeeifically quantified, but methods
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of determining the best use for environmental waterlacking which slows restoration
(Sunding, 2003). Environmental WUE and restoraéfiitiency strategies can provide a
framework for this type of practical managementopem.

Water Use Efficiency for Fish Habitat and Productio n

The remainder of this chapter focuses on water gemant improvements for fish
habitat and production; although fish habitat emeament is just one example for which
environmental water use efficiency may be environtaléy and economically beneficial.
The potential of environmental WUE to improve iestm conditions for aquatic species is
explored using systems analysis. This sectionnsegith an introduction to systems
analysis and optimization because theoretical enmental WUE examples are illustrated
using simple optimization formulations. First aady state optimization model with one
fish species introduces the concept of optimizlog/fand water temperature for fish
habitat capacity. In the next formulation, detsiddded as the egg life history age class
cannot move freely between reaches. Next, a tongonent is added so that habitat
conditions are changeable by the chosen timestep.

These ideas are tested with a simple steady gpétaipation model created in
Microsoft Excel, which estimates different rateshefting in a mainstem river reach and
an irrigation channel, assessing how various reftom locations alter fish habitat in the
mainstem river. This illustrates potential apgiieas of environmental WUE, introducing
concepts and methods that are further exploredchap@r 6. The following section
examines the potential of optimizing river systdmgsise in a simple system, specializing
one river for fish habitat, and another river foban water use. This chapter ends with
conclusions on the concepts introduced here.

Systems Analysis and Optimization Background

Systems analysis is an interdisciplinary approactahalyzing complex problems
with interacting parts, and identifying the bestise of action than might otherwise have
been found (Labadie, 2004). Systems analysidaseckto operations research, which uses
mathematics, statistics, optimization, simulatiamg decision analysis to find optimal
solutions to intricate problems. The scenariosgméed below are simplified examples
using systems analysis and optimization. Optinopat an approach to systems analysis
that explicitly seeks the ‘best’ solution to a gevh within constraints. An objective
function expresses the goal of the model, whighagimized or minimized to arrive at an
optimal solution. Constraints define the feasielgion. The objective function and
constraints are mathematical functions of decis@mmables and parameters. Decision
variables are values which are changeable in tridehrepresenting management decisions
and parameters are given (Hillier and Lieberma®,71€ohon, 1978). The example
models demonstrate the theoretical value of enmental WUE for improving
environmental performance.

Application of systems analysis in water resoufesfocused primarily on
simulation and optimization of human water usesuktiog urban and agricultural water
reliability, flood control, hydropower generaticand to a lesser extent, recreation uses
(Cardwell, 1996). Instream flow demands are tylpicaodeled as constraints removing
them from decision-making. Few modeling studiegehacluded environmental
objectives with traditional human-based objectiagiough Cardwell (1996) used multi-
objective optimization to improve water reliabiliyd fish habitat in a simple reservoir-
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stream system. His model is similar to the optahan in the following examples
(although formulation differs between the two maedehd examples here include water
temperature). Interestingly, Cardwell’'s exampleswdended as a planning model to help
with FERC relicensing, while the models here amduss theoretical environmental WUE
examples.

In this section, all models optimize out-migratiigh under variable habitat
conditions. Fish carrying capacity in each reaah loe altered only by changing instream
flow and water temperature. Other potential stiesssuch as biotic interactions,
bioenergetics, disease, abundance of food, andkbh@bimplexity are all assumed to be
ideal for fish survival, and are constant. Fighénfive different age classes (in-migrants,
eggs, alevin, juvenile rearing, and out-migrantdgre flow and temperature requirements
do not change among age classes, although inyreadjtirements vary (Table 2). Rivers
are represented by a series of connected reacigesgR2). Instream flow and water
temperature are constant within each reach, biablarbetween reaches. Models are
loosely based on habitat requirements and lifehistf coho salmon in California’s
Shasta River, although these are primarily proafasfcept examples.

Table 2. Optimal water temperature requirements byage class (Deas et al., 2004; NRC, 2004; DFG,
2002)

Jan Feb Mar Apr May Jun Ju Aug Sep Oct Nov Dec
In-migration 10-12 C
Eggs 4-9C
Alevin 4-13C
Juvenile Rearing 12-14 C
Out-migration 8-16 C

Figure 2. Idealized river system with water and hat inputs Q and H

12



Instream flow and water temperature are model gyfhdat can be changed by
combinations of different restoration and managedrdenisions, such as environmental
water transfers, managing agricultural return flparsd planting shade yielding riparian
vegetation to decrease water temperature (Tabl&@er transfers could provide
environmental water when and where it is needed naatly improve environmental
protection. Changing the time of day that agriaat return flows are added to a river
may influence water temperature. Likewise, chaggire location of return inflows to a
river might add flexibility for managing instreathod and water temperature. Riparian
trees and shrubs can shade a river to reduce teat@erature in sunny regions where
grazing or other land use practices have removiadenaegetation. Riparian vegetation is
assumed to not affect instream flow significantly.

Table 3. Decision variables affecting instream fl@ and water temperature

Decision Variables Effect on Input

Environmental water transfers (WT) flow

Manage Return Flows (RF) | water temperature/?
A flow locally
Riparian Shading (RS) | water temperature

Simple steady state model for 1 fish species

For the first model, the objective is to maximike population potential of an out-
migrating fish species {5 over all reaches, r, under steady state hydrotoglyweather
conditions (eq. 1). In the model, fish can moweely between reaches in all age classes,
although in this may not be the case for small ifisteality. Fish are limited by age-
related mortality and habitat-related carrying cayefor all ages.

Max F =>F,, O
subject to:

> F., < f.0 F.,)0a )

Z For < Z fq,a,r Q) fh,a,r (H,),Oa 3)

where K is surviving fish of age a at reach location yjginstream flow for reach r, ks
water temperature for reach §.§(Qy) is the carrying capacity factor for age a andhea
as a function of flow,fa (Hr) is the carrying capacity factor for fish age d asach r as a
function of reach temperature, andsfthe survivor fraction (1-mortality) of fish age
Equation 2 is a fish demography constraint, lingjtfish in an age class to
survivors of the previous age class. (There candomore fry than there were eggs, etc.)
Equation 3 is a carrying capacity constraint bongdhe fish population by instream flow
and water temperature conditions. This multipli@atarrying capacity constraint may be
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too constraining, but is used for illustrative pogps here. Flow is a surrogate for habitat
in this example, and more flow does not necessaglyate to better habitat in real systems.
In fact, if flow increases, but water temperatwemains too high, fish habitat is inadequate
(although the constraint used here is less congtiaif only flow increases).

If flow and temperature for each reach were sulifedirect control, the
optimization of fish population potential with resp to Q and H would be given by the
Lagrangian equation:

L= z I:a\=5,r + zﬁr,a|:(z Fa,r - fa(z Fa—l)):| + Zz/‘a,r |:(Fa,r - Z fq,a,r (Qr) fh,a,r (H r )):| (4)

Conditions which maximize adult populations woutttar when,

- N = _ fh,a,r (H r )afq,a,r (Qr)
ﬁ_o_ 2.2 (e, 5 ).0q,h,a,r (5)

q,a,r (Qr )afh,a,r (H r )
—=0= ZZ(/‘ar oH

Solution will return the change in the maximum i@ number of surviving out-
migrant fish (B=s) for independent changes in water temperatufediHnstream flow
(Q)). The two equations for water temperature amnl ioe used to seek an optimum
balance to maximize fish returns. For this examgpésume instream flow and water
temperature can only be altered by restorationstats regarding environmental water
transfers, managing return flows, or riparian shgdiThus, instream flow and water
temperature inputs can be calculated as functibn&ter and habitat management
decisions, using the presumed equations below.

H = (HyWT) +(HeeRE ) +(HggRS ) +H, , Or ()
Q=(QwWT)+(QreRF ) +Q, , Lr (8)

where WT are water transfers in or out of reach r; BRfé return flows to reach r; RIS
riparian shading in reach ryH, Hrr, and Hks are the change in water temperature for each
unit change in decision variables (WRF, RS); and Qvr, and Qr are the change in flow
for each unit change in decision variables JRFR). H; is additional heating or cooling

for reach r, and Qs additional inflows or outflows for reach r. Yéatemperature could

also be modeled more explicitly using a mass balamcthermal energy:

QT, =Q T+ ZQ/W.TWT. + ZQRETRF, + ZQRSTRS ()

),0g,h,a,r (6)

r

Making linearity assumptions consistent with snchthnges, the independent
effects of changes to H and Q could then be estdnat

H, = (AHWTWT) + (AHRsRS) + (AHRFRFr) ,dr (20)

AQr = (AQwTWTy)+ (AQreRF) , Lr (11)

Equations 7 and 8 can be substituted into the icayigapacity constraint (eq. 3)
and optimization of out-migrating fish can be resol with water transfers (W) return
flow management (R); and riparian shading (R&s decision variables.
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Max F =) F_, (12)
subject to:

Z Fa,r = fa (Z Fa—:Lr )’ Ua (13)

D Far €2 foad(QuWT) +(QueRF) +Q)]fia, (HysWT,) + (H o RF,) "

r r 14

+(HgrsRS) +H,),0q,h,a

Resolving the optimization for the restoration demm variables W RF, and R$gives
the Lagrangian equation:

L=YF... +za{<z F - (Y FH»} FY ALY R =Y s (QuWT)
+(QreRE) + Q) f ., (HyyWT ) + (HeRE ) + (HRS ) + H )]

The conditions for maximizing adult fish populatsoare then:

(15)

al— - = _ afq,a,r (QWTWTr ) fh,a,r (HWTWTr) afh,a,r (HWTWTr) (16)
OWTr =0= (Aa,r aWTr ) + fq,a,r (QWTWTr) 6WTr 1Dq1 h’ ar

al— af ar(QRFRFr)fhar(HRFRFr) afhar(HRFRFr)

=0=-(1,, 2 = f RF)—2 % "7 Og,h,a,r (17)
ORE ( a,r 6RE ) + q,a,r (QRF r) 6RE ' q’ ,a,r
of H:R

OL :O:_(Aa, h,a,r( RS S)),Dh,a,r (18)

ORS ' ORS

Solving for the restoration decision variables \RF, RS) leads to essentially
the same solution as solving for instream flow) @d water temperature {Hbut this is a
more direct method of formulation. This formulatialso provides shadow values (the
price of an additional unit) for marketed water, @g&d return flows, or riparian shading.
This information is valuable for planning and magagnt because it allows managers to
directly compare restoration alternatives in thetegt of instream flow and thermal
advantages of restoration decisions, while providiogf estimates for additional
restoration when changes are made to systems.h&lus managers understand trade-offs
and associated costs between restoration decisions.

Due to the difficulty of valuing environmental goagising a market system,
environmental values were not explicitly includedhe objective function. Rather
restoration cost estimates are represented asgebcanstraint. In this way, the cost of
improving aquatic conditions for fish can be estdawith a cost for each unit change to a
restoration decision variable, where:

B=Y (cuWT,) +(CrsRS) + (Coe RF,) (19)

where B is total budgetig, crs, and &r are unit costs; WTis water transfers; R&
riparian shading; and RE&re return flows for each reach.
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Steady state model with 1 immobile age

This model is similar to the previous example,eptdhe first age class cannot
move freely between reaches, representing the agg sf fish life history. Habitat
conditions where eggs are laid must be sufficientfem to survive to the next age class.
If habitat conditions in a particular reach are p@evated temperatures, dessicated redds,
etc.), fewer or no eggs in that reach will survi¥sh in subsequent ages can move freely
between reaches.

The objective function and fish demography comstsaemain the same as the
previous model (eq. 1 and 2). A new immobile eggaayeying capacity constraint is
added (eq. 20) which changes the carrying capaeitgtcaint for the subsequent age
classes from the previous model (eq. 21).

Fr=x,a=1 S fr=x,a=1 (Qr=x’ H r=x) (20)

Z I:r,z:1>1 = Z fr,a>1(Qr ! H r) (21)

where r = x specifies a specific reach number las-the egg life history stage of fish, and
a > 1 are all life history stages after the eggesta

Seasonal Variation Model

To build upon the previous model, time is addeddoommodate fish habitat
conditions that can change on the order of theahtimmestep.

Max F =>F,, (22)
subject to:

z I:t,a,r S fr,a (z Ft,a—l,r )’ Da (23)

Z Fio, < Z fo. Q. H,, ) —harvestOt,r,a (24)

r

where t = time and all other parameters have beariqusly described. In reality,
instream flow and water temperature are highlyaldd. This model allows for conditions
to change (hourly, daily, weekly, monthly, or sezdty depending on the chosen time
step) to take into account the variability of ilestm flow and thermal conditions. Different
timesteps target different processes that restilbwn and temperature variability. For
instance, an hourly timestep captures atmosphertiy of water temperature, a daily
model captures heavy rainfall and periods of warmotd weather, and a seasonal
timestep captures fish life history, irrigation peeseasonal flow and thermal changes.
More than one year of flow and water temperatupeimata is needed to understand how
changes in water year type, such as wet or drysyeder fish habitat.

Simple Steady State Fish Habitat Optimization Model s

To evaluate options for managing environmental WoJEnprove fish habitat, two
connected optimization models were created usingddoft Excel Solver. These models
are similar to the previous examples, but are #mpind are used primarily to introduce
methods and concepts that are further explorelderidllowing chapters of this
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dissertation. These models illustrate flow andewggmperature changes affecting fish
productivity by returning agricultural tailwater thfferent river reaches, or discharging it
into an evaporation pond. This provides a proafafcept model showing how managing
agricultural tailwater may enhance instream coaodgifor fish.

Methods

The first model optimizes fish habitat capacityagsess how changes in instream
flow and water temperature may theoretically affeaditat conditions for fish. Fish
habitat data is passed to the second model, wipitinizes out-migrant fish given habitat
conditions. Both models use a simplified riverateavith one diversion and one spring
inflow (Figure 3). For this example, fish habigdists only in the mainstem reaches, not in
the spring, return flows, or irrigation channelhese models do not include a time
component, although rate of heating longitudinalgonsistent with daily values.

Reach 1

Diversion

Irrigation Channel 1

Return Flow 1

Spri
Irigation Channel 2 pring

Return Flow 2

Irrigation Channel 3

Return Flow 3

Evap Pond Reach 5

Figure 3. System schematic for habitat capacity nuel

The models maximize fish survivorship (eqg. 25) sabjo conservation of mass for
instream flow (eq. 26). For water temperature assrbalance approach is used for
conservation of thermal energy (eq. 27); althowgh of heating is treated as a pseudo
conservative constituent, where the heat budgetriplified by directly placing net daily
heating increments on the system (i.e. 0.5°C @ahje Thus, the heating rate is not
affected by changes in flow, although rate of heptian be specified per reach by the user
(Table 4). Although the underlying physical praeesof the river are not explicitly
modeled, the rate of heating in a mainstem riveramirrigation channel are expected to
differ due to surface area, depth, travel timeeeiof riparian shading, etc. In these
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models, instream flow and water temperature alofieance fish habitat capacity (eq. 28).
All other indicators of habitat quality, such a®suate, predation, competition, disease,
food abundance, cover, etc. are ignored.

Max) 'S, (25)
]

subject to:

ZQ” = ZQ” +b, (26)

j i
L H,

2 Hy =2~ +AH, (27)
j i Qij

ZSU‘ < z fqij (Qij) * fhij (H i ) (28)
j i

where S is fish survivorship, i and j are nodesj<Flow from node i to node j, iHs water
temperature from node i to node j, and b is additianflow (i.e. springs, return flows).

Table 4. User specified parameters and example veds

User Specified Parameters Location Example Values
Reach 1 70
Flow Spring 10
Diversion 20
Reach 1 16
Water Temperature Spring 15
Rate of Heating . Reach 2-5 0.5°C /reach
Irrigation Channel 1 -3 1°C /reach
Maximum Fish/Reach Reachl -5 500 /reach
Number of In-Migrating Fish Reachl -5 75/ reach

Additional user specified inputs include the flomdavater temperature boundary
conditions at reach 1 and the spring, the divergioemtity (water temperature in the
diversion is the same as reach 2 water temperataejate of heating through the
mainstem river and the irrigation channel (Table l)s assumed no heating occurs on the
return flow links. After initial inflow and watdemperature are specified by the user, the
model routes water based on mass balance of flovtrermal energy and the user
specified rate of heating. Logistic regressiomtpeedicts fish survival from the instream
conditions of each reach. The maximum numbersbf fier reach is specified by the user,
but is 500 fish per reach for all model runs diseasbelow. Likewise, the number of in-
migrating fish is assumed to be 75 fish per reactali model runs.

For this example, a three-dimensional logisticatefwas developed to relate fish
survivorship to instream flow and water temperatusimg ideal water temperature values
for coho salmon (Moyle, 2002; CDFG, 2002; CBSED)20 As temperature increases
and flow decreases, fish survivorship decreasegi(€i4). The logistic surface can be
represented as a continuous logistic surface wesgagtion 29. Under real-world
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conditions, the habitat capacity surface in Figuxmeould be bell-shaped on both the flow
and water temperature axes, because cold wateetatupes reduce fish productivity and
high flow conditions scour redds or increase vélpeceducing habitat quality. However,

for this example, the surface was simplified.

kl"l
( )
—r~xy K"+T"
S=C (—1+ea—fQ) (29)

where C is a constant, and k, n, a, and r, are hpadlameters with values of 100, 17, 14,
5.3, and 0.1 respectively.

Fish Survivorship

Water Temperature

Figure 4. Fish survivorship logistic surface

Fish survivorship can also be represented as axwdtdiscrete values to define
the percentage of fish survival as a function sfrieam flow and water temperature
(Figure 5). The habitat capacity model optimizesreturn flow path that water should
take for the highest possible fish survivorship.géneral maximizing instream flow and
minimizing temperature in all river reaches maxiesiZish survivorship.
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Water Temperature, C
7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27
of o 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
10| 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0
20| 4 4 4 4 4 4 3 3 3 2 2 1 1 0 0 0 0 0 0 0 0
F 30 9 9 9 9 9 9 9 9 8 6 5 3 2 1 0 0 0 0 0 0 0
| 401 21 21 21 21 21 21 21 20 18 15 11 7 4 2 1 1 0 0 0 0 0
o 501 43 43 43 43 42 42 42 40 36 30 21 13 7 4 2 1 1 0 0 0 0
w 60 67 67 67 67 67 66 65 63 57 47 33 21 12 6 3 2 1 1 0 0 0
700 85 8 8 85 84 84 83 79 72 59 42 26 15 8 4 2 1 1 0 0 0
80 94 94 94 94 93 93 92 88 80 66 47 29 16 9 5 2 1 1 0 0 0
c 90 98 98 98 98 97 97 95 92 83 68 49 30 17 9 5 3 1 1 0 0 0
f 1001 99 99 99 99 99 98 97 93 84 69 50 31 17 9 5 3 1 1 0 0 0
110{ 100 100 100 100 99 99 97 93 8 70 50 31 17 9 5 3 1 1 0 0 0
120( 100 100 100 100 100 99 98 94 8 70 50 31 17 9 5 3 1 1 0 0 0
130/ 100 100 100 100 100 99 98 94 8 70 50 31 17 9 5 3 1 1 0 0 0
140 100 100 100 100 100 99 98 94 85 70 50 31 17 9 5 3 1 1 0 0 0

Figure 5. Fish survivorship matrix based on instram flow and water temperature conditions

Limitations

Optimization modeling is useful because it is apeémmethod to relate instream
flow, water temperature, and fish habitat. Anyraies to the system, in this case
alternative flow paths or use of evaporation powds, quickly be compared for
improvements to fish habitat. However, this applolaas limitations. Travel time and
rate of heating are not explicitly modeled, rattiner input data for heating rate by reach
can be varied by the user. Also for this proof@ficept model, the length of river reaches
is not defined. Some of these limitations are lkexbin Chapter 5, which discusses
numerical modeling of the Shasta River, and expjionodels physical processes that alter
water temperature through space and time. The hdmtissed here does not portray an
actual river system, but is used to show that agaititon modeling is a helpful tool to
evaluate environmental water use, and how alteratianagement of traditional water
uses can enhance environmental conditions.

Microsoft Excel Solver sometimes had difficulty impizing habitat conditions.
This non-linear formulation had many decision vialea (all potential flow and water
temperature values for each link). As a reswdtation in Microsoft Excel Solver would
often stop at a good solution, but perhaps nob#st, and it was necessary for the user to
ensure that results were optimal.

Modeling Sets

Two modeling sets test the theoretical habitat céypanodel. In modeling set 1,
river reaches heated 0G per reach and irrigation channels heat&d der reach. This
heating mimics solar radiation on partially shadedr reaches and irrigation channels
with little or no vegetation. Total fish habitatchthe optimal flow path were analyzed for
flows between 10 cfs -120 cfs and water temperatetween 7 - 2€. In modeling set
2, solar heating conditions were reversed; rivaches heated®C per reach, and irrigation
channels heated 0G per link. The second case represents river esaichfull sun and
partially shaded irrigation channels. This podsbis likely where irrigation channels are
narrow and low lying vegetation (reeds, grassdsaitaetc.) shade channels. In modeling
set 2, total fish survivorship and optimal flow Ipatere analyzed for flows between 10 cfs
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— 150 cfs and water temperatures betwe€h-26°C (to see if results changed with more
widely varying inputs).

Spring inflow and diversion quantities were ideatim the two model runs,
although diversion quantity changed in both rursedson boundary inflow. When
boundary inflow was 10 cfs, 20 cfs, and 30 cfsedsions were 2 cfs, 10 cfs, and 15 cfs
respectively for both modeling sets. Diversiomaa@ed at 20 cfs when initial inflow was
greater than 40 cfs. A spring always contributedfs of 15C water.

Habitat Capacity Model Results

Fish habitat was slightly improved when river reesheated more slowly than
irrigation channels, as occurred in modeling seinlmodeling set 1 ( Figure 6a), the area
under the 20%, 40%, 60%, 80%, and 100% fish sungeguant lines is greater than
modeling set 2 ( Figure 6b). As stated abovegpiim lbuns a 10 cfs, & spring entered
the mainstem river at reach 3. This constant a@dér influx improved fish habitat when
flows were low and water temperatures were highesg results imply that in these
instances, it would be better to focus on ripashading for the mainstem river rather than
irrigation channels.

[0 80-100 ] 80-100
O 60-80 24 O 60-80 24
@ 40-60 22 < @ 40-60 22 <
m 20-40 20 2 |/m20-40 20 %
W 0-20 2 18 = |mo-20 18 S
16 3 16 3
5 @
— 14 § 14 3
12 & 12 €
= @D
| ,/ | 10 g /| 10 o
8 I 8
10 30 50 70 90 110 10 30 50 70 90 110
Flow, cfs Flow, cfs
a) b)

Figure 6. Fish habitat isoquants (by percentagdpr a) modeling set 1; and b) modeling set 2

Figure 6 illustrates efficient production decissdor improving fish habitat in this
theoretical example. In general, fish habitat ¢ogs are improved by moving from top
left to bottom right. The slope of isoquants detiees how to most efficiently improve
instream habitat. For example, at point A, wheogjuant slope is steep, fish survival
would most easily be improved by increasing instréi@w through acquiring
environmental water transfers or not-too-warm meflow. Where isoquants have a
relatively flat slope, such as point B, cooling araiemperature through additional riparian
shading or return flow management is the most gffeevay to improve habitat conditions
and increase fish survival. Here increasing flewmat useful for fish.
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Trade-offs can be made to sustain fish habitdeumariable conditions. To reach
80% fish survivorship for modeling set 1, upstrdamndary condition inflow of at least
70 cfs is needed if upstream boundary conditiorem&mperature is less than’C1
However, if water temperature in reach 1 i8Q4at least 100 cfs is needed to maintain
habitat conditions. To attain 80% fish survivatiwiapid heating from solar radiation in
mainstem river reaches, as occurred in modeling,settial inflow must be 70 cfs if
water temperature in reach 1 9 If initial water temperature nears°C3 flow must
increase to 100 cfs in modeling set 2 to maint@¥8ish survival (for this model,
additional instream flow is assumed to improve figlbitat, which is not necessarily
accurate for real-world river systems).

Modeling sets also differed in the optimal patiwatter through the system. When
the mainstem river heated more slowly than irrgathannels, the first return flow
channel (return flow into reach 3) was always ogtithinitial water temperature was
12°C or less (Figure 7). As initial water temperatunereased when instream flow was
high, habitat conditions were best maintained ing warm return flows into an
evaporation pond rather than returning them taither. When initial water temperature
was high and instream flow was low, water tempeeahad to reach 28 before
removing return flows to an evaporation pond becaptanal. Although this is a
theoretical example, this illustrates the dynanaiture facing water management decision
making and implies it is not always beneficialtiarease instream flow, and evaporation
ponds can sometimes benefit instream habitat.

120
100 | Evap. Pond
80
60

40 -
Return How 1

Upstream Flow, cfs

20
0 Evap. Pond

8 10 12 14 16 18 20 22 24 26

Initial Water Temperature, C

Figure 7. Optimal return flow path with variable initial flow and water temperature conditions for
modeling set 1

The best path for return flow water was more vdeathen mainstem river reaches
heated more quickly than irrigation channels fodelong set 2 (Figure 8). When initial
inflow was less than 80 cfs, returning agricultdtadvs at the first channel was best unless
water temperature was very high. At higher flofis) habitat was best if the second
return flow channel was used. As fish habitat comas deteriorated with very high water
temperature or very low instream flows, dual solusi were common. In these instances,
initial conditions were so poor that any way retfiows were routed made little
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difference. Once some level of minimum flows ikiaged, thermal management becomes
more important.

All paths equally poor

140 -
120 | Return How 2
100 -
80 -
60 -

40 - Return How 1 RF1 or 2

20 - /

O T T T T T T
8 10 12 14 16 18 20 22 / 24 26
RF 3 or EP

Upstream Flow, cfs

Initial Water Temperature, C

Figure 8. Optimal return flow path with variable initial flow and water temperature conditions for
modeling set 2

Fish Model Conclusions

After fish habitat is optimized for a given setainditions in the habitat capacity
model, fish survivorship data is passed to thetgldel. The fish model maximizes total
out-migrating fish from all river reaches (eq. 1) is constrained by fish demography
(there could be no more fish in an age group thastex in the previous age class) (eq. 2),
and total reach capacity based on the instreamdlmvtemperature conditions from the
habitat capacity model (eq. 3).

The first age class of fish (spawners) is cons¢i@ito specific reaches by the user,
meaning spawners must stay at redds and cannot petween reaches. Subsequent age
classes can move freely between reaches (and mavelmes not take up reach capacity).
This model uses the same schematic as the haggatity model (Figure 3). Itis
assumed fish only live in the river reaches (natngation channels or return flows).
Maximum fish per reach is user specified, but t2e&00 fish per reach in all model runs
(meaning each reach could have 100 out-migratsiyifithe same reach had 100
spawners, 100 eggs, 100 fry, and 100 juvenilesh mortality occurs only from poor
instream habitat conditions. The expected fishtality between age classes is not
modeled, and there is an unrealistic 1:1 relatigmsbtween all age classes (1 spawner,
has 1 egg, produces 1 fry, 1 juvenile, and 1 owramt smolt). Given perfect habitat
conditions 75 spawners would produce 75 out-miggatish.

The fish model is sensitive to user specified fialues, particularly for the number
of spawners specified in each reach. Too many spesmwaste reach capacity, decreasing
space for later age classes including out-migrdistg Since there are 5 age classes of
fish, fish production is most efficient if spawnerse 1/5 of total capacity. More than 1/5
production of fish in any one age class simply oegducapacity for later reaches. To
counteract this problem in the model, the numbespafvners per reach (which is user
specified) was always less than 1/5 of total rezsgdacity. In this illustrative model,
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different age classes consume the same carryiragitgpalthough in reality the life stages
of most fish species do not occur simultaneously.

Results in the fish model could be improved ifradicomponent were added, so
that different age cohorts use river reaches &reéift times. This would make habitat
capacity more straightforward to interpret. Resulould also be more interesting if
instream flow and water temperature requirementg wariable among different age
classes. This would help tie the fish model wité habitat capacity model so that
conditions in different reaches might benefit ordgr some age classes, creating
bottlenecks in reaches or age classes. As aifimabvement, age class 1 could be
changed to in-migrating fish and not assigned &zhes by the user. Then age class 2
could be the immobile egg stage, possibly makiregniodel less sensitive to user defined
initial conditions.

Optimizing River Systems by Use

Another strategy for improving environmental WUEg be to specialize rivers
or tributaries for environmental or economic watses, where some river systems are
highly developed for traditional water resourced athers are left undeveloped for
habitat. This deviates from traditional carryirapacity theory, which states people and
resource use should be dispersed to not surpassahthiresholds where ecosystems are
dramatically changed (Catton, 1986). Water resesiinc California have been developed
using this theory, evidenced by the fact that thetl$ River is the only major undammed
river in the state (USFS, 2006). However, maintagjrviable ecosystems everywhere
while simultaneously operating for water distriloutj water treatment, recreation, and
hydropower is proving costly in terms of money, evaand species (Lackey, 1999).
Specializing some river systems for environmentatgztion and others for development
may be more environmentally and economically ei¥ect

This idea is not new. Graf (2001) advocates thesiby simply stating restoration
should begin with systems that are the easieststore. Mar (1981, 1998) specifically
recommends continuing development in already degragistems instead of moving on to
more pristine areas, arguing concentration of nesouse is preferable to dispersion. He
warns against slow degradation of all systemsebiglg a more conservative strategy is to
protect some waters and severely degrade othens (1988).

The following model illustrates total benefit frdieh production and water supply
over two rivers. This simple example has two sy@ne human water demand region
(with water deliveries from both rivers), and pdtahfish habitat downstream from the
water demand region on both rivers (Figure 9)s fiossible to use each river for both
water supply and fish production, or specializeritaiers where the focus is on one of the
demands.
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Figure 9. Water supply and fish production on twarivers

Using the simplified system in Figure 9, the objpeefunction is to maximize total
benefit from fish production and water supply wittdal.

MaxZ = F,(Q,) + Fy(Q) + QE(W, +W,) (30)
subject to

0 =W, +Q, (1

Oe :WB +QB (32)

W, W,,Q,, Qs 20 (33)

W, =W, +W, (34)

where Z is total benefit, F is fish, E is water glypa is a weight between 0 and 1,
subscripts A and B are rivers, q is inflow, W ighwdrawal for water supply, and Q is
instream flow for fish production.

Equations 31-33 are conservation of mass congdrhinding instream flow and
water supply withdrawals for each river by avai@iniflow, and eliminating the possibility
of negative instream flow or withdrawals. EquatB#hspecifies that total withdrawals are
the sum of individual withdrawals from rivers A aBd

Like previous modeling examples, this problem akso be solved using Lagrange
multipliers, assuming unit changes to water supply fish production are independent.

L= FA(QA) + FB(QB) + E(\NA +WB) _/]A(qA —Qa _WA) _/]B(qB -Qg _WB)

35
_/]WAWA _/]WBWB _/]QAQA _/]QB Qs (%)
oL oF,(Q,)
=0="2"A 1), -] (36)
aQA aQA A Qa
aL — O — aFB (QB) +/13 _AQ (37)
0Q, 0Q, °
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oL G]=
=0= A, = 38
oW, ow, 4 M (39)
oL oE
=0= ~Ag = A 39
oW, ow, ° ' (39

This solution maximizes total benefit from thesers by changes to instream flow
and water supply withdrawals from rivers A andIBequations 36 or 37 bind, then this
system is limited by instream flow for fish prodiact on river A or B, respectively. If
equations 38 or 39 bind, then this system is lichiig withdrawals for water supply from
rivers A or B, respectively.

