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In- stream water temperature is one of the most important environmental

factors associated with the decline in salmonid populations and their habitats in the

Pacific Northwest. Most ecological restoration practices that attempt to reduce in-

stream temperatures center on replanting or reestablishing riparian vegetation and

increasing flows. However, in a large floodplain river like the Willamette, restoring

hyporheic flow may also play an important role in reducing water temperature.

The objective of this dissertation is to examine restoration practices that focus

on the reduction of water temperatures in the upper mainstem Willamette River,

Oregon, for the benefit of salmonid species. Economic information is developed to

determine the cost-effectiveness of water temperature reduction strategies. The CE-

QUAL-W2 water temperature model is used to simulate the effects of upstream
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combinations of riparian shading and flow increments on downstream water

temperatures. Costs associated with these strategies are estimated. These costs consist

of the opportunity costs of losing agricultural production, and losing recreation due to

flow releases from up-stream reservoirs. The effectiveness of each strategy in reducing

water temperature and the associated costs are used to construct a cost-effectiveness

frontier.

The results indicate that the cumulative effects of shading and flows have little

impact on temperature reduction downstream. Even when maximum available

resources are allocated to investments in shade and flow increases they cannot lower

summer water temperatures sufficiently to meet the state water temperature standard.

However, the restoration practices selected from the cost-effectiveness frontiers

method do provide ranges of achievable temperature reductions at minimum costs.

These results are thus useful management tools when selecting policies to pursue

water temperature goals.

Hyporheic temperature reduction is also examined. Restoration practices

associated with this type of cooling are done through removal/reconnection of the

obstacles that are necessary to allow the process of re-creating dynamic channel

complexity. The observed significant reduction of summer water temperatures

associated with channel complexity indicates that this approach is more flexible in

reducing temperature than approaches that rely on flow increments or/and shade.

Although the costs associated with the hyporheic approach are substantial, the effects

of such a long-term ecological improvement of floodplain habitat may substantially

benefit salmonid populations.
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Economic Analysis of Restoration Practices to Improve Water Quality and Fish
Habitat of a Large River Floodplain: A Case Study of the Wifiamette River,

Oregon

Chapter 1

Introduction

1.1 Introduction

Historically, the Willamette River basin has been the center of social and

economic development for the state of Oregon. About seventy percent of Oregon's

population lives in this basin, and three-quarters of Oregon's economic output is

derived from various activities in the basin (Willamette Restoration Initiative (WRI),

2001; Willamette River Basin Task Force, 1997). However, after a period of almost

150 years of increasing social and economic benefits to inhabitants of the basin, there

are signs of decline in the quality of life of the region (WRI, 2001). These declines

include changes in the diversity of river and floodplain landscapes, a degradation of

river water quality, a widespread increase of invasive plants and animal species, and

the disappearance and decline of many native plants and animal species in the basin

(WRI, 2001).

Among these changes, an important public policy concern in this region is the

decline of salmon and other native fish runs Salmon have played an important

economic, cultural, and religious role in the Pacific Northwest for centuries. Healthy

fish populations are also often viewed as the keystone feature of a healthy river

ecosystem. A healthy ecosystem, in turn, plays an important role in the health of other
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species that live in the river basin, including humans. This concern has motivated

local, state, and federal agencies, as well as private organizations, to set restoration as

a goal for a healthy river and watershed for salmon and other species. For example, the

establishment of the Oregon Plan for Salmon and Watersheds in 1997, and the

Willamette Restoration Initiative (WRI) in 1998 by Governor John Kitzhaber, resulted

in the development of a comprehensive basin-wide strategy, the Willamette

Restoration Strategy, to protect and restore fish and wildlife habitats.

Causes for the decline in salmon and other native fish species in the

Willamette River basin have been identified in numerous studies (e.g., Altman et al.,

1997; Gregory and Bisson, 1997; Willamette River Basin Task Force, 1997; Martin,

1999; WRI, 2001). Most of these studies point to the deterioration in water quality and

fish habitats as important factors in the decline of salmon and other native fishes in

this region. WRI (2001) reports that runs of native spring chinook salmon in the

Willamette basin have declined from historic levels of around 300,000 to recent levels

of 3,000. Many other native fish species face similar declines from historic levels.

Four native fish species, the Oregon chub, bull trout, spring chinook salmon, and

winter steelhead have been listed under the federal Endangered Species Act.

Many restoration strategies, management plans, and implementation plans

have been proposed by various agencies and organizations to solve the problems of

water quality and fish habitat degradation in the Willamette River (e.g., the Pacific

Northwest Ecosystem Research Consortium (PNW-ERC), Oregon Biodiversity

Partnership, Forest Legacy Program, Oregon Wetlands Joint Venture, Willamette



3

Valley Livability Forum, and the state of Oregon). As recommended in the WRI '5

report, strategies for restoration need to apply a new understanding of floodplain

functions, manage riparian areas, address water quality and flow to maintain

stream/river channels, as well as consider land stewardship.

Many management plans and activities that relate to the restoration of the

Willamette River basin have been developed by the organizations mentioned above.

However, none of these studies have attempted to choose the optimal activities and

resources to be used in each management plan. In particular, economic information

has not been integrated into these restoration plans. More interdisciplinary information

is needed in these management plans to support policymaking, especially the linkages

among biophysical and ecological information, and economic information.

The objective of this dissertation is to provide some of the additional

information needed to develop a rational management policy for solving the problems

of water quality deterioration and fish habitat loss in the Willamette River.

Specifically, economic and ecological information will be used to assess the efficiency

of various restoration plans. Information on restoration costs, resulting ecological

benefits, and the tradeoffs of proposed actions or strategies in each management plan

are needed to provide guidance to policy makers when considering future investments

in ecosystem management in the Willamette basin.
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1.2 Scope of study

Most restoration practices have focused on small streams or tributaries in the

Willamette River basin. Although information on small streams is necessary, few

restoration practices have focused on the mainstem Willamette River. For example,

large scale restoration management, such as the reconnection of a broadened

floodplain with the main river to promote natural ecosystem processes, may be needed

since anadromous salmonids use the mainstem Willamette River for rearing and

migrations. However, a large flood plain, extensive land use activities along the

mainstem, and large-scale private land ownership in this area, make restoration efforts

at this scale very complex. In view of the lack of policy information on the mainstem

of the Willamette River, it is selected as the study area for this dissertation.

Water temperature is selected as the parameter for quantitative measurement of

an effective restoration policy proposed in the study area. This is motivated by current

regulatory interest. Specifically, the U.S. EPA is in the process of setting regional

water temperature guidelines to help the state of Oregon determine an appropriate

water temperature standard to sustain healthy populations of native salmonids. In

addition, the Oregon Department of Environmental Quality (ODEQ) is developing

Total Maximum Daily Loads (TMDLs) to address concerns regarding high water

quality and threatened and endangered species in the Willamette River basin. TMIDLs

will specify the maximum amount of each pollutant that a waterbody can receive

without exceeding water quality standards. Water temperature is one of the primary

water quality parameters of concern in the TMDL development (ODEQ, 2000). There
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is also a water temperature model from the ODEQ with which to perform management

analyses.

Water temperature reduction is a desirable output of every restoration project,

although the magnitude of water temperature reductions will vary, depending on the

biophysical processes of the river thermal regimes. In order to compare among

practices, one must have a target water temperature. Therefore, the effects of practices

aimed at water temperature reductions will be evaluated in terms of their ability to

meet existing water temperature standards as defined by the state of Oregon.

1.3 Objectives of the dissertation

The overall objective of this dissertation is to perform an economic analysis of

selected alternative strategies for temperature restoration of the mainstem Willamette

River to improve water quality and habitat for endangered and threatened native fish

species. The upper mainstem Willamette River is selected as the study site, and water

temperature is the key parameter to evaluate the effectiveness of the restoration

practices. The specific objectives of the dissertation are:

identify restoration practices that have the potential to decrease water

temperature and improve fish habitat;

quantify the impacts of these restoration practices on water temperature;

estimate the economic costs of reducing water temperature associated with

these restoration practices; and
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temperature targets at minimum costs

1.4 Background

1.4.1 Study area

The Willamette River basin is located in northwestern Oregon. The basin is

bounded on the east by the Cascade Mountains, on the south by the Calapooia

Mountains, on the west by the Oregon Coast Range, and on the north by the Columbia

River. The basin comprises an area of approximately 11,741 square miles, or about 12

percent of the area of Oregon (Altman et al., 1997). There are 13 U.S. Army Corps of

Engineers reservoirs on major tributaries; and collectively they store 2 3 million acre-

feet of water. These reservoirs control flooding and provide other benefits to various

activities in the basin (e.g., hydroelectric power, navigation, irrigation, recreation,

water supply, in-stream use for fish and water quality) (Altman et al., 1997). The basin

supports most of the state's population (about 70 percent of Oregon's total population),

the state's largest cities, and many major industries. It also contains some of Oregon's

most productive agricultural lands and supports nationally and regionally significant

fish, wildlife, and plant species (ODEQ, 2002; WRI, 2001).

The mainstem Willamette River is formed by the confluence of the Coast and

Middle Forks near the cities of Eugene and Springfield. The river flows northward for

187 miles through a large alluvial floodplain of the Willamette Valley (approximately

6
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3,500 square miles) before entering the Columbia River near Portland (Altman et al.,

1997). It is the tenth largest in the conterrninous United States based on average

annual flow (Altman et al., 1997; Sedell and Froggatt, 1984). Mean annual flow at

Albany gage is approximately 400 m3/second (Dykarr and Wigington, 2000). Most of

the flow in the Willamette River occurs during the period November to March as a

result of persistent winter rain and spring snowmelt. Summer and fall low- flow

periods are significantly affected by reservoir operations About 35 percent of the

annual runoff is from snowmelt, either directly to the stream or indirectly through the

ground-water system (Laenen and Bencala, 2001).

The mainstem Willamette River is characterized in terms of four reaches based

on hydrologic and physical channel characteristics (Altman et al., 1997). The reaches

are the Headwater Reach or Upper River (from kM 187 near Eugene to RIVI 131,

Corvallis), the Salem Reach or Mid-Valley (from kM 131 to kM 60, the Newberg

Pool), the Newberg Pool (from RM 60 to RIvI 26.5, the Willamette Falls), and the

Tidal Reach (from RM 26.5 to the Columbia River) (Figure 1.1).

The Headwater Reach or Upper River is the primary focus of this dissertation.

This portion of the river has higher gradient with a wide floodplain. The river is

characterized as a complex system of meandering and braided channels containing

numerous side channels and islands (Gregory et al., 2002a; Hughes and Gammon,

1987).
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1.4.2 Fish and habitat concerns

The decline of native fish species is a major concern throughout the Pacific

Northwest. Fishes are considered an important indicator of the health of an ecosystem.

If fish populations decline, it implies adverse environmental conditions in streams and

rivers. Fish resources have also played a major cultural role in the lifestyle and

economy of the Willamette basin since Native American settlement of the area (WRI,

2001; Altman et al., 1997). Anadromous salmonids are considered the most valuable

fish in the Willamette basin in terms of commercial, sport, and cultural fisheries. The

mainstem Willamette River near Portland provides recreational fishing to a major

metropolitan population for many resident fishes and anadromous salmonids,

including steelhead trout and salmon. The mainstem Willamette River, especially

below the Willamette Falls, also provides the largest recreational spring chinook

salmon fishery in the state (Altman et al., 1997). Most salmonids, including chinook

salmon and steelhead trout, spawn in the tributaries of the Willamette River and use

the mainstem river for rearing and migration habitats (Altman et al., 1997).

The decline of many native fishes in the Willamette River has been widely

recognized by the public. Details of this decline can be found in numerous reports

(e.g., Altman et al., 1997; Willamette River Basin Task Force, 1997; Martin, 1999;

ODEQ, 2000; USACE and R2 Resource Consultants, 2000; WRI, 2001). This

discussion only summarizes the primary causes of decline in the mainstem.
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Water quality has declined, including a change in temperature patterns,

particularly in the mainstem Willamette River and lower reaches of major

tributaries (Altman et al., 1997). Much of the mainstem Willamette River and its

tributaries do not meet state water quality standards concerning bacteria, dissolved

oxygen, nutrients, pesticides, high summer water temperature, and toxin levels

(ODEQ, 2000; WRI, 2001). Current increases in pollution in the Willamette River

are primarily from non-point sources, such as agriculture and urban development,

and forest management (Altman et at, 1997).

Extensive channelization of the Willamette River by the replacement of

bank revetment and disconnection of main channel to side channels since the late

1800's has reduced river migration and, hence, the number of side channels,

sloughs, and backwater areas. Complex islands and side-channel habitats have

been lost, particularly in the mainstem Willamette River and in the lower reaches

of major tributaries. Flows formerly occupied a broad floodplain but are now

restricted to the main channel (Altman et al., 1997; Benner and Sedell, 1997;

Martin, 1999). The constriction of channels and loss of channel complexity also

contribute to a loss of ecological functions such as cooling water from hyporheic

flows. This causes a subsequent increase in overall water temperature (Fernald et

al, 2000). It is estimated that 84 percent of side channels and sloughs areas

between Eugene and Corvallis have been lost (WRI, 2001).
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(3) Another problem is the loss of riparian shade, structure, and diversity along

the mainstem Willamette River, especially in urban and agricultural areas. According

to WRI (2001), since the 1850's, there has been an 80 percent loss of the riparian

forest along the upper and lower Willamette River. A major loss of wetland habitat

and floodplain vegetation has caused losses of summer rearing diversity, food sources,

cool water sources for summer rearing, and flow moderation (Martin, 1999). The

amount of large wood is also declining as a result of decreases in riparian area and

removal of old debris (Sedell and Froggatt, 1984; Benner and Sedell, 1997; Gregory

and Bisson, 1997).

1.4.3 TMIDL temperature development

Water temperature is one of the most frequently violated parameters for the

state water standards throughout the basin (ODEQ, 2003a). According to the 2002

(303 (d)) Oregon stream list,' the entire Willamette River and most major tributaries

are listed as "iiiipaired waterbodies" for summer water temperature standards.

Figure 1.2 shows the percentage of times the summer water temperature values

exceeded the state standard in several locations on the mainstem Willamette River.

These consistently high water temperatures may have negative impacts on the health

of salmonids that use most the mainstem river for rearing and migrating habitats.

1 Section 303(d) of the Federal Clean Water Act required each state to develop a list of water
bodies that do not meet standard and submit this list to the U.S. EPA for approval every two
years (ODEQ, 2003 a).
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The Oregon Department of Environmental Quality (ODEQ) is in a process of

establishing Total Maximum Daily Loads (TMIDLs) to address the temperature

problems as well as to comply with the Federal Clean Water Act and the Endangered

Species Act.2 Once the TMIDLs for temperature are established, a temperature

restoration plan will be implemented to ensure that the water temperature standard is

met, and the beneficial uses of cold water salmonids are protected.

Water temperature in the Willamette River is significantly altered by various

human activities such as changes in reservoir operation and river flow regimes,

channel characteristics, riparian shade, point sources, water withdrawals, etc. (ODEQ,

2000; ODEQ, 2001). The goal of establishing TMDLs is to mitigate temperature

increases resulting from these anthropogenic activities; therefore, evaluation of the

potential influences of these factors on water temperatures, as well as economic

information in this dissertation will be useful for the development of the TMIDL

management plan for temperature restoration in the Willamette River.

2 The federal Clean Water Act (303 (d) lists requires that TMDLs be developed to address
water bodies that do not meet the quality standards. A TMDL is the total amount of a pollutant
that can enter a water body without violating the water quality standard for that pollutant
(ODEQ, 2003b).
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1.5 Organization of the dissertation

The remainder of this dissertation is organized as follows. Chapter 2 reviews

the literature related to factors influencing fish populations, as well as potential

restoration practices associated with the reduction of water temperatures. It also

reviews economic information and studies related to the design of a framework for

policy decisions. Chapter 3 describes the study processes and methodology. Chapter 4

discusses water temperature models used in this dissertation. Chapter 5 presents

185 161 131 119 84 71.9 48.6 34.4 13.2 7

River mile

Percent summer water tenerature exceeding standard is calculated from individual grab
samplings from 1985-1995 by the ODEQ.

13
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results and discussion from the simulation analyses preformed here. A summary of the

major findings is presented in the final chapter (Chapter 6).



Chapter 2

Literature Review

The focus of the first section of this literature review is to review some of the

major factors influencing fish populations. In the Willamette River they are water

temperature, riparian condition, flow, and floodplain habitat. The second section (2.2)

focuses on restoration practices that can improve water quality and fish habitat,

especially those practices addressing problems of water temperature. The last section

(2.3) reviews economic information and studies related to policy decisions necessary

to implement these restoration practices. The review in each section provides insight

into constructing an assessment framework for this research.

2.1 Factors influencing fish populations

In general, the necessary habitat or stream conditions for healthy fish

populations vary depending on species, life cycle, and migration patterns (Bjornn and

Reiser, 1991; Schiosser, 1991). Salmonids, for example, utilize the habitat of fluvial

systems in various ways. Adult salmon returning to their natal streams need suitable

stream discharges, water temperatures, dissolved oxygen, food, stream substrates and

cover, among other habitat conditions, for their upstream migration and spawning.

Incubation of embryos, rearing of juveniles, and downstream migration ofjuveniles to

large rivers and oceans also require suitable habitats to sustain salmon growth and

15
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survival (details of habitat requirements for salmonids of the Pacific drainages of

North America can be found in Bjornn and Reiser (1991)). This review highlights

some of the necessary stream conditions, and these will be used for construction of the

restoration practices in this dissertation.

2.1.1 Water temperature

Most cold-water fishes, especially salmonids, are sensitive to water

temperature variations at every stage of their life cycle. Water temperature influences

the distribution, health, and survival of these fishes. High water temperatures alter the

timing of migrating and spawning, delay egg maturation, limit incubation success, fish

growth, and food availability, and impair the ability ofjuveniles to avoid predators

(Bjornn and Reiser, 1991; Hostetler, 1991). Suitable water temperatures that can

sustain the survival of salmonids vary depending on species and an individual's life

stage. Water temperatures must also be well distributed at appropriate locations and

times of the year. Table 2.1 shows thermal condition requirements at various life

stages of anadromous salmon in the Pacific Northwest (this does not include the Bull

Trout, a salmonid species relatively intolerant of warm water). These temperature

conditions are from a summary report submitted to the Policy Workgroup of the EPA

Region 10 Water Temperature Criteria Guidance Project by the Water Temperature

Criteria Technical Workgroup (2001).

It should be noted that water temperature conditions (suitability/or impairing)

for various life stages of salmonids and other fish species found in field observations
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in rivers and streams will be different from those in laboratory observations (as shown

in Table 2.1). Several studies (e.g., Hahn, 1977; Hughes and Davis, 1986; Glova,

1986) found that in field observations, various environmental factors, such as seasonal

variation of thermal regime, habitat diversity (pool, riffles, space and cover), and food

availability, influence the responses of salmonids to water temperatures. Therefore, the

management of stream water temperature for fish suitability needs to incorporate a

broad range of biological and physical characteristics of fish habitats.

Table 2.1 Estimates of thermal conditions for various life stages and bologica1
functions of some anadromous salmonids in the Pacific Northwest 1 2

Common summer habitat use
Lethal temperatures (one week exposure)
Adult migration
Swimming speed
Disease rates
Spawning
Egg incubation
Optimal growth
Smoltification

Note:

'- The data presented in Table 2.1 are from a summary report submitted to the Policy
Workgroup of the EPA, Region 10, Regional Water Temperature Criteria Guidance Project,
by Water Temperature Criteria Technical Workgroup (2001).

2J These results are primarily from laboratory settings for individual fish response to various
water temperatures. The numbers do not represent rigid thresholds; rather they represent
temperatures above which adverse effects are more likely to occur (Water Temperature
Criteria Technical Workgroup, 2001).

10-17
Adults: >21-22; Juveniles :> 23-24
Blocked >21-22
Reduced :> 20; optimal: 15-19
Severe:> 18-20 C; Elevated: 14-17
Initiated: 7-14
Optimal: 6-10
Unlimited food: 13-19; Limited food: 10-16
Suppressed:> 11-15

Consideration Temperature, °C
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In Oregon, the ODEQ has the responsibility for implementing the majority of

federal legislation, policies, and guidelines of the Clean Water Act, which requires

protection of all public waters. The Oregon water quality standard for temperature is

the numeric criteria designed to protect beneficial uses that are sensitive to water

temperature. Aquatic life uses, including cold-water salmonid spawning and rearing,

are recognized as the most sensitive to water temperature (ODEQ, 2003c).

The maximum stream temperature permitted in streams and rivers in Oregon

varies by basin. These values vary between 10°C (50°F) for water that supports

Oregon Bull Trout, 12.8°C (55°F) in water that supports salmon spawning and egg

incubation, and 17.8°C (64°F) for the general statewide standard. In the mainstem

Willamette River, used primarily for rearing and migration by most juvenile

salmonids, the maximum water temperature criteria is set at 17.8°C (64°F), except in

the lower portion of the mainstem Willamette River (the first 50 miles from mouth of

the river) which is allowed to be at 20°C (68° F) (ODEQ, 2003c). It was found that

current sumi-ner water temperatures in the entire mainstem Willamette River exceeded

the state water temperature standard, and the river is listed as "water temperature

limited" under the 2002- 3 03(d) list of impaired waters in Oregon (details in Chapter

1). The warming of water temperature may have negative impacts on aquatic

organisms, particularly cold-water fish species. As a result, action to reduce water

temperature is under consideration, especially through the TMDL plan (ODEQ,

2003b).
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2.1.2 Riparian condition

Riparian areas, stream flows, and floodplain functions closely interact with

each other in aquatic ecosystems. These factors play a major role by influencing the

quality of habitat for salmonids and other fishes. A riparian area is an ecotone

resulting from an interaction of biological, chemical, and physical components in

terrestrial and aquatic ecosystems linked by fluvial processes. The development of

riparian plant communities associated with the valley floor results from both fluvial

and upland processes. The fluvial surfaces include channel islands and bars, channel

banks, floodplains and lower terraces (Gregory et al., 1991; Goodwin et al., 1997).

Healthy functioning riparian ecosystems provide benefits to many aquatic and

wildlife species. These functions include stream bank stabilization and resistance to

erosion, filtering and buffering of excessive suspended solids to reduce pollutants and

improve water quality, providing migration corridors habitats, shade which cools

water in the summer, nutrients and food (e.g., organic matter), and cover and shelter

for aquatics and other wildlife species (Beschta et al., 1987 and 1991; Bilby, 1988;

Budd et aT., 1987; Gregory et al., 1991; Murphy and Meehan, 1991; Naiman et

al., 1998).

Riparian areas, often called "riparian zones" or "buffer zones", define some

arbitrary distance measured from the water's edge. Widths of riparian zones for

restoration approaches vary widely depending on the focus of a specific riparian

restoration activity and the availability of resources. Alan and Ryba (1992) reviewed

the buffer widths recommended by thirty-eight separate investigators in various places
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to maintain major riparian functions (e.g., sediment removal, nutrient reduction, and

control of water temperature through shading). These widths ranged from three to two

hundred meters. However, for the objective of shading, the widths ranged from ten to

forty-three meters. Beschta et al. (1987) recommended that the effect of shading on

riparian zone depends on a number of factors, such as species composition, age of

stand, and density of vegetation. A buffer width of thirty meters or more generally

provides the same level of shading as that of an old-growth stand.

The width of a buffer strip is also dependent upon the rules and regulations of

different governmental jurisdictions. There are often different standards for protection

levels between federal, state, and local governments. Alan and Ryba (1992) reviewed

buffer widths required by various jurisdictions across the United States and Canada.

They found that required buffer distances vary from six to three hundred meters.

In Oregon, the width requirement for forestland buffer strips in both the public

and private sectors, depends on stream size and beneficial use (Oregon Department of

Forestry, 1991). Buffer widths designed specifically for fish use range from 50 feet

(15 meters) in a small stream, to 70 feet (21 meters) in a medium stream, and 100 feet

(30 meters) in a large stream.'

2.1.3 Stream flow

Although the riparian forest is the major determinant of species diversity and

ecosystem functions, the composition of the riparian forest itself is determined by the

1

The sizes of stream are determined by an average annual stream flow; large stream, >10
feet3/s; medium stream, 2-10 feet3/s; and small stream, <2 feet3/s.
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river floodplain landscape created by stream flow or discharge in the fluvial systems

(Sedell et al., 1989). River flow also directly influences the survival of salmon. Gibson

and Myers (1988) studied the effects of winter and summer river discharge on the

survival ofjuvenile Atlantic salmon in Newfoundland. They found a positive

relationship between flow variations in each season and the survival of fish in most of

the study rivers. Kraft (1972) studied the effect of controlled flow reductions on trout

streams in Montana and found that a reduction in water flow resulted in a decrease in

the number of fish in both riffles and poois. Studies that examine the relationship

between flow and the abundance of fish have been done for years. The findings yield

similar results as the studies of Gibson and Myers (1987) and Kraft (1972).