It is optimal to concentrate all instream flow f@h production into one river and
all water supply withdrawal from the other riverevhall the following conditions are met:

= achange in fish production at any location witbpect to instream flow at that

L " F
location is positive 9 >0),
= larger instream flows benefit fish production relaly more than small instream
2

F
-0

= achange in water supply from a change in totaématthdrawal is negligible
O0E
=0 for Wr>Qa),

A
= achange in water supply with respect to a unihgkan total withdrawal is greater
than the change in fish production from a unit geaim instream flow when total

flows (

when total withdrawal is greater than inflows oreri A (

water withdrawals are less than inflows on rive(rbgvl\zl— > g% for W, <q,).
T i

Graphically, where fish and economic production@mevex functions with water
allocation, it is sometimes optimal to concentadtdish flows into one river and all water
supply withdrawals from another river (Figure 1@nder these conditions, allocation of
50% of each river to economic production, and 50%aah river to fish production does
not change economic productivity, but dramaticediguces fish production (Figure 11).
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Figure 11. Inefficient fish and economic productia (50% from each river to economic and fish
production)

When economic production increases quickly withittigal units of water
allocation and there is little benefit from additad water, it is no longer efficient to
specialize rivers for economic and environmentakewases (Figure 12). In this case both
economic and fish production do well with approxieia40% of each stream going
toward economic water uses.
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Environmental WUE Limitations

Although still a new idea, environmental WUE hasisg critics. In part, this
stems from fear that environmental WUE strategidisbe used to reduce environmental
water allocations. For this reason, it is morerappate to think of environmental WUE
as a management strategy than a conservationgstri@egley et al., 2006). Skeptics are
even reluctant to quantify environmental benefitd @alues, perhaps for fear of this
forming a basis for reducing their rights, as ocedmwith American Indian water right
holders (Checchio and Colby, 1993). Although mamgthods exist to use market
approaches to quantify environmental goods, ibt®mously difficult to do well. For this
reason, direct economic valuation of environmegtalds was not used, rather restoration
cost estimates are compared to aid environmentééqiion decision-making and
tradeoffs.

The methods discussed in this chapter call for eerpooactive approach to
environmental restoration and management. Thiddorentally differs from the ‘crisis
management’ approaches inherent in environmergal#&ion, such as the Endangered
Species Act. Proactive management requires lomg-+testoration commitments, instead
of opportunistic restoration. More importantlyistlalso necessitates direct management of
the environment. This is problematic when we dofally understand ecosystem
processes and functions. Yet it is important tpleasize that humans are already
managing aquatic environments, typically after sggeare threatened or important habitats
are in danger of disappearing. A proactive apgrdaagestoration could possibly improve
ecosystem health and save species, but may ateduick liability if managed
environments function poorly. Adaptive managenmeay provide a framework to
increase understanding of natural systems whilgifignliability (Holling, 1978).

Specializing rivers for environmental or traditibmaater uses may be difficult
politically and economically where property valwier along waters with various
specified uses, or where different American Indréyal water and fishing rights occur on
rivers or reaches. In these instances, speciglitvers may amount to choosing between
tribes, communities, or constituents (Mar, 1981rr@a@ll, 2005). Specializing rivers also
may be inappropriate when endemic species or uriigb#ats exist in different rivers or
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tributaries because these rivers cannot be comsldgyual substitutes. In these instances,
restoration efficiency must be kept in mind. Uressful restoration projects for
endangered species or critical habitat on manygirgght sometimes be worse for the
environment than a small number of successful pteje

Finally, river systems are far more complex thangimplified models presented
here. In the first scenario, instream flow andev&émperature are the only variable inputs
under steady state conditions. Simple rates dirffgedo not translate to different thermal
mass and travel time under variable flow rateserAged water temperature does not take
into account diurnal variation that makes watergerature lethal to fish during warm
summer months. All biotic interactions and othabitat requirements are ignored. The
second scenario also uses a very simplified sysieéttm,only a single urban water demand
region. In reality, numerous and competing usesviier make problems and decisions
infinitely more complex. Nevertheless, these med#lould suffice to illustrate the
potential value of environmental WUE in theory.

Conclusions

Further understanding of how to best manage natiwel systems when water is
scarce is badly needed for California and mucthefAmerican West. Additional water
for the environment is unfortunately both diffictdt secure and increasingly costly.
Hoping for more water for environmental protectismoble, but may not be effective for
improving the diversity, function, and quality aditaral river systems. This chapter
includes discussion of environmental WUE and carsi@é framework to enhance
environmental conditions when new water allocatiaresunlikely. The interdisciplinary
approach taken here combines methods from the igeass, biology, engineering, and
economics to analyze and develop new strategiemndoiaging competing environmental
and human water use.

Despite water allocations, extensive (and expehsestoration programs, and
good intentions, fish and other species are disappethroughout California and the U.S.
Established methods of environmental protectionemtthncement do not always achieve
desired goals. Potential restoration alternativast be evaluated for the environmental
benefit that can be realized, and held accounfabline resources used with each
alternative. In this way, informed decisions relyag optimal restoration strategies can be
made. Quantifying the benefits of proposed resitmmaactivities is difficult, but when
possible it must be considered to evaluate the eftsttive restoration alternatives and
conserve precious water and dollar resources.

Optimization modeling provides a useful tool tat td® potential of environmental
WUE because many potential solutions can be evedugickly, and innovative
management ideas can be incorporated easily. @gation allows water managers to
estimate trade-offs between decision variablegihglto determine the most water
efficient and cost effective environmental protewti This contributes to increased
understanding of environmental WUE management aessplanning strategies, and
successful implementation of aquatic restoratimgmms.

California and other western states face watertages and difficult allocation
decisions. In the future, as new water suppliesine difficult to secure, attention will
focus on how to best manage existing supplies fdtiphe traditional and environmental
uses. As urban and agricultural water use sebtors had to adapt to use water supplies
more efficiently, so too must the environmentaktsecManaging environmental water use
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to improve efficiency will become essential, andamnative management practices will
likely become more widespread.
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Chapter 3: Background — California’s Shasta River

This chapter introduces California’s Shasta Ridescribing the physical setting
and historic conditions that made the Shasta Riyaoductive salmon fishery, and
discusses current conditions that have led to ¢oéiree of native salmon and steelhead.
The current status of salmonid fish species isritest, and previous studies relating to the
Shasta River are summarized.

The Shasta River, located in California’s Siskiy@aunty, is a tributary to the
Klamath River. It is the last major tributary befdron Gate Dam, the first impoundment
on the Klamath River (Figure 13). Since migratfisi no longer have access to the
Klamath River above Iron Gate Dam, tributaries saglhe Shasta, Scott, Salmon, and
Trinity Rivers, are of greater importance to thaltieand survival of migratory salmonids.
Historically, the Shasta River was dominated by erous cold-water springs, providing
ideal, year-round, cool water habitat for salmod steelhead. Today, surface water
diversions, groundwater pumping, and constructiodwinnell Dam have greatly
decreased instream flow and fundamentally alteredhydrograph, while low flow
conditions, grazing of riparian vegetation, tailerateturns, and diversion of cool springfed
sources have substantially increased dry-seasaar teahperatures (NRC, 2004).
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Figure 13. Klamath River watershed, with major dans and tributaries
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The Shasta River watershed is approximately 8G0and the river flows
northward from its headwaters to the confluencé wie Klamath River (Figure 14). Itis
bounded by the Salmon and Marble Mountains, Mt.yEddd Mt. Shasta. Its headwaters
are approximately 70 miles above the confluench thié Klamath River, and include
Dale, Eddy, Boles, Beaughton, Carrick, and the uppeches of Parks Creek. The profile
of the Shasta River is steep at its headwatelsyiet by a large alluvial valley, and then a
steep canyon reach before it joins the Klamath RiFgure 15). The alluvial valley has
unique hilly topography caused by a volcanic detiois from Mt Shasta.
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Figure 14. Shasta watershed
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Figure 15. Shasta River longitudinal profile (fromAbbott, 2002)

The Shasta River is in the rain shadow of the Salam@l Marble Mountains,
making it markedly drier than the neighboring Sc8tlmon, and Trinity watersheds.
Precipitation averages 10-18 in/yr in the Shastileyamostly in the form of winter rain
and snowfall. Current mean annual unimpaired ruisapproximately 136,000 af. This
contribution to the Klamath River is usually insiggant, it accounts for less than 5% of
annual runoff at Seiad, and less than 4% of sunmomaff at Seiad (USGS, 2008).

An extensive spring system made the Shasta Rigeahty the most productive
salmon and steelhead river in California (Snyd@811 NRC, 2004). Prior to water
development in the Shasta Valley, the river mangdia year round baseflow of
approximately 200 cfs (NRC, 2004). Spring watarrses typically are 11-2Z; thus, the
spring-fed river provided cool summer water tempees and relatively warmer winter
temperatures, ideal for salmonids (NRC, 2004).

Current Conditions

Dwinnell Dam impounds Lake Shastina, the only mdmm on the Shasta River.
It is owned and operated by the Montague Water @wasion District (MWCD) to store
winter flows, with water rights of 60,000 af, altigh maximum operating capacity is
50,000 af (Booher et al., 1960s). By most stargldydth the dam and the irrigation
system are highly inefficient. There is more segepian there is water delivered to
downstream irrigators (NRC, 2004). Such losses bamgt groundwater recharge, but
may also increase groundwater temperatures some\Regorts exist that new springs
appeared after filling the reservoir and that ggsibelow Grenada are reduced when
reservoir capacity is below approximately 20,000Gx&abill, pers.comm., 2007; Scott,
pers.comm., 2007). The Shasta River immediatdiywb®winnell Dam maintains 4-5 cfs
from reservoir seepage and springs, with instrdam increasing to 15 cfs three miles
downstream of the dam (Scott, pers.comm., 2000ns€uction of Dwinnell Dam ended
upstream passage for migratory fish at the damsitiiced geomorphically important
peak flows associated with local storms, and redgeavel recruitment below the dam.

Below Dwinnell Dam, the Shasta River has four méjdutaries: Parks Creek, the
Big Springs complex, the Little Shasta River, andRa Creek (Figure 14). Parks Creek
enters the Shasta River approximately seven mdesistream of Dwinnell Dam. MWCD
has a 15,000 af water right from Parks Creek, tivgmwater from Parks Creek into
Dwinnell Dam.
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The Shasta River, like most California rivers, hagaual low flow in early summer
through early fall in response to the Mediterranelanate that typifies the region.
However, local spring inflows modify this typicaasonal hydrograph below the Big
Springs complex. The Big Springs complex is a ratgroup of springs approximately
seven downstream of Dwinnell Dam. Prior to warelopment, the springs contributed
a constant 103 cfs of cool water to the ShastarRMack, 1960). Today contributions
from the Big Springs complex are approximately #(BICRWQCB, 2006). At spring
sources, approximately two miles east of the SHastar, year round water temperature is
approximately 12C; although poor tailwater management can raisentamperature to
25°C at the confluence with the Shasta River.

The Little Shasta River is highly developed withmpdaiversions. Both the Little
Shasta River and Yreka Creek contribute minimdbwfto the Shasta River. Small
tributaries include Willow and Julian Creeks, ahd Oregon Slough. Small creek
channels typically become dry during summer mordhd, Oregon Slough is primarily
agricultural return flow. Thus, measured streamftiownstream of Dwinnell Dam is
driven by inflow from tributaries (i.e. Parks Crggedtiscrete natural springs (i.e. Big
Springs), and diffuse groundwater.

Land use in the Shasta Valley is primarily grazamgl low-value agriculture
although urbanization is increasing near YrekaModtague; and Weed and Lake
Shastina are experiencing increasing developmesspre (NRC, 2004). Most
agricultural land in the Shasta Valley is dedicdteteef production, including dry and
irrigated pasture, alfalfa, and some grain produnc(TNC, 2003). Water use is primarily
for agriculture and grazing, but also includes samn, industrial, recreational, and
wildlife uses (Deas et al., 2004). The irrigatg®ason is from April to October, when
flow in the river drops from an average of 200tcfais low as 20 cfs (USGS, 2008).

There are four major diversions from the Shasta&Rivelonging to Montague
Water Conservation District (MWCD), Big Springsidgation District (BSID), Grenada
Irrigation District (GID), and the Shasta Water tésAssociation (SWUA) (Figure 16).
MWCD diverts water straight from Dwinnell Dam (Lakéastina) into the MWCD canal.
BSID pumps groundwater upslope of the Big Sprirgaex. In the 1980s, BSID began
pumping groundwater instead of diverting surfacéewavhich contributed to the Big
Springs channel subsequently becoming dry (NRC4R0GID is located at river mile
30.58 and is the most junior water right holdettlom Shasta River. Between April to
October, GID diverts approximately 20-42 cfs, depeg on the number of pumps
operating and water availability. The SWUA diversis located downstream of the Little
Shasta River. From April to October, SWUA typigaliverts 42 cfs.
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Numerous small and moderate diversions occur dveleingth of the Shasta River
by individual landowners (Figure 17). Accordingwater rights, maximum allowable
diversions are approximately 112 cfs to landowmetbe upper Shasta River above Big
Springs, 178 cfs in the lower Shasta River, andf820 landowners along the Little Shasta
River (DWR Watermaster report, 2006); however, tugming and the priority of water
rights, less water is typically diverted. The ShaRiver has been largely adjudicated since
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1934, although riparian water right owners aretleatito additional water not under
Watermaster service (DWR Watermaster Report, 2@0®),groundwater pumping has not
been adjudicated. Since the 1970’s, the numbgrafdwater wells has been increasing
in the Shasta Valley (NRC, 2004). Groundwaterr@sdeen well quantified in the Shasta
Valley and in general is not well understood as$ time.
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Figure 17. Shasta River barriers and diversion paits

The thermal regime of the river has been seveffédgt@d by reduced instream
flow, diversion of springfed water sources, lossiparian vegetation, and tailwater return
flow. While no records of historic water temperatexist, it is known that optimal water
temperature for juvenile salmonids, which were alaum, range from 12 - 28 (Moyle,
2002). In 2006 — 2007, mean annual water temperatas 17.1C, and maximum water
temperature was 246 at Nelson Ranch. Further downstream weekly aeevaater
temperature can exceed°2; well above the lethal limit for salmon (Deaskt 2004).
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Temperature conditions in the Shasta River arehardyiven by hydrology (and
geohydrology) and meteorology. Unique attributethe system are the temperature
signals from substantial spring inflows, which nester the river either notably warmer,
nearly the same, or considerably cooler than anilater temperature depending on the
time of year. The springs create unique thermatitmns when compared to streams
without springs.

In general, groundwater-dominated river systerks, thhe Shasta River, have a
more stable flow and thermal regime than thosedoatinated by groundwater (Sear et al.,
1999). Groundwater dominated systems can moderatafluence of meteorological
conditions by direct dilution of stable inflow teematures, as well as increasing the
volume of the receiving water. The result is lesasonal variability (Caissie, 2006). Big
Springs Creek contributes the majority of springhdesl water, although smaller springs
occur upstream of the Big Springs complex. ThissE River water temperatures and
flows are relatively stable in the reach immediatetlow Big Springs; however,
meteorological conditions exert an increasing irfice as distance from the Big Springs
source increases.

Meteorological conditions are a primary factor drgzthermal conditions in the
Shasta River, and are exacerbated by low flow ¢mmdi. Low flow conditions, prevalent
during the summer irrigation season, increase wateperature because a shallow river
has less thermal mass and a longer travel timeetonbuth. Atmospheric heating then
becomes a dominant influence on water temperatyater temperature response to solar
radiation varies seasonally with maximum loadingurtdng during late spring and
summer months when day length is long, solar alkitis at an annual maximum, and
cloudy days are few. Air temperature reflectsmailsir response to seasonal solar radiation
(Figure 18). Average summer (6/1 — 9/30) air terapee at Nelson Ranch was 1%4
during 2007, although daily average air temperatareexceed 2& (77F) in July and
August. Maximum air temperature was 3€{103F) on July 10, 2007, and minimum
air temperature was —13@ (7.7F) on January 13, 2007.
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Figure 18. Nelson Ranch daily air temperature
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Thermal heating is compounded by the current lddhading by riparian
vegetation. Riparian vegetation primarily redutesmal variability by absorbing and
filtering solar radiation, which can provide 95%tbé heat input to a river at midday
during the summer (Brown, 1970). To a lesser d@xtgrarian vegetation also moderates
water temperature by reflecting back-radiationuesolg wind speed, and altering the air
temperature and relative humidity directly above water surface. Thus, a healthy
riparian corridor can maintain cool water tempemtoy reducing solar transmittance, and
slightly increase nightly minimum temperature bgading back-radiation.

The Shasta River is a narrow river; so dense aparegetation can block or filter
solar radiation for much of the river during mostle day. However, grazing along river
banks is widespread throughout the Shasta VaRagarian vegetation surveys conducted
in 1996 (Deas et al.) show that most of the Shastar had less than two trees every 30m,
and sections with no trees were common. Sincargyand agriculture have occurred in
the Shasta Valley since the 1800s, the naturaltagge state surrounding the Shasta River
is not well understood. However, a full gallerydst along the length of the Shasta River
was unlikely, due to anoxic soils throughout theya According to riparian vegetation
field surveys conducted in 2001 by Abbott (2002ilylsh was found throughout the
system where the river was protected from grazang, average height of bulrush was 3m.
Thus, it is likely that bulrush would provide sosteading in areas where trees cannot
survive if riparian fencing were more extensiveheTShasta Valley Coordinated Resources
Management and Planning (SVCRMP) group is curremtigking with landowners to
fence the riparian corridor and plant trees in psimg reaches to regenerate a riparian
corridor (SVCRMP, 2007). In addition to shading tiver, riparian vegetation prevents
bank erosion, provides channel habitat complexity] creates cover and pool habitat
(NRC, 2004).

Tailwater return is a significant, but unquantifiegat source to the Shasta River
during summer months. Return flow can be substanEor example, 18 cfs is allocated
to various water right holders below the DWR weélrpically return flow and other
unknown accretions make up approximately 20 cteatveir so reservoir water need not
be released (Scott, pers.comm., 2007). Tailwédersfto the river as channelized,
overland, and subsurface flow; and most likely,tabates to both Shasta River baseflow
and groundwater spring sources, although precilseatar flows have not been studied.
During the afternoon in summer months, tailwatéunmeflow is substantially warmer than
the mainstem river because it collects in verylehathannels or is spread over fields.
Better return flow management, including water se;uecharge and evaporation ponds, or
timing returns for cold water periods (early mogshmay show promise for reducing
instream water temperature.

Although low flow conditions and water temperatare the factors most limiting
salmon productivity in the Shasta River; other peots exist (CDWR, 2001; NRC, 2004).
In addition to Dwinnell Dam, there are seven srfiaihboard dams that are used for
agricultural diversions during the irrigation seagapproximately May through
September) (Figure 17). Most diversions have disieens but do not provide adequate
fish passage, act as barriers to upstream migratispring (when fish are avoiding
warmer downstream reaches), increase predatiomarelpoor local water quality
conditions. Dwinnell Dam blocks all access to upeaches of the Shasta River for
migratory fish species. Additionally, Dwinnell Damas significantly altered the
hydrograph and geomorphology of the Shasta Rixsrstated above, peak flows from
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winter storms no longer occur, except during infrexat reservoir spills (i.e. 1964 and
1997) (Jeffres et al., 2008). This is significaatause in addition to the loss of spawning
and rearing habitat from construction of the daamaining habitat is affected by reduced
gravel recruitment and higher volumes of fine seitnwhich fills the interstitial spaces
between gravel limiting water and oxygen flow (NRXDP4). Finally, water temperature
is inversely related to dissolved oxygen. Whileréhhave been few observations of
dissolved oxygen below saturation, each occurréasecoincided with high water
temperature (NRC, 2004).

The Shasta River currently does not meet federtngpality standards under the
Clean Water Act Section 303(d) because of orgamicciement/low dissolved oxygen and
high water temperature. Pollution control plaradlexl Total Maximum Daily Loads
(TMDLs) have been created to identify and contoa¥ dissolved oxygen and high water
temperature conditions in the Shasta River frormtbeth to the headwaters, including all
tributaries and Lake Shastina. TMDLs are imposgddhit the pollution or stressors that
the Shasta River can receive from point sources;puint sources, and natural
background loading (NCRWQCB, 2006).

Fish species and status

Historically, the Shasta River was a healthy sal@mod steelhead river. Four fish
species, fall and spring run ChinodBr{corhynchus tshawytscha&oho Q. kisutch, and
steelhead@.giardner) were present, with spring run Chinook the mostalant. Fish
populations prior to the 1930’s are estimated tajm@roximately 30,000-80,000
Chinook/year, 6000 coho/year, and 1000 steelhead(}oyle, 2002; CDFG, 1991;
CDFG, 1965). Prior to construction of Dwinnell Datimne Shasta River was probably
already partially degraded from irrigation and tenbarvesting practices that began in the
1850’s. This is evident in a description by Snyd&31), as a “stream once famous for its
trout and salmon”. Dwinnell Dam, located approxietya40 miles above the mouth of the
Shasta River, was completed in 1928. Construaiddwinnell Dam blocked access to
upstream habitat leading to the extirpation ofrgprun Chinook in the Shasta River
(Moyle, 2002).

Coho salmon in the Shasta River belong to thel&oatOregon-Northern
California coasts Ecologically Significant Unit (B% which was listed as federally
threatened by the National Marine Fisheries SerfhiddFS) in 1997 (Moyle, 2002), and
endangered by the California Endangered Specie;\/A&€003 (NRC, 2004). Since the
early 1980’s, coho typically number less that 1i86 per year in the Shasta River,
illustrating their precarious existence in the hgseported numbers often do not represent
the entire run since fish counting facilities arecdntinued during high flow conditions)
(CDFG, 2003, SSRT, 2003). Coho spawn in latediadl early winter, fry emerge in early
spring, and juveniles rear for an entire year keefargrating to the ocean (Figure 19).
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Shasta River fall run Chinook belong to the uppkamiath and Trinity Rivers
ESU. From 1978 to 2002, Chinook runs have averaggD returning adults, with a high
of 18,731 fish in 1978 and only 553 fish in 199the Shasta River fish counting facility
normally operates from September to the first wafeovember, but has been extended to
count coho until December (when high flows necassitemoving the facility). Therefore,
these numbers accurately estimate the fall rund&ikimigration, although it is common
to include hatchery fish from Iron Gate or TrinRyver Fish Hatcheries (CDFG, 2003).
Typically juvenile type | Chinook out-migrate soafter fry emergence, with most
migrants leaving by June. However, juvenile Chinbave been observed in the Shasta
River throughout summer months, implying type lli@ok (rearing through spring and
summer), or type Il Chinook (rearing for an entpesar before out-migrating) may be
present in the Shasta River (CDFG, 1997).

Winter run steelhead from the Klamath Mountainsvifree ESU remain fairly
common in the Shasta River, despite large-scalgatabduction from the construction of
Dwinnell Dam. In 2002, 1,712 juvenile and adudtedhead were observed at the Shasta
River fish counting facility (CDFG, 2003).

Major factors related to reduced spawning and #dadirte of migratory fish species
include low flows, increased water temperaturesratl river channel geomorphology,
periods of low dissolved oxygen, land use changsslting in a loss of riparian vegetation
(and associated cover), barriers to migration sisctiashboard dams, and loss of access to
habitat above Dwinnell Dam (NRC, 2004; Deas et28lQ4). Coho, fall run Chinook, and
steelhead are present during summer and earlylfeh temperature is limiting (Table 5),
although availability of food, cool water refugand lack of predators influence survival.

Table 5. Tolerated and lethal water temperature byfish species (Moyle, 2002; Deas et al., 2004)

Species Upper Tolerance (Clethal (C)
Fall run Chinook 21 -22 23-24
Coho 20 25
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Previous and Ongoing Studies

Numerous analyses have assessed factors liméingpa production in the Shasta
River (CDFG, 1997; Deas et al., 2004, NRC, 20®9me reports gathered existing
information to identify information gaps and recoemd management practices to restore
habitat conditions and salmon populations. Také&partial listing of recent research
and data collection in the Shasta Valley organtzgtbpic. Flow and water temperature
studies have been combined into a single headioguse flow changes inherently affect
water temperature. Preliminary results from omg gtudy are discussed below.
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Table 6. Recent Shasta River research, analysisycamonitoring

Flow and Temperature Location Citation
Flow and water temperature studies Basin wide CDhwR4;
CDWR, 1985
Summer and fall flow and temperature gaging Dwifirened Deas et al.,
mouth 2003a
Big Spring Complex flow quantification Big Springs | Deas, 2006
Simulations of thermal regime from variable flostes, | 4 miles below | Deas et al.,
pulse flows, return flow management, and riparian | Dwinnell Dam | 2003b
shading alternatives to mouth
Water Quality
Shasta River temperature and DO TMDL, including | Basin wide NCRWQCB,
monitoring and modeling studies 2006
Investigation of water quality conditions in theaSta | Dwinnell Dam | Gwynne, 1993
River to the mouth
Shasta River water quality study Basin wide CDW8B6
Lake Shastina Limnology Study Lake Shastina  Vigraoid
Deas, 2005
Water quality and aquatic habitat characterization Basin wide CDWR, 2001
Fish Habitat and Productivity
Assessment of fish habitat quality and limitations Basin wide CDFG, 1996;
Ricker, 1997
USFWS, 1992
Coho recovery recommendations focusing on Basin wide SSRT, 2003
agricultural practices and water use
Shasta River fall Chinook counts (1930-preseratitigl | Mouth of CDFG, 2003;
run sizes also noted for coho and steelhead Shasta River | CDFG, 2002
Analysis of habitat quality and factors limitinglsion | Basin wide CDFG, 1997;
productivity in the Shasta River Deas et al.,
2004; NRC,
2004
Other Data Collection and Monitoring
Geometric stream channel characterization (cross | Dwinnell Dam | Deas et al.,
section, depth, bankfull width, bank height) to mouth 2003a
Monitoring (river stage and flow, temperature atiger | Nelson Ranch | Jeffres et al.,
water quality, fish snorkel surveys, geomorphology, 2008
floodplain and habitat mapping, macroinvertebratel
aquatic macrophyte productivity)
Woody riparian vegetation inventory Dwinnell DainDeas et al.,
to mouth 1996
Riparian vegetation height and canopy transmiganc | Dwinnell Dam | Deas et al.,
field sampling to mouth 2003a

widely available. Since June 2006, extensive meseand monitoring has occurred on the

Historically, limited access to certain river reashestricted research and
monitoring activities. However, in recent yearsess to several key reaches has been

California Nature Conservancy’s Nelson Ranch. Q8&numerous other landowners,

including landowners on Big Springs Creek, havevedid researchers to monitor the river
from their property. This has provided an oppaitiuto collect data and conduct research
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over many miles of the Shasta River. UC Davis’ t€efor Watershed Sciences is
conducting an extensive monitoring effort (Jeffeesl., 2008).

According to observations, spawning coho retureitioer the canyon reach of the
Shasta River, approximately four miles above th&laence of with the Klamath River, or
the upper Shasta River (Big Springs complex to DwihDam) (Jeffres et al., 2008). The
canyon reach has favorable spawning and rearinigah@bnditions during winter,
although by summer water temperature and low flomd@tions make this reach lethal to
coho. Low flows combined with instream barrierased by flashboard dams make
migration upstream into more favorable habitat lygarpossible. This effect may work
as an ecological trap, reducing the survival atiefis of coho, with no known
environmental cues to warn spawning coho that aaintthe canyon will degrade during
summer months (Jeffres et al., 2008).

Discussion

The following chapters examine restoration altevestto enhance habitat
conditions for native fish species. Analysis oscover multiple spatial scales, with field
studies used to understand localized and smakswalditions, simulation modeling to
examine how specific restoration measures affestteam flow and water temperature at
different river locations, and optimization modelito synthesize understanding of
restoration alternatives over the entire waterstreticompare alternatives based on
projected fish habitat.
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Chapter 4. Shasta River Temperature and Flow
Monitoring

This chapter summarizes temperature and flow ssuthelertaken on the Shasta
River. Longitudinal temperature monitoring, spladiad temporal thermal diversity
studies, tailwater return and spring inflow monitgrwere conducted over a five-mile
stretch of the Shasta River at the Nature ConsepsiNelson Ranch. Tailwater was also
monitored at Meamber Ranch, near the DWR weir énldlver Shasta River. The
longitudinal temperature monitoring was conductedanjunction with the UC Davis
Watershed Sciences Center and Watercourse Engigeérc., recording hourly water
temperature approximately every 400 meters in thmmwhannel along Nelson Ranch
where the Shasta River is well mixed. The spatia temporal variability studies consist
of thermal diversity sampling during summer mortthicate and assess local cool water
habitat, and lateral transect monitoring duringtesirand spring months to increase
understanding of thermal diversity. Preliminaryiagjtural return flow and temperature
monitoring was conducting at Nelson Ranch and Mear®anch, by monitoring the
volume and temperature of tailwater return. Flowd svater temperature were also
recorded at Dream Spring on Nelson Ranch to inereaderstanding of spring quality and
potential in restoration activities. These stu@iesdescribed in this chapter, with
discussion of major findings.

Existing water temperature data for the ShastarRsveporadic, and mainly exists
for summer months. However, additional temperamoioaitoring is currently being
conducted at various sites along the length ofSih@sta River. Much of the fieldwork
undertaken here focuses on filling existing infotimra gaps by exploring longitudinal and
lateral thermal variability over the course of aiyeMonitoring the thermal conditions and
variability of the Shasta River helps increase usta@ding of thermal conditions on a
scale more detailed than can be simulated with coenpnodels. Results from the field
studies discussed here will be used to interpretahi@sults, incorporating small-scale
temperature diversity and variability.

Elevated summer water temperatures reduce cold-fisttehabitat and are known
to limit fish survival (NRC, 2004). However, itisiportant to increase understanding of
spatial and temporal thermal variability into wingad spring when native salmon are
migrating into the Shasta River to spawn, emerf@jiog redds, rearing, and out-migrating
from the Shasta River (Figure 19). Yearlong terapge data is used to create a baseline
assessment of thermal conditions in the Shasta Bk to understand seasonal changes
that may influence restoration activities. Theesgsh discussed here contributes to and
interfaces directly with monitoring conducted by tiC Davis Center for Watershed
Sciences and Watercourse Engineering, Inc. to atafactors that limit salmonid
production in the Shasta River (Jeffres et al. 800 he thermal regime of the Shasta
River is one aspect of instream habitat and shbeldonsidered in conjunction with
hydrology, other water quality factors, geomorplggidish life histories, and human
alterations.