Hill et al. (1991) and Petts and Maddock (1994) identified various natural

phenomena necessary to maintain and manage stream flows beneficial to fish species:

1) over bank flows that inundate riparian and floodplain areas; 2) flood flows that

form floodplain and valley features; 3) in-channel flows that sustain the functioning of

the in-steam system; 4) in-channel flows that meet critical fish requirements,

especially during the summer season and dry weather years; and 5) surface-water and

ground-water interaction and exchange processes. Poffet al. (1997) also recognized

that a natural flow regime is important for the management of river ecosystems. They

determined that the magnitude, timing, frequency, duration, and rate of change of the

natural flow plays a major role in the development of native biodiversity and

ecosystem integrity, especially in river floodplain ecosystems. Therefore, knowledge
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of these necessary flows as well as management approaches that favor a natural flow

regime are often considered necessary for any successful restoration policy.

Flows have been managed to improve salmonid habitats for many years. Flow

control is a fundamental tool of many habitat management approaches (e.g., the In-

stream Flow Incremental Methodology, IFIM). Numerous studies have examined the

relationship between fish production, flow, and water temperatures, and then used

these relationships to construct habitat models that can be used for fishery

management (e.g., Bartholow et al., 1993; Connor et al., 1998; Giorgi et at., 1997;

Williamson et al., 1993). For example, Bartholow et al. (1993) used a freshwater

salmonid population dynamic model to simulate the relationship between physical

habitat, carrying capacity, and salmonid production in the Trinity River, California.

Flow regimes were evaluated using this model, and the results found that the best

regime was a low flow during early spawning, a stable medium flow during most

active spawning, a variable flow during fry emergence, and a high flow thereafter.

2.1.4 Floodplain habitat

Riparian habitat, stream flow, channel formation, and the floodplains of large

rivers have received relatively little study compared with small streams (Johnson et

al., 1995). However, it is known that flood regime (e.g., flood pulse) is the primary

factor in lateral interactions between river and the floodplain. Floodplain and flood are

now regarded as essential components of a fluvial system (Junk et al., 1989; Sedel! et

al., 1989). A broadly meandering and multi-channeled river with a large floodplain
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and regular natural flooding create excellent habitats (e.g., wetlands, oxbows, lakes,

sloughs, and alcoves) for supporting fish and other aquatic life. A large river with

greater diversity in both its channel and floodplain is more likely to support more

biological productivity. From data collected worldwide, Bayley (1995) discussed a

comparison of fishery yield, or biomass, between the natural floodplain areas (regular

flooding), and areas that have a stable water level. He concluded that fish yields were

higher in river floodplains, including individual temperate floodplain lakes, which

were connected to the river. A summary of various studies associated with five critical

components of natural flow regimes (magnitude, frequency, duration, timing, and rate

of change) on floodplain and fish production can be found in Poff et al. (1997).

Recently, there has been increasing recognition of the importance of the

transition or "exchange" zone between groundwater and surface water in river

ecosystems. The saturated zone beneath the streambeds and banks, which contain

some proportion of channel water, is often called the hyporheic zone (Boulton et al.,

1998; Gilbert et al., 1990). In alluvial rivers, the ecological functions of the hyporheic

zone provide many benefits that support fish and other aquatic species (Gardner, 2000;

Gilbert et al., 1990; Boutlton et at., 1998; Brunke and Gonser, 1997; Standford and

Ward, 1993). These benefits include; 1) providing an unique habitat, food base, and

refuge from predators; 2) providing natural attenuation and removal of contaminants

(e.g., nutrient transformation, chemical buffering and sediment removal) to improve

water quality; 3) providing suitable temperatures for fish (e.g., cool water in summer,

and relatively warmer water in winter); 4) bringing oxygen-and nutrient-rich water
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into a system (e.g., downwelling water, and upwefling water processes); and 5)

reducing peak flow flooding by acting as a temporary reservoir to store flood waters

which are then slowly released downstream.

Geist (2000) found that spawning sites of fall chinook salmon in the Hanford

reach of the Columbia River correlated highly with hyporheic discharge. Hyporheic

discharges are partly influenced by river water, which in turn influences the sediment

deposition processes. In the Columbia River, hyporheic discharges created a more

permeable substrate in the spawning areas than in the non-spawning areas. Hyporheic

water that discharged into permeable spawning areas had a greater volume of

dissolved oxygen than that discharged into non-spawning sites. His findings suggest

that physical and chemical layers between the hyporheic zone and the river might

provide cues for adult salmon when determining a suitable area to spawn.

Several studies focused on stream temperature patterns and observed the role

of hyporheic flows in modifying steam temperature. For example, Story et al. (2003)

examined downstream cooling of water temperature in two small shaded reaches

located downstream of forestry activity during July and August in British Columbia.

Up to a 4°C daytime cooling of water temperature occurred downstream in both

reaches over distances of 200 meters. In one reach, they found that as the majority of

flow from the upper stream was lost by infiltration, the remaining low flow would cool

as it mixed with the ground water inflows. This mixed flow had a significant effect on

reducing the daily maximum water temperature downstream. However, in the other

reach (more stable upstream flow); they found that ground water inflow was not the
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major influence in cooling downstream water temperature. Instead, a major cause of

downstream cooling was from bed heat conduction and hyporheic exchange (30

percent of cooling was from ground water inflow, and 60 percent was from bed heat

conduction and hyporheic exchange.

Several factors influence the hyporheic exchange processes (e.g., geomorphic

feature, gradient, sediment size, river size and flow volume, etc.). Kasahara and

Wondzell (2003) examined the role of geomorphic features that control hyporheic

exchange flows in small mountain streams. The influences of stream size and channel

constraints were examined and compared among four stream reaches. Within each

stream reach, the influences of pool-step or pool-riffle sequences, channel sinuosity,

secondary channels, and channel splits were also examined. It was found that the

amount of hyporheic exchange flow and the residence time of water in hyporheic

zones were strongly controlled by the channel morphologic features and varied with

stream size and channel constraints.

A recent report on hyporheic exchange flows in relation to the geomorphic

features of the river and river water temperatures in the Umatilla River floodplain of

Daniel (2003) found that there are significant hyporheic flow influences on

downstream water temperature and high rates of hyporheic exchange are associated

with cooler water temperature. He also found that water temperature increased once it

flowed through the engineered channel reach. He concluded that channel engineering

has reduced the exchange rates of hyporheic flows and caused an increase in river
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water temperature. The results suggested that restoration of channel features is an

important consideration in management of river temperature.

Few hyporheic studies have been done on a large river system like the

Willamette River, especially the role of hyporheic effects on a river's water quality

and ecosystem. This may due to the complexity of river-floodplain systems and the

difficulty in quantitative measurement. Laenen and Bencala (2001) and Fernald (2001)

performed dye-tracer studies on several reaches of the mainstem Willamette River.

Both studies found prominent hyporheic flow processes along the study reaches.

Results from these studies lead to the conclusion that in a large river system, the

hyporheic exchanges are significant.

Fernald et al. (2000) studied hyporheic process effects on water quality in the

mainstem Willamette River by using a dye tracer during the low-flow season. The

results indicated that hyporheic flows are greatest in areas where the river is able to

move within the active floodplain and where there is deposition of porous gravel

alluvium created by river-channel meandering. Their findings also indicated that a

large percentage of total river flow passes through deposition bars (e.g., point bar and

mid-channel bar). In addition, hyporheic water quality, such as water temperature,

dissolved oxygen, and ammonium at alcove sites, changes relative to the main

channel, and these changes are significant in alcove areas with fast flow rates in gravel

and sand bars. The results suggest that hyporheic flow has important effects on alcove

aquatic habitats and has the potential to influence overall river water quality,

especially river water temperature.
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2.2 Restoration practices associated with reductions in water temperatures

Attempts to control point-source pollution under the Clean Water Act over the

past two decades have been generally successful. As a result, water quality in many

rivers and streams in the nation has improved. However, aquatic plants and animals

continue to suffer because major non-point pollution sources, especially from land use

practices in floodplains and watersheds surrounding rivers and streams, are still

contributing to the degradation of water quality and fish habitat. Recently, a

restoration approach endorsed by many scientists, the "Ecological Restoration

Approach", has been suggested as an effective restoration tool to handle the problem

of non-point source pollution.

As defined by the National Research Council (1992), ecological restoration is

a process of repair of chemical and physical damage caused by humans to a pre-

disturbance condition; it is designed to ensure that the dynamics of a natural

ecosystem process are again operating efficiently. Strengthening the structures and

functions of a system through restoration will help increase the system's tolerance to

stressors that lead to environmental degradation, thus resulting in improved water

quality and aquatic terrestrial habitats (U.S. EPA, 1996). Three general categories of

restoration techniques have been identified: 1) in-stream techniques; 2) riparian

techniques; and 3) upland, or surrounding, watershed techniques. These restoration

approaches can be applied in conjunction with traditional practices (e.g., point-source

pollution controls) to reduce the impact on aquatic ecosystems and maintain stream

integrity. According to Kauffman et al. (1997), the degradation of habitat ecosystems
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as a result of human activities is almost always a basin-wide problem; therefore

riparian restoration should be conducted at the watershed or landscape scale.

Kauffman et al. (1997) also recommended two categories of restoration techniques at

the watershed scale; passive restoration and active restoration. Passive restoration

refers to those situations in which the natural ecosystem is capable of self-recovery

after human activity has ended. Active restoration focuses on biotic manipulations

(e.g., reintroduction of beavers or native plant species). A commonly proposed

technique of active restoration is vegetation planting. In selecting any appropriate

ecological restoration techniques, it is important to identify the causes of the problem

which are associated with the activities in the watershed.

Water temperature is a limiting factor for much aquatic life, especially native

salmonids. Water temperature affects salmonid distribution, health, and survival.

Water that is too warm can cause direct mortality, and it influences their abundance

and well-being by controlling their metabolic processes (Bartholow, 1991; Hostetler,

1991; Poole and Berman, 2001). An increased water temperature also increases some

chemical toxins, such as un-ionized and reduced dissolved oxygen concentrations

(U.S. EPA, 1996). Efforts to decrease water temperature contribute to a decrease in

these and other pollutants and improve overall water quality. There are many ways to

manage water temperature (as recommended by the U.S. EPA 1996) including;

replanting trees and bushes along stream banks, restoring stream geomorphology

(width, depth, undercut bank, etc.) to reduce excessive solar warming, and regulating

dam operation to control temperature. However, the selection of the appropriate mix
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of such restoration practices to manage water temperature is an important policy

consideration, given that the cost and effects of these practices will vary across sites.

Additionally, to achieve restoration goals, often these methods must not only reduce

temperature, but they should also improve other aspects of fish habitat.

An example of a case study that used ecological restoration as a tool to address

the problem of water temperature is a project on the Upper Grande Ronde River,

Oregon (EPA, 1996). This project applied riparian restoration methods to decrease

summer water temperatures, which had increased substantially and suppressed

salmonid populations due to altered riparian vegetation. The first phase of this project

gathered data on riparian vegetation patterns and stream charmel morphology for use

as input into a basin temperature model. In the second phase, a temperature model was

used to identify priority locations for stream restoration by predicting stream

temperatures under various restoration scenarios. These steps are necessary to

understand the water quality and biophysical effects of restoration, but they do not

provide any guidance on a selection of the appropriation mixes of practices.

Bartholow (1991) developed a model to assess water temperatures in the lower

reaches of the Cache Ia Poudre River, Colorado. The model included several factors

affecting water temperature, such as discharges or flows, riparian shade, and channel

structure (stream width). The findings indicate that an increase in flow downstream

from proposed reservoirs would be necessary to maintain suitable summer water

temperatures throughout most of the study area, especially during periods when

current irrigation patterns reduce flows. The author further found that an increase in
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riparian shade would result in little improvement in water temperature, while

decreasing the stream width would result in significant water temperature reductions.

Bartholow's study provides insight concerning sensitivities of temperature to each

practice with the combinations varying across time and space.

A number of studies have observed and modeled how stream water

temperature is influenced by various factors, including human causes such as land use

practices, riparian vegetation, and dam operations (Bartholow, 1991; Beschta et al.,

1987; Hostetler, 1991; Isaak and Hubert, 2001). For example, Isaak and Hubert (2001)

found that stream temperature maxima in mountainous areas and gradual landscapes

were directly controlled by basin elevation, riparian trees, and cattle density. Beschta

et al. (1987) observed that removal of streamside vegetation increased summer stream

temperatures in small mountain streams. Hostetler (1991) found a significant long-

term effect of clear-cut logging on stream temperatures. Finally, Bartholow (1991)

found a significant change in summer stream temperature because of dam operations

and flow diversion.

Hyporheic restoration is another potential approach in addressing problems

related to water temperature. In a large floodplain, water temperature reduction

resulting from hyporheic flow processes can be promoted by expanding the extent of

river channel meandering (Boulton et al., 1998; Fernald et al., 2000). For example, the

removal of constructed erosion protection along a river (which may cause a decrease

in channel complexity and diversity) should be considered a crucial restoration

practice. Efforts to reconnect channels to the floodplain can also be promoted,
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social and economic purposes (Gregory et al., 1998). Reconnecting a river with its

channel and floodplain will not only promote improvements in hyporheic flow

temperature and water quality, but also provide other benefits such as retention and

storage of water (which results in reduced magnitude of peak flows), sustained base

flow, and increased habitat complexity (Boulton et al., 1997; Coulton et al., 1996).

2.3 Measurement of the economic effectiveness of restoration practices

Two techniques that are commonly used to quantify economic trade-offs, or

the relative efficiency of alternative project proposals, are cost-benefit analysis (CBA)

and cost-effectiveness analysis (CEA). CBA is frequently used to evaluate whether a

project is a reasonable and proper expenditure of funds by ensuring that its benefits

exceed its costs. Specifically, CBA compares the economic costs against the economic

benefits generated by a project. If the benefits are greater than the costs, societal

welfare is increased and the project is desirable (although it may not necessarily be the

economically optimal project). CBA can be used to select the "best" alternative by

choosing the project which generates the highest benefits over costs. However, if

several alternatives are available to achieve a given objective (meeting a specific water

quality standard, for example), the benefits are uncertain, or the calculation of

economic values or benefits is not allowed (e.g., the ESA), then CEA can be used to

calculate and evaluate the relative costs of these alternative projects. In the event that

projects provide additional benefits (not related to achieving the project goal), these

31
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benefits should be considered when comparing the costs of alternative projects. A

reduction in water temperature through an increase in riparian buffers, for example,

also provides additional benefits, such as more organic debris, sediment trapping, and

stream bank stabilization (Beschta et al., 1987). The additional benefits of decreasing

pollution downstream as a result of increased flows into the river, as well as using the

floodplain as a retention area during flood peaks, are also important considerations. To

do a traditional CBA, these additional benefits of alternative restoration options need

to be considered along with the costs of restoration.

There have been several CEA studies performed on alternative management

polices related to environmental conservation, particularity in terms of ESA listings.

Montgomery and Brown (1992) conducted a CEA for various recovery alternatives

proposed for conservation of the northern spotted owl. The opportunity costs of

various alternatives were calculated according to the economic welfare (consumer and

producer surplus) resulting from alternative uses (primarily timber harvesting) of owl

habitat. They constructed a supply curve, which relates marginal cost of options to the

probability of species survival. The authors noted that the supply or marginal cost

function provides information to identify the range of alternatives over which marginal

cost increases dramatically. However, the authors also pointed out that there is still a

need to identify all benefits of alternative use to perform a complete CEA. Some

studies apply a CEA, as well as a combined simulation-optimization framework, to

identify least-cost options of environmental management.
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One example is a study by Paulsen and Wernstedt (1995) in which they

developed an optimization model that combined the effects of two management

policies (passage and propagation) on salmon populations in the Columbia River

Basin. With this model, they calculated the cost of each restoration action to find the

least cost alternative that would meet the desired biological objectives. They were able

to construct a cost-effectiveness frontier using mathematical programming to show

several goals that could be met under the least-cost management scheme. Such

optimization tecimiques have become important management tools as they enable

economists to apply economic theory to environmental management policy designs

involving complex physical natural resource information. Several studies applied

optimization techniques when selecting the combination of resource management

method that attained the desirable objective (e g , minimum stream flow) at the least

cost or maximum benefit. These studies can be found in Willis and Whittlesey (1998),

Hickey and Diaz (1999), and Steven et al. (2002).

Two obvious but important pieces of information are needed to perform a

complete economic analysis. These are costs and benefits. Benefits are often far more

complicated and difficult to identify than costs, especially when the policies are

dealing with benefits associated with environmental improvement (in particular,

values of non-market goods and services). The following literature highlights some of

the basics of cost and benefit estimation that can be applied to restoration policies.

Adams and Cho (1998) studied trade-offs between agriculture and endangered

species in the Kiamath Basin. Using farm and lake storage models, coupled with the
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assumption that farmers adjusted to a change in water supply, they measured the

opportunity cost to agriculture under a management policy that maintained lake levels

to benefit endangered species. Two other studies, one on forgone timber harvests and

recreation value arising from land preservation in the Oregon Coast Range by Aliski

(1995), and the other on the effect of soil erosion on municipal water supply costs in

the Willamette valley of Oregon (Moore, 1985) provide examples of economic

estimation of opportunity costs.

Several studies have focused on the estimation of the benefits of habitat

restoration options associated with an increase in stream flow for fish and recreation

values. For example, Johnson and Adams (1988) studied the economic benefits of

flow levels on steelhead fishing on the John Day River. They quantified the benefits of

fishing under various water allocations by combining a fish production model with an

on-site contingent valuation analysis. This study was one of the first to link a

hydrologic model of water flow to a fish production model, and then evaluate the

relationship between the number of fish and the angler's willingness to pay for fishing.

Using this approach, an increase in stream flow can be valued in terms of monetary

recreational benefit, and then be compared to the value of water in other uses, such as

the value of agricultural irrigation.

Although recreational benefits of stream flow can be estimated in this manner,

Johnson and Adams (1988) pointed out that to estimate the value of fish production is

quite complicated. For example, they observed that there are numerous combined

factors that influence fish production, such as stream flow, riparian habitat,
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downstream passage conditions, water quality, and other ecosystem characteristics.

This suggested the need for a specific fish model for a specific river reach to ensure

accurate results. Adams et al. (1993) later developed a bio-economic model for

riverine management in the Joim Day River, Oregon. The model was used to develop

a CBA comparing the efficiency of management actions in terms of improved fish

production and habitat. A similar effort to quantify the benefits of linking economic

consequences to river management actions, as well as biological and ecological

models, can also be seen in the studies of Loomis (1987), (1988).

Investments in habitat conservation programs have been investigated in terms

of their efficient allocation of funds in several studies (e.g., Wu and Boggess (1999),

Wu et al (2000), and Wu and Skelton-Groth (2002)). These studies found that an

efficient allocation of funds must consider the cumulative effects and environmental

benefits, which depend on the threshold levels of targeted restoration sites. The results

investigated by these studies were primarily based on traditional riparian habitat

investments to reduce water temperature for anadromous fishes on streams and

tributaries in a small watershed. This dissertation investigates an investment in various

restoration practices to reduce water temperature in a large river floodplain. Based on

the geomorphic setting of a large river, the results from this dissertation may provide

useful information for decisions on selecting an appropriate restoration investment

plan that is suited to the restoration site.



Chapter 3

Study Procedures and Methodology

This chapter details procedural issues, beginning with the identification of

problems, through an examination of the potential restoration practices that could be

implemented in the study area (Section 3.1 and 3.2). Section 3.3 introduces the

methodology and models used to evaluate the effectiveness of restoration practices,

and Section 3.4 describes the economic method used for selecting restoration policy.

This dissertation aims to link interdisciplinary information derived from various

ongoing studies in the Willamette River basin.

3.1 Identifying problems

The first step of this dissertation is to identify the nature of the problems in the

study area. This is necessary to identify and design appropriate restoration practices.

Causes for the decrease in fish populations in the mainstem Willamette River have

already been summarized in Chapter 1 ("1.4.2 Fish and habitat concerns"). They

include a loss of channel complexity and the connection of the river to its floodplain,

loss of riparian forest, and a decline in water quality.

The loss of river channel area is a major problem on the mainstem Willamette

River. The upper mainstem Willamette River (from Eugene to Albany) has

experienced the greatest loss of channel area over the last 150 years. More than 40

percent of total channel area has been lost since 1850, particularly, in side-channel,
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alcove and island area (Figure 3.1). The natural geomorphologic forces of this section

of river (e.g., sediment erosion and deposition, landforms, tributary flows and

flooding, riparian forest) have created dynamic braided and meandering channels, as

well as multiple side channels and islands. However, these have been reduced or

eliminated over the past 150 years through settlement and development in the

Willamette Valley (Gregory et al., 2002a). Figures 3.2 depict the changes of river

channel area from 1850 to 1995.

Source: Gregory et al., 2002a

Figure 3.1 Change in channel area in 1895, 1932, 1995 in comparison to 1850 of

the upper mainstem Willamette River from Albany to Eugene.
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Source: Pacific Northwest Ecosystem Research Consortium, 2002

Figure 3.2 Change in channel area of the upper mainstem Willamette River in
1850, 1895, 1932 and 1995 from Albany to Eugene.

A loss of these channel areas contributes to a loss of fish habitat and other

ecological functions, especially the hyporheic flow functions associated with channel

features. Landers et al. (2002) studied off-channel habitats (alcoves) on a 44-mile

reach of the Willamette River between Corvallis and Eugene from 1996 to 2000.

Sixteen alcove sites were randomly selected to investigate the variation of water

temperature and fish species. Findings show that in some alcoves, summer water

temperature is 2°C to 7°C cooler than in the main channel, and that there are ten times
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more young native fish per unit area in alcoves than in the adjacent main channel area

during the summer. Moreover, there was evidence that in winter, juvenile chinook

salmon utilize these alcoves during migration to the sea (Landers et al., 2002).

The loss of riparian forest along the Willamette River is another problem

contributing to the degradation of fish habitat and water quality. In 1850, the flood

plain forests of the mainstem Willamette River consisted of an extensive gallery of

species, including black cottonwood, Oregon ash, alder, big-leaf maple, willow,

Douglas fir, western red cedar, and Ponderosa pine (Gregory et al., 2002b). This

composition changed dramatically from 1850 to 1995. Approximately 50 percent of

the riparian forest (measured by percent of river length) along the mainstem

Willamette River was lost during this period, and approximately 46 percent of the

stream length that had been riparian forest in 1850 was replaced by agriculture and

urban area by 1990 (Gregory et al., 2002b). Many hardwood forests and woodlands

had been converted to agricultural uses, and almost all of the mainstem riparian

conifer forest was lost.

The upper section of the mainstem Willamette River (from Eugene to Albany)

also faced a similar situation in that almost 51 percent of the stream length in 1990

was occupied by developed area (urban and agricultural). Within this percentage,

about 83 percent of the development was for agricultural use. The percent of land use

and riparian vegetation along the upper mainstem Willamette River from 1895-1990 is

displayed in Figure 3.3 (Gregory et al., 2002b). It should be noted that not only

riparian lands along the mainstem have been reduced as a result of the conversion to



other land use types since 1850. In addition, the composition of riparian vegetation

types has changed. Hardwoods and natural grasses have been greatly reduced since

1850, while mixed forests and natural shrubs became dominant plant community by

1990.
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Figure 3.3 Percent composition of riparian vegetation on the upper mainstem
Willamette River from Albany to Eugene in 1850, 1895, 1932, and 1990.

Note: 1) Development area defined as developed urban or rural residential lands.
2) Percent composition is measured as percent of channel length occupied

by linear extent of nparian vegetation.

The extensive loss of channel complexity and riparian forest along the

mainstem Willamette River is the major cause of habitat loss and water quality
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degradation (e.g., water temperature, dissolved oxygen'). To reduce the degradation,

restoration of the riparian forest and hyporheic functions in the study area should be

considered. However, implementation of restoration practices to increase channel

complexity will involve the exchange of developed lands for restoration use, and this

has a considerable impact on human activities in those areas. As a result, the allocation

of resources used for each restoration practice needs to be systematically evaluated in

order to have a clear understanding of the trade-offs being made with each alternative,

including that of the status quo (the "no action" option).

3.2 Identifying potential restoration practices

Riparian ecosystems, stream flows, and floodplain functions closely interact

with each other in aquatic ecosystems. These factors play a major role in influencing

the quality of habitat for salmonids and other fishes. As recommended in the

Willamette Restoration Strategy (2001), any restoration practice for critical salmon

habitat must recognize the interrelations of physical habitats such as river flow,

floodplain function, and riparian forest. Proposed restoration management practices

should therefore be integrated approaches. Ecological restoration approaches also

require that the end result is a natural, self-functioning ecosystem (National Research

Council, 1992; US EPA, 1996; Kauffman et al., 1997).