The California Nature Conservancy purchased 1,288 ldelson Ranch in 2005
with a goal of preserving habitat for anadromousiea while simultaneously preserving
the traditional ranching lifestyle of the Shastdl®a(TNC, 2007). The Nature
Conservancy has granted permission for the stuldissribed herein. Approximately five
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miles of the Shasta River (RM 27.36 - 32.10) caadmessed from Nelson Ranch, which
is entirely on the east side of the river (Figud®. ZThe upstream property boundary of
Nelson Ranch is 1.61 river miles downstream of 8pgings, and the GID/Huseman Ditch
diversion is located at river mile 30.59 (the caefice of the Shasta River with the
Klamath River is river mile 0, and Dwinnell Damriger mile 40.62). In the Shasta
Valley, the irrigation season spans from approxétyaf\pril 1 to October 1, although
exact dates of water rights vary by permit ownéfithin Nelson Ranch, the upstream
portion of the river is predominantly riffle/run hile the downstream portion is mainly
meandering reaches. Since access to the Shas@affim other properties was difficult
to secure, the five river-miles of the Shasta Ra@ressible from Nelson Ranch are
assumed to be representative of general upstreasteSRiver thermal conditions unless
otherwise noted.
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Figure 20. Remote logging thermistor layout and lcations by river mile

Longitudinal Temperature Variability

Hourly longitudinal water temperature data was yred from 5/20/06 to 5/1/07,
the period of record available as of summer 20006 was a wet year, and 2007 was a
dry year. This section begins by analyzing watergerature differences at the upstream
and downstream property boundaries using daily mreasimum, and minimum
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temperature data, and by comparing total and mpmlelans using Student’s t-tests. Box
and whisker plots show hourly and monthly trendthatproperty boundaries, with
emphasis given to differences in timing of dailyxiaum and minimum temperature
peaks. Finally, true longitudinal analysis comgaak temperature loggers in the Shasta
River along Nelson Ranch during for a represengatiavy in all months. This section
concludes with major findings and recommendatianguture studies.

Onset StowAway Tidbit temperature loggers were algad, maintained, and
downloaded by the U.C. Davis Center for Watershadriges to monitor longitudinal
water temperature. Twenty loggers were deployent the length of the Shasta River on
Nelson Ranch (Figure 20). These devices are aectora/- 0.2C within the range of
temperatures typically experienced in the ShastarRwith slightly lower accuracy at the
low and high ends of their range. Temperaturedoggvere placed on the bed toward the
center of the river where flow provides a well-nixeepresentative main channel water
temperature. Loggers are numbered from upstreatovmstream, so that loggers 1 and
20 are at the upstream and downstream propertydaoi@s, respectively. Due to
numerous gaps in recorded data, a temperaturempéttehe upstream boundary of
Nelson Ranch was created by combining the upperthest loggers to make a nearly
continuous upstream boundary temperature seriddyyanombining the four lowermost
loggers for a downstream boundary temperaturessésee Appendix A for a table of
logger completeness).

Overall, the Shasta River at the upstream portiddetson Ranch had greater
thermal variability than the downstream portionitigalarly during summer (Figure 21 -
Figure 24) (see Appendix A for monthly figures @iuinly water temperature with air
temperature and instream flow). On average, wataperature was € cooler near the
upstream boundary than the downstream boundaryr@2p), indicating atmospheric
heating through the Nelson Ranch reach.

45 Air Temperature —- 20
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35 Ny I —— Nelson Downstream |} 15

Temperature, C
Flow, cms

3510 719 8728 To0/t7 — —12/6 — — 1/25—  3/1t6 |

5/20/2006 - 5/1/2007

Figure 21. Hourly water temperature, air temperatue, and instream flow at Nelson Ranch property
boundaries
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Figure 22. Daily mean water temperature at NelsoRanch property boundaries
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Figure 23. Daily maximum water temperature at Nelsn Ranch property boundaries
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Figure 24. Daily minimum water temperature at Nelsn Ranch property boundaries
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Two-sample t-tests were used to compare whethdothkand monthly means in
water temperature between the upstream and downstseundaries of Nelson Ranch
were statistically significant. Due to the tratiele necessary to carry pulses of water
down the Shasta River, water temperature data fhenupstream and downstream
property boundaries of Nelson Ranch were assumbd tedependent, rather than paired
at given times. Travel time changes with flow voky thus lagged pairs were also not
used. Two-tailed T-tests were computed using SYB10k Windows v.11.

Using a 95% confidence level, mean water tempegdiatween the upstream and
downstream boundaries of Nelson Ranch was stalistidifferent using the entire data
set, and for monthly subsets excluding October,dilaand April (Table 7). Where t-test
results imply that the upstream and downstreammtateperature means differed (p-value
< 0.05), there is a 5% chance that the true diffegzdetween the temperature means falls
outside of the confidence intervals listed in TahleProbability mass functions illustrate
the differences between the mean and variance offhiyowater temperature at the
upstream and downstream boundaries of Nelson R&ighre 25 - Figure 27). Overall,
annual temperature variability is greater at thetrgam boundary than the downstream
boundary. During summer, mean water temperatwreases by more than 0Gbetween
the upstream and downstream property boundariBelsbn Ranch, although thermal
variability decreases at the downstream boundBegduced thermal variability near the
downstream property boundary may occur from warstream pulses of water arriving at
the lower property boundary at night when solatihgds absent, and will be discussed
further in the following sections.

Table 7. T-test means, mean differences, confidemintervals, degrees of freedom, and p-values

Upstream Downstream | Mean | Confidence
Mean SD | Mean SD| dif. | Interval df p-value
All 128 4.4 13.0 4.6 -0.2| -0.3t00.0 16304 0.029
May | 15.0 2.2 154 1.8 -04| -0.7t0-0.1 60D 0.014
Jun 18.0 2.3 18.7 2.1 -0 -09to-04 1438 0.0Q0
Jul 19.1 2.2 20.0 1.3 -09 -1.1t0o-0.7 1486 0.000
Aug | 17.1 2.3 17.8 1.0 -0.8/ -1.0to-0.6 1486 0.000
Sep 14.6 2.2 15.1 14 -0 -0.6t0-0.3 1438 0.000
Oct 11.6 1.8 11.6 15 0.0 -0.21t00.2 1424 0.78)7
Nov 9.7 1.6 9.5 1.7 0.3 0.1to 04 1438 0.002
Dec 7.7 1.1 7.2 1.0 0.5 0.41t00.6 1220 0.000
Jan 7.7 14 7.3 1.3 0.4 0.31t0 0.6 1486 0.000
Feb 9.1 1.8 8.8 1.7 0.2 0.1to 0.4 1342 0.01b6
Mar | 11.6 2.5 11.6 2.2 0.0 -0.21t0 0.3 1486 0.904
Apr 13.3 3.3 13.5 2.6 -0.2| -0.5t00.2 1438 0.319
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Hourly and monthly analysis of water temperatutet@ upstream and
downstream boundaries of Nelson Ranch show morgtauital temperature differences
than the t-tests. Hourly water temperature boxwanidker plots from the upstream
boundary of Nelson Ranch (Figure 28) are typica @falifornia river. Maximum water
temperature occurs between 5:00 — 6:00 pm, exeeptgithe long days of summer when
maximum water temperature can occur as late as@BroOMinimum water temperature
occurs in early morning, between 7:00 — 9:00 am.
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Figure 28. Hourly water temperature variability by month at Nelson Ranch upstream boundary

One of the more interesting findings of this datasas the discovery of nightly
water temperature peaks near the downstream pydpaunhdary of Nelson Ranch (Figure
29). At that location, maximum water temperatugaks between 9:00 pm and 4:00 am in
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all months. Minimum hourly water temperature oscaifew hours later than at the
upstream boundary, between 8:00 — 11:00 am. Agthdbctober, March, and April had
little difference in monthly means, all months shdear thermal differences on an hourly
scale (Figure 28 and Figure 29). The dominanntlaémfluence for the Shasta River is
daytime solar radiation and advection of therma&rgy from upstream sources. This
implies that a volume of warm water, originatingstipam of Nelson Ranch, is being
transported downstream and is reaching Nelson Radolwnstream boundary at night. A
unique thermal signature with two daily peaks wias abserved toward the downstream
property boundary of Nelson Ranch, most likely frammombination of warm water
originating above Nelson Ranch arriving at the dsineam boundary at night combined
with daily solar radiation (Figure 30).
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The time of maximum daily temperature at the upstr@roperty boundary occurs
approximately four hours earlier than at the dova@sh boundary, except July through
mid-October when the time between daily upstreachdownstream maximum
temperature widens to approximately eight hourabl@ 8, Figure 31). Data from the
downstream boundary show a marked difference initmieg of temperature peaks and
valleys during mid-July to mid-October, and thet ifghe year. This change in timing
has to do with a combination of low flow conditiansreasing travel time in the river,
warm water inflows from tailwater return, or otherdescribed inflows, such as from the
Big Springs complex upstream of Nelson Ranch. &leeconsiderable variability in the
times of the daily maximum water temperature dughgnonths. The time of minimum
daily water temperature is similar between the ngh @ownstream boundaries of Nelson
Ranch, except mid-July to mid-October when therngsh minimum water temperature
occurs approximately three hours earlier thanatthwnstream boundary (Figure 32).
Assuming a rectangular channel with a width of 4@2.2 m), depth of 2 ft (0.6 m),
distance of 5 mi (26,400 ft) (8,047 m), and averaglecity of 111 cfs in mid-July to mid-
October, and 145 cfs for the rest of the year eréimne increases from 4 hours for the
majority of the year to 5 hours and 20 minutes fthnty to October, showing travel time
through Nelson Ranch increases during summer.
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Table 8. Monthly mean, maximum, and minimum watertemperature (C) at upstream and
downstream property boundaries, with average timesf maximum and minimum temperatures.

Upstream Downstream
Mean max Mean min Mean max Mean min
Mean Max Min temperature hour temperature hour | Mean Max Min temperature hour temperature hour
May 15.06(21.02|11.06 18:00 8:00 15.33]20.22|11.71 22:00 9:00
June 18.02]23.53]13.53 19:00 9:00 18.66|23.47]14.10 23:00 10:00
July 19.10|23.76] 14.29 20:00 9:00 19.99]23.62] 16.56 3:00 11:00
August 17.05(21.53|12.07 18:00 7:00 17.81]120.17|14.34 4:00 11:00
September | 14.63]19.15] 10.59 18:00 7:00 15.08/17.75]11.88 3:00 11:00
October 11.60|16.01] 7.85 18:00 9:00 11.62|15.39| 8.05 24:00 9:00
November | 9.72 | 14.39| 6.66 17:00 9:00 9.46 | 14.07| 5.98 21:00 8:00
December | 7.72 | 9.93 | 5.51 18:00 9:00 7.20 1 9.76 | 5.18 22:00 8:00
January 7.69|11.44| 4.48 17:00 9:00 7.25110.47] 4.06 22:00 8:00
February 9.04 | 14.10| 4.43 17:00 9:00 8.81 [13.27] 3.74 21:00 9:00
March 11.62|17.89| 7.17 18:00 9:00 11.61)16.91| 6.88 22:00 10:00
April 13.30]22.15] 7.80 18:00 9:00 13.46| 20.64| 7.98 23:00 10:00
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Figure 31. Hour of daily maximum water temperature
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To understand how thermal patterns change alon§hhsta River, box and
whisker plots display longitudinal water temperatthrough Nelson Ranch (Figure 33)
during a representative day in the middle of eaohtinto highlight spatial and temporal
changes in the Shasta River. The Grenada Irrigdistrict diverts water to the Huseman
Ditch at river mile 30.59, between loggers 6 ar{@628 m and 3066 m from the upstream
boundary of Nelson Ranch, respectively). Heatimthe GID diversion pond could be
expected; however, there are no clear temperatemdg from the GID diversion during
irrigation season. Likewise tailwater from Neld®anch returns to the Shasta River
between loggers 1 and 2 (438 m and 836 m from plseream boundary, respectively).
During irrigation season, data from both these éwggnly exists during the August and
September plots, and no clear trend is present.
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Figure 33. Mid-monthly longitudinal box and whiske plots along Nelson Ranch
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Longitudinal Analysis Conclusions

A year of continuous longitudinal temperature datables thorough analysis of
temporal and spatial thermal conditions in the bielRanch reach of the Shasta River.
Previous monitoring efforts have sampled water tenafpoire at widely spaced locations.
Therefore, this research helps illuminate smallestteermal conditions and variability not
evident in previous studies. Several interestiagds were observed. From June to
August, mean water temperature rises with disténoce the upstream property boundary;
although during these months, and also in March/grd, there is less thermal variability
toward the downstream boundary.

Discovery and documentation of nightly temperapeaks at the downstream
property boundary of Nelson Ranch is another isterg observation. The dominant
thermal influence for the Shasta River is solaratah, which is absent after sunset. This
implies that a volume of warm water is being tramgd downstream and is reaching
Nelson Ranch’s downstream boundary at night. Tikertal condition at the upstream
boundary of Nelson Ranch is inherited from upstréactors including springflow
contribution from Big Springs (and other sitesg tipper Shasta River, Parks Creek, and
human factors, such as diversions (including diearponds) and agricultural return
flows. The data from the longitudinal temperatioggers deployed at Nelson Ranch are
insufficient to determine the cause of the incomiragm water. Further study is
recommended to determine the source and volumesgsiilpe warm inflows upstream of
Nelson Ranch.

Exploring Local Thermal Diversity

Exploratory temperature probing and lateral rivansects were conducted to
improve understanding of small-scale thermal ditaeia the Shasta River. This section
begins with a description of exploratory temperagorobing conducted during summer
2006 to identify possible cool-water habitat fromadl springs, subsurface flows, or seeps
to the Shasta River (site illustrations and dedladlata are in Appendix A). Also during
summer 2006, water temperature was recorded ie tateral transects to assess the extent
of heating near the shallow margins of riverbankkis section ends with analysis of
temperature transects deployed during winter andgpo assess thermal diversity during
these seasons. These measurements are importartteistand local differences in
habitat that are too small to be apparent in madedtudies.

Seven sites were sampled for thermal diversity etsdh Ranch property from
8/22/06 - 8/23/06. In addition, cross sectionalevéemperature was measured along three
transects in the Shasta River near the Nelson Ratein flow ditch on 8/22/06 (Figure
34). Water depth was measured with a Global Watessure transducer (model WL 16)
accurate to +/-0.2% in the 0-Z1 range. A Tech Instrumentation model TM99A
temperature unit with a model 2007 probe was usethbst handheld temperature
sampling. The TM99A temperature unit is accurate/t 0.2C in the 0-40C range. An
Oakton Acorn Series Temp 5 handheld temperatutenitti a 15 cm steel probe was used
to assess bed temperature by inserting the probé¢he bed matrix to assess pore water
temperatures (and river temperature when notetle Qakton Acorn temperature probe is
accurate to +/- 0°Z. Mechanisms for exchange of pore water withasigrfwater were not
analyzed.
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Figure 34. Temperature probing locations, August @06

The pressure transducer and TM99A temperaturengrg mounted to Plexiglas
on a 1.8mrod. Probe tips were attached to theoétite rod, so temperature and depth
measurements could then be taken simultaneousigter up to 1.5m. The handheld
device allowed quick assessment of vertical distidm of water and bed temperature,
with the ability to explore under overhanging vediein or cutbanks.

Temperature observations throughout the year ifilethteveral key insights into
smaller scale thermal conditions on the Nelson Ramuring summer, small, localized
cool water refugia associated with subsurface fleeeps, and/or springs were identified
on the Nelson Ranch with temperatures up t6@-éboler than mainstem river conditions.
Irrigation return flows also occur on the NelsomBta However, both cool refugia and
return flows were generally small in size and/ogmtude, and did not appear to have an
appreciable influence on overall mainstem tempegatu

Although local water temperature differences arals(g1-2°C), they may
improve instream conditions for fish and other W&l particularly when water
temperature nears critical limits for cold-watehfispecies. Additional field observations
are needed to adequately quantify small-scale vieteperature changes at the sites
discussed above, and to identify whether cool watiginates from springs, subsurface
flow, shading, or local channel characteristicgtjpalarly shallow channels that heat and
cool faster than the Shasta River). Alternativenaggement strategies to reduce heating of
cool water sources warrant additional field sangphnd data analysis.
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Shasta River Lateral Variability

The Shasta River was surveyed in three cross-satti@nsects on 8/22/06 to
provide water temperature measurements testingdtiwrence and extent of heating at
river margins. Installation of six lateral trantem the mainstem Shasta River and two
longitudinal profiles in side channels then recartdeurly water temperature from late
January to late June, 2007. The January to Jansects tested whether channel margins
and side channels have greater thermal varialbilay the mainstem, and whether
floodplain bench habitat increases the varietyhefrmal conditions available for habitat.
This section outlines methods and findings of tistantaneous cross-sections completed
during summer 2006, followed by discussion of méjadings of the winter and spring
transects (See Appendix A for a description of eiir@nd spring lateral transect sites with
noting location and habitat characteristics).

Summer 2006 — Instantaneous temperature cross-sedi

Water temperature was sampled across the ShastaiRitransects to explore
whether heating occurs along riverbank margins,taadcxtent of heating. Sampling was
completed on 8/22/06 using a pressure transduckteamperature probe (described
above). The uppermost transect was located upstoéshe Nelson Ranch return flow
channel, and the middle and lower transects wenssimeam of the channel. All three
transects were above the CDFG screw trap (Figur€igdre 35). Locations of transects
were chosen as likely to capture margin warmingwhere the river was shallow enough
to wade. Low herbaceous vegetation was presebhbtinbanks, representative of the
reach.

Return flow
channel

Approximate return flow
heating margin

«— Shasta River

e
——
--
-
|-
I
-
-
-
-

Transect 2 Transect 1

Transect 3

Figure 35. Summer transect overview sketch

There was slight margin warming in transect 1 altbeeNelson Ranch return flow
ditch (Figure 36 & Figure 37). Transect 2 showssiderable warming on river right from
the return flow ditch, and a slight temperaturerdase on river left, possibly from
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vegetative shading (Figure 38 & Figure 39). Trah8ewas approximately 20-25m below
the return flow ditch, and shows more dispersedwirgg on river right from tailwater
return (Figure 40 & Figure 41). Water temperatuid-channel of each transect was
vertically and laterally constant. Water tempematwas 15.7C mid-channel of the first
transect, 16.% in the second, and 17@ in the third. This longitudinal temperature
increase is an artifact of the time lapse betwesmsects, which were conducted at 12:45,
1:20, and 2:10 respectively.
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Winter and Spring Lateral Transects

To further understanding of lateral temperaturealmlity and to characterize
baseline winter and spring conditions of the ShRstar along TNC’s Nelson Ranch, six
lateral transects were installed on 1/28/07. keene removed on 6/22/07 (Figure 42);
although the upper and lowermost transects remamtugk Shasta River measuring water
temperature through summer 2007. Those transests ot removed because all loggers
remained submerged despite low river stage, theyal have other problems (such as
sedimentation), and were easy to access. Transeotsused to monitor water
temperature at floodplain bench, deep channelshatlow channel habitat types, with two
transects at each of habitat type.

Time series of spring and winter transect tempeeadata are analyzed by
comparing maximum daily water temperature at ath$ect positions. Water temperature
differences are tested for statistical significanseng two-way ANOVA. In general,
logger position in temperature transects is a poedictor of water temperature, indicating
margin heating does not lead to a statisticallpificant difference in water temperature.
Regardless, analysis of daily maximum water tentpeza reveal slight differences in
thermal variability within transects. Transectsleep water habitat show little thermal
variability, transects in shallow habitat have meaeiability especially during summer
months, and transects in floodplain bench habigewlifficult to analyze since loggers
became exposed to air by March or April. Tempeeakoggers were also installed
longitudinally in two side channels; however, safi@nnels were frozen until March and
were dry by April. Therefore, side channel monitgrprovided little, except to conclude
that during dry years, side channels on Nelson Ramay not provide useable habitat for
fish.
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Figure 42. Winter temperature transects and sidet@annel monitoring locations

All transects were located on river right, and extéaterally to where the river was
well mixed. Hobo Water Temp Pro and Hobo Water pého V2 thermistors,
manufactured by Onset Computer Corporation, wepdoged on 1/28/07. Both
thermistor models are accurate to +/-°Q.2 Mid-channel or deep water thermistors were
placed on the bed connected to the bank by a teddé, and were protected by a neoprene
boot. During deployment of temperature loggerspadary water temperature was
measured with an Oakton Acorn Series Temp 5 haddbsiperature unit, accurate to +/-
0.2°C. Water depth was measured with a measuring thpansect 1 is included here as
an example, illustrations and temperature dat&#remaining five transects are in
Appendix A.

Transect 1 was located above the CDFG screwtra@sd below Nelson Ranch’s
agricultural return flow channel. For these pugsst was considered deep habitat
because the right bank is steep (approximatelycadyt with little difference in depth to
promote margin warming (Figure 43). Logger 1-1 wasnected to a 3m cable and placed
in the well-mixed portion of the channel. Logg#&f& and 1-3 were deployed on the bed,
secured by 0.5m cables to the river bottom. Lodgémwas deployed under a submerged
cutbank in the river bank.
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Figure 43. Transect 1 — Schematic of shallow chaahhabitat above screwtrap site

The warmest and coolest daily maximum water tentpezavithin transects were
compared to illustrate small thermal differenc@s transect 1, the logger placed mid-
channel showed the least thermal variability, amgderature signals from the other three
loggers were nearly identical. Recorded water &radpre was sensitive to download
periods. Possibly aquatic and/or riparian vegetatvas disturbed during downloads

leading to gradually widening maximum temperatufiecences (Figure 44).
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Figure 44. Transect 1 upper, lower, and differencen maximum daily water temperature
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Analysis of Winter and Spring Temperature Transdaata

Two-way analysis of variance (ANOVA) was useddsttwhether mean water
temperature at different positions within all tracis were statistically significant, using
SYSTAT v.11 for Windows. ANOVA is a general techune to test the hypothesis that
means among two or more groups are equal, and asssample populations are normally
distributed and have equal variance. Two-way ANQYs&s two factors, or categorical
predictor variables. Here, water temperature Wwasiependent variable, and the two
independent factors were logger position alongseats and month. This experimental
design does not directly analyze temperature diffees between different transects, which
were deployed in different habitat types. Loggersome transects were exposed to air,
making different sample sizes at different transedthus a method to simultaneously
analyze water temperature between transects, asasweithin transects (such as repeated
measures ANOVA) was not used. Transects 1 and'8 eeployed in deep-water habitat,
2 and 5 were in floodplain bench habitat, and 4 @mgere in shallow water habitat.

Month was a statistically significant predictorveéter temperature at all transects.
Water temperature varies greatly throughout the lyased on season and weather
conditions (Table 9). (Note: Transects 2 and B lbeployed in floodplain bench habitat,
were exposed to air. Results for these transeetsraken into two periods: when there
are five submerged loggers and when there aretaoly Logger position was only
significant at transect 4 and 5, which were in lsiahabitat and floodplain bench habitat,
respectively. The interaction between month agdéo position was also statistically
significant at transects 4 and 5. Transects 45dmad the least reliable data, as two loggers
in transect 4 had a suppressed signal indicatisgiple sedimentation, and loggers in
transect 5 may have been in very shallow wateomestime periods.
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Table 9. Factors leading to statistically signifiant differences in mean water temperature, using te-

way ANOVA (statistically insignificant factors not included)

n Multiple R2| Factor df| F-ratio p-value
Transect 1] 14060| 0.494 Month 5| 2736.21 0.0
Transect 2 10614| 0.584 Month 2| 1324.55 (Jan-Marp.0

537.965 (Apr-May| 0.0
Transect 3 10416| 0.526 Month 5| 2306.80 0.0
Transect 4 12148| 0.671 Month 5 | 4591.99 0.0
Position 3 | 149.67 0.0
Interaction| 15| 67.01 0.0
Transect § 10730| 0.515 Month 2 | 1413.85 (Jan-Mar)0.0
344.18 (Apr-June | 0.0
Position 4 | 52.42 (Jan-Mar) | 0.0
49.07 (Apr-Jun) | 0.0
Interaction| 8 | 31.57 (Jan-Mar) | 0.0
3.33 (Apr-Mar) 0.36
Transect § 13144| 0.599 Month 5| 3925.93 0.0

This analysis implies seasonal patterns most affatér temperature, and it is
difficult to make meaningful conclusions about whitabitat types are most likely to
display lateral heating differences. (See Apperdirr box and whisker plots of monthly
water temperature by logger position for all tramtsg Data from transect 6, which
remained in place through summer 2007, and fronintantaneous summer transects
imply that margin warming may impact instream habituring summer months, but no
clear changes could be detected during winter mngpnonths. Presence and quality of
riparian vegetation was ignored during all latéhgrmal diversity monitoring (and was
largely absent). Future studies should examinedleeof riparian vegetation in
eliminating or minimizing summer margin heatingls.

Side Channel Longitudinal Profiles

The two side channels monitored along Nelson Rarerle narrow (< 1.5 m
across) with negligible velocity. One profile wdeployed in a side channel near transect
5 (Figure 42). On January 27, the channel wasfrpgo a logger was set on top of the
frozen channel in the hopes water temperature woellcecorded when the ice melted and
the side channel could provide useful fish habitah March 7, two additional loggers
were added at the top and bottom of the channelveder, by mid-March the loggers
were already exposed to air. No useable data Wasned from this profile.

Temperature loggers were placed in a second saleneth northeast of the main
channel near site 6 (Figure 42). During January2P87 sampling, this side was mainly
dry, with ice in the upstream portions. A temperatiogger was deployed under the ice,
in approximately 0.05m of water. Filamentous alg@ee growing in this side channel
despite the ice, and water temperature was 3.38Eruhe layer of ice. Two additional
loggers were placed in the side channel in earlycklavhen the ice had melted and more
water was present. However, by early April, thggers in the side channel were already
exposed to air, indicating side channels at NeRanch do not provide useable fish
habitat for long periods during spring followingydrears.
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Spring Inflow and Tailwater Return

Nelson Ranch spring inflow and tailwater return e@veronitored to increase
understanding of return flow conditions and recomdmanagement actions to mitigate
for warm water returns. Additional tailwater retarwere monitored at Meamber Ranch,
located near the DWR weir in the lower Shasta Rividris section first describes flow and
water temperature monitoring at Dream Spring aiddger return at Nelson Ranch,
followed by the tailwater monitoring analysis contkd at Meamber Ranch. Results show
all three sources have high thermal variability,aatdimes, are sources of warm inflows to
the Shasta River. All three sources also conteilaubw volume of water to the Shasta
River, creating local pockets of warm water duriegtain hours, but having little effect on
a larger scale. The cumulative effects of tailwag¢urns over the length of the Shasta
River were not analyzed.

At all sites, stage was measured with Global Whitgirumentation, Inc. water
level logger pressure transducers (model WL15pwRias calculated differently in all
channels, based on the type of measurement denatadled, and is discussed below.
Pressure transducers were programmed to record degieh every hour, and are accurate
to +/-0.2% of the full range of 0.914 m (0.2 cmeothe range of temperatures from 2-
21°C. All hourly temperature measurements were obthusing Hobo Water Temp Pro
V1 and V2 temperature loggers, manufactured by OBsmputer Corporation, accurate
to +/- 0.2C.

Dream Spring

Dream Spring emerges from a hillside, where wati¢ially spreads over an area
approximately 6m wide (Figure 45). Within 15 — 2Bpring water flows into an
abandoned irrigation ditch, which runs paralleiite Shasta River for approximately 70m
before joining the Shasta River. The average depbBream Spring in the irrigation
channel is less than 15cm. In summer months, aggetis variable, with sections of the
channel shaded by nettles, greasewood, or emeaigaatic vegetation. During winter
months, the channel is open to direct sunlightis hb-section describes data collection
methods, problems, and preliminary data; and pregpbgure options for Dream Spring,
such as reducing pumping by using the spring t@mettle, or piping water directly to
the Shasta River to reduce transit time and atmeygpheating.
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Figure 45. Dream Spring sampling locations and teperatures (sampled 8/23/06 13:00-14:00)

Flow at Dream Spring was calculated using a shege&, 90 V-notch weir in the
irrigation channel adjacent to the Shasta Rivewak installed on 7/18/06 and removed on
4/15/07. The pressure transducer measured stageam of the weir to allow direct
calculation of flow (Figure 45 - site 7). Dischargas calculated for a small, fully

contracted 9DV-notch weir using the equatio® = 249H **®(USBR, 2001; Aisenbrey et

al., 1978), where H = head.

A temperature logger was installed about 8m upstregthe weir pond so that
ponding did not affect recorded temperature (Figitre site 4). The logger was installed
with the sensor pointed downward in approximatebcéh of water. A second
temperature logger was installed in November inugyger portion of Dream Spring
approximately 10m downstream from where it emefges the hillside (Figure 45 - site
3). This logger was installed for redundancy anfétter understand water temperature
along the Dream Spring channel, and was also pasii with the sensor facing downward
in approximately 7.5cm of water. When the weir wamoved in April, the upper
temperature logger was moved where the spring esadrgm the hillside and a third
temperature logger was placed in the Dream Sphagrmel just before it reaches the
Shasta River. All temperature loggers were pretéetith neoprene boots.

The irrigation channel that Dream Spring flows iht&s a low slope, causing water
to back up in the upstream portion of the irrigatehtch for approximately 30m. (Figure
45 - area A). Flow data was compromised by lilselpsurface flow between the irrigation
channel and the Shasta River, which reduced weid gtage by an unknown amount.
From December 2006 to April 2007, gopher holesanisequent leakage were additional
ongoing problems.
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Initial measurements suggest that the dischargfgeispring varied seasonally,
with a slow reduction in flow from approximately085 cfs in July to approximately 0.03-
0.04 cfs in August (Figure 46). However, mainteseaproblems outlined above
detrimentally affected results. Discharge incrdadmmatically on October 4 and
November 9, days major seeps and leaks were repalieese data provide a lower bound
for Dream Spring flow, although actual dischargerfrDream Spring may be much
higher. The only data error in the water tempeegatacord occurred when the sensor on
the logger above the weir became covered in sedifran August 5 to 23.
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Figure 46. Dream Spring discharge and water tempature

Overall, water temperature from Dream Spring candyesiderably warmer than
the Shasta River (Figure 47). Interestingly, Dre&gpning did not clearly show
atmospheric heating between its emergence andwsastream end where it joins the
Shasta River, probably because water temperatateszdy so warm where Dream Spring
emerges (Figure 48). Dream Spring is shallow thhoult its course to the Shasta River,
and sunlight may have been influencing logger mesmsents, despite the downward
orientation of their sensors. Maximum recordedpgerature was 24°€ and 29.4C for
December 2006 and January 2007, respectively;wgthanaximum recorded air
temperature at Nelson Ranch was@@nd 16.4C for December and January,
respectively. Thermal variability in Dream Spriggclined in summer, possibly due to
emergent riparian vegetation providing shade.
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Figure 47. Air temperature and water temperature @ Dream Spring and the Shasta River
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Figure 48. Water temperature at upper, middle, andower Dream Spring

Data suggest Dream Spring is not a constant safrogol water for the Shasta
River under current conditions. Although mean rhbntvater temperature is similar to
the Shasta River, Dream Spring has high thermabitity, and is often already warm at
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its emergence point (Table 10, Figure 48). Wampterature has high daily variability
because the channel is shallow and distance tS8hhsta River is longer than necessary.
The Dream Spring channel is less than 100m, arallplsrthe Shasta River for
approximately 70m. Additional solar heating maguwrcprior to the emergence point if the
spring is fed from a surface water source such@pond near the ranch house. However,
tracing the source of Dream Spring is outside togps of this study.