1 The period of concern for dissolved oxygen concentrations in the Willamette River is when
water temperatures are warmest and flows are lowest. Flow augmentation in the mainstem
river during the sunm-ier months helps dilute pollutants and improve water quality (USACE
and R2 Resource Consultants, 2000).
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Potential restoration management strategies that can be implemented in the

study area include restoration of the riparian forest, floodplain, andlor channel

Riparian restoration is considered a key strategy for an ecological approach which

aims to improve fish habitat and water quality (Kauffinan et al., 1997). Active

restoration strategies, such as planting riparian buffer zones along the upper mainstem

Willamette River, will recover some of the ecological functions that have been lost

over time primarily due to agricultural conversion. However, agriculture is a major

activity in the state's economy. The high quality of floodplain soil is particularly well

suited for agricultural uses, and contributes (in part) to a high economic return for

farmland in this area. As a result, altering or converting some of these farmlands back

to riparian through restoration projects will create a great resource allocation conflict.

Reconnection of the floodplain to the main channel to create a more complex

fish habitat and promote hyporheic flow functions is another potential restoration

management practice that could be implemented. The placement of rock boulders or

revetments along the mainstem river to protect farmland and property over the past

century has created obstacles to the natural function of fluvial processes (e.g., erosion

and sedimentation). Bank revetment is in place along approximately 24 percent of the

river length in the Upper Willamette River from Eugene to Albany (Gregory et a!,

2002c). Removal of some of this bank protection, especially in agricultural areas, will

help promote the ecological connection of river and floodplain. Again, however, it will

also create conflicts in resource management, given that agricultural lands will be lost.
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Several conservation and restoration programs recognize the costs of land

conversion back to a more natural condition and provide funding for landowners to

convert or preserve their farmland for riparian forest. The U.S. Department of

Agriculture (USDA) has provided funding for such conservation activities through the

Farm Bill regulation passed every five years by the U.S. Congress. The USDA, under

Farm Bill authorization, contributes about $2.5 billion per year for riparian restoration

through twenty agricultural conservation programs (Norris, 2001). The main objective

of these programs is to plant rip arian vegetation as filters for agricultural nutrients, and

as traps for agricultural sediment. Two major conservation and restoration programs

administered by the USDA are the Conservation Reserve Program (CRP), and the

Conservation Restoration and Enhancement Program (CREP). These two programs

provide funding through various means, such as paying farmers not to farm in certain

environmentally sensitive areas, paying them to enhance and protect riparian areas by

fencing-off these areas from livestock, and paying them to replant native trees and

grasses. Funding is also provided through cost sharing between the federal

government and landowner in measures supporting the adaptation of a specific

restoration or conservation practice.

In Oregon, most funding under the CRP and CREP programs has focused on

small stream and tributary restoration (personal communication with staff of local

USDA Farm Services Agency Office, Tangent, Oregon, 2003). There are no CRP

funded projects in operation along the mainstem Willamette River, and the only

projects funded through CREP that focus on planting riparian buffers are through the
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Willamette River Floodplain Improvement Project.2 The goal of this project is to

reduce erosion and loss of farmland while improving floodplain functions, streamside

riparian forest buffers, and fish and wildlife habitats. The project consists of five

separate restoration sites located within a reach of the Willamette River between river

miles 141 and 150. The project completed a three-year demonstration in September

2002. The restoration activities consisted of several tasks (e.g., partial dike removal,

large woody debris installation, revetment repair, fencing and native riparian planting,

etc.) (Sam Daws District Improvement Company, 2003).

3.3 Evaluation of restoration practices

Restoration projects generate many benefits that support healthy ecosystems,

which in turn help increase the number of fish, including endangered species (as

detailed in the literature reviewed in Chapter 2). Weighing costs against benefits is a

common practice when making decisions among alternative restoration practices.

However, in the face of budget constraints, information on costs and benefits is

considered even more crucial in choosing among policies. Conceptually, the costs and

benefits of restoration management (on any other project) are evaluated strictly in

terms of monetary values. However, obtaining complete information on the economic

benefits of restoration practices requires a great deal of information and data (e.g., fish

model, recreation fishing model, cost equations, etc.). In practice, it is not easy to

translate the benefits of restoration practices into monetary terms. However, if the

2 Funding of this project was through the Watershed Enhancement Board (OWEB) and the
Natural Resource Conservation Service (NRCS) Conservation Reserve Enhancement Program
(CREP)).
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objective or target of the policy has already been set (e.g., specific goals, such as a

water temperature reduction target, a specific number of fish within a species target, or

number of miles of stream restoration), choosing the management practice that meets

the desired target at least cost is considered the simplest and most appropriate method.

3.3.1 Restoration practices vs. management targets

There are several reasons why water temperature is often the parameter used

as a management target in quantification of the effectiveness of certain restoration

practices. These reasons include:

temperature is relatively easy to measure and monitor under field

conditions;

temperature influences physical and biochemical processes, which in turn

influence ecological functions and many aquatic activities; and

temperature has the greatest influence on the growth and survival of

salmonids.

It is also the case that management practices that reduce water temperature

often correspond with practices that aim to improve water quality and fish habitat

(U.S. EPA, 1996). For example, riparian forest planting provides shade for cooling

river water temperatures and also improves fish habitat by adding woody debris to the

river. Likewise, hyporheic flow functions associated with complex river channels



Channel complexity refers to various areas of river channel features such as sloughs or
alcoves, islands, side channels. The channel complexity is created and maintained by a
dynamic fluvial process.

46

provide cooling of water temperature as well as a place for spawning and rearing

(Gardner, 2000; Gilbert et al., 1990; Brunke and Gonser, 1997; Boutiton et at., 1998,

Standford and Ward, 1993).

Two water temperature models are used in this dissertation. The first is used to

measure the response of water temperature to a change in riparian shading as well as

to tributary inflow into the Willamette River. The second model is a hyporheic flow

temperature model that is used to determine water temperature change associated with

an increase in channel complexity.3

The water quality model, CE-QUAL-W2, is used to analyze water temperature

response to variations in riparian shading and tributary inflow. CE-QUAL-W2 is a

two-dimensional longitudinal/vertical (laterally averaged), hydrodynamic water

quality model (Cole and Wells, 2002). The model can predict water surface elevations,

velocities, and temperatures, as well as other water quality variables. A recent version

of this model (Version 3.1) incorporates the slope of river sections, and has the

capacity to model the entire river basin with features such as dams, rivers and lakes

(basin simulation). Applications of this model include use on the Tualatin River, Bull

Run Reservoir, Clackamas River, Snake River, and Brownlee Reservoir.

The Oregon Department of Environmental Quality (ODEQ) is developing the

TMDLs of bacteria, mercury, and temperature for the Willamette River, and CE-

QUAL-W2 has been selected to model water temperature. The water temperature

calibration of the mainstem Willamette River was done by Professor Scott Wells and



47

the Water Quality Research Group at Portland State University. The model

incorporates the effects of both vegetative and topographic shading in a stream

channel. Vegetation characteristics represented in the CE-QUAL-W2 model are tree

top elevation, distance of tree from the river centerline, and tree density (Annear et al.,

2001). This model can be used to evaluate the effects of hypothetical management

scenarios on simulated water temperatures, and compare water temperatures to a

standard or restoration target. This dissertation used a model calibrated for the year

2001 to investigate water temperature variation under management of riparian forest

shading and tributary flow during the summer months starting at the beginning of June

2001 and ending at the close of September 2001. Details of the model's development

and calibration, as well as restoration management scenarios, are discussed in Chapter

4(4.1).

In addition to a water temperature model that includes riparian restoration and

tributary inflow management, an additional model is needed to investigate the effects

of restoration practices that promote hyporheic flows. As mentioned in the literature

review, the study of hyporheic flow on temperature is a relatively new research area,

especially when applied to a large river system like the Willamette. Fortunately, there

is research on hyporheic flows in the Willamette River that is relevant to this study

(Fernald et al., 2000; Fernald et al., 2001; Fernald et al., unpublished data).

Information about hyporheic flow temperature changes as a result of restoration

practices incorporated in this study is taken from their study. Specifically, their model

examines the relationship of hyporheic water temperature and dynamic channel
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features and shows that water temperature is closely associated with hyporheic flow in

that surface water cools as it flows through various channel types (e.g., side channels,

alcoves, islands, sand bars, channel bed and banks), reemerges, and mixes with

surface water downstream. The result of this mixing water decreases the overall

surface water temperature (Fernald et al., 2000; Fernald et al., 2001, Fernald et al.,

unpublished data). The extent of cooling depends on factors including hydraulic

gradients, flow volumes, area and type of channel features, and vegetation types.

Measurement of water temperature responses to restoration practices (restored channel

complexity) is explored by using this model. Details of hyporheic studies in the

mainstem Willamette River and model results are discussed in Chapter 4 (4.2).

The CE-QUAL-W2 and hyporheic flow models are used to observe the

response of water temperature to various restoration and management scenarios. The

state water temperature standard (17.8°C) is used as a management target to evaluate

these management practices.

3.3.2 Restoration costs

Estimates of the costs of each restoration action are needed for a

comprehensive evaluation of the efficiency of resources used in these management

practices. These costs should include both the direct implementation costs and the

economic opportunity costs. Direct or financial costs are associated with costs for

design, construction, operation, maintenance, and monitoring of a restoration activity.

Opportunity costs refer to a benefit forgone due to implementation of a restoration
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management practice (e.g., the agricultural benefits lost if farmland is taken out of

production in order to plant riparian forest).

Various costs are associated with restoration practices in the study area. These

costs are riparian planting costs, land acquisition costs, and recreation costs. They are

detailed as following:

1) Riparian planting costs

In general, the costs associated with planting riparian forest include site

preparation, materials, labor, and operational costs. Planting costs are associated with

the first year of project implementation (e.g., site preparation, seeding and planting,

irrigation, and fencing) as well as the operational costs that occur over the life of the

project (e.g., maintenance).

Riparian planting costs estimated from several other study sites in Oregon

(e.g., Grande Ronde River (Watanabe, 2003); Tualatin River (Knoder, 1995); and

Beaver Creek (Bishaw et at., 2002)) are varied because of the differing site

characteristics and practices implemented (types of trees, methods of planting and

spacing). The estimated costs per river mile obtained from these studies ranged from

$12,000 to $33,000.

The planting costs used in this dissertation are primarily calculated based on a

standard cost per unit for Oregon (estimated by the NRCS for the 2003 fiscal year).

These standard costs are estimated from various conservation programs in Oregon

(cost per unit obtained from Liim-Benton-Lincoln County FSA office, Tangent,
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Oregon). The average cost of planting riparian forest per river mile (15 meter width)

for two sides is estimated at $18,000. The value consists of two major costs, site

preparation and planting costs (material and labor costs). Other site specific costs (e.g.,

fencing, tree shelter, irrigation water, stream bank stabilization, etc.) are not included

in this analysis. These costs and other values that involve multiple time periods are

adjusted to reflect present value dollar amounts, in order to make comparisons among

management options of various time lengths.

2) Land acquisition costs

Another component of restoration costs is the acquisition of land. Land costs

should reflect the value of production that could be derived from this land. In general,

the market values reflect the opportunity costs of the farmlands oniy if they are

currently being used for agricultural production. However, obtaining market price

information of farmland that is not affected by other factors is difficult (e.g., non-

market transaction). In addition, the sale price exclusively for individual farmland next

to the river is not available. Fortunately, the estimated Real Market Value (RMV) is

available for all counties in the study area (Linn, Lane, and Benton counties). RMV is

the estimated price property would sell for in a transaction between a willing buyer

and a willing seller at the assessment date for the tax year. RIVIV is estimated by

county assessors based on several criteria, such as a comparison of sale prices from

similar properties and/or physical inspection (ORS 308.205). Therefore, this
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dissertation uses RMV estimates by county assessors to represent opportunity costs of

taking the agricultural land out of production.4

Market values and land-use zoning information are provided through GIS

(Geographical Information System) or digital data formats obtained for the three

counties within the study area. A GIS framework analysis (geoprocessing functions)

was used to locate the parcels of farmland within a distance of 100 meters from both

sides of the river. The average market value of farmland within 100 meters of both

sides of the mainstem Willamette River is shown in Table 3.1. It was found that the

average market value for farmland next to the upper mainstem Willamette River for

three counties is $4,583 per acre. This value consisted of land and improvement

values. The average land value is $3,741 per acre, and the improvement value (e.g.,

building, barn, irrigation) is $842 per acre. The average market value is the highest in

Benton County and lowest in Linn County. This average market value of farmland,

especially in Benton County, is comparable with the actual sale prices of several

farmlands in 2002 (personal communication with Toni Blessing, Appraiser, Benton

County, 2003).

"In Oregon, many farmlands are assessed under a special formula, Specially Assessed Value
(SAV). This formula sets lower assessed value levels for exclusive farm-use, forestland,
historic property, etc. Details can be found in "www.dor.state.or.us/infoC/303-668".



Table 3.1 Average market value of agricultural land within a distance of 100
meters from the upper mainstem Willamette River.

Note: estimated for land only
2 estimated of all improvements on land (e.g., building, barn, irrigation)

land value plus improvement value

The average land value represents the value of land that would need to be

acquired to plant riparian forest and restore river channel or reconnect the river to its

floodplain. Other costs associated with restoring river channels (removal of

revetments, for example) are minor when compared to the cost of acquiring land to

allow the river to meander into its floodplain area and/or recreate channel complexity

(personal communication with Matta Rea and Michael Posovich, the U.S. Army Corps

of Engineers, Portland, September 2003).

3) Recreation benefits (costs of reservoir drawdown)

Another important component of costs associated with restoration practices in

this study is the opportunity cost of releasing upstream reservoir storage for flow

downstream. One of these opportunity costs is reduced recreation opportunities at the
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County
Land value

(per acre)
Improvement value

(per acre)
Market Value

3]

(per acre)

Lane 3,645.00 929.00 4,574.00

Linn 3,436.00 892.00 4,328.00

Benton 4,143.00 705.00 4,848.00

average 3,741.33 842.00 4,583.33
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reservoirs that are drawn down. Several studies report a relationship between reservoir

water levels and variations in recreational demand (Cordell and Bergstrom, 1993;

Ward et al., 1996). Cordell and Bergstrom (1993) found that a drawdown of water in

reservoirs in the southern U.S. reduces the demand for reservoir water-based

recreation. Specifically, contingent valuation methods were used to estimate the

economic values (use values) for four reservoirs in western North Carolina under lake

level fluctuations. The authors found that maintaining high water levels for longer

periods during summer and fall significantly increased recreation demand. Ward et al.

(1996) estimated the marginal value of recreation water at several U.S. Army Corps of

Engineers reservoirs in California's Sacramento district. The travel cost method was

used to estimate the marginal values of water over a range of reservoirs and lake

levels. The authors found that under the various lake levels, annual recreational values

per acre-foot of water (1994 dollars) varied from $6 to more than $600.

In this dissertation, it is assumed that water released downstream to reduce

water temperature is mainly from the Cougar Reservoir located upstream east of

Eugene on the South Fork of the Mackenzie River.5 Cougar reservoir provides various

recreational activities such as fishing, camping, picnicking, viewing, swimming, and

boating, especially during the summer months. Water level is an important factor

influencing the amount of recreational visits to this reservoir. The data used for

calculation of recreational benefits is primarily drawn from the Willamette Basin

The Cougar reservoir is currently modifying the intake tower to control the temperature of
water released from the reservoir to match natural conditions needed by fish. (The U.S. Army
Corps of Engineers, Portland District). Other information related to Cougar reservoir can be
found in the USACE's web sit at www.nwp.usace.army.mil.
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Recreation Study Report.6 Other sources of data for estimating the recreation values

(e.g., reservoir water level, volume, surface area, and recreational visitation data) were

obtained from engineers from the USACE Portland District.

The processes employed to calculate recreation benefits can be summarized as

the following steps:

Reservoir water levels under flow management scenarios were calculated

using the elevation and area capacity (acres) regression analysis. The data used for this

analysis was obtained from the USACE Portland District.

The effect of reservoir water levels on recreation visitations was estimated

using a coefficient of the water level variable in the visitation model employed in the

Willamette Basin Recreation Study Report.

The reservoir recreation benefits were estimated by multiplying the number

of visitation changes (estimated from step 2) with the marginal visitation recreation

benefit. Visitation recreation benefit, or marginal benefit (the willingness to pay or

marginal benefit of an individual recreationist for making an additional trip to visit the

reservoir), for the Cougar reservoir was estimated by the USACE in the Willamette

Basin Recreation Study Report.

The recreation benefits due to change in reservoir water level reflect the

opportunity costs or recreation benefits forgone from releasing additional reservoir

water to downstream the McKenzie River. Calculated results of recreation impacts

6 The Willamette Recreation Study Report is part of The USACE' s Willamette Basin
Reservoir Feasibility Study Project. Under this study, the operation of the 13 dams of USACE
is being evaluated to consider changes in water demands and future needed.
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from reservoir water released during the summer months (base year 2001) are shown

in Table 3.2. It is found that on average, the value of reservoir recreation impact

during summer is $2.75 per acre-foot of water release downstream. This value is quite

low when compared with other reservoir recreation studies (e.g., the California Central

Valley reservoir recreation values ranged from $6 to more than $600 per acre-foot

(Ward et al., 1996)). This may be due to a variety of reasons, such as several

substituted recreation areas near the Cougar lakes (e.g., the Blue River Lake,

McKenzie River), or specific reservoir characteristics such as shallow bank slopes,

which result in less impact on reservoir drawdown.

Table 3.2 Estimated recreation impacts during the summer months on the
Cougar Reservoir recreation by flow increment in the McKenzie River.

Note: Costs in each month vary depending on monthly average flows of the
McKenzie River in 2001.

25 percent flow increment 50 percent flow increment
Month Cost Average cost Cost Average cost

($) (per acre foot) ($) (per acre foot)

June 82,642 2.41 167,022 2.43

July 63,473 2.44 127,707 2.45

August 80,090 2.77 159,421 2.76

September 87,449 3.3 185,693 3.51

Average 78,414 2.73 159,961 2.79
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Figure 3.4 Theoretical cost-effectiveness frontier
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3.4 Selection of cost-effective strategies

The final step in the evaluation process is to combine the information and

methods from each step into a decision-making framework. Specifically, once the

responses of water temperature, as well as the costs associated with each proposed

restoration practice are determined, various restoration options can be compared. A

cost-effectiveness analysis is then used to determine the least-cost option that achieves

a given level of temperature reduction or ecosystem function target. A cost-

effectiveness frontier for these options can also be constructed with these targets. For

example, assume that we have six management options, and each option is represented

by a temperature reduction value and a cost estimate. These six options can be plotted

as shown in the graph in Figure 3.4 with costs along the vertical axis and temperature

reduction levels along the horizontal axis (Hansen et aT., 1996).
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The cost -effectiveness frontier represents the least-cost envelope of points for

restoration options that achieve various levels of temperature reduction. The cost-

effectiveness frontier can also be used to eliminate options that lie outside the frontier

line (above and to the left of the frontier line), and are therefore not cost effective (for

example, points C and D are not cost effective). The following limitations of this

general decision framework should be noted. These are:

only a certain range of options are considered in construction of the

frontier. If additional options are considered, the shape could change; and

the restoration option selected by using this cost-effectiveness analysis

should not necessarily be considered the optimum solution ("the

economically efficient" solution), because only selected restoration options

are being compared, and benefits would need to be quantified in monetary

terms to select the option that maximizes social benefits above cost

(definition of economic efficiency).

These study procedures, as well as the methodology employed in each step,

helped to determine the selection of a restoration practice which attains a desirable

water temperature target to restore fish and their habitat at a minimum cost. However,

before presenting the final results (Chapter 5), models used to evaluate water

temperature changes associated with each restoration management need to be

described in more detail. They are presented in Chapter 4.



Chapter 4

Water Temperature Models

This chapter provides details on the two models used to investigate the

response of water temperature to management scenarios, the CE-QUAL-W2, and

Hyporheic flow models. These models are key components in this integrated

assessment, given that each model estimates Willamette River water temperatures for

a range of considerations. The CB-QUAL-W2 model application to the mainstem

Willamette River was calibrated by Professor Scott Wells and the Water Quality

Research Group at Portland State University, and the Hyporheic flow model was

developed by Dr. Sam Fernald, New Mexico Water Resources Research Institute. The

water temperature model application of CE-QUAL-W2 is detailed in Section 4.1, and

the hyporheic temperature model is detailed in Section 4.2. The details of the models

described in this chapter were obtained from documentation provided by the

developers. 1Both models are used to observe or evaluate water temperature changes

arising from restoration management scenarios.

1

See Annear et al. (2003); Berger et al. (2003); Fernald et al. (2000 and 2001) for more
details.
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4.1 Mainstem river system water temperature model

CE-QUAL-W2 is a two dimensional (longitudinal-vertical), laterally averaged,

hydrodynamic and water quality model developed, maintained, and supported by the

Waterways Experiment Station of the U.S. Arn-iy Corps of Engineers in Vicksburg,

Mississippi (Cole and Wells, 2002). CE-QUAL-W2 Version 3.1 was calibrated by

Professor Scott Wells and the Water Quality Research Group in the Department of

Civil and Environmental Engineering at Portland State University, Oregon, to simulate

hydrodynamics and water temperatures in the mainstem Willamette River. This

modeling effort is part of Total Maximum Daily Load (TMDL) development process.

The Oregon Department of Environmental Quality (ODEQ) is developing the

temperature TMDL for the Willamette basin as a first step in addressing water quality

and threatened and endangered species concerns under requirements of the federal

Clean Water Act and Endangered Species Act (ODEQ, 2003b). The water quality

parameters of primary concern in the mainstem Willamette River TMDLs include:

temperature, dissolved oxygen, pH, and aquatic growth (concentrations of algal

biomass measured by chlorophyll a concentrations) (ODEQ, 2000). The CE-QUAL-

W2 model of the mainstem Willamette River is applied to address the temperature

TMDL as a "system model ' which includes the mainstem, its major tributaries, and

reservoirs (ODEQ, 2001).2

2 The mainstem Willamette River defined by the ODEQ for TMDLs refers to the mainstem
Willamette River and lower reaches of major tributaries.
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Due to the size of the river system and the complexity of the model, I selected

one reach of the mainstem Willamette River (the upper section) to investigate water

temperature responses under various management scenarios. Spatially, the length of

the upper mainstem Willamette River model for this study is approximately 57 miles

(92 kilometers). The model starts from river mile (RM) 184.4 south of Eugene (after

the confluence of the Middle Fork and Coast Fork Willamette at RM 187) to river mile

(RM) 127.8 north of Corvallis. The model simulation used here was from June 5,

2001, to September 30, 2001. The Water Quality Research Group at Portland State

University provided assistance in separating this model from the main model3 for this

reach of the Willamette River, as well as calibrating the model for this dissertation.

Figure 4.1 shows the model reach of the upper Willamette River used for this

dissertation.

Simulated water temperatures from each management scenario (details in

Section 4.1.5) were exported to Excel spreadsheets for calculating a seven-day moving

average of daily maximum temperatures, and they were compared with the state water

temperature standard throughout the sunimer. Downstream water temperature at the

end of the model at segment 379 (3 miles north of Corvallis, RIVI 127.8) was selected

as the reference site to investigate the temperature responses to upstream management

scenarios.

The ODEQ original modeled reach (main model) for the upper Willamette River started at
RM 184.4 south of Eugene to RN'! 85 in Salem.
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Upper Willamette River Model Stu

(approximately 57 miles)

1* 20 MiI

Source: Annear et al., 2003

Figure 4.1 Upper Willamette River Model Study

4.1.1 Model structure and development

Hydrodynamics (water flow) and water temperature (heat flux and transport)

are important measures for any representation of the theiriial regime of a river. In CE-

QUAL-W2 both the hydrodynamics and temperature are simulated and calibrated

together. The flow simulation provides stream flow velocity, depth, and air-water and

bed-water interface areas. These are necessary characteristics to calculate heat transfer
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at the air and bed water interfaces as well as transport downstream for the temperature

model. Mathematical formulas of these processes are represented by a set of governing

partial differential equations which, are solved numerically. These governing

equations describe how the water and heat are transported along the course of the river

over time (Cole and Wells, 2002).

In general, water temperature is calculated using the basic laws of conservation

of energy (net heat flux equals heat energy input minus heat energy output), and given

the static meteorological conditions, the equilibrium temperature is reached when the

net heat flux equals zero (Deas and Lowney, 2002). Heat budget components can be

expressed as a diagram as in Figure 4.2. CE-QUAL-W2 incorporates all of the

important components of the heat budget and heat transfer processes. These are

surface heat exchanges (including insolation or shading), sediment heat exchanges,

and ice cover routines (Cole and Wells, 2002).

The review of the governing equations (e.g., fluid momentum and fluid continuity equation,
advective-diffusion equation) of CE-QUAL-W2 can be found in Cole and Wells (2002).
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Ground heat
Source: Deas and Lowney. 2000 flux

Figure 4.2 Components (sources and sinks) of heat energy

In the two dimensional CE-QUAL-W2 model, a water body is divided into

rectangular grid cells; the vertical direction represented by layers (a uniform layer

thickness) and longitudinal direction represented by segments. The mainstem Upper

Willamette River is divided into 380 segments with an average length of 250.43

meters or 0.156 miles. The segments are grouped into seven branches and the branches

are grouped into three water bodies (Table 4.1). Branches allow changes in the river

slope, and water bodies allow the user to adjust the downstream riverbed elevation. In

addition, each water body allows the user to select different meteorological conditions.