Table 10. Minimum, mean, and maximum temperature°C) by month at Dream Spring (near the
weir), Shasta River at the upstream boundary of Nabn Ranch, and Nelson Ranch return flow

Dream Spring Shasta River Return Flow

Minimum Mean Maximum| Minimum Mean Maximum | Minimum Mean Maximum
July-06] 12.2 18.8 27.5 14.3 19.1 23.8 9.4 22.3 46.4
August-06 8.3 17.8 37.3 12.1 17.1 21.5 7.2 20.0 43.4
September-06 5.3 18.0 37.5 10.6 14.6 19.2 9.4 16.4 23.9
October-06 3.0 14.0 27.4 7.8 11.5 16.0 -5.1 10.5 31.8
November-06| -3.5 10.2 25.2 6.7 9.7 14.4 -4.4 8.6 29.4
December-06] -3.8 9.8 24.2 55 7.7 9.9 -15 6.3 19.7
January-07| -2.3 8.0 29.4 45 7.9 12.2 1.2 5.1 12.9
February-07 0.6 10.7 29.4 4.4 9.4 14.1 0.3 6.3 13.2
March-07 8.0 15.0 18.8 7.2 12.4 20.5 -0.4 9.4 24.5
April-07 0.6 155 37.8 7.8 13.2 22.2 -2.0 11.3 31.6
May-07 1.2 18.9 43.8 7.1 14.4 25.9
June-07 7.2 17.6 43.9 10.4 17.1 26.4
July-07f 10.5 17.7 27.7 13.9 18.8 28.2

Dream Spring is shallow with a low flow volumesgdagreater thermal variability
than the mainstem Shasta River. This small intowis faster than the Shasta River,
possibly providing localized thermal refuge atatsfluence during some times of day.
This research indicates that under optimal conati®@ream Spring may provide only
minor habitat improvement. Under its current cgafation, with maximum summer
temperatures near 40, Dream Spring can be detrimental to instreamthtbonditions.
Two future options for Dream Spring have been idiext First, water from Dream
Spring can be pooled and used for watering cafttés option is especially promising if it
allows a reduction in the Nelson Ranch diversi@mfithe Shasta River.

A second option is to experiment with maintainingial Dream Spring
temperature by piping the spring directly fromataergence point to the Shasta River.
This assumes that atmospheric heating does sonseticcer. A direct benefit of this
approach would be reduced seepage loss, resuitimgiie accurate discharge
measurement. When spring water emerges at terapesato warm that atmospheric
heating does not occur, this alternative would havbenefit. Topography features, such
as a steep embankment and the abandoned irrigdtaomel, are challenges.

Nelson Ranch Tailwater Return

Water is diverted from the Shasta River at an uenedtpumping station near the
upstream property boundary of Nelson Ranch. Tadweeturns to the Shasta River
approximately 500m downstream via a return chatiregldrains fields on the southern
portion of Nelson Ranch. Water depth in the rettirannel averages approximately 10cm.
Herbaceous riparian vegetation lines the channghglsgpring and summer, and in the
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winter it is open to solar radiation. The claatythe water varies and sometimes has a
noticeable reddish or brownish hue.

The volume and temperature of tailwater at NelsandR was monitored to
increase understanding of its thermal effects enShasta River, and to highlight
promising alternatives to improve the efficiencytloé ranch and fish habitat in the Shasta
River. This analysis only examines tailwater tteditirns to the Shasta River via the return
ditch, ignoring possible subsurface or overlanaviio

A three-inch Parshall Flume was installed in thiviter channel in late July 2006
by the UC Davis Watershed Sciences Center. A pressnsducer was deployed with the
flume to measure stage. The UC Davis Watershezh8es Center oversaw maintenance
of the Parshall Flume, downloaded stage data, aledilated flow based on recorded data.
A temperature logger was deployed in the tailwekemnel approximately 10m upstream
of the flume.

Baseflow of approximately 0.14 cfs is maintainedhe return flow channel
throughout the year (Figure 49). During irrigatgeason, flow pulses reached 1.6 cfs.
Pulses occasionally occur outside of irrigatiorss@afrom local storm runoff. Mean
return flow water temperature is 3&warmer than mean Shasta River temperature during
summer, and is 1.5°@ cooler during winter. Like Dream Spring, tail@atemperature is
much more variable than the Shasta River (Tablé-itfire 50). Tailwater temperature
exceeded 4 in July and August 2006.
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Figure 49. Nelson Ranch tailwater return and watetemperature
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Figure 50. Air temperature and water temperature @ Dream Spring and the Shasta River

Return flow volume is negligible compared to thathe Shasta River (Figure 51).
Regardless, tailwater temperature can be much htgha Shasta River water temperature,
creating a local influx of warm water during sormeds of day (Figure 38). This primarily
occurs during summer, when water temperature irsttesta River is often already near
critical limits for salmon species.
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Figure 51. Discharge in the Shasta River at the gream boundary of Nelson Ranch and the return

flow channel

78



Overall channelized return flow to the Shasta Riv@m Nelson Ranch averages
0.14 cfs, and peaks to 1.6 cfs. These resultsduoeiimost beneficial if pumping from the
Shasta River was measured. This would give impontdiormation regarding efficiency
ratios. In depth analysis of tailwater returnuiing possible subsurface or overland flow
would help to more correctly quantify tailwateruet to the Shasta River.

Meamber Ranch Tailwater Return

The Meamber property abuts the Shasta River foroxppately ¥4 mile. A weir
operated by DWR monitors stage, flow, and watepinature in this section of river.
Return flow discharge and water temperature weneitmied at Meamber Ranch from
9/7/2006 - 10/5/2006. Tailwater at this site floin@m fields to a vertical culvert, which
acts as a catchment basin (Figure 52). Watertitervertical culvert through a grated
34.6 cm circular orifice. From the vertical culyavater returns to the Shasta River via a

20.3 cm underground pipe.
Pressure Transducer
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— T
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Orifice/

Return Flow . .
(from land) Circular Weir
N ]
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Stiling Pool T} | —

—t

\’/ Underground to river

Figure 52. Schematic of Meamber Ranch agriculturateturn flow

A pressure transducer was installed on 9/7/06 t@sore stage upstream of the
vertical culvert that drained water to the ShasteR It was suspended ina 1.5 m PVC
tube so that the sensor was approximately 10 cm the bed of the channel, and was
removed on October 5, at the end of the irrigatieason. When stage was below the top
of the opening, the opening acted as a circular are discharge (Q) was calculated using
equations 40 and 41 (Erickson et al., 2007), wheseir coefficient (§) is a function of
relative head (H) with respect to weir diameter.(BPlead was never greater than the top of
the circular opening.

C, = 0.555+ 1 + 0.04:(ij (40)
11({Hj D
D
H O\ o\ 5
Q =0.0039C, l:lO.lZ(Bj - 266{5) } @0D)?2 (41)
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Two temperature loggers were deployed on 7/17(@6e logger was connected to
a stake in the return flow channel, and was plaggmoximately 15 cm above the bed
(approximately 13cm below the surface when flovotigh the return ditch was
negligible). The other logger was tied to thefsgalye at the USGS weir in the Shasta
River, approximately 40cm below the water surfaBeth loggers were protected with
neoprene boots and were installed with their senfsaing downward. Shasta River
discharge at the DWR weir was downloaded from CHEHID7).

Between September 7 and October 5, agriculturatndtow ranged from zero to
3.97 cfs, and averaged 0.4 cfs (Figure 53). Duthigyperiod, water temperature ranged
from 2.8C to 33.8C, and averaged 13G.
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Figure 53. Meamber Ranch agricultural return flow and water temperature

Agricultural return water temperature was monitdiredn July 19 to October 5.
Over this longer period, average water temperatag 17.2C, and ranged from 28 to
53.3C (Figure 54). Regression analysis shows thatntemeperature trended downward
by over 11.3C from mid-summer to early-fall. Table 11 listsluastatistics for water
temperature by month.
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Figure 54. Meamber Ranch agricultural return flow, water temperature, and temperature linear
regression

Table 11. Minimum, mean, and maximum temperature$’F) by month

Retum Flow Shasta River
Minimum Mean Maximum | Minimum Mean  Maximum
July 129 235 52.8 174 22.5 25.6
August 5.8 188 416 151 19.6 23.1
September 2.5 143 334 11.8 16.2 20.2
October 6.9 119 209 12.1 14.0 16.4

From July 17 to October 5, average water tempegailithe Shasta River at the
DWR weir was 18.%C, and ranged between 13C8and 25.8C (Figure 55, Table 11).
Discharge averaged 91 cfs, and ranged betweer2B9 efs. Regression analysis shows
that the water temperature of the Shasta Riveredsed by approximately 8® from
mid-summer to early-fall, and discharge increasedgproximately 45 cfs.
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Figure 55. Shasta River flow, water temperature, 1ad linear regressions
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Overall, agricultural return flow to the Shasta &iWrom the Meamber property
remained low during the month that was monitor@derage water temperature was
comparable between the agricultural return flometeh and the Shasta River. However,
agricultural returns had greater thermal variagiliesulting in a net cold water source at
night and a net warm water source during the day. example, during a single day
(September 17), the water temperature range (maiminus minimum) of return flows
exceeded 27°€. When return flows increased from negligibléhe order of 2 cfs, as
exhibited September 18-20, the diurnal range rnelow temperatures decreased, but
was still 5.6C. Ongoing monitoring throughout the bulk of iatgpn season will increase
knowledge about return flow quantity and timing.

Dream Spring and Tailwater Return Conclusions

Water temperature at Dream Spring and both tailwatern sites have very high
thermal variability. Dream Spring and tailwatee arnet warm water source to the Shasta
River in afternoons during summer. Flow volumelbf these sources is relatively
small. At Nelson Ranch, thermistors located upsirand downstream of these known
warm water sources did not show obvious heatingigeas flow volume is too small to
change instream thermal conditions. As exploratenyperature probing and
instantaneous transects near the Nelson Ranclataiweturn showed above, the warm
water inflow is substantial enough to create Igmadkets of warm water during summer,
but not enough to make noticeable changes to #rentll conditions of the river, as a
whole. Managing tailwater and other potential wavater inflow throughout the Shasta
River is a challenge because it is difficult to iy small, individual effects of these
warm water sources, but collectively throughout$hasta River, warm water inflows
may detrimentally affect thermal conditions andr@am habitat for cold-water fish
species. Ongoing studies are recommended to seErgaderstanding of potential return
flow conditions and support future water managenaetions.

Discussion

The temperature observations described here igesgiferal key insights into
small-scale thermal conditions on the Nelson Ranch.

* Longitudinal thermal diversity exists, primarily iasponse to upstream conditions
(both natural and anthropogenic) and meteorologntkiences on the river as it
travels downstream.

0 Maximum water temperature near the downstream pippeundary of
Nelson Ranch occurs at night.

o Data suggest a volume of warm water is being itdetipstream of Nelson
Ranch.

» Lateral variability is apparent near river margiasd is most pronounced during
summer.
0 Riparian vegetation, both herbaceous and woody,prayide benefits for
such margin habitat.
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e During summer, small, localized cool water refugggociated with subsurface
flow, seeps, and/or springs were identified onNleéson Ranch with temperatures
up to 1-2C cooler than mainstem river conditions.

o Cool water refugia and return flows were genersithall in size and/or
magnitude and did not appear to have an appredialence on overall
mainstem temperatures.

* Winter mainstem temperatures were largely unifdaterally.

» Side channels were typically frozen during wintemtins, and became dry in early
spring of dry water years.

» Additional observations of potential refugia, sgsnand return flows would
increase information and improve understandingnefrhal variability; as well as
impacts on anadromous fish production and apprEpnenagement strategies.

* Monitoring illustrates longitudinal and lateral iaility that is not apparent with
other study approaches (such as current modelfogt
o Itis important to continue field monitoring to uerdtand small-scale
variability.

The field studies outlined in this chapter proviti#ail regarding the thermal
conditions of the Shasta River. The modeling gsidh the following two chapters help
increase understanding of year-round flow and teatpee conditions in the Shasta River,
and highlight the most promising management alteresito enhance cold-water habitat
while considering water use efficiency. Yet, maaglresults described in the following
chapters cannot have the level of detail desciitezd. The small-scale results of thermal
diversity studies will be used to interpret modsults, when detailed thermal conditions
of the Shasta River cannot be simulated.

Finally, the thermal conditions of Nelson Ranchuwdd be considered in
conjunction with other habitat data. When paireth\wydrology and geomorphology
data, as well as known locations of coho, Chinawk] steelhead, this data will help to
make a complete picture of instream habitat comattiof Nelson Ranch, and to create a
better understanding of habitat potential for thasta River. Access to the Shasta River
via Nelson Ranch and Meamber Ranch has contriliatextreasing scientific knowledge
of the thermal conditions of the Shasta River. ésscat more sites would increase existing
knowledge and aid management of the Shasta River.
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Chapter 5: Year 2001 Shasta River Model Simulations  for
Flow and Water Temperature

This chapter describes the data and assumptiotisd@hasta River model
simulating unimpaired and current conditions fa ylear 2001. The Tennessee Valley
Authority’s River Modeling System (TVA-RMS v.4) issed to simulate flow and water
temperature. Other water quality conditions areexamined. RMS is described, with
emphasis on governing equations and necessarydapatt RMS has previously been
applied to the Shasta River to evaluate methodsdace instream water temperature and
for the California’s Regional Water Quality Contibard (RWQCB) (Abbott, 2002; Deas
et al., 2003; Geisler, 2005). A brief descriptadrprevious applications of the RMS model
to the Shasta River is included. Model inputsudotg geometry, meteorology,
coefficients, tributary boundary conditions, andiah flow and water temperature
conditions are described and assumptions explained.

This chapter concludes with analysis of eight mades: current conditions,
Shasta River minimum instream flows, reducing twaating the GID diversion, Nelson
Ranch return flow analysis, restoring riparian stagen, fully restoring Big Springs,
removing Dwinnell Dam, and unimpaired conditioddthough there is uncertainty in
estimates and approximations, this analysis largehstrains the problem to provide a
reasonable estimate of current and potential flamdgstemperatures for a representative
year in the Shasta Basin, and demonstrates thatcamdd data collection is needed to
improve estimates.

Model description

RMS is used to simulate flow and water temperatuf@alifornia’s Shasta River
because it has previously been applied to the &liser, has shading logic, is open
source, and is supported by TVA. RMS is a 1-dinmra (longitudinally), physically
based numerical model composed of a hydrodynamickifa (ADYN) and a water
guality module (RQUAL), both with Fortran sourcedes (Hauser and Schohl, 2002). An
additional fish bio-energetics component (FISHvailable, but is not used here. In this
application the time step is one hour and the apstiale is variable to accommodate the
sinuosity of the stream.

ADYN (Hydrodynamics Module)

ADYN simulates dynamic tributaries at channel jumas, multiple tributaries with
different boundary conditions, and distributed omp lateral inflows (Hauser and Schohl,
2002). The Shasta River is modeled as one coniswtgach with tributaries as point
inflows and distributed accretions and depletioARYN solves for water depth and
velocity using one-dimensional equations for covaon of mass and momentum (St.
Venant equations for unsteady flow), using a fooirpimplicit finite difference scheme
with weighted spatial derivatives (Hauser and StH002). The governing equations are
one-dimensional equations for conservation of nf@gs42) and momentum (eq. 43).
Secondary equations used in the conservation ofantum equation are energy slope (eq.
44), and channel contraction and expansion (eq. 45)
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o + e g=0 (42)
‘2? 9 (an/ A, A( +S, +S,)-qV, =0 (43)
a (V_z) (45)

where Q is volumetric flow rate (cfs), A is crogxgonal area (ft), H is water surface
elevation (ft), x is distance along channel (fi} time (s), g is acceleration due to gravity
(ft/s), Vx is x component of velocity of lateral inflow (fi/&ero assumed except for
dynamic junctions), q is lateral inflow rate (cfS§),is energy slope,Sis channel
contractions / expansions, n is Manning resistaRds,hydraulic radius (ft),kis
contraction / expansion loss coefficient, and ¥vsrage section velocity (ft/s).

The input to run ADYN includes channel geometryafuhel cross sections,
elevations, and bed slope), roughness coefficieptstyeam inflow, lateral inflows,
diversions, and upstream and downstream boundagitaans (Figure 56).

Geometry
- ADYN: )
Boundary Conditions 1D Flow Model Velocity, Depth
Initial Conditions
Physical Habitat
Model
Meteorology
A 4
Boundary Conditions
RQUAL: Water temp, DO,
1D WQ Model CBOD, NBOD
Initial Conditions
Parameters and Coefficients

Figure 56. ADYN and RQUAL flow chart

RQUAL (Water Quality Module)

ADYN and RQUAL are run in sequence; after the loggnamic module has
successfully run, velocities and water depths ass@d to RQUAL, the water quality
module (Figure 56). RQUAL solves the mass transfaaivection/diffusion) equation
using a Holly-Preissman numerical scheme. Thisutesimulates the fate and transport
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of heat energy and constituent concentrationspgeesent water temperature (Tw),
dissolved oxygen (DO), and carbonaceous and niiagebiological oxygen demand
(CBOD and NBOD) (Hauser and Schohl, 2002). Thislehdloes not explicitly assess the
fate and transport of nutrients or nutrient byprdu

Water temperature is modeled using a physicallgth&eat budget approach,
which simulates the net exchange of heat at thevaiier interface and the bed-water
interface under specified meteorological and rggashading conditions. Dispersion and
topographic shading are ignored in RQUAL. Ignorigpersion implies that this model is
meant for systems where transport is the main mixfluence for heat and other
constituents, occurring in all but very slow vetg@ystems. Topographic shading does
not greatly influence water temperature in the hRsver, and may only be pertinent in
the lower canyon reach of the river.

RQUAL solves for mass transport (eq. 46) using gquoa for heat budget (eq. 47),
dissolved oxygen, carbonaceous BOD and nitrogeB@I3. DO, CBOD and NBOD are
ignored for this application, so those governingatgpns are not included here, but are
found in Hauser and Schohl (2002).

oC ., oC q 0.188M, aC
—+V—+> |—(C-C)) - - =0 46
ot ox [A( ) AAX } Z{aﬁ} 49

where C is constituent concentration (quantity(ly)js constituent concentration of lateral

inflow (quantity/L), W is wasteloading of constituent C (quantity/dayyl {[gﬁ} is

the sum of internal sources and sinks of constit@efguantity/L*s).

Z[g;:l:(Qns-l-Qna-l_Qbed_Qb_Qe_Qc)/D )

where D is mean depth (m), T is thermal energyl(kch, Q.sis net solar radiation at the
water surface adjusted for shading and fog (kcaBmQnais net atmospheric (long wave)
radiation (kcal/rfs), Queqis Net heat transfer to water from the channéhécbed
(kcal/nf*s), Q, is back radiation from the water body (kcas), Q. is evaporative heat
loss (kcal/m*s), and Q is conductive heat transfer (kcaffs). Deas et al. (2003) provide
a detailed description of these heat budget terms.

Model input to RQUAL includes hydrodynamic datag(obutput from ADYN),
meteorological data (air temperature, dew poinferature, wind speed, cloud cover,
barometric pressure, and solar radiation), inwiater quality, lateral inflow water quality,
and shading from riparian vegetation (Figure 56).

Application to California’s Shasta River

RMS has been used to model the Shasta River foeaslier studies. The first
evaluated the potential of riparian shading aneratttive flow management to reduce
instream water temperature by simulating the SHastar from four miles below
Dwinnell Dam to the mouth (Abbott, 2002; Deas et 2003). Water temperature
reduction was the primary objective of that stuaty] three 6-day periods were modeled in
July, August, and September of 2001. Modeledratieres included: increased instream
flow, pulse flow, distributed or point source retidlow management, and reach by reach
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shading. For that project, the RMS code was medlifo more accurately represent
location, height, and shade providing charactessif spatially diverse riparian
vegetation. A new sub-routine was written to alleslar transmittance and vegetation
height to vary longitudinally down the river andween the left and right banks (Abbott,
2002). Those code modifications were used forghidy.

Model calibration and testing was first compleftedthe RMS Shasta River model
by Deas et al. (2003). Sensitivity analysis wasdewted for model parameters, such as
Manning'’s n, contraction and expansion coefficienisd coefficients, and the weighting
factor for spatial derivatives. Simulations weoenpleted with ADYN with various
steady-state flows ranging from 2-200 cfs to ev&uaodel performance. Similarly, water
temperature response to flow, tree height, andingtance changes was completed with
RQUAL. The Shasta River model was calibrated fagiést 17-23 by comparing modeled
output with measured data, and was tested by congpduly 21-27 output with measured
data.

The Shasta River RMS model was again used fonvadiod water temperature
study prepared for the North Coast Regional Watali§y Control Board (NCRWQCB)
and the UC Davis Information Center for the Envimamt (Geisler, 2005). For the second
application, the model was extended upstream tanbeli Dam and river geometry was
updated using 1:24K hydrography created by Davitjlaear of Humboldt State
University, discussed further below. The model wasfor three week-long periods
beginning 7/2, 8/29, and 9/17/2002, with the Sepemperiod used for model calibration
and the other two periods used for model testfdgnsitivity analysis was performed on
sensitivity of flow to the Manning roughness coa#nt, evaporative heat flux values,
SOD values, and the CBOD and NBOD decay ratesetlsaw algal photosynthetic and
respiratory rates. Geisler (2005) contains a tabbdl parameters values, descriptions, and
references. Model parameters and coefficients tlmhstudy are left unchanged here,
unless otherwise noted.

Geometry

The Lamphear hydrography has a more detailed paitcd the Shasta River,
particularly in the meandering reaches of the rbetween Hwy A-12 and the DWR weir.
The Shasta River was represented with 999 nodesr(#ximum allowed in RMS) from
Dwinnell Dam to the confluence with the Klamath &iva modeled length of 40.62 miles.
Nodes are not evenly spaced, meandering reachesinare nodes than straighter reaches.
Overall, RMS physical representation of the Sh&star is quite accurate. Figure 57
shows RMS river points and nodes overlain on a gesolution aerial photo of The Nature
Conservancy’s Nelson Ranch (TNC, 2006). Each REIE&erhas accompanying cross-
sectional geometry data in which the shape of liameel is described with five points
(Figure 58). Geometry data includes distance ftiloanfirst point of the cross section, and
associated elevation. The river geometry develdyye@eisler (2005) is unchanged for
this study. Full methodology is presented in Gei§2005) and Abbott (2002).
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Legend
+  RMS nodes

RMS river points
Shasta River

Figure 57. RMS Shasta River depiction and nodes &telson Ranch
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Figure 58. Representative RMS river cross-section

Unimpaired Conditions

Pre-development conditions represent an estinfateedistoric thermal regime of
the Shasta River prior to groundwater pumping, taogon of Dwinnell Dam, stream
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impoundments, diversions, and land use changesdrotbgy and water temperature input
data for unimpaired conditions are discussed irfallewing paragraphs.

Hydrology

Unimpaired monthly hydrology estimates were reqlicg the Shasta River at
Dwinnell Dam, Parks Creek, Big Springs, the Litfleasta River, and Yreka Creek.
Unimpaired inflow for the summer period (May —Sephber) for Dwinnell Dam was
derived from DWR Watermaster Service records (dknea in Deas et al., 2004). DWR
Watermaster service records from 1950-55 were fmwdtie remaining months of the year
because year-round data were available for thisgétypically Watermaster service
records only include irrigation season observa)iors/erage monthly flow data for Parks
Creek and the Little Shasta River from May to Seyiiter was from Shasta River
unimpaired flows (CDWR Watermaster, 1930-1990; Dedaed, 2004). For the remaining
months, flow for Parks Creek and the Little Sh&&taer was determined by water balance
((Qmouth—Z QDwinneII, Big Springs, Yreka, Depleti%z) for each tributary. Big Springs records were
derived from the Department of Public Works, Dieisiof Water Rights water supply
report (DPW-DWR, 1925). Flow for Yreka Creek wadcalated by watershed area based
on communication with the North Coast Regional W@&eality Control Board. The basin
area of Yreka Creek is 6.64% of the total ared.6d% of total flow at the mouth of the
Shasta River is applied to Yreka Creek each month.

A seasonal depletion was included to balance thatmpoflows at the mouth based
on the DWR unimpaired flow study (CDWR, 1998). Tieasta River was assumed to
lose water to groundwater, evaporation, and evapspiration of riparian vegetation from
Dwinnell Dam to Yreka Creek (river mile 40.62 —9).7 Losses were estimated to be 20%
of the flow at the mouth from May to September, 4686 in the remaining months.

These values are consistent with typical fieldéssg=AO, 1989). During late spring and
late summer periods the water balance did not cldsklitional seasonal variation in
depletions was considered for these months, buethdts did not appear reasonable.
Thus, this discrepancy remains in the model sirmariat The resulting net error in annual
runoff is approximately 0.1 percent — the largestieepancies occurred in May and
September, with approximately 18% over-estimatiot 26% under-estimation of flow at
the mouth. Considering the total unimpaired flavauntity in the river (always greater than
143 cfs), the timing of overestimation (late spjirand underestimation (late
summer/early fall), the estimates appear reasoraduleare conservative for the fall. The
flow data are summarized in Table 12. For all larg inflows, daily data was linearly
interpolated from monthly averages assigned tortitelle of each month (Figure 59).
This approach averages winter peak flows so tlselittle variability and possibly higher
winter base flow.
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Table 12. Monthly average boundary flow

Date Dwinnell Parks Big Springs Little Shasta Yreka Depletion* Mouth Mouth Difference
DWR Unimpaired Flow Study  Water Balance
cfs cfs cfs cfs cfs cfs cfs cfs cfs
1/15/2000| 127 112 117 112 30 45 454 453 0
2/15/2000| 177 81 114 80 29 44 437 437 0
3/15/2000| 102 110 111 109 28 42 417 417 0
4/15/2000] 105 52 107 51 20 30 304 305 0
5/15/2000] 96 71 104 49 16 49 244 287 -43
6/15/2000| 65 40 107 30 14 44 218 212 5
7/15/2000| 38 13 111 17 10 31 155 158 -3
8/15/2000 32 7 114 14 10 31 153 147 6
9/15/2000 31 6 117 13 13 39 194 143 51
10/15/2000] 21 70 121 69 18 27 272 272 0
11/15/2000] 43 95 124 94 23 34 344 345 0
12/15/2000] 122 88 121 88 27 41 405 405 0
* Losses to groundwater, evaporation, and riparian vegetation evapotranspiration
500
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400 - \ o
350 Mouth
300 -
w 250
§ 200 — T pd —
3 150 7_/\ \ Big Springs
" 100 e rLittle Shasta
50 Depletions
Y reka Ck

5/4

7/5

8/5

9/5 10/6 11/6 12/7

January 1 - December 31

Figure 59. Unimpaired daily flow timeseries interplated from monthly average flow records

Initial Downstream Boundary Condition

In previous RMS Shasta River models, a Manning gguaating was used with a

dynamic approximation of the energy slope to deireerdownstream flow and stage.

However, with large flows this boundary conditialmyed challenging to produce a viable

initial condition for the model. To overcome tlkeisndition, a downstream elevation

boundary condition was applied, so that the dowsastr boundary condition was fixed at

2,042 ft (622 m) above sea level — an elevatiohithgypical of mean annual flows near

the mouth (node 999 — river mile 0). The impositad this stage boundary condition did

not significantly affect model results. Model outirom node 994 (approximately 0.9

miles upstream from the mouth) was used for comltiat the mouth to avoid any effects

from the boundary condition.
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Water Temperature Boundary Conditions

Mainstem, Parks, Little Shasta, and Yreka Creeks

Water temperature boundary conditions for the niamsShasta River at Dwinnell
Dam, Parks Creek, the Little Shasta River, and &1@keek were estimated for unimpaired
conditions according to equilibrium temperatureottygMartin and McCutcheon, 1999),
using a spreadsheet model made in Microsoft Exg&Vhatercourse Engineering, Inc.
Meteorological data from the California DepartmehForestry’s Brazie Ranch station
was used to calculate hourly net heat flux at thevater interface of a volume of specified
dimensions. Net heat flux is the sum of solaratdn, atmospheric long wave radiation,
long wave back radiation from the water surfac@pevative heat flux, and sensible heat
flux. Hourly change in water temperature was tbaligulated using net heat flux, surface
area, and given water properties such as dengitgpecific heat capacity. Depth is user
specified, and was set between 0.75 — 2 ft (0.23%% m) to represent shallow tributary
conditions. The governing equation for this madel simplification of the advection
diffusion equation:

A
o _ s=_h (48)
ot C,oV,

where T, is water temperature, t is hourly time step, Soigrces/sinks,gs net heat flux,
A, is surface area, (s specific heat of watep, is density of water, andpMs volume.

The equilibrium temperature model was calibratechéasured data at Parks Creek
at the base of the mountains (NCRWQCB, 2004) (i@, Figure 61). Measured data
was used in place of the equilibrium temperaturgo@yiods where data were available
(6/20 — 10/20). Original water temperatures wése adjusted to account for snowmelt
influence from April 15 to July 15. A maximum deease of 7C was subtracted from
water temperatures on June 1, with the snowmetection linearly moving to O from
April 15" and to July 15. (Similar approaches have been employed in thetyRiver
basin, 2007.) The “final equilibrium temperatune’Figure 61 represents the boundary
condition for Shasta River at Dwinnell Dam, Parke€k, Little Shasta River, and Yreka
Creek inflows.

Original Equilibrium Temperature
25 Measured - Upper Parks
20 - Snow melt Correction
15 4
10

Water Temperature (C)

1/1 2/1 3/3 4/3 5/4 6/4 7/5 8/5 9/5 10/6 11/6 12/7
January 1 - December 31

Figure 60. 2001 original equilibrium temperature tace with measured data and snowmelt
adjustments
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Figure 61. Final equilibrium temperature

Big Springs

The water temperature boundary condition for Bigr&s was based on
NCRWQCB data (NCRWQCB, 2004). A monthly averaggahsource temperature of
11.3C was estimated at Big Springs, and the rate dfrigeéi.e., the change in
temperature) over a 6-hour transit time to the &hBss/er was estimated with the
equilibrium temperature model (Figure 62). A 6-htransit time was used as a
conservative estimate. Travel time was calcul&adak 2.2 hours using a water surface
slope of 0.0015, Manning’s n of 0.05, flow of 145,average reach velocity of 1.33 ft/s,

and average width and depth of 75 ft (23 m) an8 t.20.4 m), respectively, with a
rectangular channel assumption.

25

Final Equilibrium Temperature

20 —— Big Springs Unimpaired Estimate

15 -

10 -

Water Temperature (C)

I'W WMAA‘

11 2/1 3/3 4/3 5/4 6/4 7/5 8/5 9/5 10/6 11/6 1277

January 1 - December 31

Figure 62. 2001 Big Springs unimpaired estimated ater temperature
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For the unimpaired model, it was assumed that Bigngs Creek is functional in
terms of riparian vegetation, geomorphology in aaifgic equilibrium, groundwater
connectivity, etc. The monthly distribution of B&prings Creek water temperature at the
Shasta River is listed in Table 13. Values forhemonth were assigned to thé™df each
month and linearly interpolated to create an hotatgperature boundary condition
timeseries.