Each segment also consists of forty-five layers with a uniform layer thickness of one
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meter or 3.3 feet.5 The first segment (segment 1) is at RIvI 184.4 and the last segment

(segment 380) is downstream at RIvI 127.8. Figure 4.3 shows the longitudinal model

segments and the vertical model layers (cross-section). This layout also shows the

location of the major tributaries in the model (McKenzie River, Long Tom River, and

Mary's River).

Table 4.1 Model grid layout

Source: Annear et al., 2003

Not all layers in this model are active. For example, the deepest segment consists of a
maximum of forty-five layers.

Water
Body

Branch Description Seg.
Start

Seg.
End

Number
of
Segment.

Length
(mile)

Start
Rivi

End
PJVI

1 1

Springfield to
Eugene 1 20 20 2.6 184.4 181.8

2
Eugene to
Rrvl 177 21 51 31 4.5 181.8 177.3

1 3

RIvI 177 to
McKenzieR. 52 79 18 2.2 177.3 175.1

2 4
McKenzie R.
to Harrisburg 80 157 88 13.5 175.1 161.6

2 5

Harrisburg to
RM155 158 200 43 6.4 161.6 155.2

2 6

RI\'l 155 to
Long TomR. 201 241 41 6.1 155.2 149.1

3 7
Long Tom R.
toRM 128 242 380 139 21.3 149.1 127.8
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Figure 4.3 Lay out of the model

4.1.2 Model input data

The CE-QUAL-W2 application to the mainstem Willamette River requires

several types of input data (e.g., bathymetry; meteorological and shade data; flow and

temperature data of the model boundary condition, tributaries, and point sources).

Bathymetry data (cross sections) are needed to construct the numerical model grid.

Long Torn
River
RM 149.4)

WB3, 21.3 miles

RM l49
endot

RM127.8

+ Downstream
Notth of Corvallis

Max's River

RM 1333)
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The model grid represents the channel characteristics and the volume of each river

segment. The data used to generate the model grids come from bathymetric surveys

by the U.S. Geological Survey (USGS). Existing Digital Elevation Maps (DEM) are

also obtained from the USGS.

Meteorological data represented in this model are primarily from two stations,

the Corvallis municipal airport, and the Salem municipal airport. The data include air

temperature, wind speed, wind direction, dew point, and cloud cover. Solar radiation

data are taken from the Eugene, Oregon (University of Oregon, Solar Radiation

Monitoring Lab) and Corvallis AGRIMET stations. The model also incorporates

vegetative and topographic shading. The data used for developing dynamic shading in

the model are derived from a detailed Geographic Information System (GIS) analysis

conducted by ODEQ (details of how these data are incorporated into the temperature

model are discussed in section 4.1.4).

The mainstem Willamette River flow from the U.S. Army Corps of Engineers

(USACE) gauge at Eugene (RM 181) is used as the upstream boundary condition for

the model. These flow data are recorded at a frequency of thirty minutes during the

summer of 2001. Continuous (half-hourly) water temperature data of the boundary

condition are from the LASAR (ODEQ monitoring program) site 10359, and also

covered the period of summer 2001.

There are several major tributaries and point sources included in the model,

and their locations are shown in Table 4.2 (Annear et al., 2003). Tributary inflow data

are taken from several USGS gauge stations, and temperature data are obtained from



Source: Aiinear et al., 2003

Other relevant input data are the initial conditions (e.g., simulation time, water

body types, location of inflows and outflows, initial temperatures), hydraulic

parameters (e.g., dispersionldiffusion coefficients, Manning's friction factors), and the

input time series data (for initial and boundary conditions).These data are also

necessary in preparation for the model simulations.
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several LASAR sites. Like the mainstem, most flow and temperature data for the

tributaries are continuously recorded every half-hour or hour and covered the summer

of 2001.

Table 4.2 Tributaries and point source locations in the CE-QUAL-W2 model

Tributary River mile Model segment

McKenzie River 175.3 68

Long Tom River 149.4 240

Mary's River 133.4 343

Eugene Waste Water Treatment Plant 177.9 46

Halsey Fort James 147.6 252

Pope Talbot 147.6 252

Evanite 132.8 347

Corvallis Waste Water Treatment Plant 131 358
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4.1.3 Results of model calibration

The model is calibrated by comparing the model predictions with the observed

data. The calibration period is from June 6, 2001, to September 25, 2001. Calibrating

the hydrodynamics is the first step in the calibration process. Data used in

hydrodynamic calibration consisted of flow and water surface, wetted channel width,

time of travel and dye studies.

After calibration of the hydrodynamics, temperatures are calibrated. The

locations of data sites and their sources for the temperature calibration are shown in

Table 4.3. Table 4.4 shows the model-data error statistics of daily maximum water

temperatures from each calibration site (Berger et al., 2003). The absolute mean errors

(AME) for daily maximum water temperature from all calibrated stations are less than

1°C (±1°C). The AME of 0.35°C at the Corvallis station means that the model results

are, on the average, within ±0.35°C of the observed data. The calibration model-data

error statistics for the mainstem Willamette River shows a good performance in terms

of model temperature predictions.6

6
CE-QUAL-W2 model has been applied to simulate water temperature for various reservoirs

and rivers. Most of the AME predictions from these models are within ± 1°C (Cole and Wells,
2002)



Table 4.3 Water temperature calibration sites

Source: Berger et al., 2003

Table 4.4 Maximum daily water temperature calibration statistics

Source: Berger et aL, 2003

Note: The Absolute Mean Error (ÂME) is computed as:
AME = Predicted-Observed

Number of Observations
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Site Willamette RM Model segment Source (Site ID)

Willamette R. at Springfield 185.25 2 LASAR 10359

Willamette R. above McKenzie
confluence 177.74 53 LASAR 28723

Willamette R. at Harrisburg 161.98 156 USGS 14166000

Willamette R. above Long Tom River 151.55 227 LASAR 26755

Willamette R. at RM 147 147.43 255 LASAR 26753

WillametteR. atRM 141.7 142.37 287 LASAR 26772

Willamette R. at Corvallis Water Intake 135.17 334 LASAR 10353

Station
Willamette

RM Model Segment
AME for maximum
daily temperature, C

Springfield 185.3 2 0.048

Above McKenzie 177.7 53 0.38

Harrisburg 162 156 0.88

Above Long Tom 151.6 227 0.878

RIvI 147 147.4 255 0.754

RIvI 141.7 142.4 287 0.45

Corvallis 135.2 334 0.354



4.1.4 Shade file development

Riparian vegetation characteristics play an important role in determining the

amount of short-wave solar radiation reaching a river channeL7 The vegetative

characteristics in the model consist of tree-top elevation, distance between the river

channel centerline and the controlling vegetation, and the vegetation density (Annear

et al., 2001). The shading algorithm developed in Version 3.1 of the CE-QUAL-W2

model also includes topographic inclination angles surrounding the surface of the

model's segment of the river.8 Figure 4.4 shows a schematic of shading characteristics

used for this model (Annear et al., 2001).

Surtace
Elevation

TreeTap Elevation

Tree Iteigh
Top oraphr ütchuiation angle

V

Distance front Centerlinv to
Sit ad a controlling vegetation

Source. Adapted &omAnneareta1,2Qi

Figure 4.4 Schematic of riparian vegetative shading used in the model

The short-wave solar radiation is partly reduced by riparian vegetation shading along the
stream segment before it reaches the surface water, which in turn helps reduce stream water
temperature (Beschta, 1997).

The algorithm of the CE-QUAL-W2 model uses the position of the sun to determine which
topographic inclination angles coincides with the direction of incoming solar radiation.
Eighteen directions around each model segment are defined in this model (Annear et al.,
2001).
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The Oregon Department of Environmental Quality (ODEQ) provided

vegetation and topographic data for developing the shade file used in the mainstem

Willamette River temperature model. The ODEQ vegetation assessment was done

using GIS, satellite images, topographic maps, and data from field surveys. The higher

resolution vegetative assessment survey data from the ODBQ were taken at one-

hundred foot- increments along the river. Riparian vegetation areas on both sides of

the river are divided into nine equally distant zones. Each zone has a vegetation code

that represents vegetation type, height, and density. Three topographic angles (East,

South and West) around the river channel are also provided in the ODEQ vegetation

assessment data.

These data are then interpolated into a shade file corresponding to the river

segment in the CE-QUAL-W2 water temperature model (lower resolution data). The

interpolation steps are, first to identify the ODEQ vegetation zone that controls

shading (determined by the ratio of height to distance for each zone) and, second, to

average the vegetation density, the distance to the controlling vegetation, and the

vegetation height from the high-resolution survey data the ODEQ developed to a

lower resolution for the model segments in CE-QUAL-W2. The three topographic

angles are also interpolated from three to eighteen topographic angles around each

model segment (Annear et al., 2001).
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4.1.5 Management scenarios

Water temperature is influenced by numerous factors such as air temperature,

wind speed, point-source inflow temperatures, channel width, shading, and tributary

inflows (Brown, 1969; Beschta et al., 1987). However, in this dissertation, shade and

stream flow are selected as the variables of interest in terms of their impact on changes

in water temperature. These two factors are chosen because they are considered the

most relevant in terms of ecological restoration, given that they can be managed or

manipulated via various policies. Increased riparian forest provides more shade, helps

maintain channel stability and reduces bank erosion (Beschta, 1997) as well as

provides other indirect benefits to fish habitats (e.g., large woods and organic matter

inputs) (Gregory, 1991). Flows provide a dynamic connection to fluvial processes, and

they are also manageable through reservoir management in the tributaries.

The vegetation characteristics that influence water temperature (tree height,

density, and distance to the river) are investigated through the shade file under a series

of simulations. Flows are also investigated through variations in tributary inflows from

the McKenzie River. The process of running the simulations is done by changing

some of the variables (shade characteristics and flows) while holding other values in

the model constant. Each simulation output is then exported to an Excel spreadsheet

for additional calculations (e.g., a seven-day moving average of daily maximum

temperatures, and average monthly maximum temperature). Finally, the water

temperature responses from these scenarios at the end of the model segment (RM

127.8, 3 miles north of Corvallis) are observed and compared to the existing (no



management) temperature conditions. A list of potential management scenarios for

model simulations is shown in Table 4.5.

Table 4.5 Potential management scenarios used in model simulations

No management

Riparian planting

Flow management

Combination or mix of

riparian shading and flow

management

Base case scenario;

Base case condition is based on 2001 model calibration

Shading scenarios;

Combination or mix of riparian shading characteristics

(height, density, and distance to the river)

Increase in existing flow of the McKenzie River into the

Willamette River during summer months (summer 2001)

Combination or mix of selected riparian shading

Characteristics with increased flows from the

McKenzie River
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Note: Only potential scenarios that significantly reduce water temperature in the upper
mainstem Willamette River are included.

4.2 Hyporheic temperature model

One objective of this dissertation is to perform an economic analysis of

restoration activities that promote hyporheic flow. However, as mentioned before, the

relationship between hyporheic flow and the cooling of river water, especially in a

large river, has not been widely studied. Several uncertainties exist, such as the

estimation of river water temperature associated with channel complexity, and

Management alternative Potential scenario
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estimation of channel complexity associated with removal of revetments.9 Given the

nature of the assumptions underlying this analysis, the findings from this component

of the dissertation should be viewed as exploratory. The results from this section

should be used primarily to obtain a sense of the potential magnitude of hyporheic

flow effects, and not as definitive results.

The following sections (4.2.1 and 4.2.2) describe studies of hyporheic flows

associated with water quality, primarily in terms of water temperature, in the upper

mainstem Willamette River. The results used here are drawn from research by Dr.

Sam Fernald during 1998-1999. The remaining sections (Section 4.2.3 and Section

4.2.4) describe restoration management associated with promoting hyporheic flow in

the study area, as well as several assumptions necessary for estimating a cooling water

temperature as resulted from restoration of channel complexity.

4.2.1 Hyporheic flows and water quality

Hyporheic flow occurs at various locations throughout the river and varies over

different time scales (e.g., daily, seasonally, and yearly) (Boulton et al., 1992;

William, 1993). In a large gravel-bed river like the Willamette, hyporheic flow occurs

when surface water flows through various types of gravel deposits, and reemerges to

mix with the surface river water (Figure 4.5). Several river channel features associated

with hyporheic flow are gravel bars in the riverbed, and multiple side channels (e.g.,

point bars separated by alcoves, islands, and meander bends) (Fernald et al., 2001).

Channel complexity refers to surface areas of river channel features such as sloughs or
alcoves, islands, side channels, and secondary channels. These features are covered with water
at winter base flows (Pacific Northwest Ecosystem Research Consortium, 2002).