Table 13. Estimated unimpaired monthly distribution of water temperature for Big Springs Creek at
the confluence with the Shasta River

Month Temp (C)
January 10.40
February 10.50
March 11.02
April 11.16
May 12.02
June 12.47
July 12.55
August 12.54
September 11.89
October 11.22
November 10.57
December 10.42

Current Conditions

Hydrology

The current conditions model includes releases fdamnnell Dam, the GID and
SWUA diversions, and point source tributary inflostsParks Creek, Big Springs, Little
Shasta River, and Yreka Creek. Accretions andatiepis representing numerous small
diversions, tailwater return flow, and accretiorm groundwater were modeled as
distributed inflow at Big Springs to GID, GID to 21A12 to Shasta River at Freeman
(SRF), and the DWR weir to Anderson Road. Thuseti hydrology estimates were
needed for all of the above-mentioned locationgufé 63, Table 14). Input data were
required for more reaches than unimpaired conditlmtause accretions and depletions
(A/D) were applied to encompass the numerous sanalimoderate diversions along the
Shasta River. 2001 was used to reconstruct ardwromditions hydrology because it had
the most measured data. The method for estimitimgis summarized in Table 15 and
described below.
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DWR - Anderson Distributed A/D

Klamath Rlvij\{‘)/\,t\v

Yreka Creek
Little Shasta River

SWUA Diversion A/

A12 - SRF Distributed A/D

GID - A12 Distributed A/D

BS - GID Distributed A/D
GID/
Huseman Ditch _ _
Diversion <« Big Springs

Parks Creek /

Below Dwinnell Dam

Figure 63. Current conditions distributed and poirt source inflows

Table 14. Major tributaries, diversions, and landnarks with river miles

Name Type River Mile
Dwinnell Dam Dam (possible inflow) 40.62
Parks Creek Inflow 34.92
Big Springs Creek Inflow 33.67
GID/Huseman Ditch Diversion [Diversion 30.58
A-12 Road Landmark 24.11
Little Shasta River Inflow 19.19
SWUA Diversion Diversion 17.85
DWR Weir Landmark 15.52
Yreka - Anderson Road Landmark 11.1
Anderson Grade Landmark 8.1
Yreka Creek Inflow 7.88
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Table 15. Shasta River current conditions dischamgyestimation methods and data sources by reach

Reach

Dates

Data Calculation

Below Dwinnell

6/26 — 8/5, 8/15 - 9/21

1/1 - 6/25, 8/6 — 8/14, 9/22 — 12/31

Measured (NCRWQCB)
5.21% of SRM (CDEC)

Parks Creek

6/26 — 8/2, 8/15 - 11/16

1/1 - 6/25, 8/3 — 8/14, 11/17 - 12/31

Measured (NCRWQCB) — biw
Dwinnell

5.21% of SRM (CDEC) + 1/3
of mouth — SRM if >0

Big Springs

6/1 —-9/30
1/1 - 5/24, 10/7 - 12/31
5/25 —-5/31, 10/1 - 10/6

Estimation of 70 cfs
60% of unimpaired estimate

Linear ramping

Big Springs — GID

1/1 -12/31

20% of SRM (CDEC)

GID / Huseman

5/1-9/1

Estimation of -35 cfs

4%

Diversion 4/1 - 4/30, 9/1/ - 9/30 Linear ramping
1/1 - 3/31, 10/1 - 12/31 0
GID - A12 1/1 - 3/31 (75%) Water balance (SRM-Blw
4/1 - 10/14 (25%) Dwin-Parks-BS-GID-LS-
10/15 — 12/31 (75%) SWUA) * seasonal percentag
Al2 — SRF 1/1 — 3/31 (25%) Water balance (SRM-Blw

4/1 — 10/14 (75%)
10/15 — 12/31 (25%)

Dwin-Parks-BS-GID-LS-
SWUA) * seasonal percentag

4%

Little Shasta River 1/1-12/31 1% of unimpairetineate +
1/3 of mouth — SRM if >0
SWUA Diversion 4/1 - 9/30 Estimation of -42 cfs

1/1 - 3/31, 10/1 - 12/31

0

DWR — Anderson

1/1 -12/31

Water balance (Mouthv—bl
Dwin-Parks-Big Springs-GID-
(GID-A12)-(A12-SRF)-LS-
SWUA-Yreka)

Yreka Creek

1/1-12/31

1/3 of mouth — SRM if >0

Measured data for the reach below Dwinnell Dam suaslable from the North
Coast Regional Water Quality Control Board (NCRWQCBIleasured hourly data was
available from 6/26 — 8/5 and 8/15 — 9/21. Dutingse time periods, flow at Parks Creek
averaged 10.42% of the downstream flow at the &HRister at Montague (SRM) gage
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(CDEC, 2007). This percentage was split and 5.28% applied as estimated releases or
seepage below Dwinnell Dam and 5.21% was appliétht&s Creek for periods when no
measured data exists (1/1 — 6/25, 8/6 — 8/14,9/P2/31).

Flow from Parks Creek was estimated using the sagtod as Dwinnell Dam.
Measured data was available for Parks Creek froRWQCB from 6/26 — 8/2 and 8/15 —
11/16. 5.21% of the flow record at Montague (SRik used to estimate Parks Creek
flow from SRM record when no recorded data exi$ts ¢ 6/25, 8/3 — 8/14, 11/17 —
12/31). Additionally, one third of the differenbetween measured flow at the mouth and
Montague was added when positive. (One third wasadded to the Little Shasta River
and Yreka Creek to capture storm peaks that noymadke up a considerable portion of
the flow in these creeks.)

Water rights on Big Spring Lake are 20 cfs during irrigation season from 6/1 —
9/30 (Scott, pers. comm., 4/13/07). However, dimaged 40-50 cfs enters Big Spring
Creek downstream of the lake (Deas et al., 2068y.this reason, Big Springs discharge
was estimated to be 70 cfs from 6/1 — 9/30. Frén 5/25 and 10/7 — 12/31, Big Spring
discharge was approximated to be 60% of the estiinBiy Springs unimpaired flow
(Deas, 2006). Discharge was ramped linearly betwlee 70 cfs summer estimate of Big
Springs discharge and the winter season Big Spfiagscalculation from 5/25 — 5/31 and
10/1 - 10/6.

In addition to all Big Springs and Parks Creek dsi@ns, there are numerous
diversions from the Shasta River above GID (CDWB)6). Distributed accretions and
depletions from Big Springs — GID includes thesestsions and return flows, as well as
unquantified seepage, evaporation, subsurfacepwaertand flow along the upper Shasta
River. 20% of measured flow at Montague (SRM gagg applied to this reach to
estimate accretions and depletions.

The GID / Huseman Ditch diversion was assumed t8%efs from 4/1 — 9/30.

GID has two pumps, when one pump is operating,capmately 20 cfs is diverted from

the Shasta River; and when both pumps are operapipgpximately 40 cfs is diverted.
Shasta Valley Watermasters estimate that two puwppsate approximately 85-90% of the
time, thus 35 cfs is a reasonable estimate fonataat diversion (Scott, pers.comm.,
2007). Linear ramping from O to 35 cfs was applrethe shoulders of irrigation season
(4/1 — 4/30 and 9/1 — 9/30) because it fit measdedd more accurately that beginning and
ending diversions abruptly. From 1/1 — 3/31 and. 3012/31, GID / Huseman Ditch
diversions are zero.

Accretions and depletions for the GID to A12 and2Ad Shasta River at Freeman
reaches were estimated by water balance (A/D aetheaches is the excess/required water
to make the water balance close from Dwinnell Daontae DWR weir. From 1/1 — 3/31
and 10/15-12/31, 75% of A/D is distributed at GIDA and 25% at A12-SRF. From 4/1
—10/14, 25% of A/D is distributed at GID-A12, and% at A12-SRF. This implies that
during irrigation season, the GID-A12 reach mayehlatively more diversion, and the
A12-SRF reach may receive more return flow. Owtsiflirrigation season, diversions and
return flow decrease, and more natural seepagdffspmangflow may occur at the GID-
Al12 reach.

Flow for the Little Shasta River was calculateditany to that of Big Springs.
Shasta Valley Watermasters estimate discharge tinerhittle Shasta River is
approximately 1 cfs from 6/1 — 9/30 and flow rensdiow throughout the year (Scott,
pers.comm., 2007). Thus, Little Shasta flow wdsreded to be 1% of the estimated
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unimpaired flow at the Little Shasta River, plugdhird of the difference between
measured flow at the mouth and Montague when ftifereince was positive.

Shasta Valley Watermasters estimate that the Skéstar User’'s Association
(SWUA) diverts 42 cfs from 4/1 — 9/30. During ttest of the year, SWUA diverts no
water from the Shasta River.

All flows were summed so that accretions and depistin the DWR weir to
Anderson Rd reach closed the water balance. Ther\walance was calculated as flow at
the mouth minus downstream Yreka Creek and allre@st reaches (below Dwinnell
Dam, Parks Creek, Big Springs, GID, GID — A12, A13R at Freeman, the Little Shasta
River, and the SWUA Diversion). On average, distied flow to this reach was
approximately 50% of the measured flow from thesta&iver at Montague (SRM) gage.

Yreka Creek was estimated as one third of the rdiffee between measured flow at
the mouth and Montague when the difference wadipesiFrom Yreka Creek to the
mouth, no inflow, outflow, accretions, or deplesomere assumed. Recorded flow data
from the Shasta River at Yreka (SRY) was used tdico the water balance for all the
upstream reaches of the Shasta River (CDEC, 2007@.sum of all inflows and outflows
from all reaches equaled measured data from thet&Raver at Yreka (SRY) gage. For
all locations, hourly records were aggregated &raye daily flow (Figure 64). The
downstream boundary condition remained unchanged the unimpaired model, in
which a daily elevation hydrograph set downstresevation to 2,042 ft (622 m) above sea
level.
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Figure 64. Current conditions daily flow timeseries
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Direct measurement of tributaries would greatlpiave model results, especially
at Big Springs, which contributes relatively higlbnstant flows to the system. Without
direct measurement at tributaries, flows were estich from downstream records. Also,
small, individual diversions and all tailwater netwere lumped into accretions and
depletions. Improved diversion and return flowraates and schedules could improve the
model.

Water Temperature Boundary Conditions

Water temperature boundary conditions were neeatedwinnell Dam, Parks
Creek, Big Springs, Little Shasta River, and Yr€kaek. Other reaches with diversions,
accretions, or depletions used simulated temperaiuthose locations rather than user
specified temperatures. Like the unimpaired maaelequilibrium temperature model was
used to estimate water temperature for periodsaations where temperature records were
not kept. The temperature equilibrium model wdibaed to measured data, when
available.

Measured water temperature above Parks Creekwadlalde from NCRWQCB
from 4/24 — 10/13/2001, and was used to calibratglierium water temperature below
Dwinnell Dam (Figure 65). The measured data weesllas model input when available.
Average water depth was assumed to be 0.75 ft (@)28 the equilibrium temperature
model. A maximum of T was added to the equilibrium temperature pattert/1/01,
and was linearly ramped t6@ by 5/1/01. Similarly 3C was added to all equilibrium
temperature signals on 10/1/01, and was linearhpesd to 7C by 12/31/01. This was
done for all boundary condition temperature sigregiecause boundary condition
temperature signatures hovered né& 6uring winter (Jan, Feb, Mar, and Dec). Water
temperature between 0 G are probably too cold for the Shasta River &sspring-
derived (meteorological conditions drive water tengpure in the equilibrium temperature
model). Thus temperature output from the tempesatquilibrium model was increased
during winter.
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Figure 65. Below Dwinnell Dam equilibrium temperatire trace with measured data
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Measured data for Parks Creek in 2001 was avaifabin NCRWQCB from 4/24
—10/13/2001. These data were used directly aBdlnles boundary condition, and the
equilibrium temperature model was used to estirRarks Creek temperature for periods
when water temperature was not recorded at tegBigure 66). In the temperature
equilibrium model, water depth was assumed to Bdt@ cm), and minimum water
temperature was set t6@. The final Parks Creek temperature trace useétiramping
to increase water temperature during winter months.
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Figure 66. Parks Creek equilibrium temperature trace with measured data

Measured water temperature data from the Shasta Ri GID (NCRWQCB,
2004) was applied to Big Springs. No temperatata @éxists for Big Springs and inflows
above Big Springs are small compared to inflow fiBim Springs; thus, the temperature at
GID should resemble that of Big Springs. Measulath was used for the temperature
boundary condition, for summer months (5/24 — 1),/a6d the equilibrium temperature
model was used to estimate temperature data wheasinot measured directly (Figure
67). Minimum temperature was also constrained®@ and water depth was assumed to
be 1.0 ft (0.3 m). Big Springs originates approxiety two miles from the Shasta River.
At its source, Big Springs has a constant tempegaifilapproximately 11°&
(NCRWQCB, 2004). During summer months, water fiBig Springs heats considerably
before reaching the Shasta River. To preservévelawarm winter temperatures,
temperature was increased by°&7as it was with Dwinnell releases and Parks Creek
Finally, a 7-day average of the equilibrium tempamat Big Springs was used for the
final Big Springs boundary condition. This incredslaily thermal variability and
decreased weekly and monthly temperature extremes.
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Figure 67. Big Springs equilibrium temperature trace with measured data

Measured data for the Little Shasta River was anbilable in 2003 (NCRWQCB,
2004); thus the equilibrium temperature model weelito estimate the Little Shasta
temperature boundary condition, but was not usedarboundary condition temperature
data (Figure 68). Since discharge from the LBtheista River is generally low, water
depth was assumed to be 0.4 ft (12 cm) and imitgdéer temperature was.5Minimum
water temperature was constrained 16,2as with other Shasta River tributaries. The
Little Shasta River temperature trace was also asdtle Yreka Creek boundary
condition.
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Figure 68. Little Shasta River equilibrium temperéure trace with measured data

Meteorology

Meteorological input includes: cloud cover (Fig6@, dry bulb temperature
(Figure 70), dew point temperature (Figure 71),d\speed (Figure 72), short wave solar
radiation (Figure 73), and elevation based atmasppeessure which was constant at
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930.41 mb. Meteorological data is identical fdrsahulations. Dry bulb temperature,
atmospheric pressure, wind speed, and solar radiatere obtained from California
Department of Forestry’s Brazie Ranch station (CREQew point temperature was
calculated as:

B
po = 237{5) (49)
e
B= In( j 11727 (50)
6.108
e= RH* = (51)
10C
e, = 6.108ex ﬂ (52)
(T, +237.3)

where Ty, is dew point temperature (C), RH is relative hutyi®), e is vapor pressure
(mb), @ is saturation vapor pressure (mb),gdry bulb temperature (C) (Chapra, 1997).
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Figure 69. Cloud cover as a fraction of the sky (Q)
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Figure 70. Dry bulb temperature (C)
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Figure 71. Dew point temperature (C)
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Figure 73. Short wave solar radiation (kcal/rfyhr)

Riparian Shading

Riparian shading data was taken directly from tMDL model. Tree height was
22 ft (6.7 m) with variable transmittance densitissspecified in Figure 74 (1 = no shade,
0 = full shade). Lowney (2000) estimates deepridoafoliage may have a transmittance
of 10-20%, with remaining solar radiation absorbedeflected by vegetation. However,
riparian vegetation sampling completed in 2002adaté#s vegetation along the Shasta
River is not continuous and does not form a coneptanopy. For this reason, 50% is used
as a maximum bound of solar transmittance as aeceaisve estimate. Riparian shading
is the same for all simulations, except the ripaghading alternatives.
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Figure 74. Riparian Shading transmittance model iput for left and right banks

Model Testing

The year long model was re-calibrated because que\dalibrations were only for
a few weeks during summer (Abbott, 2002; Deas.eP@D3; Geisler, 2005). This section
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describes calibration steps, including modificasiom the geometry file, and changes to the
Manning’s n and water quality parameters. Thisise@nds with comparisons of
simulated and measured flow and water temperatwak lacations with measured data in
2001, and accuracy of fit statistics such as méas) Inean absolute error, and root mean
square error. Mean absolute error was less tharfisl&nd 2C for all sites with measured
data.

The geometry above Anderson Road (RM 8.05 — 12v@@)narrowed to 40% of
the original. Cross-section distance was measatréde locations in this reach in 2001
(Abbott, 2002). One location was at Anderson Ridid, which is not representative of
the channel in this reach. The channel narrowsadiately upstream and downstream of
the bridge. Two additional cross-sections weresuesd on the Peters’ property and two
on the Fiock’s property. The dam at Yreka-Ager RatRM 10.91 was removed and
riparian vegetation may have encroached on thenghaboth of which could alter channel
morphology and width. The system was sensitivgetametry, suggesting a reduction was
appropriate. Original channel width in this reagds approximately 55-60 ft (16.8 — 18.3
m), and was reduced to 22-24 ft (6.7 — 7.3 m).

River geometry was also narrowed by 60% above LBdi¢RM 33.93 — 35.82).
One cross-section was measured above Parks CréeBFR) in 2001 (Abbott, 2002). In
general, this is a poorly defined reach with veny Flow (approximately 10 cfs). Original
channel width was 29 ft (8.8 m) at river mile 35.8&dening to 40 ft (12.2 m) at river mile
33.93. Channel width was narrowed to 17 ft (5.2e4 ft (7.3 m), respectively.
Reducing channel width above Anderson Rd and Rarésk reduced daily temperature
variability to better represent measured data.

At the GID diversion, Manning’s n was changed fromd5 to 0.3 to simulate the
diversion dam and upstream ponding. Additionaikg water quality parameters were
changed. The thermal diffusivity of bed materi@sxhanged from the recommended
value of 27.7 criihr to 25 cnhr, which remains in the recommended range (Haarser
Schohl, 2002). This reduced thermal variabilitghe model. Also the wind coefficient in
wind-driven evaporative cooling was changed froBEt09 ni/mb/s, the value in previous
Shasta River models, to 0.5E-08/mb/s, the recommended value (Hauser and Schohl,
2002). This raised water temperature by approxetpdr.5 - FC. Additional adjustments
were tested, such as changing the values for thd-exponent in wind-driven evaporative
cooling, light extinction coefficient, upper layleed thickness, and maximum multiplier on
Manning'’s n at shallow depths, but ultimately wiefé unchanged.

Simulated flow and water temperature were comptredeasured data where
available to test model accuracy (Table 16, Figitre Figure 80). Mean absolute error
was less than 10 cfs for all sites with measured.dBischarge at Parks Creek, the DWR
weir, and the mouth of the Shasta River matchedsored data well, although storm
runoff periods were sometimes not captured in siimmhs, probably from aggregating
hourly data to daily data. Modeled flow was appmately 15 cfs too low during summer
at GID, and was approximately 25 cfs too low foe enonth after irrigation season ends at
Anderson Road.
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Table 16. Measured versus modeled flow statistics

Mean Bias MAE  Average measured flow  RMSE n
cfs cfs cfs cfs
Parks 0.98 1.16 5.60 3.59 3129
GID -4.60 7.57 79.37 9.59 2854
Al12 -1.99 7.39 81.32 9.52 3044
DWR Weir 0.00 2.42 104.95 4.03 8738
Anderson -4.58 8.42 65.49 11.95 3241
Mouth 0.06 3.17 106.89 7.10 8737
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Figure 75. Parks Creek measured versus modeled ¥lo
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Figure 76. GID measured versus modeled flow
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Figure 77. A-12 measured versus modeled flow
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Figure 78. DWR weir measured versus modeled flow
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Figure 80. Mouth measured versus modeled flow

Mean absolute error of modeled data was withid at all locations with measured
water temperature (Table 17, Figure 81 - Figure 38¢asured data above Parks Creek
was used directly for the water temperature boyndandition below Dwinnell Dam. The
modeled diurnal signal at Parks Creek is too naredvicouie Rd is too wide, and at GID is
again too narrow (and at the upper end of the nmedglata). Since modeling results did
not systematically have the same problem (i.e.sistently too warm or too cool), more
accurate calibration was difficult without additadnnput data or increased knowledge of
the system. Timing of daily temperature variatiomstch measured data well, except at
GID, where the modeled signal can be 2-4 hourseedhan the measured signal.

Simulated water temperatures were colder duringvihéer than measured
temperature from the Shasta River at all sites.SRiUmerical models can underpredict
temperatures during winter when water temperasibeiow 5-10C (Deas, pers.comm.,
2008). Furthermore, RMS is driven by meteorololgecaditions, although the Shasta
River is influenced by both springflow and meteogital conditions, particularly near
Big Springs. Water temperature is not criticalidgmwinter, so this is not a significant
deviation from measured water temperature for tirpgses for which this model is being
applied.

Table 17. Measured versus modeled water temperaterstatistics

Mean Bias MAE RMSE n
C C C
Abv Parks 0.00 0.00 0.00 4798
Parks Crk -0.96 1.48 2.00 4125
Louie Rd. -0.09 1.90 2.27 6471
GID 0.57 1.82 1.31 4224
Al2 -0.44 1.29 1.66 7668
DWR Weir -0.47 1.30 1.62 7670
Hwy 3 -0.15 1.40 1.72 4177
Anderson -0.70 1.34 1.65 7671
Mouth -0.98 1.73 2.07 8461
Shasta Average -0.36 1.36 1.59 6141
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Figure 81. Above Parks Creek modeled versus measg water temperature
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Figure 82. Shasta River at Parks Creek measured ksis modeled water temperature
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Figure 83. Shasta River at Louie Road modeled vars measured water temperature
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Figure 85. A12 modeled versus measured water tenmagure
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Figure 86. DWR weir modeled versus measured watéemperature
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Figure 88. Anderson Road modeled versus measuredciter temperature
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Results

Model runs were completed with the two modeling skescribed above to analyze

eight restoration alternatives:

* Unimpaired conditions

* Current conditions

» Shasta River minimum instream flows

* GID diversion alternatives

* Nelson Ranch return flow analysis

* Riparian vegetation alternatives

* Restore Big Springs complex

* Remove Dwinnell Dam
Unimpaired and current conditions provide bookefiodshe potential range of flows and
water temperatures in the Shasta River. Somenatiees, such as return flow analysis
and riparian vegetation modeling explore how regton decisions may affect water
temperature to increase understanding and guidé heg@nagement decisions.

Unimpaired Conditions

The unimpaired run simulates conditions prior tdevand land development in
the Shasta River basin. It represents conditiattsowt Dwinnell Dam, groundwater
pumping, water diversions, or tailwater return flamd includes moderate riparian
shading and a small diurnal signal at Big Sprireggesenting channelized, shaded flow
prior to the confluence with the Shasta River.

Flow input data was averaged monthly, so modeluwuips no storm-related
pulses (Figure 90). Historic data suggests wibnéseflow exceeded 300 cfs (Deas et al.,
2004; CDWR Watermaster service records, 1930-1%8@) pulses greater than 500 cfs
probably occurred following storms. The larger renconsistent flow would increase the
incidence of floodplain inundation during high fl@vents in winter and spring, opening
floodplain and side channel habitat for young sairamerging from redds and rearing in
the Shasta River. The large stable inflow from Bagings kept baseflow above 150 cfs
downstream of the Big Springs complex throughowrser. Yearly low flow conditions
on the Shasta River would have occurred in earlyran, like most rivers in California.
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Figure 90. Modeled unimpaired flow for select Shda River locations

Simulated winter water temperature is probablgva éstimate, and may have been
between 5-18C from the temperature moderating effect of sptowf(Figure 91). During
spring and fall, Big Springs may have had only alest effect on water temperature
because equilibrium temperature was close to theaeature of the springs from mid-
September to late October, and April to May. Dgrsnmmer, solar radiation heated the
Shasta River from Big Springs to the mouth, althotigarian vegetation and increased
thermal mass reduced this effect. Summer watepeeature may have remained well
below 20C at GID, and below 2& at the mouth. At GID, minimum water temperature
remained below approximately A3, providing relief for fish following warm, summer
days (Figure 92).
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and downstream property boundaries

Current Conditions

During winter, baseflow exceeds 100 cfs at GID, &5d cfs in the lower Shasta
River (Figure 93). In all but the wettest yeanseded Parks Creek flows and water from
the Shasta River above Dwinnell Dam are storedakelShastina. The Shasta River has
only small peaks from local storm events and rufrofin the Big Springs complex.
Dwinnell spills infrequently during wet years (12964 and 1997) (Jeffres et al., 2008),
and during these years Parks Creek is not divéotéte reservoir. Large storm pulses no
longer occur because of water development in tlast@tbasin. Summer has extreme low
flow conditions in the lower river, with flow corsently below 50 cfs from mid-May to
late-September. No water is released from DwinbDalh, except to fulfill downstream
water rights. Flows from springs to the ShasteeRare remarkably resilient, with
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baseflow increasing as soon as irrigation seasds. eDuring the first week of October,
stages increase markedly.
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Figure 93. Modeled current conditions flow for sedct Shasta River locations

Like the unimpaired model, winter water temperasueire between 5-10 from
springfed contributions (Figure 94). Water tempaeof the Shasta River exceeds
springflow temperature by mid-April. Although B&prings remains a cool-water input to
the Shasta River through spring and summer, ibngdr is channelized (as it was under
unimpaired conditions) and is exposed to solaratazh, increasing the temperature and
diurnal range of the springflow. Big Springs skales temperatures; although, less
riparian shading and less thermal mass allow rapating over the length of the Shasta
River (Figure 95). Water temperature at GID is noell above 20C, and temperatures at
the mouth reach 3C (Figure 94).
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Figure 94. Modeled current conditions water tempegiture for select Shasta River locations
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Minimum Instream Flows

Currently releases from Dwinnell Dam earmarkedaater rights that existed
before the dam, and the dam may spill during wats/€Vignola and Deas, 2005). Higher
minimum instream flows of 10 cfs and 30 cfs fromiDmell Dam were simulated to
explore the effect of increased thermal mass oemtamperature. The Shasta River is a
small system, thus a yearly release of 30 cfs oges21,000 af/yr from Lake Shastina,
just under half the available storage. Flow owerlength of the Shasta River increased by
the volume of the instream flow.

Minimum instream flows mostly reduce thermal vailigbabove Big Springs (RM
33.93) (Figure 96). When the larger Big Springs\fljoins the Shasta River, water
temperature is very stable, before again beingedrlyy atmospheric heating down the
length of the Shasta River. A 10 cfs minimum ieamn flow has little affect below Big
Springs until below the DWR weir (RM 15.52), whenaximum water temperature is
approximately 0.8C cooler than without minimum instream flows. A&8 minimum
instream flow maintains water temperature below6ntil approximately river mile 6, in
the canyon reach. Decreased diversions from landmnin the upper Shasta River may
have a similar affect as instream flow releasesifibwvinnell Dam.
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Grenada Irrigation District Diversion Alternatives

Currently GID has the most junior water right be Shasta River, and due to
pumping costs, sells its customers the highesegneater in the Shasta basin ($52/af)
(TNC, 2005). GID has 2 pumps on the Peters’ pityparriver mile 30.58, each pump has
approximately 20 cfs capacity. GID’s water rightd0 cfs, although Shasta Valley
Watermasters estimate that GID currently pumpsagprately 35 cfs because of
maintenance on the pumps and junior water rigiidstey (Scott, pers.comm., 2007).
Many alterations to GID have been proposed to impinostream habitat, including
operating only one pump, no pumping, and movingdikersion point downstream to A12
(RM 24.11) (TNC, 2005).

Flow for these alternatives are straightforwardy(ife 97a); however, results for
water temperature are more surprising (Figure 9R®ducing pumping from 35 cfs to 20
cfs during irrigation season has no obvious affectvater temperature. Eliminating
pumping completely and dedicating flow for instreases decreases water temperature by
1°C and 0.8C, at the DWR weir and mouth, respectively. Movihg GID diversion
point to A-12 slightly reduces water temperatureranuch of the Shasta River. This
option slightly increases thermal mass, resulting I'C reduction until the new diversion
point. Water remains approximately Ccooler, although temperature differences
diminish longitudinally, with negligible differendey Anderson Road (RM 8.05). This
reduction alone is not sufficient to improve instreconditions for native salmon species,
although it may be promising when paired with othalpitat enhancement options.
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Figure 97. Simulated daily average flow (a), and ater temperature (b) of alternatives for Grenada
Irrigation District, August 15, 2001

Nelson Ranch Return Flow Analysis

Agricultural tailwater returns to the Shasta Rigeer its length, and is poorly
guantified. Flow and water temperature were messat the Nelson Ranch return flow
channel from 7/06 — 10/07 (see fieldwork chaptdiflis measurement does not account
for possible overland or subsurface flow to thessa&iver, but local runoff into the
channel is included. During the monitoring peritiet Nelson Ranch return flow channel
had a baseflow of approximately 0.14 cfs and puisashed 1.6 cfs. Water depth in the
channel is shallow, allowing for rapid heating adling driven by atmospheric
conditions. Thus the return flow channel has gretitermal variability than the mainstem
Shasta River. Minimum recorded water temperatwae lelow 0C during winter months,
and maximum recorded water temperature exceed¥d iiQuly and August. Measured
flow and water temperature data from 2006-2007 adaked as a point-source inflow to the
Shasta River at river mile 32.03. Inflow that veaisled at the Nelson return flow channel
was removed from accretions and depletions in igeSprings to GID reach so that the
total water balance remained unchanged.

There was little change to water temperature wheasured return flow (Nelson
RF run) was compared with the current conditioms(figure 98). Measured return flow
volume was increased by 5 cfs and 10 cfs, usingdhee water temperature boundary
condition, to explore how much tailwater can beme¢d to the Shasta River before it
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affects temperature. Each additional 5 cfs ofrreflow increased water temperature by
1°C in the Shasta river at the tailwater junctiond éamperature differences lasted until
river mile 24.57 (just upstream of A-12). There anly small differences for minimum
daily temperature. During winter, return flow is@d-water input to the Shasta River,
although temperature is not limiting.
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Figure 98. Simulated minimum and maximum daily waer temperature for Nelson Ranch return flow
alternatives, August 15, 2001

Riparian Vegetation Alternatives

Aside from springflows, meteorological conditiamgstly drive thermal conditions
in the Shasta River. Water temperature responsel&o radiation varies seasonally with
maximum loading occurring during summer months wth@ys are long, there is little rain,
and few cloudy days. Riparian shading can redudargely eliminate thermal heating
from solar radiation.

Riparian shading input data includes tree height@marcentage of light transmitted
through the canopy (not reflected or absorbed)rébti conditions assumes 22 ft (6.7 m)
trees on both banks of the Shasta River with vigibdpht transmittance densities
reflecting sparse vegetation (Figure 74). A ruthvti ft (0.3 m) tree height (representing
bank height) was used to predict water temperatitreut shading, as an upper bound for
water temperature. Fully vegetated riparian cag®piansmit approximately 20% of
available light to the river (Lowney, 2000). Thusaximum shade with 35 ft (10.7 m)
trees and 20% transmittance was modeled as a teateerature lower bound; although a
full gallery forest may not be attainable on th@&h River because of anoxic soils (Webb,
pers. comm., 2006).

Two additional runs were completed to represenem@mperature response to
forest succession. The first run simulated grosfthulrush and Tule reeds in the channel,
which could be expected if the river were complefehced (Abbott, 2002). Where
transmittance exceeded 85% under current shadmdjtams, 5 ft (1.5 m) trees were
added (representing reeds and bulrush) and traiasimet was given a value of 85%. Next,
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the 5 ft (1.5 m) trees were increased to 15 ft (d)pwith 50% transmittance to represent
an immature forest (NCRWQCB, 2006).

Model runs suggest that Shasta River water temyperéag sensitive to riparian
shading (Figure 99). Temperature differences betvike upper and lower bounds of
riparian vegetation increase with downstream de#gdrom Big Springs because
atmospheric heating is reduced (RM 33.93). Atttwaith, average daily water
temperature is nearly 26 cooler under the full shade alternative thanitfiee(0.3 m)
shade alternative, and differences between theuws for the daily maximum and
minimum water temperature on August"i& the mouth are 28 and 2.3C,
respectively. The biggest improvement to watergerature occurs in the upper Shasta
River, between Dwinnell Dam and Big Springs, whaaidy average water temperature
below 19C may be possible with a fully vegetated streankbarhat reach was
historically used for coho spawning, and continteelse used, as coho redds were
discovered in this reach in fall 2007 (Jeffres spymm., 2007). Most temperature
improvements occur with full reforestation, and ¥ (1.5 m) and 15 ft (4.6 m) tree
model runs had little effect on water temperature.
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Figure 99. Simulated mean daily water temperaturevith riparian shading, August 15, 2001

Fully Restore Big Springs

A unique attribute of the Shasta River is thertharstability of substantial
springflows, which may enter the river either ndyakarmer, nearly the same, or
considerably cooler than mainstem water temperaepending on the time of year. In
general, groundwater-dominated river systems,thkeShasta River, have a more stable
flow and thermal regime than those dominated bfaserwater (Sear et al., 1999). Big
Springs contributes most of the spring-derived watted thus is likely critical to
restoration efforts on the Shasta River.

Shasta River conditions were simulated for a fréistored Big Springs complex,
which assumes minimum summer flow of 104 cfs angimam winter flow of 124 cfs
(current flows vary between 70-90 cfs), and coesity cool temperatures between 10.4 —
12.5°C (current summer water temperature exceefl€ 20the Shasta River at Big
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Springs). To attain these conditions, flow frong Biprings would have to be shaded,
channelized and flow directly to the Shasta River.

Modeling suggests that flow at the mouth could Xjgeeted to increase 30-50 cfs
during all seasons if Big Springs were fully restbf{Figure 100). Water temperature is
greatly reduced because large contributions of w@abér are added, and increased flow
increases thermal mass to maintain cool conditimes the length of the Shasta River
(Figure 101). Maximum water temperature still ead®23C during summer at the
mouth, although it never exceeds’@0as occurs under current conditions.
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Figure 100. Simulated flow at the mouth under unimpaired, restored Big Springs complex, and
current conditions
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Figure 101. Simulated water temperature at the matl under unimpaired, restored Big Springs
complex, and current conditions

Thermal improvements are more pronounced upstré&liater temperature at GID
rarely exceeds E€, providing optimal habitat for salmon (Figure JOHowever,
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property along Big Springs Creek is privately ownaad water is appropriated to water
right holders. Big Springs Irrigation District ppsigroundwater, which has not been
adjudicated in the Shasta Basin (NRC, 2004). Thexecompletely restoring Big Springs
is legally difficult.
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Figure 102. Simulated water temperature at GID uner fully restored Big Springs conditions

Remove Dwinnell Dam

Lake Shastina was impounded in 1928. The 1923rwigte allowed 60,000 af to
be stored from October to June, although maximueraimg capacity is approximately
50,000 af (Booher et al., 1960s). The reservairdubstantial seepage losses through
underlying volcaniclastic rocks (Vignola and De2B05). Direct reservoir outflow
includes seepage, minimal controlled releases @b u® cfs (0.28 cms), and relatively
infrequent uncontrolled winter spill events (e.§64 and 1997) (Vignola and Deas 2005;
Crabill, pers.comm., 2007). Removing Dwinnell Dhas been recommended because the
dam is aging, highly inefficient, blocks acces2#86 of upstream coho habitat, and
degrades downstream habitat by trapping spawniangets, inhibiting geomorphically
important peak flows, and loading nutrients whichynmpair downstream water quality
(NRC, 2004).

Estimated unimpaired flow and water temperatutevb®winnell Dam were used
to model instream conditions without Dwinnell Dafror the boundary condition at
Dwinnell Dam, this assumes that upstream tribusaneve also been fully restored.
Currently, water temperatures at Edgewood in sunareeguite warm, and without
restoration of tributaries, atmospheric heatingrftbhe headwaters to the damsite may not
yield the cooler water that is assumed here.

Currently 15,000 af is diverted from Parks CreePwinnell Dam each year
(Vignola and Deas, 2005). For this run, flow fr&arks Creek were increased by 20.72
cfs per day (15,000 af/yr), except when this raBatks Creek above unimpaired flow
levels from 7/4 — 9/22 (Figure 103). Since flowswmnstrained to unimpaired levels
during summer, only 13,755 af of water was adde@aidks Creek throughout the year.
Water temperature from Parks Creek was left unabéifiggm current conditions. In
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reality, greater thermal mass would reduce atmaspheating and decrease water
temperature, especially during spring runoff.
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Figure 103. Parks Creek boundary conditions

Results indicate that from mid-July to mid-Novemlyemoving Dwinnell Dam or
restoring Big Springs leads to similar flow conaiits at the mouth (Figure 100), assuming
full restoration of tributaries above Dwinnell. dther months, flow is at least 100 cfs
greater than restoring Big Springs, and up to ¥5@eater than current conditions.
Removing Dwinnell Dam reduces water temperatureuginout the length of the Shasta
River, especially during spring, although the rdaucis most pronounced above the Big
Springs complex, the historic rearing habitat di@salmon (Jeffres et al., 2008) (Figure
104, Figure 105). During spring and fall, meanevamperature from the upper Shasta
River is below equilibrium temperature, and remainghtly below equilibrium
temperature even below Big Springs, causing ther tiy warm longitudinally (Figure
104). Mean summer water temperature typically rambelow 18C until GID (Figure
105). Removing Dwinnell Dam maintains cool tempenmes through June in much of the
river, so that summer and early fall are the omitjoal months for water temperature
(critically warm temperature begin by mid-May underrent conditions) (Figure 106).

123



Water Temperature, C

6 = XI' T O HK %x'x"X"X—)(—)(—)("X)(""’HX'A
) J
‘ XX
o N ——2——No DD-max No DD-mean - - -x- - - No DD-min
—aA—CC-max CC-mean ---X¥--- CC-min
0 T T T T T T T T
40 35 30 25 20 15 10 5 0

River Mile

Figure 104. Simulated minimum, mean, and maximum ater temperature with Dwinnell Dam
removed (No DD) and current conditions (CC), Marchl5, 2001
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Figure 105. Simulated minimum, mean, and maximum ater temperature with Dwinnell Dam
removed (No DD) and current conditions (CC), Augusi5, 2001
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Figure 106. Water temperature at GID with current conditions and without Dwinnell Dam
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Comparison of Results

Estimated hydrologic and thermal conditions of $#fasta River under the
restoration alternatives discussed above are cadparthe following paragraphs. The
river is divided into four reaches, Dwinnell DamBa Springs Creek, Big Springs Creek
to the SWUA diversion, the SWUA diversion to YreReeek, and Yreka Creek to the
Mouth for comparison of flow and water temperat@sults.

In general, the Shasta River below Dwinnell Dartheymally-limited, meaning
under current conditions, water temperature (exated by low instream flows) is the
primary factor inhibiting salmon survival (NRC, 200 Overall, options exist to cool the
Shasta River. Initial cool water conditions in fliet or second reaches are necessary for
restoration alternatives to be effective becausedasier to maintain cold water than cool
warm water. Additionally, a mix of alternativesol collectively improving conditions, is
most helpful to enhance instream conditions foiveagalmon species. Different
restoration alternatives result in improvementditferent reaches or seasons; thus, it is
important to work with fish biologists and locaakéholders to determine the spatial and
temporal needs of salmon species to ensure theivall Habitat quality considerations
other than instream flow and water temperaturagered here.

Below Dwinnell Dam to Big Springs Creek

Historically, the reach from Dwinnell Dam (RM 40)88 Big Springs Creek (RM
33.67) provided coho spawning and rearing hakatdtpugh high water temperatures and
accessibility problems now inhibit coho rearingoiighout summer (and additional coho
rearing habitat above Dwinnell Dam is no longeressthble). The current conditions, no
GID diversion, and restoring Big Springs alternesivesult in extreme low flow conditions
(there is no difference between these alternativélsis reach) (Figure 107, Figure 108).
Minimum instream flow releases of 30 cfs, removilwginnell Dam, and unimpaired
conditions all allow moderate instream flow. RemgvDwinnell Dam and unimpaired
conditions are unique because dry summer conditamtgor a shorter period than all
other restoration alternatives. With unimpairedditons, weekly mean flow below 30
cfs persists only from August through October, #od below 50 cfs lasts from July
through mid-November (Figure 107). Thus, to imgravstream flow conditions below
Dwinnell Dam and above Big Springs, releases fromnDell Dam or removing the dam
are the best options to increase flow, with the damoval option resulting in greater
seasonal effects on flow conditions. Increasiow/fincreases the area of habitat available,
and reduces water temperature by increasing themass.
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The current conditions, no GID diversion, andoesBig Springs alternatives
result in maximum weekly mean thermal conditiorsager than 2Z (Figure 109), and a
maximum hourly water temperature of’23on August 8, 2001 (there is no difference
between these runs in the Dwinnell Dam to Big Sgmireach) (Figure 110). Minimum
instream flow releases of 30 cfs reduce maximunklyeeean water temperature to just
above 20.2C because greater thermal mass reduces atmospbkating. Riparian
shading of 35 feet on both river banks reduces maxi weekly mean water temperature
slightly more, to 19.9C, because solar radiation is partially blocke@mRving Dwinnell
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Dam and unimpaired conditions reduce temperatiesist, with maximum weekly
mean temperature 19® and 18.8C, respectively. Like flow results, these two
alternatives have a much shorter warm season thathar alternatives (Figure 109).
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Figure 109. Simulated spatial and temporal mean vekly water temperature (C)
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Figure 110. Simulated maximum annual hourly watetemperature for restoration alternatives

Big Springs Creek to SWUA Diversion

The reach from Big Springs Creek (RM 33.67) to$hWgUA diversion (RM 17.85)
includes the upper portion of the alluvial Shastdl&y. Some spawning and rearing occur
high in this reach (Jeffres et al., 2008). BigiSgs Creek contributes flow to the Shasta
River, and GID and SWUA are large diversions, mgkirese three locations transition
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zones for instream flow (Figure 107). Current rigenditions have the lowest instream
flow of all alternatives analyzed for this reachg{ire 107, Figure 108). Minimum
instream flows, elimination of GID diversions, amstoring Big Springs Creek all lead to
similar flow results, with flow increased by 30-df3. Removing Dwinnell Dam is similar
to Restoring Big Springs in terms of yearly minimélow conditions (Figure 108),
although like the previous reach, low flow condicare short-lived when Dwinnell Dam
is removed (Figure 107). Unimpaired conditionsvglaomarked increase in flow from
restoring Big Springs or removing Dwinnell Dam besa all diversions are also
eliminated.

Atmospheric heating increases water temperatugatiodinally in all alternatives
analyzed, which is consistent with field monitoriirgdings on the Nelson Ranch (RM
27.36 — 32.10) (Null, field monitoring chapter, 3)0 For discussion of thermal
conditions, Highway A-12 divides this reach intqpepand lower sub-reaches. Current
conditions has the highest water temperatured aftatnatives (Figure 109, Figure 110,
Table 18). Minimum instream flows, 35 ft (10.7 nparian shading, no diversion at GID,
and removing Dwinnell Dam have only minimal thernmaprovements, indicating cool
water is needed in the upper portions of the SHastar or its tributaries for management
alternatives to be beneficial. Under the rest@idSprings Creek and unimpaired
alternatives, Big Springs Creek has a stable yaamd thermal regime, resulting in
appreciable improvements to water temperature tirout the Big Springs to SWUA
reach. Additionally, winter water temperature isrmer because springflow contributions
are warmer than equilibrium river temperature dyisnnter months, resulting in improved
winter conditions for native salmon (Moyle, 2002).

Table 18. Maximum weekly mean water temperature (Tin the upper and lower Big Springs to
SWUA reach

Big Springs — A-12 A-12 — SWUA Diversion
(RM 33.67 — 24.11) (RM 24.11 - 17.85)
Current Conditions 21.3 23.0
MIF = 30 cfs 20.9 22.4
Shading = 35 ft (10.7 m) 20.8 22.5
GID=0 20.6 22.0
Remove Dwinnell Dam 20.5 21.8
Restore Big Springs 16.2 18.5
Unimpaired 16.2 17.9

SWUA Diversion to Yreka Creek

The reach between the SWUA diversion (RM 17.8%) dreka Creek (RM 7.88) is
in the downstream portion of the alluvial ShastagRValley. Most large diversions occur
upstream, resulting in extreme low flow conditiamshis reach during summer.
Atmospheric heating exacerbated by low flows, h#@agiver longitudinally. Minimum
annual flow and maximum annual water temperatuggpegsented at the DWR weir (RM
15.52) near the upstream end of this reach (Fiy08 Figure 110). Modeled weekly
mean flow under current conditions has a minimurh®¢tfs (Figure 107). Minimum
instream flows, elimination of GID diversions, m@shg Big Springs, and removing
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Dwinnell Dam all maintain weekly mean flow of aast 44.8 — 56.6 cfs. As expected,
flow is substantially higher, 132.7 cfs, with uniamged conditions, and higher flow
conditions extend through winter. Higher wintewk also occur to a lesser extent when
Big Springs is restored or Dwinnell Dam removed.

Current conditions have a maximum weekly mean mtateperature of 24°2
(Figure 109) at the DWR weir. All restoration attatives cause only slight thermal
improvements, with the exception of restoring BgiBgs and unimpaired conditions
(Figure 109, Figure 110), showing that the therbeadefits of restoring Big Springs extend
downstream for much of the Shasta River, and rest@ig Springs may be imperative to
enhancing conditions in downstream reaches. Uneg#hermal conditions are better
than restoring Big Springs alone, suggesting aohpestoration alternatives would further
improve instream conditions.

Yreka Creek to the Mouth

Recorded and simulated water temperatures arestensy highest at the mouth
(RM 0.72). All anadromous fish must migrate thotigé mouth of the Shasta River,
although coho, Chinook, and steelhead out-migrataio-July (with the possible
exception of Type Il or Type lll Chinook salmonhdaspawners generally do not enter the
Shasta River until mid-September, largely avoidimanths with the warmest thermal
conditions (CDFG, 1997; NCRWQCB, 2006). Flow cdiadfis in this reach are similar to
the previous reach, modeled minimum weekly aveflageis 14 cfs with current
conditions (Figure 107), and hourly flow reachecaanual minimum of 6.5 cfs on June
20, 2001 (Figure 108). To increase flow at the thaui the Shasta River, minimum
instream flows, decreased diversions, restoring flom Big Springs, or removing
Dwinnell Dam are the most promising alternativessing flow at the mouth to a
minimum weekly mean of 43.6 — 55.4 cfs (Figure igure 108). Yreka Creek increases
flow slightly during summer conditions with unimped conditions.

Water temperature in this reach is also similah&previous reach, except
temperatures are slightly warmer due to continuetbapheric heating. Increasing
riparian vegetation raised maximum weekly mean mat@perature 0°€ between the
two reaches, the smallest change of all model nthde maximum weekly mean
temperature increased 1@with the restored Big Springs run, the most cleasigall runs.
This implies water temperature at the mouth ih&rtrom equilibrium conditions under
the restored Big Springs alternative.

Welsh et al. (2001) found that coho were presetribtaries to California’s
Mattole River when maximum weekly average watermperature (MWAT) was 16°C or
less. Water temperature estimates may be toodaghuse MWAT for a representative
summer week (8/5/01 — 8/11/01) in model runs oetlihere show unimpaired water
temperature warmer than Welsh’s ideal MWAT of 26.7or much of the Shasta River
(Figure 111). Itis also possible that historic MWwater temperature was greater than
16.7C in the Shasta River, but abundant food keptgistductivity high; or fish migrated
through the lower part of the Shasta River durimgng or fall under cooler thermal
conditions. Model results suggest removing DwihBalm would provide adequate
summer thermal conditions for coho for approximaftale river miles immediately
downstream of the damsite, and unimpaired andniagt&ig Springs Creek would
provide approximately ten miles of optimal therroahditions directly downstream of the
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Big Springs confluence. Water temperature remaloos/e the 16°C target with all other
alternatives.
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Figure 111. Longitudinal maximum weekly average wigr temperature (MWAT) under different
restoration alternatives with MWAT target, 8/5/01 —8/11/01

Limitations

Simulation modeling is a good approach for repnesg Shasta River conditions
and evaluating potential changes to instream camditusing different management
alternatives. Limitations exist, primarily frormgplifications inherent in modeling studies,
lack of input data at critical locations along theer, and tributaries modeled as boundary
conditions rather than discrete tributaries.

Representation of the Shasta River has been $iedgplas occurs with all modeling
studies. The river from Dwinnell Dam to the moattthe Klamath River has been
represented with 999 nodes, the maximum allowabRNS. Channel geometry could be
improved, particularly with physical measuremerftswface width, depth, bank height,
and cross-sectional geometry at additional sitesgathe Shasta River. Additionally, the
modeled channel has steep banks which may notatetyirepresent flood flows.

Small diversions, tailwater returns, and most gowater flow (percolation,
infiltration, subsurface discharge, small springd aeeps) are lumped and modeled as
accretions or depletions on a reach-scale. Quamgigroundwater flow and temperature,
including interactions between Lake Shastina aedSimasta River, and stability of
groundwater contributions, would help improve ustimding of the Shasta River,
particularly since the Shasta River is heavilyueficed by groundwater. Similarly further
studies on tailwater contributions, such as timouggntity, and thermal variability would
help to aid understanding of the cumulative effe¢tmilwater returns to the Shasta River,
improving modeling efforts and aiding managemeimigiens.

Collecting discharge and water temperature ddtaabBwinnell Dam and at major
tributaries to the Shasta River would greatly inygrsimulation results and advance
understanding of the river. Parks Creek, Big Spi@reek, the Little Shasta River,
Oregon Slough, and Yreka Creek are tributariesviuich additional data would be most
useful. Long-term (multiple years) discharge aradevtemperature at these locations
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would improve simulation results and would allovddidnal years to be modeled
accurately. Tributaries could be modeled expligitimeasured flow and water
temperature data existed, instead of modeled asdaoy conditions to the Shasta River.
This is critical for understanding the seasonalydand hourly role of tributaries on
Shasta River flow and temperature conditions. dased understanding of the quantity of
tributary water entering the Shasta River at ailkets, how it affects transit time of the river,
as well the thermal characteristics of these inflasvcrucial to understanding current
Shasta River conditions, and will help focus managet decisions.

Discussion

Historically, Shasta River flow was derived fronriag inflows, which provided
persistent baseflow at consistent year-round wataperatures. Flow was enhanced with
rain and snow runoff from tributaries such as P&texek, Carrick Creek, and the Little
Shasta River. Water temperature was influencetthdyhermal regime of headwaters and
tributaries, and springwater inflow was typicallgrner than equilibrium river
temperature during winter and cooler during sumipeayiding ideal instream conditions
for native salmon. Atmospheric heating, primafitym solar radiation and air
temperature, also was a major influence on riveperature, heating as distance from
headwaters or tributaries increased. Flows haee héiered and diminished by
construction of Dwinnell Dam, surface water divens, and groundwater pumping,
resulting in low instream flows in the Shasta Rjwehile water temperature has increased
from diversion of cool spring water, tailwater netdlow, low flow conditions, and
reduction of riparian shading.

Although input data could be improved, this anayargely constrains the problem
to provide a reasonable estimate of current anenpial flows and temperatures for a
representative year in the Shasta River. A rafigdéternatives was analyzed, targeting
increasing flow conditions, reducing water tempeamator combinations of the two.
Overall, results suggest that restoration alteveatexist to increase flow and cool the
Shasta River; and that a mix of restoration apgresads likely needed. Cool water
conditions in the upper reaches of the Shasta Rinetow Dwinnell Dam) is required for
restoration options to be effective because maimtgiwater temperature is more feasible
than cooling a thermally loaded river. Given ca@lter in the upper reach, restoration
options such as improving riparian shading or iasieg flow (from reduced diversions,
minimum instream flows, or dam removal) best mame&anditions longitudinally.

This study also indicates that substituting higingality water can sometimes
benefit native species without increasing environtalewater allocations. In this analysis,
the Shasta River heated longitudinally at a siméée when additional riparian shading
reduced solar radiation as when thermal mass veasased by raising flow. This finding
has important implications for environmental waitse efficiency because restoration
decisions that target preserving cool water souaioelsmaintaining temperatures are as
effective as increasing instream flow, where wéderperature is limiting. As this case
study shows, a mix of restoration alternativesetingy both instream flow and water
quality should be analyzed for improvements torees habitat (in addition to
determining minimum flow levels for fish to bypgssysical barriers). In this way, water
use efficiency is considered for environmental watees, in addition to urban and
agricultural water uses.
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The following points summarize the key findings émhancing instream flow and

thermal conditions in the Shasta River:

Cool water is needed in the upper reaches of tlast&iRiver (below Dwinnell
Dam or near the Big Springs Complex). Restoradioth management options can
then effectively maintain temperature. Withoutlomater, most management
alternatives become largely ineffective.

A mix of restoration strategies provides the grsat@provements to instream
habitat.

Restoration alternatives benefit different riveaialees. Managers should work with
fish biologists to target reaches that have thetinesefit for desired fish species.

The effects of restoring Big Springs Creek exteadrmstream through much of the
Shasta River, making this a promising option fopiaving instream flow and
temperature conditions.

Each additional 5 cfs of modeled return flow (abhperatures measured from the
Nelson Ranch return flow during summer 2006) inseeaater temperature in the
Shasta River on Nelson Ranch by 1°C.

Simulation modeling is a good technique for hightigg promising restoration
alternatives and eliminating alternatives that maiyprovide the hoped for
benefits.

o Additional simulation can refine promising restivatalternatives.

Improving water quality can sometimes reduce imstrédlow needs for native
salmon.
o Well defined objectives help water managers impiliaggeam flow
conditions for native salmon without unnecessaigvated instream flow
levels.
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Chapter 6: Systems Analysis for Environmental Water
Management

This chapter examines the potential to improve ffighitat conditions by better
managing environmental water quantity and qual@®ptimization modeling is used to
maximize out-migrating smolts from a natal streaased on coho salmon in California’s
Shasta River. Restoration activities altering flamd water temperature conditions are the
decisions variables of the model, and include iasirgy instream flow, relocating the
Grenada Irrigation District (GID) diversion, ince#ag riparian shading, restoring the Big
Springs Complex, and removing Dwinnell Dam. O Bpecies is modeled here,
although this approach could be applied to varemusronmental objectives.

Modeling increases understanding of the interaadigphysical habitat, limiting
factors, and fish population dynamics for managamarposes, such as whether particular
weeks or life stages produce bottlenecks limitingmigrating smolts, and which
restoration options provide the most habitat improent for a given restoration budget.
The modeling undertaken here provides one exanf@a approach to quantify instream
habitat, evaluate the effects of proposed restoraictions, and manage limited
environmental water and budget allocations effitjeand creatively.

This chapter begins with a literature review andrgiew of the Shasta River,
followed by a description of the model, includirggrhulation, data sources, and discussion
of decision variables and economic costs. Reau#tsliscussed and the limitations of this
approach are outlined. A section follows on mangirovements and additional
applications for which this type of work would bgeful. Major conclusions are discussed
at the end.

Systems Modeling and Literature Review

Optimization is an approach to systems analysisethalicitly seeks the ‘best’
solution to a problem within constraints. It hegpdecision maker identify a better course
of action than might otherwise have been foundcc@mplex problems when flexibility
exists in the system (Labadie, 2004). An objechivection expresses the goal of the
model, which is maximized or minimized to arriveaatoptimal solution. Constraints
define the feasible region. The objective functioi constraints are mathematical
functions of decision variables and parameterscidden variables are changeable values
which are decided by the model, and parametergiega (Hillier and Lieberman, 1967,
Cohon, 1978). Linear optimization is the most camnrform, although ecosystem
dynamics are often non-linear.

Systems analysis for water resources has histlyriicadused primarily on
simulation and optimization of human water useuisiog urban and agricultural water
supply reliability, flood control, hydropower geaéon, and to a lesser extent, recreation
uses (Sale et al., 1982; Cardwell, 1996). Whelrenmental objectives are included in
systems analysis, they are typically modeled astcaints to remove them from economic
valuation and decision-making (Draper et al., 20a3pwever, modeling studies that
include competing water uses, such as environmebjattives with traditional human-
based objectives, are becoming more common andasitrgly needed as systems are
operated more tightly for urban and agriculturdicedncy, hydropower, environmental
sustainability, fisheries production, and waterlgydlabadie, 2004).
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Including environmental quality objectives in syateanalysis and mathematical
modeling began in the 1960s, with optimization iskdlved oxygen targets for the
Willamette River from a waste treatment plant (loretm and Lynn, 1966). In the 1980s,
instream flow needs were incorporated into a resepptimization model (Sale et al.,
1982), and tradeoffs between instream fish flond manicipal water supplies were
guantified using a computer simulation model (Palarel Snyder, 1985). Cardwell
(1996) used multi-objective optimization to improwvater reliability and fish habitat in a
simple reservoir-stream system. Higgins and B{d&99) incorporated minimum flow
and dissolved oxygen targets into the historic Bssaee Valley Authority (TVA) operating
priorities of navigation, flood control, and hydawer production. Multi-objective
optimization of water supply and instream flow aitiees was used to demonstrate a
framework for evaluating the tradeoff between ieatn and human water needs (Homa et
al., 2005). Watanabe et al. (2006) used simulaiwhoptimization modeling to determine
efficient allocation of management activities totect salmon populations and decrease
water temperatures. Optimization has also beeth tassassess habitat value and assist
decision making in non-water resource systems, agghaximizing the geographic
coverage of protected migratory bird stopovers [j@rfis, ReVelle, Bain, 2003).

Considering environmental quality in river systeygcally involves instream
flow requirements. Simulation modeling is the mo@thmon method of measuring the
effects of instream flows, although little insightgained for making decisions among
competing water uses. The need for better instfemasnmethodology has been well
documented (Richter et al., 1997) and numerousitquls for determining instream flow
requirements exist (Jowett, 1997). Optimizatiordelmg has been used for theoretical
examples, but has yet to be widely implementedidypeart to skepticism, mathematical
complexity, software limitations, and period-of-oed solutions rather than updated rule
curves for reservoirs (Labadie, 2004). Howevetinoigation provides a worthwhile
method to weigh decisions, eliminate poor altexestj and highlight promising solutions
(Null and Lund, 2006).

Coho and the Shasta River

The Shasta River is located in Siskiyou CountyjfGaiia, and is the last major
tributary to the Klamath River before Iron Gate Ddhe first dam on the Klamath River.
The Shasta River currently has a mean annual ffoli88 taf, with substantial springwater
flows, and precipitation inflows. The Shasta Rikas one major dam, Dwinnell Dam at
river mile 40.62, and numerous small diversion dams

Historically, the Shasta River was a highly produesalmon stream with fall run
Chinook, spring run Chinook, coho, steelhead trasitywell as non-salmonids such as
Klamath River and Pacific lamprey, speckled dao®lscale sucker, and marbled
sculpin. Spring run Chinook were extirpated witimstruction of Dwinnell Dam. Fall run
Chinook, coho, and steelhead remain in the Shasta Rith depleted numbers and coho
have been listed as a federally threatened sp@diede, 2002).

Today fish productivity in the Shasta River is lied by low flow conditions and
increased water temperature. Low flow conditioresdaie to surface water diversions,
groundwater pumping, and construction of Dwinndédhld Increased water temperature is
primarily from low flows, loss of riparian vegetatt, tailwater return flow, and diversion
of cooler springwater inflows (DWR, 2001; NRC, 2p04Additional habitat problems
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exist, such as gravel recruitment, access to spegnand rearing habitat, barriers to
migration, low dissolved oxygen, and turbidity.

Methods

Model Description

The fish habitat optimization model is a one-dimenal model of network flow
along the Shasta River, where flow and water teatpeg change longitudinally by reach
but are assumed to be well-mixed laterally andicaty. Escapement of one fish species,
based on the life history of coho salmon, is mazedi The model is constrained by
conservation of mass and heat (energy), habitatoitypas a function of instream flow and
water temperature, fish demography, restoratiomgbydnd upper and lower bounds for
instream flow and fish by reach and age class.

Three fish life stages are modeled: alevin, juxerglaring, and out-migrating
smolts, and each have distinct timing and optiroal fand temperature requirements
(discussed further in the input data section of thiapter). The model operates on a
weekly time step, with weekly averaged flow andevaémperature data from 2001
RMSv4 simulations of the Shasta River (Null, 2008he model runs in Microsoft Excel
using Lindo Systems What's Best commercial solzexdo Systems Inc., 2005). Other
habitat quality considerations, including substrageriers to migration, instream cover,
other water quality conditions, Klamath River cdiuadis, and ocean conditions are
ignored.

The Southern Oregon/Northern California Coast EStbbho salmon was listed as
federally threatened by NMFS in 1997. Under thddfgered Species Act, the federal
government is now legally required to provide anatgct critical habitat for this stock of
coho. Critical habitat is the area (including waseibstrate, and adjacent riparian zone)
essential to the conservation of the species winiai require special management or
protection (US EPA, 2008).

Often environmental goods, such as fish stocksyaleed economically in
mathematical modeling. Although methods of quairtd economic values of
environmental goods exist (Loomis, 2000), the malésicribed here was formulated to
avoid economic valuation of fish production or fishbitat. In this case, the government is
required to protect coho and their habitat. Thusximizing out-migrating smolt is the
objective (rather than minimizing costs), while tiests of proposed restoration activities
form the budget constraint and are more readilye@l Additionally, the model described
here is nonlinear because some heat budget anhhedgpacity constraints are nonlinear.

The river is divided into twelve reaches, ten ia thainstem Shasta River, one
above Dwinnell Dam, and one in Big Springs Creagfe 112). For each reach initial
instream flow and water temperature conditionsyfénd temperature boundary
conditions at tributaries, diversions (including ations/depletions), and atmospheric
heating determine water and heat budgets (Figus® 1JAtmospheric heating rates are
applied occurs during summer, although the rateeating depends on the extent of
riparian shading present (volume of water in th&tey, as well as headwater and tributary
inflow and temperature are ignored here). Flowwaater temperature at each reach and
time step then determine the habitat capacity l@ri@, juveniles, and out-migrating
smolts.
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Figure 113. Fish production model flow chart

Proposed restoration alternatives for the ShastarRire decision variables of the
model, and include adding flow to any reach, mouhgGID diversion, increasing
riparian shading, restoring the Big Springs Compésd removing Dwinnell Dam. Each
restoration alternative alters instream flow andgerature conditions. All restoration
activities have been simulated in the previous tdrap understand how flow and water
temperature change with alternatives, and to gemeeeded input data (Null, 2008).

Additional proposed methods to improve Shasta Riveream habitat conditions
that are not included in this study include: tatl®rananagement, conjunctive use
strategies, and water transfers from the KlamateRi Tailwater returns to the Shasta
River over its length, although the cumulative effeon instream water temperature have
not been quantified. Likewise, groundwater in 8msta Valley has not been thoroughly
studied, and in general is poorly understood. Wasmsfers from the Klamath River are
not included because they are likely prohibitivekpensive. (Assuming 630 ft [192 m]
between the Klamath River below Iron Gate and DeihDam and energy efficiency of
70%, pumping would use 921.7 kWh/af. If energte@.07/kWh, then pumping alone
costs $64.52/af.)

Formulation

Computer optimization is used to maximize the nunabesmolts out-migrating
from the Shasta River.

MaxF = Z Z Faaus Maximize smolts (53)
w r

where K (is fish, a is fish age class (age class thresmaadts), w is week, and r is reach.

subject to:
Quru1 = Qu, (RD) +b,, ., Ow, 1 Conservation of mass  (54)

w,r?
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_Q,,(RD*T,, (RD)

Ty = +AT, ., Uw,r Conservation of heat (55)
Q,, (RD)
1 e_(QW" -u)? k n
HC_.,, =|C* * * Alevin Habitat Capacity  (56)
" (ov2m)) \ 20% ) LKk +T,,
kn
(k" +Ty)
HC,,, = d— Juvenile and Smolt Habitat Capaci7)
T @+eTT™)

Fowr SHC, ., *(a wr Qo) * Baciw, »J8,W, I Alevin Fish Production  (58)

—1wr

Fowr SHC, ., *(@ay, * X, ),0a,w,r Juvenile and Smolt Fish Productio(59)
Z Fowr < Z Fowar * (Z Foctwear * Garn, ) AW Juvenile Demography  (60)
T : :
Z Fows < Z Fowr ¥ (Faciwar "G, ), Oa,w,r Smolt Demography (61)
w w
Fowr 2 Fowra,Oa,w,r Smolt Downstream Acces$62)
L, £Q,, U, Owr Flow capacity bounds  (63)
lawr < Fawr SUg,Oa,w,r Fish capacity bounds (64)
B> Z:Z:CW’r *RD Restoration budget (65)
wor

where Q.(RD) is flow from a given restoration decision;,lis additional inflow or
outflow; Ty, (RD)is water temperature from a given restoration decjHC, \ is habitat
capacity as a function of flow and water tempeigt@ is 176 (a constant),(variance) is
70, 1 (mean) is 180, and k, n, d, and g are pasaseitith values of 15, 20, respectively
for alevin; 16, 20, 4, 0.1, respectively for juMeniand 17, 22, 5.3, 0.13, respectively for
smolt (this is described in further detail in thabhat logistic surface section below);
0a=1wrIS Maximum number of fish per redd (Table 21); is the length of the reach;
Ja=1,w,riS the maximum number of redds per river mile (€a20);Ba=1.w,IS @ parameter
shaping the timing of emergence into a bell cuRigyre 115)04.1.w,iS survival of one
life stage to the next (1- mortality); #,is an upper bound; |, ris a lower bound; B is total
restoration budget;\gis restoration cost; and RD is a restoration denisi

Each restoration decision affects flow and/atex temperature (Table 19), which
in turn changes the number of surviving smoltse @hta and assumptions used for each
restoration alternative and figures illustratinguobes to instream flow and thermal
conditions are discussed further in the input datzion of this chapter.
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Table 19. Habitat model decision variables and asmptions

Decision Policy Activity Modeled Effect Cost

Variable

Additional Reduce diversions, Increase Q in any reach $900/cfs-week (TNC,

Flow dam releases, water 2005 estimates $36-
markets 66/af)

Move GID Move GID diversion Increase Q for 6.5 mi. Assumed at $1 million
to Hwy A-12 Locally reduce Tw

Riparian Actively replant Decrease Tw (reduce $6758/mile for

Shading riparian vegetation atmospheric heating) conservation planting

(Quinn et al., 2001)

Restore Big  Buy Big Springs Increase Q, decrease Tw  $15 million (purchase

Spring Creek property / water (preserve cold spring Tw,  Busk property) (TNC)
rights greater thermal mass)

Remove Remove Dwinnell  Increase Q, decrease Tw  Assumed at $15 million

Dwinnell Dam Dam (greater thermal mass, (not including water

cooler initial Tw) replacement)

The constraints needed in each life stage to defiper and lower bounds of
population cohorts and move fish from one age dia$ise next change slightly by age
class, and are discussed below. All age classkshofire modeled as adjustable values so
the maximum number survive under multiple constsiand the model can place fish in
the best reaches to ensure optimal productionnfibeel is optimistic in these ways).
Additionally, values of fish are continuous rathiean integers to improve model run time.

Alevin

For the alevin age class, habitat capacity providesipper bound, and non-
negativity provides the lower bound. There is Bmdgraphy constraint for this age class
because it is the first cohort modeled. Alevinassumed to remain near redds, and thus
cannot move between reaches. Alevin habitat doesxist in reaches 6 — 9 (river mile
4.05 — 19.98), because fish have not been knowpdwn there (Table 20). Coho
primarily spawn in the canyon reach (RM 0 — 4.84 aear the Big Springs Complex (RM
34 — 40.62), although limiting spawning may occelolv Big Springs near Nelson Ranch
(RM 27.5 — 32) (Jeffres et al., 2008). Redds piée oan be highly variable depending on
characteristics of each river system. The numbses here were estimated with the
expert opinion of a fish biologist studying the StaaRiver (Jeffres, pers.comm., 2008).
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Table 20. Length, location, and maximum number ofedds by reach

Reach Length (mi) Location (RM) Redds/Milg
Above Dwinnell Dam 17.00 40.63 - 57.63 50
Reach 1 3.57 37.05 - 40.62 50
Reach 2 3.31 33.73-37.04 50
Big Springs Reach 2.2 BS source — Reach 3 50
Reach 3 3.07 30.65 — 33.72 20
Reach 4 5.62 25.02 — 30.64 1
Reach 5 4.99 20.02 — 25.01 1
Reach 6 3.90 16.11 - 20.01 0
Reach 7 4.06 12.04 - 16.10 0
Reach 8 3.93 8.10-12.03 0
Reach 9 4.04 4.05 - 8.09 0
Reach 10 4.04 0-4.04 50

The number of alevin per redd is estimated from M@2002), who states females
lay 1400-3000 eggs per redd, and mortality is 1@ datching under optimal conditions
(Table 21). Further considering suboptimal océuithe model as additional fish die from
inadequate flow and water temperature conditions.

Table 21. Values fora, Maximum Number of Individuals; 0, mortality of fish until smolt life stage,
and timing by life stage

Age Class Maximum Fisho | Mortality, 6 (%) | Timing (wks) | Timing (dates

Alevin 2000 (per redd) 8 1-22 1/1 -6/3
Juvenile | 400 (per river milg) 10 5-5 1/29 - 2/4
Smolt 90 (per river mile) 0 6 -22 2126 — 7/1]

Mortality estimates for coho populations from prigala, competition, and food
abundance (density dependent) were limited. Nstke(1992) estimates density
independent mortality at 68% for alevin and 70%jfweniles; however these estimates
already incorporate habitat quality. Sensitivibabysis on mortality rates was completed.
With mortality of 8% and 10% for alevin and juvess| respectively, 99 fish survive under
current conditions (Table 21). No accurate escapemumbers exist for the Shasta River
because counting traps are removed with high flawsn coho out-migrate (CDWR,
2003b). 99 fish is probably a low estimate giveritfer mortality from Klamath River and
ocean conditions. However given the uncertaintynp@it data, for this study results
should be interpreted by relative survival betwessioration options, rather than absolute
numbers of fish survival. The model is sensitivétte value of the mortality parameter, it
could be used to further calibrate the model giaecurate escapement data.

Alevin are assumed to be in the Shasta River franudry through May (weeks 1 —
22) (Figure 114), although their numbers are lichibg 3, a parameter shaping their
distribution through time, so most alevin emerg#erch (Figure 115) (CDFG, 2002;
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NCRWCQB, 2006). Four weeks after emergence, fiskiarirom the alevin stage to the
juvenile rearing stage. For this model emergesc®t temperature dependent, although
in reality emergence is highly correlated with waemperature.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Alevin
Juvenile Rearing
Smolts

Figure 114. Modeled age class timing (DFG, 2002S8T, 2003; NCRWQCB, 2006)
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Figure 115. Timing of alevin emergence

Juvenile Rearing

In the juvenile stage, fish are assumed to mowdyfigetween reaches. In addition
to upper and lower bounds, fish demography comggrdimit the maximum number of fish
in each life stage; the total number of fish in #ifeystage cannot exceed those in the
previous life stage. Because coho rear for ayedr (February to February), the total
number of juvenile fish for all reaches cannot @ase through time, with the exception of
fish entering from the alevin stage.

The number of juvenile fish must be less than laalsipacity times the maximum
number of fish per river milenf) (Table 21) times reach length for all weeks azathes.
Nickelson (1992) estimates potential populatiojugénile coho is between 54 - 3444
fish/mi in Oregon coastal streams. The stream @4 fish/mi (Benson Creek) is an
anomaly, the stream with next highest populatiotepial is 1000 fish/mile. Ignoring
Benson Creek, average population potential forpugecoho is 489 fish/mi. For this
study, 400 fish/mi was used as a conservative agtimHabitat capacity is multiplied by
number of fish per river mile and reach length tesprve the spatial component of the
model, since reaches have different lengths. Emeography constraint maintains that
juveniles in all reaches must be fewer than juesnih the previous week plus incoming
alevin multiplied by mortality.
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Smolts

Smolts out-migrate from late February through Jifgure 114) (CDFG, 2002;
NCRWQCB, 2006; SSRT, 2003). Out-migration can twaleted within a single week,
or smolts can hold in any reach through the outratign season to wait for more
favorable conditions, but cannot return upstreduditionally, in the smolt stage fish
must swim downstream toward the Klamath River tgtoall river reaches, without
skipping reaches, requiring adequate habitat capamcdownstream reaches. There can be
no more smolts than there were juveniles in thal fuvenile rearing time period. In
reality, increased flows provide cues for smoltstwid-migrate (Moyle, 2002), although
modeling here is based on average timing of coliarogration in the Shasta River
(SSRT, 2003).

The habitat and non-negativity constraints ardhanged from the juvenile age
class. Smolt demography ensures that total srfwl&l weeks in a reach cannot exceed
the previous reach plus incoming juvenile fishdagiven reach times mortality. The
downstream access maintains that smolts for alksvaad reaches must be less than the
previous reach. The maximum number of fish pechiegas estimated using the method
discussed for the juvenile age class (Nickelso82).9

Habitat Logistic Surfaces

Ideal water temperatures and velocities for colimsa for each modeled life stage
are listed in Table 22. These values and the éxypamion of a fish biologist who works
on the Shasta River (Jeffres, pers.comm., 2008 weed to build habitat logistic surfaces
linking instream flow and temperature conditionshaioho survivorship (Figure 116).
The habitat capacity surface for alevin uses equdb, and the habitat capacity surface
for juveniles and smolts use equation 57.

Table 22. Ideal water temperature and velocity foicoho by life stage (Moyle, 2002; CDFG, 2002;
CBSED, 2005)

Age Clasg Ideal Temperature (°Q) Ideal Velocity (ft/s)

Alevin 4-13 <0.5

Juvenile 12 -14 <1.0

Smolt 8-16 Timing influenced by pulse flows
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Figure 116. Flow and water temperature habitat logstic surfaces for coho a) alevin, b) juveniles, ah
¢) smolts

Although velocity is a more common metric of fisgalth than flow (CDSED,
2005), it was assumed that the ideal velocity v@ln€elTable 22 exist in all reaches for this
study. It has been documented that during sumneearly fall, a variety of velocities are
available in the Shasta River because abundantoplagte growth provides mid-channel
low velocity refuge for fish (Jeffres et al., 2008)he Shasta River is unique because
typical coho habitat, such as large woody debrismmsommon. Aquatic macrophytes may
provide substantial seasonal habitat in some rsache

Instream habitat for the alevin age class variek wibell-shaped curve with flow
conditions, so 100% of alevin survive at 180 cfd aarvivorship drops with more or less
flow (Figure 116). Low flows can expose and desieaedds, while high flows can wash
away hatchlings or mobilize redd gravels (CDFG,200In the model, water temperature
affects habitat through a logistic relationshigorf 0 - 11°C, 100% of alevin survive, and
mortality quickly rises with increased temperaturés$ 15°C, 50% of alevin survive, and
by 18°C, only 3% of alevin survive. Equation 56swised to create the alevin habitat
logistic surface in Figure 116.

The juvenile and smolt habitat logistic surfaceslaoth logistic surfaces and are
similar (Figure 116). 100% of fish survive wheawl reaches 80 cfs or more for juveniles
and smolts. Survivorship drops at slightly lonemperatures for juvenile coho than
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smolts. For juvenile fish, survivorship is 98%l&PC, 50 % at 16°C, and 3% at 19°C. For
smolts, survivorship is 94% at 15°C, 50% at 179, 3% at 20°C. For both age classes,
water temperature would be more accurately modgitda trapezoidal shaped curve
because survivorship could near 100% for a rangernperatures (Table 22). Also,
survivorship should decrease with temperaturesW8RE and 12°C for juveniles and
smolts, respectively. However, it is assumed tath of the Shasta River is partially
spring fed and thus maintains higher winter wagargeratures, so a logistic surface with
no decrease in survivorship with low water tempegatvas used.

Flow and Water Temperature Input Data (Year 2001)

As stated above, the Shasta River is a spring-daediriver above approximately
river mile 20, but is runoff-dominated from locakpipitation, runoff, and spring
snowmelt during the winter and spring. In genegedundwater-dominated river systems
have a more stable flow and thermal regime thaoffuominated rivers (Caissie, 2006).
There is little loss in data quality when flow igeaaged into weekly values because of the
stability of the springwater contributions, althbugeaks from winter storm-related pulses
in flow are lost (Figure 117). Data for all modgleaches (Shasta River, Big Springs
Creek) and boundary flows (Parks Creek, Little $h&sver, and Yreka Creek) were
averaged from daily flow data used in the curremtditions RMS4 simulation model.

Raw flow data for the simulation model was from N@RCB, USGS, and water balance
calculations (Null, 2008). Big Springs flow was asared by UC Davis from 3/26 —
6/5/2008. Data from this time period was aggredjédeveekly values for initial flow,

with the remaining time series estimated from U@iBand NCRWQCB data.
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Figure 117. Hydrology initial conditions of model@ reaches and boundary flows

The GID and SWUA diversions are modeled as withdiaFigure 118).
Diversions are estimated on a seasonal scale @&mume of withdrawals), thus
aggregation to weekly values does not affect dagdity (in reality irrigators divert on a
daily timeframe, but detailed data are not avadablAdditionally, accretions and
depletions representing small diversions, tailwegéurn, subsurface flow, and local
precipitation are added to reaches three, foue, fwid seven so the water balance closes
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(Figure 118). Accretion and depletion timeseriesenobtained from current conditions
simulation results for the midpoint of all ten mgtem reaches in the optimization model.
Where flow discrepancies existed between reacheglifference was added to the
optimization model as accretions and depletions.
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Figure 118. Diversions and accretion / depletiomput data

Averaging water temperature into weekly values ressall diurnal fluctuations
(Figure 119), which are instrumental in the healtbold-water fish species. The effects
of daily high temperatures on fish are offset g/ ldngth and extent of nightly low
temperatures, as well as other habitat criterid ssscfood abundance (NRC, 2004).
However, weekly averaged temperatures are a conyngeld metric of fish health (Welsh
et al., 2001), and are used here. NCRWQCB 2004 atatused when available, and
equilibrium temperature theory was used to estirteatgerature data for the remainder of
the year (Martin and McCutcheon, 1999; NCRWQCB,2200ull, 2008). Measured 2008
water temperature data is used for Big Springs vawailable (3/26 — 6/25/2008), and
temperatures are estimated for the rest of the year
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Figure 119. Water temperature input data for initial conditions and boundary flows
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Decision Variables and Economic Costs

Water and heat balances are simulated within thien@ation model using a mass
balance approach to calculate flow and water teatpes for all reaches (Figure 120,
Figure 121, equations 54, 55). Restoration optionthe Shasta River then change
instream flow and water temperature condition®diihg fish habitat, and ultimately the
number of out-migrating smolts. Restoration akitres included in the model are adding
flow to any mainstem reach, relocating the GID dsi@n from its current location to
Highway A-12, increasing riparian shading in angatees below Dwinnell Dam, fully
restoring Big Springs Creek, and removing Dwinimsim.

250 Reach 9&10
/\/\/ Reach 7&8
200 - \\/ Reach 6
£ \/\ //\/ iReach 5
o
s 150 Reach 4
= Reach 3
£ 100 =
2 S
[a)]
50
\/ _—— Reach 2
o T T T T T T T ReaCh 1
11 2/20 4/11 5/31 7120 9/8 10/28 12/17

Date (month/day)
Figure 120. Initial flow in mainstem reaches
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Figure 121. Initial water temperature in mainstemreaches

Additional Flow

Increasing instream flow is commonly recommendeuohitigate low flow
conditions and reduce water temperature by inangasslume and decreasing travel time,
both of which limit atmospheric heating (Deas et 2003; CDFG, 2003; TNC, 2005;
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NCRWQCB, 2006). For this analysis it is assumed flow can be added to any reach on
the mainstem Shasta River below Dwinnell Dam (reach— 10), for $900/cfs-week
(Table 19). TNC (2005) estimates that temporaagés on water rights cost $36-66/af
($72 — 132/cfs-day, and $500 — 916 cfs-week). thisrstudy $900/cfs-week is used as a
conservative estimate for the cost of adding flowuhe Shasta River. (Cfs-week is the
volume of water required for a constant rate ofslower a week’s time, about 14 af. This
is not a common unit, but is necessary here simeetodel runs on a weekly timestep.
Disaggregating weekly data into cfs would connatai not present in the model.)

Adding flow to the Shasta River could be accom@dhby reducing diversions,
water markets, or instream flow releases from Dwihbam, although these actions are
not distinguished in the model. Additional flowtdisunded between zero and the
maximum weekly flow from the unimpaired simulatiam (Figure 122) (Null, 2008).
Extra flow is added at the existing water temperbf the reach, so there are minimal
temperature effects from increasing flow. Thisimjation does not explicitly model
physical processes, so changes in travel time Bmdspheric heating cannot be directly
assessed. Additional flow is modeled as continwaugmbles, so that any volume between
the upper and lower bounds can be added.
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Figure 122. Upper bound for additional flow by reah

Relocation Grenada Irrigation District (GID)

Moving the GID diversion from its current location the Peter’'s Ranch in reach 4
(RM 30.58) to Highway A-12 in reach 5 (RM 24.11)imains flow in the middle-upper
reaches of the Shasta River where salmon havelmesyn to spawn (Jeffres et al., 2008).
GID has the most junior water right from the Shad&itzer, and due to pumping costs, its
customers pay $52/af of water, the most expensitied valley (TNC, 2005). TNC has
proposed moving GID to extend instream flows whigdivering contracted water to
customers.

The approximately 35 cfs diversion is simply mowex reach 4 to reach 5 when
optimal for fish production in the model. No chasgre made to water temperature,
although raising flow conditions would likely in@®e transit time and the air-water
interface for 6.5 river miles, and may affect watamperature. This decision is modeled
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as a binary integer under the assumption the dorergould be moved in its entirety. No
cost estimates are available for relocating the @ili2rsion, so it is assumed to cost $1
million (Table 19).

Increasing Riparian Shading

Increasing riparian shading has long been viewedl@emising method to reduce
incoming solar radiation and associated thermalifgaon the Shasta River (Deas et al.,
2003; NCRWQCB, 2006), and will be particularly efiige if paired with other restoration
measures that reduce water temperature in theeapstreaches of the Shasta River.

Riparian shading can be added to all reaches bBlsinnell Dam, including Big
Springs Creek, to reduce incoming solar radiatidtmospheric heating associated with
solar radiation is based on current conditionsianckased riparian shading simulation
results, and used as input for the optimization @ho&hading reduces heating by reach by
the difference in heating rates between the cugendlitions simulation and riparian
vegetation simulation (Figure 123). Heating rdtegeach 3 are also used for Big Springs
Creek.
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Figure 123. Difference in heating by reach betweecurrent conditions and increased riparian shading

Quinn et al. (2001) estimates planting trees cB8%8 (USD) per mile for
conservation plants (mangroves, flaxes, and shintsNew Zealand river system (Table
19). Increasing riparian vegetation is not modele@ binary integer variable, due to long
model run times with many binary variables. Ratigarian shading is modeled as a
continuous variable between zero and one, with mgyeesenting no additional shading
and one representing maximum shading (full riparestoration). Values between zero
and one represent partial shading, such as sh&dimgoulrush and cattail, or widely
spaced trees and shrubs.

Restoring Big Springs Creek

Restoring Big Springs Creek increases flow thabisler than ambient conditions
due to the springs influence. This water flows dd®ig Springs Creek and ultimately
enters the Shasta River at reach 3 (Figure 124revbalmon may spawn. For this
analysis, restoring the Big Springs Complex ismotleled in detail (i.e., channel
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restoration, diversion, and return flow managemeédnt) assumed that spring waters
remain in Big Springs Creek (rather than divertadaidjacent land uses) and is more
efficiently conveyed to the Shasta River with reghlicates of heating compared to existing
conditions.
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Figure 124. Flow and water temperature at Big Sprigs with current conditions (CC), and restoring
Big Springs (RBS)

Flow and temperature data for restoring Big Spri@gsek are mostly from the
restored Big Springs simulation results (Null, 2D0O8urrent conditions includes
measured flow data from 3/26 — 6/5/2008, measugentemperature data from 3/26/ -
6/25/2008, and uses weekly averaged measured anhesi 2001 flow and temperature
from RMS simulations (Null, 2008). TNC (2005) essites $15 million to buy the Busk
property on Big Springs Creek (Table 19). RestpbBig Springs Creek is modeled as a
binary integer variable, so it is either restorethpletely or has current instream
conditions.

Removing Dwinnell Dam

Removing Dwinnell Dam has been proposed by théoNak Research Council
(2004) to improve habitat quality below the dam agghin access to reaches above the
dam. Flow is increased at the damsite and init&kr temperature is cooler as seasonal
solar heating no longer occurs in the reservoisoAsimulation runs providing input data
assume upstream tributaries were fully restoreguffei 125). Removing the dam enables
salmon to access 17 additional river miles of spawvand rearing habitat (EPA, 1997).
Data are from the remove Dwinnell Dam RMS simulagicand have been averaged to
weekly values (Null, 2008).

In reality, removing Dwinnell Dam would largely tege the natural hydrograph
with flood pulses, increase baseflow through sumiaed would improve gravel
recruitment, a habitat criteria not considered KBIRC, 2004). Cost estimates for
removing Dwinnell Dam or similar sized earthen darosld not be found, so removal
costs are assumed to be $15 million, not inclugiater replacement costs or lost
agricultural value (Table 19). Water replacemearsts are significant, there are
approximately 15,500 irrigable acres in MWCD. A0®0/acre (a low value), water
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replacement could be at least an additional $1bamil Removing Dwinnell Dam is
modeled as a binary integer variable, so the option is to remove the dam in its
entirety. Because cost estimates for removing DelirDam were unavailable, this
alternative is included here as an academic exercis
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Figure 125. Flow and water temperature at Dwinneldamsite with current conditions (CC), and
removing Dwinnell Dam (No DD)

Results

Model results help quantify tradeoffs of increasirabitat capacity for native
salmon in the Shasta River, and aid decision malgggrding restoration of instream
habitat. Results should be interpreted not in ibsmumbers of fish as there is little
escapement data to test the model, but ratherlétyveenumbers or percentage change.

Under current conditions (no restoration optio@9)fish out-migrate from the
Shasta River. Week 32 (Aug. 6 — Aug 12) creatiestdeneck in the juvenile rearing
stage, which limits coho escapement (Figure 126¢vin continue to enter the juvenile
life stage through the end of June, so through fhere is considerable flexibility in the
model. However, habitat conditions worsen in &ng August, and juvenile fish must
rear for a year in the river. Results show a dieklirom over 1400 juvenile fish to 99
fish, a reduction of nearly 93%. The remainingi8B move primarily between reach 2
and the Big Springs reach, where flow and tempegatanditions are amenable to juvenile
coho. Week 32 has warmer thermal conditions tii@msnding weeks, with temperatures
well above 20°C (Figure 127). Flow is lower thamghboring weeks in reaches 7 — 10.
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There is slight improvement in coho escapementdolyng flow and riparian
shading to the river (Figure 128). When $227,089 lbeen spent on increasing riparian
vegetation, supplemented with approximately 56s5ycfof additional flow, escapement
rises from 99 to 138 smolts, a 39% increase. Qgtation then plateaus until the
restoration budget increases to $15,000,000. Remm®winnell Dam raises out-
migration to 566 smolts. However, restoring BigiBgs Creek also costs $15,000,000
and has a much greater benefit, with 1876 smdtaximum escapement is 2466 fish
when Big Springs Creek is restored, approximat@i9icfs-yr is added (sum of all weeks
and reaches), and all reaches are fully shadedenWhcapement is 2466, removing
Dwinnell Dam and relocating the GID diversion haneeffect.
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Figure 128. Restoration Tradeoff Curve

Additional Flow

Flow is added to each reach to improve instreanditions, except when the
restoration budget is $0 or $15,000,000, when riegtdig Springs Creek or removing
Dwinnell Dam most enhance instream conditions (FEdil29). When Big Spring Creek
has not been restored or Dwinnell Dam removed, mam annual additional flow volume
to the Shasta River can reach 8933 cfs over theseaf a year (totaling all reaches and
weeks) (Figure 130), although no benefit occumgubmigrating smolts beyond 56.5 cfs-
yr of additional flow. It is consistently optimed add the most flow to reach 1 (which
contributes to downstream reaches) (Figure 13@erBig Springs Creek has been
restored, the maximum yearly flow is 1269 cfs-ycdngse flow is limited by upper bounds
eqgual to unimpaired conditions.
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154



180 Reachl
160 ”\\ — Reach?2
g nol A\ —Reauns
Haes WA T o Reac
T e M L, ha —°— Reachs
3 60% \ | NN A
3, A (/) I\I\I\VD\ ) o
B AWA v AR AER-V AN A\
S RAWA A VA S &

1/1 2/20 4/11 5/31 7120 9/8 10/28 12/17
Week (month/day)

60

50

VAT VT
S A VA S e VAR N
20 —=— Reach6 I \ \./ \N / \‘
10 22:2:; x XX I \LL\ /\X
0 Reach9 ‘ : /H = 1 VX HHHHHHHHHH \

T L [ o

1/1 2/20 4/11 5/31 7120 9/8 10/28 12/17
Week (month/day)

Instream Flow, cfs

Figure 130. Additional Flow by reach (restorationbudget = $10 million)

The model is fairly insensitive to changes in flowpart due to the logistic habitat
surfaces used here. Given uncertainty regardiagelationship between instream flow,
water temperature, and fish survivorship, the libgisabitat surfaces developed are
academic for this analysis. Detailed studies wan@dequired to develop more robust
curves. ltis also likely that adding more flowarm temperatures to the Shasta River
may have a negligible effect on coho productivity.

Increased Riparian Shading

When budgets are limiting, the model always optshtade the upper reaches first
(Figure 131). Reaches 8 and 9 are always thédasicreased riparian shading to be
optimal, because in those reaches increased nipsiniading makes only a small difference
in heating rates (Figure 123). Although 100% issidered fully shaded for the Shasta
River, dual values on the upper bound constramuaeful to show for which reaches it is
particularly valuable to maintain cool water tengiare (Figure 132). Maintaining cool
thermal conditions in reach 1 below Dwinnell Danmisst beneficial for fish production
with restoration budgets under $15 million. Wheg Bprings has been restored,

155



maintaining water temperature through reach 4 la¢smmes a priority because cool inflow
has been added to reach 3.
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Figure 132. Shadow fish of additional riparian shding

Relocating GID

Relocating the GID diversion has little benefifigh productivity. Using
$1,000,000 to move GID results in 100 smolts, (Xerfish than current conditions), while
spending the same amount on increasing instreamndia riparian vegetation results in
138 smolts. Again, this model does not expliaitigdel heating, but rather uses a mass
balance approach for the heat budget and diffevatdr temperature initial and boundary
conditions for various restoration alternativehie Tesults obtained from simulation
modeling show this option may reduce water tempeedor approximately 1°C over
approximately 15 river miles, although it did neadl to appreciable improvement for fish
here.
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Restoring Big Springs Creek

As stated above, when Big Springs Creek is resi@&thpement rises to 1876 fish,
a 1795% increase from current conditions. WeektB2creates a bottleneck in juvenile
rearing when Big Springs is restored (Figure 13@)is implies that meteorological
conditions will continue to create bottlenecks ieeks or life stages even with restoration,
although the effects will not be as dire. When Bgyings Creek is restored, Big Springs
and the canyon reach (reach 10), have the moshdlecall that no spawning occurs in
reaches 6 — 9 or above Dwinnell Dam (ADD) since mheil Dam has not been removed)
(Figure 134).
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Removing Dwinnell Dam

Removing Dwinnell Dam benefits coho productionhie Shasta River, although
not as much as restoring Big Springs Creek. Mkehy, either Big Springs would be
restored or Dwinnell Dam removed, depending ontigsli public support, and institutional
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agreements. When Big Springs Creek has alreadyreséored, there is little benefit to
removing Dwinnell Dam in this model (although irakiey, removing the dam would
enable fish to access an additional 17 miles oitaténd restore a natural hydrograph
which are not considered here). For this studyorgng Dwinnell Dam would only be
worthwhile if it were substantially cheaper thastoging Big Springs Creek. Removing
Dwinnell Dam could cost more than was assumedhigratudy, and sensitivity analysis on
cost estimates would be a useful future exercise.

Limitations

Limitations of this study are divided into limitatis of the modeling approach, and
data limitations for the Shasta River case studpdeling limitations include managing
non-linear solution space, greatly simplified festology, no representation of physical
processes, considering only flow and water tempegais factors limiting coho
production, and coarse spatial and temporal rasolutData limitations include cost
estimates, lack of tailwater data, and only one péastimated flow and water
temperature data.

Nonlinear models are inherently more difficult tuv& that linear ones. Nonlinear
models do not guarantee global optima when conyées not been proven, as in the fish
habitat model presented here. Thus, populatingséalple cells in the model with initial
values that lead to global solutions is necess@therwise, local optima would often be
returned (in which the solution is best only in timenediate neighborhood).

Fish ecology is greatly simplified here. In reglitish population dynamics are
complicated, and many details remain unknown. taalagistic surfaces could be
improved, which would most likely make the modelrmeensitive to small changes in
flow and water temperature. All instream habit@tgmeters except flow and water
temperature have been ignored, although other watdity concerns, barriers to
migration, substrate, and Klamath River conditioostribute to salmon decline (DWR,
2001; NRC, 2004).

The model uses a mass balance approach for watdrea budgets to estimate
instream conditions in all reaches. Meteorologazad geomorphology processes are
absent in the model. Thus changes to flow whisb ahange the relative surface area at
the air-water interface and travel time shouldrakater temperature, but do not here.

The coarse temporal scale of the model elimina@synmportant fish habitat
criteria such as maximum daily water temperatuneation of elevated temperature, and
daily minimum water temperature. Furthermore,rther below Dwinnell Dam has
reaches up to 17 river miles. Finer model resotutvould improve results. Data exists to
improve model resolution, but model run times waulctease. Additional data must be
gathered to model flow and thermal changes in tingedsions.

Much of the data used for this application to thasa River could be improved.
Refinement of cost estimates would lead to morgageresults. Improved input data on
the thermal effects of tailwater returns would ail@ilwater management to be a
restoration decision variable in the model. Fialhly one year is modeled here. More
flow and temperature data (currently being collddig U.C. Davis, Watercourse
Engineering, Inc, CDWR, and NCRWQCB) would aid uistknding of the system, as
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well as increase knowledge about how habitat esstddopulations are affected by
different water years, meteorological conditiong] &ish cohorts.

Future work includes incorporating additional feghecies to understand the effects
of competition (for habitat) and avoid single spsananagement. Additionally,
incorporating physical processes would increaseititiey of this type of model, so that
the thermal affects of greater volumes of wateldatte assessed. Finally, problem
linearization would improve model run times and lannmvolvement because populating
the model with practical initial values would na becessary.

Discussion

The optimization model described here illustratesjproach to compare habitat
improvement for one fish species by linking restioraactions with fish habitat and
economic costs. This research shows the relatilteevof different restoration activities
for fish productivity in the Shasta Valley, providi one tool for local stakeholders and
decision makers to weigh decisions and justifygloninate) costs of restoration in the
Shasta Valley. Results from this approach illustthe benefit to fish from each
restoration activity, as well as the quantity otevaeduced from other uses, and
associated costs. This allows both environmentdémuse efficiency and the economic
efficiency of restoration decisions to be measungfish habitat. It also quantifies
impacts to current Shasta Valley water by estingatvater allocations necessary for
restoration as well as associated costs.

Of the restoration actions evaluated, restoring&gngs Creek provides the most
improvement for fish habitat, increasing smoltsli#@5% (Table 23). Removing
Dwinnell Dam improves escapement by 472%, a sicguifi increase, although minor
when compared to restoring Big Springs Creek. dasing riparian shading benefits raises
the number of fish out-migrating from the ShastaeRby 30.3%. Simple flow changes
such as increasing flow or relocation the GID déi@n provide negligible benefit to fish
habitat, although the optimization model used leret driven by physical processes, so
increasing volume or decreasing the air-water fater cannot be analyzed.

Table 23. Smolt production, flow increase, and cosf restoration alternatives

Number of Out-migrating Smolts  Additional Environmental Flow (cfs) Cost ($)
0

Current Conditions 99 0

Additional Flow 101 55.56* 50,000
Full Riparian Shading 129 0 235,000
Relocate GID Diversion 100 0 1,000,000
Restore Big Springs Creek 1876 1896 15,000,000
Remove Dwinnell Dam 566 3610 15,000,000

* Additional flow does not increase smolt production

These results suggest increasing instream flowowttimproving water quality
results has little benefit to fish habitat. E\alog the extent to which additional flow will
enhance instream conditions may eliminate watensite restoration decisions, resulting
in greater environmental water use efficiency. eHaaditional flow is of little value to fish
production unless water temperature is also reduéeldlitional findings include:
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Restoration alternatives can be ranked in termalofe to fish habitat.
0 Restoring Big Springs provides the most benefit,rbmoving Dwinnell
Dam is a good second choice.

Systems analysis is most useful when paired wittukition models that
incorporate greater detail and explicitly model gibgl processes.
0 The heat budget approach used here shows littleevalrelocating the GID
diversion, although simulation modeling shows tharbenefit from
moving the diversion.

Improving water quality (rather than increasing nfitg) is beneficial for fish.
0 Increasing riparian shading to preserve cool waperatures is valuable
for fish productivity.

Bottlenecks in the life history of fish still occuthen restoration activities have
improved instream conditions, although the consege® are less severe.
o Restoration could provide a buffer against poomacsonditions or possible
habitat degradation associated with climate change.

The tradeoff curve between economic costs of ragtor and number of out-
migrating smolts is not smooth, some alternativescarner points that result in
large increases in cost or fish productivity.

Modeling suggests substantial investment in fidhitahmust occur before
escapement increases in the Shasta River.

Fish productivity has an upper bound, at which patditional water temperature
habitat enhancement measures have no value.
o0 Another habitat factor may then be limiting fistoguction, which should
then be the focus of restoration activities.

Systems analysis provides a helpful approach foragimg ecosystems, as well as
traditional water uses.
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Chapter 7 — Discussion and Conclusions

This dissertation studies environmental waterarsémethods to aid restoration
decisions using multiple scales and approachelidimg theoretical analysis, field
monitoring, simulation, and optimization. This pker summarizes the major points and
findings of each of the studies of this dissertatiwith emphasis on how each section
relates to environmental water use efficiency (WUE¢ original contributions of the
research, how each component relates to the agmsased in other chapters, and
relevant future work. The different approaches seales contribute to improving
understanding of environmental water use and hiadriiaancement. This chapter ends
with final remarks on environmental WUE as a managd strategy.

Environmental Water Use Efficiency Theory

The initial chapters explore the idea of improvenyironmental WUE, much as
the urban and agricultural sectors have improve thater use efficiencies. Maximizing
the environmental benefit for a given amount ofevakedicated to environmental uses is a
relatively new concept (Begley et al., 2006; Lamif@003), but may prove worthwhile to
save instream habitats, species, money, and tManaged environmental WUE
maximizes environmental benefits from a given giaf water, and is related to the idea
of restoration efficiency, or ensuring that restormwork achieves its goals.
Environmental WUE can be as simple as figuringhmyv much water is needed to meet a
specific goal, such as how much water is necegsanpobilize gravels. In regulated
systems, only that much water should be releasethg excess water (if it exists) for
other environmental goals. This approach imphed environmental systems must be
managed more pro-actively for the long term, whectifferent from many short-term
crisis management projects common in aquatic rasoor today.

The new contributions of chapters 1 and 2 areitihér the concept of actively
managing environmental water to maintain aquatctrgmarian habitat, and explore
methods of evaluating restoration alternativesesehchapters critically evaluate the
potential of environmental water management, beg@gqwith discussion of the idea and
development of illustrative models for environméiatad restoration efficiency. The work
undertaken here focuses on improving instream tiondi for native fish, although that is
only one potential application for environmental W.UOther sections of this dissertation
use the environmental WUE framework presentedentttiial chapters to evaluate
solutions to practical problems, such as dwindfisly populations caused by high water
temperatures and low-flow conditions in Califorsi&hasta River.

Field Monitoring

Field monitoring on the Shasta River lasted oree y&d included longitudinal and
lateral temperature analysis, thermal diversity itmoimg, and spring inflow monitoring at
The Nature Conservancy’s Nelson Ranch. In addiagnicultural tailwater return
monitoring was conducted at Nelson and Meamber ResicField monitoring is
instrumental for understanding current conditiond problems facing natural systems.
Furthermore, it provides data needed to calibratetast models. This monitoring data is
much more detailed than that produced by numemcalels, making small-scale trends
apparent that at this time cannot be reproduceld eamputer models. For this reason,
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monitoring is typically an ongoing process througtestoration, and understanding the
efficacy of restoration projects is impossible with field monitoring. Conversely,
modeling helps provide a unifying and synthesiZnagnework for field data collection.

New findings were discovered where thermal cond#iand instream flow were
monitored on the Shasta River, helping to charesgteurrent conditions and assess
factors limiting salmonid survival. Water tempenat differed between the upstream and
downstream property boundaries, with maximum wierperature at the downstream
boundary occurring at night. This implies that mawrater is being inherited from
upstream of Nelson Ranch, combined with atmosplineating. Lateral thermal
variability occurs during summer at river margibst is largely absent during other
seasons. Small potential local thermal refugieevieund during summer, where
temperatures are 1-2°C cooler than surroundingryetbough the sources of the cool
water were not examined. Agricultural tailwatedapringfed tributaries had higher
thermal diversity than the mainstem Shasta Rivet,@uld be a source of warmer or
cooler water depending on season and time of @Gaynulative effects of these small
inflows were not studied.

The water temperature data collected on the Sikagéa was used to fill in data
gaps because most temperature data has beenewltedy during summer months.
Regardless, many information gaps remain. Momitpis the basis for most other types of
studies, such as modeling, and should continue @ fiesearch priority. Flow and
temperature data from additional locations on thas& River is currently being collected
and will be most useful to understand travel tirhthe river and to test hydrodynamic and
water quality models. Also, more research is néedeinderstand the cumulative effects
of warm-water inflows over the length of the Shd8teer, such as agricultural tailwater
returns. Better accounting for water and thermakgy, through channelized, overland,
and subsurface flow is needed. In general therthkeeffects of cumulative tailwater
returns to the Shasta River are poorly understoodmay substantially affect the thermal
regime of the Shasta River. Finally, all tempemaiata should be analyzed in tandem
with fish counts and other physical and biologitabitat data to get a better understanding
of instream conditions and the factors limitinghfsurvival (Jeffres et al, 2008).

Shasta River Simulation Modeling

Water temperature and instream flow were simulédethe Shasta River in 2001
using RMSv4, an hourly, one dimensional hydrodyraamd water quality simulation
model. Although other modeling studies have besredn the Shasta River (Abbott,
2002; Deas et al., 2003; Geisler, 2005), this mebediffers because modeling was done
for an entire year to assess conditions througbealsons, and the worst conditions of the
year could be pinpointed for all model runs. Atsany model runs were done for
conditions not previously simulated, such as rdlooeof the GID diversion, restoring Big
Springs Creek, removing Dwinnell Dam, and unimgirenditions. Other model runs,
such as return flow analysis on Nelson Ranch, pewwugh estimates of the thermal
effects and flow changes from agricultural retdowf and are useful to improve
understanding of how much return flow can be adddtie Shasta River before mainstem
water temperature is affected.

Results suggest options exist to improve instrééam and temperature conditions
on the Shasta River, but cool water is neededdrufiper reaches for restoration to be
effective, and a mix of alternatives may provide thost benefit. Different restoration
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alternatives target different river reaches, scewatanagers should work with fish
biologists and stakeholders for restoration to lostreffective. Restoring Big Springs
Creek shows patrticular promise, as it maintaing a@ber temperatures through much of
the Shasta River.

Findings from the simulation modeling completedtlo& Shasta River are pertinent
to environmental WUE. First, substituting higheater quality can benefit native species
without increasing environmental water allocatiomkere water quality is limiting. Also,
modeling as an exercise helps researchers undetgratic systems, as many
components are considered in building the modélsTit becomes easier to understand
how flow changes affect instream habitat and howhmuater is necessary (and when it is
needed) to meet restoration objectives. Water éeatpre was examined in this case,
although similar models could be used to analyzengephic conditions, dissolved
oxygen, vegetation recruitment, physical migratjarsother physical or biological
conditions. If restoration objectives are wellidefl, modeling studies are more effective
because restoration actions can be scrutinizelddarwell they meet objectives. Finally,
modeling is a good method of identifying data gapkus, modeling and field monitoring
are closely related, and often are carried oubmjunction.

Future work for simulating the Shasta River inésdising a two-dimensional
model to gain insight into lateral thermal variélibver the length of the Shasta River,
and explicitly modeling tributaries. Big Springse€k may be instrumental in restoring
habitat conditions in the Shasta River, but is nelas a boundary condition in the work
undertaken here. At the time of this researcthe litow and temperature data had been
collected on Big Springs Creek. However, more @atats now and continues to be
collected (U.C. Davis; Watercourse Engineering,;INall, unpublished data) which could
be incorporated into a model to better understavd testoring Big Springs Creek would
affect the Shasta River.

Systems Analysis for Environmental Water Management

Optimization modeling was used to evaluate whedtaration options provide the
most habitat improvement within a restoration budd@ée approach was especially fitting
for environmental WUE because it quantifies ingtrdaabitat and ranks restoration
alternatives, providing an example to manage enwnental water and budget allocations
efficiently. The optimization model created allowestoration actions to alter instream
flow and water temperature, which in turn affetis humber of fish of different age
classes that survive in a river (the model usedt@Haiver data and was based on the life
history of coho salmon).

Like the Shasta River simulations, the optimizatodel showed that improving
water quality could substitute somewhat for impngvinstream flow conditions.
Bottlenecks in fish age classes still occurred witensive restoration, but were not as
critical. This has important implications becauvsgtoration could provide a buffer for
events largely beyond human control, such as oceaditions and global warming. The
trade-off curve between fish production and ecomarosts of restoration was not smooth,
rather there were corner-points where restoratitiors result in large jumps in fish
escapement or where costs increase with littleeesa in fish production. The modeling
also demonstrates that substantial restoratiorstmeents must be made before fish
production improves appreciably.
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The optimization modeling developed here is diyegpplicable to improving
environmental WUE. Through proposed restoratiterahtives, the model links fish
survival with additional water needed and assodiatests, allowing insights in
environmental WUE and restoration efficiency. Miodsults include the relative value of
restoration actions, providing an example of systamalysis for informing ecosystem
management. Finally, one of the more useful partgptimization is that objectives and
constraints must be explicitly defined, which manprove aquatic restoration activities
and accountability of those activities. Althougleyious systems analysis research has
included environmental objectives, the modeling plated here shows the approach could
be applied to manage ecosystems as well as tnadlitieater uses, and that it could help
guantify restoration alternatives. This approacimierdisciplinary, merging methods from
the geosciences, engineering, economics, and lyiolog

Optimization modeling could be improved by modglmore than one species of
fish to avoid single species management. Additlgnaodel results could be improved
by modeling more age classes of fish, such as grants or spawners. Economic costs
have no basis in some cases (such as removing BlvDam), and improved cost
estimates would greatly improve model results gyieability. Incorporating physical
processes, such as atmospheric heating, wouldnafgove model results. Putting this
work into a larger context, such as incorporatimg\alue of a restored Shasta River to the
Klamath River basin is a final idea for future €yst analysis research to improve
environmental conditions.

Discussion

Overall, the common theme of this dissertationeigdy managing environmental
water allocations. To an extent this may includtdr managing traditional urban and
agricultural water to allow for environmental enbement, such as the case of specializing
rivers for fish production or water supply. Thebapters illustrate various methods and
scales of improving aquatic habitat while considgiraditional water uses, although
many more exist, such as scheduled dam releaspslg® flows, environmental water
banks, levee setbacks, or thermal curtains invessr In the future, increasing both
understanding and implementation of managed nasysiéms when water is scarce may
become more necessary and widespread, and inneatiutions and techniques will
likely become more common. Further discussiontasting of environmental WUE,
including possible applications, limitations, angpiementation difficulties is warranted.

Conclusions

1) For the Shasta River, the flow and temperaturefitsrad restoring Big Springs
Creek show great promise.
o Cool water benefits exist over most of the mains&hasta River below
Big Springs Creek during summer.

2) Cold water in the upper reaches of the Shasta kRswegcessary for any restoration
approaches to be effective.

3) A combination of restoration alternatives mostljigrovides the most benefit for
salmon habitat.
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4) Substituting higher quality water can sometimesefienative species without
increasing environmental water allocations, whetewguality is limiting species
habitat.

5) Systems analysis in the forms of simulation andhagation modeling, backed by
suitable field data collection, can provide insgyfdr improving environmental
management and efficient use of environmental water

6) Environmental water use efficiency could potenyiathprove environmental
performance and perhaps reduce some water manageomdiicts.

7) Environmental water use efficiency is an upcomirgnch of water resources that
merits additional study.
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Appendix A — Additional Field Data

Logger Number
2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Week of:
5/20/06
5/27/06

6/3/06
6/10/06
6/17/06
6/24/06

7/1/06

7/8/06
7/15/06
7/22/06
7/29/06

8/5/06
8/12/06
8/19/06
8/26/06

9/2/06

9/9/06
9/16/06
9/23/06
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Figure 135. Nelson Ranch temperature logger compkness

compromised temperature data
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Figure 136. Water temperature, air temperature, ad instream flow in the Shasta River; May, 2006

45 20

35 Tt 1 15
O
) n
= €
@ °
) =
Qo (]
5 [
(]
|_

-5 6t 618 6115 Air Temperature
—— Nelson Upstream
-15 — Nelson Downstream|~ ™

6/1/2006 - 7/1/2006 — Flow

Figure 137. Water temperature, air temperature, ad instream flow in the Shasta River; June, 2006
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Figure 138. Water temperature, air temperature, ad instream flow in the Shasta River; July, 2006
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Figure 139. Water temperature, air temperature, ad instream flow in the Shasta River; August, 2006
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Figure 140. Water temperature, air temperature, ad instream flow in the Shasta River; Sept. 2006
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Figure 141. Water temperature, air temperature, ad instream flow in the Shasta River; Oct. 2006
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Figure 142. Water temperature, air temperature, ad instream flow in the Shasta River; Nov. 2006
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Figure 143. Water temperature, air temperature, ad instream flow in the Shasta River; Dec. 2006
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Figure 144. Water temperature, air temperature, ad instream flow in the Shasta River; Jan. 2007
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Figure 145. Water temperature, air temperature, ad instream flow in the Shasta River; Feb. 2007
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Figure 146. Water temperature, air temperature, ad instream flow in the Shasta River; March 2007

45 Air Temperature 20
— Nelson Upstream
35 —— Nelson Downstream 1 15
Flow

Temperature, C
Flow, cms

-15
4/1/2007 - 5/1/2007

Figure 147. Water temperature, air temperature, ad instream flow in the Shasta River; April 2007
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Figure 148. Hourly timeseries of select loggers &telson Ranch

Thermal Diversity Exploratory Monitoring — Site Des  criptions

Site 1: Spring

Site 1 is a small spring that joins the Shasta Rav¢he upstream end of Nelson
Ranch; it was sampled at 10:00 am. The spring @@sdrom a cut bank approximately 30
m upslope from the Shasta River at 2&€.7 Spring water flows overland toward the river
in a channel that is primarily vegetated by grassekother low vegetation. Cattails grow
in the channel where the spring joins the ShastarRiTemperature readings at site 1 were
mostly in the 14-18C range in the longitudinal profile of the sprintpanel (Figure 149 &
Figure 150), and were 14-48 in the slow moving water around the confluencénhthe
Shasta River (Figure 151). Water depth is includeftjures since water temperature in
shallow areas is affected by air temperature marekty than in deeper areas. Bed
temperature tended to be slightly more than wataperature, perhaps due to early sample
time if the bed was responding more slowly thanwhager column to changing air
temperature and incoming solar radiation.

Note that water temperature scales of sample lmesiton aerial photos differ
because sites were sampled at different timesyof Uaing a single scale for all sites
would reflect temperature changes from diurnalingatather than the thermal diversity of
the Shasta River from seeps, springs, and othlemaf
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Figure 150. Site 1 longitudinal water temperaturesample locations 1-12 (sample 1 taken at spring
source, 12 at confluence with Shasta River), sampl&/22/06 10:00
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Figure 151. Site 1 thermal variability around confuence with Shasta River sample locations 13-19
(sample 18 taken in the Shasta river), sampled 8/&¥ 10:00

Site 2: Pool

Site 2 is a pool adjacent to a cut-bank on riviérdelow a rock diversion dam.
This site was sampled at 2:40 pm. Water temperatas sampled with the handheld
Acorn unit in a shallow backwater across from gi{f@sample point 8). Here water and bed
temperature ranged from 16.4-1829 Woody riparian vegetation between sample pint
and the Site 2 pool, indicate water may flow sufzsg between site 1 and site 2, and not
be exposed to atmospheric heating. At site 2b#mk drops steeply to the river, and there
is a submerged shelf around the perimeter of tloé that is about a half meter deep.
Beyond the submerged shelf, the pool is considgr@détper (estimated at approximately 2
m). Water temperature was sampled mid-columnh&ffstubmerged shelf at approximately
1 m. Based on the two temperature readings takkwithe shelf, water temperature may
be slightly cooler below the shelf (up t&C). This site likely acts as a small thermal
refuge in some conditions. Further explorationdeded to assess whether water flows
subsurface from sample point 8 to the pool ancetteb quantify the size and temperature
gradient of the site. With one exception, all tengpure readings taken in the pool were
between 17-18C (Figure 152 & Figure 153).
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Figure 152. Site 2 sampling locations and tempenattes, sampled 8/22/06 14:40
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Figure 153. Site 2 water and bed temperature, sartgd 8/22/06 14:40

Site 3: Return Flow Ditch

Site 3 is the confluence of the Shasta River aad\#lson Ranch return flow ditch.
Almost no vegetation grows in the channel whergvider joins the river; banks are
vegetated by grasses and reeds. Water tempevedsraneasured in the lower portion of
the tailwater return channel, the most upstreanmsoreanent was taken approximately 15
m from the confluence with the river (Figure 154&ure 155). At noon, water
temperature in the return ditch varied between-P9.%°C, substantially higher than the
15.2C Shasta River water, and there was little locairttal variability in the tailwater

176



(Figure 156). The return flow ditch is shallowesage depth sampled here was 17.8 cm.
No bed temperature measurements were taken sirtee wahe shallow ditch can be
expect to heat more quickly than the Shasta Rmeking cool daily subsurface flow
unlikely. Below the confluence with the ShastadRj\tailwater hugs the bank on river
right for approximately 23m downstream. This mirone is easily observed by standing
in the river below the return ditch or stirring sdiment in the return flow channel.

Water Tem perature, C
®# 15-16
16.1-17
17.1-18
18.1-19
19.1-20
201-21

Figure 154. Site 3 sampling locations and tempernattes, sampled 8/22/06 12:00
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Figure 155. Site 3 longitudinal water temperaturgsample 1 taken in tailwater channel, 6 at
confluence with Shasta River), sampled 8/22/06 120
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Figure 156. Site 3 thermal variability in the tailvater return channel, sampled 8/22/06 12:00

Site 4: Below screwtrap

This site is a seep or subsurface flow below th&GRBcrewtrap and near an old
bridge abutment. It was sampled at 3:50 pm. N@masibly runs into this backwater, in
fact the channel is dry (soil is moist) within 3intlee Shasta River. This area appears to
have little flow, with duckweed, grasses, and regrdsving in shallow water. Water
temperature was variable at this site, due intoatie shallow depth and low flow
conditions. Regardless, water and bed temperatfire8-17C were found, while river
temperature was over A8 (Figure 157 & Figure 158).
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Figure 157. Site 4 sampling locations and tempernates, sampled 8/22/06 15:50
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Figure 158. Site 4 water and bed temperature, sartgd 8/22/06 15:50

Site 5: Old Channel

A side channel splits from the Shasta River atSi@nd another side channel once
joined the Shasta River here. The old channebvg ary but has large riparian trees and
herbaceous vegetation. Temperature probing waslynr@nducted in river right of the
new side channel where subsurface flow from thesmld channel may occur. Here water
temperature varied between 16*C8Figure 159 & Figure 160), with the coolest
temperatures in the side channel closest to thastean Shasta River. Water temperature
increased farther downstream in the side chanieé temperature of the Shasta River was
19°C, although bed temperature was as low as’0%6.1

Water Temperature, C
® 16-17
o 17.1-18
® 181-13

0 45 0 18 o7

Metes

Figure 159. Site 5 sampling locations and tempernattes, sampled 8/22/06 16:30
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Figure 160. Site 5 water and bed temperature, sargd 8/22/06 16:30

Site 6: Shasta River adjacent to Dream Spring

Site 6 is river right of the Shasta River, dowrpgl@f the Dream Spring channel.
The site was sampled to locate potential subsuffasefrom Dream Springs at 2:00 pm.
This site has high reeds and cattails along mut¢heoShasta River, making access
difficult. Beyond the reeds and cattails, the $&3ver is deep (> 1.5m). In front of the
reeds are shallow backwater areas that generally litle flow and are vegetated with
duckweed. Overall, it was difficult to determinéether backwaters were supplied via
subsurface flow, or whether they were derived ftbmmShasta River. However, the water
in the backwaters was warm, ranging from 17€1@-igure 161 & Figure 162), suggesting
limited subsurface inflow. The temperature of 8festa River was 16-1C, and was
sampled mid-water column. This site did not shdwious signs or warm or cool inflows,
rather water temperature is probably primarilyueficed by atmospheric conditions.

180



Water Temperature, C
® 16-17
@ 171-18
@ 181-19
# 191-20

Figure 161. Site 6 sampling locations and tempenattes, sampled 8/23/06 14:00
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Figure 162. Site 6 water and bed temperature, sartgd 8/23/06 14:00

Site 7: Dream Spring Longitudinal Profile

At 1:00 pm, Dream Spring was 18Qat its source approximately 30 m directly
uphill of the Shasta River, and was I'@6vhere it joined the Shasta River. Dream Spring
flows into an unused irrigation ditch parallel ketShasta River for approximately 100 m
before flowing into the Shasta River. The averdggeth of Dream Spring in the irrigation
channel is less than 15 cm. Nettles, greasewaaginergent aquatic vegetation shades
sections of the channel, and sections of the chamaepen to sunlight. This profile
shows water from Dream Springs heating consideradiyween its source and confluence
with the Shasta River (Figure 163 & Figure 164). 140 pm, the time of sampling,
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Shasta River water was A7, cooler than Dream Springs at its confluence WighShasta
River. While beginning cooler than the mainstenttos day, this spring heated to more
than the mainstem temperature on it's overlandertmthe mainstem.

Water Temperature, C
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Figure 163. Dream Spring sampling locations and teperatures, sampled 8/23/06 13:00
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Figure 164. Dream spring water temperature, bed t@perature, and depth, sampled 8/23/06 13:00

Winter and Spring Lateral Transects

Transect 1 illustration and upper and lower maximeamperature chart in main text,
(Chapter 3).

182



30 T T T T 30 T T T T 30 T T T T
Janery February March
8}
[}
5 20 -120 - —120 -
8
[}
Q
£
(]
2
SRR YR
©
=
0 I I I I 0 I I I I 0 I I I I
1 2 3 4 1 2 3 4 1 2 3 4
30 T T T T 30 T T T T 30 T T T T
8}
%)
5 20 120 - 20 - é é -
T
@
Qo
£
(]
2
& 10 - - .
©
=
Apil May Jure
0 1 1 1 1 0 1 1 1 1 0 1 1 1 1
1 2 3 4 1 2 3 4 1 2 3 4
Position Position Position

Figure 165. Transect 1 water temperature by loggeposition and month

Transect 2

Transect 2 was located downstream of the GID dieerstructure, at a shallow
bench with dead reeds and cattail, bordered bywsl From the bench, the main channel
drops off steeply. There is a large pool on theosjte side of the river. Three loggers
were placed on the shallow bench, another loggerphaced in the bank of the main
channel (Figure 166, Table 24). The last logges eannected to a 3m cable and placed in
the main current. No handheld measurement was fakehis logger due to river depth
and velocity. Loggers 2-4 and 2-5 were remove8/@0/07 because the bench was dry in
that location. The temperature signal for logg& &@uld not be used after 4/3/07 because
it became exposed to air. Thus, after 4/3 thissieat had only two loggers, located in the
main channel.
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Figure 166. Transect 2 — Schematic of shallow bembelow GID diversion

Table 24. Transect 2 logger depth and water tempeture at deployment

Logger ID | Depth (m)| Water Temperature (Q)
2-4 0.1 7.3
2-3 0.13 7.3
2-5 0.05 8.3
2-2 0.56 7.3

Results from logger 2-4 was removed from the dataseause it was strikingly
less variable that the other loggers in the trangadicating it may have become covered
in sediment. Generally, loggers 2-1 and 2-2 wesaly identical, and most temperature
differences were from loggers 3 and 5 (Figure 16#)ere is negligible difference in
maximum water temperature after loggers 2-3, 23d,5 were removed in mid-April.
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Figure 167. Transect 2 upper, lower, and differerein maximum daily water temperature
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Figure 168. Transect 2 water temperature by loggeposition and month

Transect 3

Transect 3 was a deep-channel site with a stedplbeated approximately 200
yards downstream of transect 2. Chinook redds baeea observed at this site (C. Jeffres,
pers. comm., 12/2006), indicating possible spawhiggjtat for coho salmon. Due to the
depth, only three loggers were installed at thes @tigure 169). Loggers 3-3 and 3-2 were
connected to the bank wall (Table 25), and logg&mas connected to a 3m cable staked

5

T
1
1

to the bank and set in the channel.

2 3
Position
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Figure 169. Transect 3 — Schematic of deep chanrmlow GID d

Table 25. Transect 3 logger depth and water tempature at deployment
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Figure 171. Transect 3 water temperature by loggeposition and month

Transect 4

Transect 4 was in slow moving water where the chbgradually deepens,
creating a margin at river right of relatively dbat habitat. At that site, the thalweg is
closer to the left side of the channel (Figure 17Phe temperature transect was installed
in an area with few shrubs, although shrubs weeegnt immediately upstream and
downstream of the site, and herbaceous vegetasmwesent at the site in spring.
Loggers 4-4 and 4-3 were on short cables neantkeank, and loggers 4-2 and 4-1 were
connected to 1.5m and 3m cables respectively aawkglin the main channel (Table 26).
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Figure 172. Schematic of transect 4 - deep chanrt&bitat, and transect 5 — shallow bench near side
channel 1

Table 26. Transect 4 logger depth and water tempature at deployment

Logger ID | Depth (m)| Water Temperature (C)
4-4 0.13 10.3
4-3 0.36 8.7
4-2 -- 10.5 (approximate location)

Results from loggers 4-4 and 4-2 show a muted teatyoer signal, suggesting
these devices were covered in sediment in the loacitglconditions at this site. Average
difference in daily maximum water temperature altragsect 4 was 3°8 (Figure 173).
However, there was no discernable pattern relatingéeature difference to logger
position or distance from shore (Figure 174).
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Figure 173. Transect 4 upper, lower, and differenein maximum daily water temperature, and times
devices were downloaded and replaced
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Figure 174. Transect 4 hourly water temperature, Une 1 - June 22, 2007
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Figure 175. Transect 4 water temperature by loggeposition and month

Transect 5

Transect 5 was approximately 50m downstream o#isitear the end of the dirt
road leading to GID. This site was a shallow backna¢ach with a steep drop-off to the
main channel of the river, where the current inaedg&igure 172). The backwater
appears to be an inlet for a side channel when sitagye is high, and may receive
subsurface flow under some conditions. Dead vegetatind some logs and stumps
occupied the backwater. Four loggers were deployadine across the bench, and the
shallow edges of the backwater were frozen at the tihdeployment (Table 27). Logger
5-1 was connected to a stake on a 3m cable anddplatiee main channel. Loggers
placed on the bench farthest from the river (5-3, &nd 5-5) became exposed to air in
March, after which only two loggers recorded watergerature in this transect.

Table 27. Transect 5 logger depth and water tempature at deployment

Logger ID | Depth (m)| Water Temperature (C
5-5 0.16 5.7
5-4 0.16 9.4
5-3 0.08 10.7
5-2 0.28 10.1

)

Transect 5 had a modest amount of thermal varighitnen all five loggers were
submerged from 1/28 to 3/9, 2007 (Figure 176). iB&@gg on March 10, the three loggers
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located on the floodplain became exposed to airtlaosk records were removed. From
mid-March to mid-April, the remaining two loggers werearly identical. Beginning
April 17, the two remaining loggers have drasticdifyerent temperature patterns and
timing (Figure 177). Most likely, logger 2 was gdal in very shallow water (especially
during low river stage periods), and was more semsit air temperature and solar
radiation than logger 1.
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Figure 176. Transect 5 upper, lower, and differerein maximum daily water temperature, and times
devices were downloaded and replaced
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Figure 177. Transect 5 hourly water temperature, Une 1 - June 22, 2007
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Figure 178. Transect 5 water temperature by loggeposition and month

Transect 6

Transect 6 is located in a shallow portion of rigkemg the inside curve of a
meander bend (it is also near UC Davis’ transekt #8e thalweg is near the opposite
side of the channel at the outside of the meantree loggers were attached to short
cables in a line, and a fourth was attached to @ éable near the thalweg (Figure 179 and
Table 28).
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Thalweg

Figure 179. Transect 6 — Schematic of shallow innehannel near UC Davis’ cross-section #8

Table 28. Transect 6 logger depth and water tempature at deployment

Logger ID | Depth (m)| Water Temperature (C)
6-2 0.41 8.2
6-3 0.23 8.2
6-4 0.25 8.2

Transect 6 was one of the most interesting traadmatause thermal variability
along the transect increases into the summer md@hitpgre 180). Logger 2 has less
variability than the other loggers and is primar#gponsible for this effect (Figure 181).
Transect 6, in shallow water habitat, is more likblgn deep water transects to have small
lateral temperature differences, especially afteydplains and other distinct habitat
features have dried for the season. However, tHativersity occurring in summer that
increases maximum water temperature, but that dopvide cooler habitat in winter
and spring, is likely to be of little use to salmeomd may reduce overall habitat quality.

193



Maximum Water Temperature, C

Figure 180. Transect 6 upper, lower, and differenein maximum daily water temperature, and times
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devices were downloaded and replaced

24
22 /\\ /\\ A A —
g 24— BAIAAD i
= “ ‘\; \\ R4 \“;y \ \ | AN S \\
2 PV i A%
£ 16 \/ L
o ogger1
% 14 Logger 2
2 " Logger 3
Logger 4
10 ‘ ‘ ‘ ‘ ‘ T
7/1 713 7/5 717 719 7/11 7/13

Figure 181. Transect 6 hourly water temperature, dly 1 — July 14, 2007
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Figure 182. Transect 6 water temperature by loggeposition and month
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