(a)

Is land

Source: Adapted from Landers et al., 2002

Figure 4.5 Hyporheic flow paths and river features

Note:
Side view of channel with flow from left to right
Plan view of channel with flow from left to right

Fernald, et al. (2001) performed dye tracer studies on the main channel during

the low- flow season in 1998 over 26 km (16.15 miles) of the upper mainstem

Willamette River. The transient storage estimation (a measure of the exchange of

main- channel flow with subsurface hyporheic flow) indicated that a large percentage

of hyporheic flow exchanged through various channel features (up to seventy percent

of total river discharge). They also found that the hyporheic flow occurred primarily in

areas of unconstrained channels where the river moves freely and creates porous

gravel deposits. This finding suggests that any restoration management with the aim of
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promoting hyporheic flow needs to consider removing constraints on the river channel

(e.g., revetments) in order to promote lateral channel migration (Fernald et al., 2001).

Fernald et al. (2000 and unpublished data) investigated water quality changes

associated with hyporheic flows along sixty kilometers (37.3 miles) of the Willamette

River (between Eugene and Corvallis). The study was performed during the summer

of 1999. Six alcove sites were selected to study hyporheic flow paths and water

quality, and several field measurements were performed (e.g., water level

measurement, water sampling). Using a GIS as well as data from field surveys, the

hyporheic flow paths in each alcove site were mapped and the hyporheic flow rate was

calculated using Darcy's law. Several physical and chemical water quality

characteristics were measured along the various hyporheic flow paths (surface water

before entering the gravel bars, hyporheic water, and receiving alcove water). These

water quality characteristics included dissolved oxygen (DO), specific conductance,

and water temperature at all sites.

Major findings from Fernald et al. (2000 and 2001) are: 1) the fastest

hyporheic flows occurred primarily in the study sites with gravel substrate deposits;

and 2) changes in water quality along the hyporheic flow path were greatest in the

alcove sites with fast hyporheic flow rate. Specific conductance increased along the

hyporheic flow paths at all sites, and dissolved oxygen decreased at all sites. It was

found that in alcove sites with a high hyporheic flow, the receiving alcove was much

as 2°C to 7°C as colder than the river water. However, for sites that have a slow

hyporheic flow rate, there was no cooling of water temperature. Because their



characteristics are less influenced by chemical and biological processes along the

hyporheic flow paths, water temperature and specific conductance were important

indices used to identify the changes in water quality associated with hyporheic flows

through alcove sites (Fernald et al., 2000).

4.2.2 The influence of hyporheic flows on river water temperature

The evidence from alcove sites in the Willamette River by Fernald et al. (2000)

indicates a significant reduction of water temperature in receiving alcove water. This

implies that it might be possible to influence overall water temperature in the main

river, given that a large percentage of surface water flows through various river

features (especially gravel bar deposits). The mixing of hyporheic flow and surface

water along the flow path may be significant in reducing overall river water

temperature.

Fernald et al. (unpublished data) estimated the total river cooling as a result of

hyporheic flow through channel features along the upper Willamette River between

Eugene and Corvallis (70 kilometers). Two methods were used to estimate the cooling

from the hyporheic flow. The first method was based on the application of Darcy's

law for calculating the total hyporheic flow in each channel feature, coupled with the

magnitude of hyporheic cooling as a function of distance along the hyporheic flow

paths through each feature. Determination of the hyporheic cooling effect in each

feature on river water temperature was as a percentage of river flow. Adding up all
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hyporheic cooling from all features gave a cumulative river cooling of 0.15°C over the

67 kilometers.

The second method estimated total hyporheic cooling for the downstream river

of about 3.5°C. This method used the results from a dye-tracer study and calculated

the total hyporheic flow as a percentage a total river flow over the entire study reach

and used average cooling per feature to calculate the total river cooling.

According to Fernald et al. (unpublished data), the first method giving a

cooling value of 0.15°C is likely under-estimated, and the second method (3.5°C) is

likely over-estimated. Therefore, for this dissertation, the average value of 1.8°C is

used as the base case of hyporheic cooling before channel restoration.

4.2.3 Management strategies for enhancing hyporheic flow

The preceding study of hyporheic flow cooling in the upper mainstem

Willamette River confirms that hyporheic flow quantity strongly depends on channel

feature characteristics, especially gravel substrates, and that temperature reductions are

possible (Fernald et al., unpublished data). Management strategies to promote a

significant hyporheic cooling of the Willamette River should therefore include an

increase in the area of gravel bars (e.g., alcoves, bars, islands, meander bends, point

bars). This can be achieved by allowing river channels to migrate laterally into

floodplain areas, where fluvial processes (e.g., erosion and deposition) are able to

recreate the natural complexity of channel features (Fernald et al., 2001; Gregory et

al., 2002d).
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A given length of the river can have revetments on two sides, one side only, or no

revetment at all (Gregory et al., 2002c).

' Details of historical channel complexity (areas of channel features) in the mainstem Upper
Willamette River can be found in Chapter 3 (Section 3.1).

12
It should be noted, however, that this might only be successful if natural flow conditions,

such as high flow, and bankfull conditions, are managed in concert with the removal of
revetments as concluded by Gregory et al.(2002d), Fernald et al. (2001), Dykaar and
Wigington (2000).
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Since the early 1890's, the movement of the Willamette River channel has

been controlled primarily through the U.S. Army Corps of Engineers (USACE)

revetments, with the objective of preventing bank erosion in populated areas (Benner

and Sedell, 1997). Additional bank protection structures (e.g., boulders, revetments)

have been placed along the mainstem of the Willamette River by government agencies

and private citizens to stabilize the channel bank (Gregory et al., 2002c). In the upper

section (Eugene to Albany), approximately 20 percent of riverbank length (estimated

one side of bank length) has been protected by rip-rap or other forms of bank

stabilization.'0 Many revetments in this section of the river were constructed for

erosion protection for agricultural land (Gregory et al., 2002c). These revetments

prevent the river channels from migrating and have resulted in the loss of channel

features, such as islands and alcoves, and subsequently, hyporheic flows associated

with such features (Benner and Sedell, 1997; Fernald et al., 2001)." Removal of bank

protection structures may help the river channel recreate some of the historical

features that promote hyporheic flow.'2

Historical documentation of channel migration over time, geological maps of

alluvial deposits in the valley, location of bank structures (e.g., revetments, dikes), and
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current vegetative cover can be used as criteria to determine the location of potential

restored channel migration. However, it is also important to incorporate a need to

protect high-value property (e.g., residential areas, towns, bridges, etc.). Selected

removal of some revetments or other forms of bank protection would promote river

channel migration while at the same time minimizing damage to infrastructure is

needed.

The Pacific Northwest Ecosystem Research Consortium (PNW-ERC) (2002)

has developed three alternative future plans for the Willamette River Basin. These

plans range from a greater emphasis on conservation towards greater emphasis on

economic development.13 The Conservation Plan 2050 focuses on land and water

allocation for conservation and restoration of ecological functions, which includes

reconnecting the river channel and removing and/or modifying some revetments of

meander bends of the mainstem Willamette River. A potential area of restored channel

migration has already been determined for the 2050 scenario by PNW-ERC. The

method used to identify a potential area to restore channel migration was based on

criteria as mentioned above.'4 Therefore, this dissertation used the results from the

PNW-ERC conservation scenario as a reference for determining an area of channel

migration after removal of revetments.'5

13 These alternative future scenarios are the Plan Trend 2050, Development 2050, and
Conservation 2050. Details of scenario development can be found in A. Branscomb (2003).

14 Personal communication with Linda Ashkenas, Oregon State University, Fisheries and
Wildlife Department (2003).

15 Proposed channel restoration of PNW-ERC includes efforts to reconnect main channel with
side channels, and remove and/or modify revetments.



'6A limitation of using this year is that a major flood in 1996 changed many channel features.
However, since channel features are dynamic, therefore, it is assumed that areas of migration
are similar in 1995.
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4.2.4 Assumptions: Channel complexity vs. hyporheic flow cooling

Several assumptions are necessary in order to evaluate the potential cooling of

hyporheic flow associated with an increase in channel complexity after removing

some revetments to recreate historical channel meandering.

First, it is assumed that once riprap and other forms of revetments are removed

and channels freely migrate into the floodplain, the channel features associated with

hyporheic flow would increase. It is also assumed that the meander belt (channel

migration area for conservation plan 2050) provided a large enough area for lateral

channel migration to promote effective hyporheic flow. As a result, past hyporheic

cooling processes would be restored.

Second, 1995 is selected as the base year for an evaluation of hyporheic

cooling associated with an area of channel features. It is assumed that in 1995 the area

of channel features was similar to that of the year used for calculating hyporheic flow

cooling by Femald et al.16 We further assume that the channel feature areas measured

by Femald et al. are comparable (or a close approximation) with those features in

1995, and used it as an existing channel complexity associated with hyporheic

temperature cooling before restoration.

The GIS was used to map potential channel migration areas in 1995 and 2050

on the upper mainstem Willamette River (approximately 70 kilometers or 44 miles

from Eugene to Corvallis). Areas of channel features between the two periods (before



82

and after removal of revetments) are also calculated. Existing land use/land cover is

then overlain to locate agricultural farm land in the meandering belt required to be

purchased to restore the historical channels.17 These data are obtained from Pacific

Northwest Ecosystem Research Consortium, 2002.

Once the potential restoration areas are identified, an area of channel features

between 1995 and 2050 are estimated. The estimated hyporheic cooling is then

interpolated by comparing the differences of area of channel complexity (channel

features) between these two periods, and it is assumed that the amount of cooing from

hyporheic flows is a function of the area of channel complexity. That is, if the area of

channel complexity increases by one percent, the water temperature cooling as a result

of hyporheic flows would also increase by one percent.

It should be noted here that the exact relationship between hyporheic cooling

and channel complexity is uncertain, particularly with respect to the regional (macro)

scale effects of restoration management.

17 Existing land use/land cover of the Willamette River Basin obtained from PNW-ERC
(approximately 1990) is derived from a combination of data sources. Base data was derived
from Landsat satellite images in 1992 and combined with the geospatial data. The GIS land
use/land cover was represented by grid cells (30 x 30 meters). The grid cells describe land
uses or land covers in five categories with a total of sixty-five legend classes. These categories
are "built" or man-made features (e.g., roads, building), agriculture, natural and native
vegetation, water and physiographic features, and unknown.



Chapter 5

Results and Discussion

The CE-QUAL-W2 model was used to measure the response of water

temperature to various scenarios of riparian shading on the upper section of the

mainstem Willamette River and tributary flow increases from the McKenzie River.

The results of the scenarios and their associated costs are shown in the first section of

this chapter (Section 5.1). In addition, a cost-effectiveness frontier was constructed

and is shown along with a selection of restoration practices that attain several policy

objectives with minimum costs. The second section of this chapter (Section 5.2)

examines another approach for achieving temperature reduction, hyporheic cooling.

By increasing channel complexity hyporheic cooling can reduce temperatures in the

Willamette mainstem. An estimation of the potential magnitude of hyporheic cooling

is based on information provided by Dr. Sam Fernald. Results and associated costs are

also discussed.

5.1 Riparian shade and flow scenarios: simulation results of water temperature
reduction from the CE-QUAL-W2 model

5.1.1 Base case scenario

Using the CE-QUAL-W2 model, the first simulation performed here is the

Base case scenario. The Base case models a situation where no restoration effort takes

place. It is used as a reference temperature to compare among the variations of

temperature response achievable with the hypothetical restoration management
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scenarios. The results of the simulation on water temperature for the Base case

scenario at downstream Corvallis are shown in Figure 5.1 and Table 5.1.1The plot

profile of water temperature in Figure 5.1 represents the 7-day moving average of

daily maximum simulated water temperature for the summer months from June 7

through September 30, 2001 (total 106 days). The temporal profile of water

temperature in Figure 5.1 is compared with the state of Oregon water temperature

standard of 17.8°C (64°F).2

The profile shows that water temperatures during the simulated period violate

the state water temperature standard more than 75 percent of the time (81 days out of a

total 106 days); with most of these during the months of July and August (Table 5.1).

Water temperatures at this location violate the state water temperature standard every

day for the months of July and August (62 consecutive days, Table 5.1). Moreover,

about 25 percent of the summer period (a total of 27 days) the water temperature

exceeded 20°C. It is expected that such persistent high water temperatures during

these periods will cause stress to several cold-water fish species, especially salmonids

rearing in this area.3

1 For the remainder of this discussion, measurement of change in temperature reductions
resulting from the hypothetical management scenarios will be compared to the Base case
scenario, unless otherwise noted.

2
The State of Oregon has designated the upper mainstem Willamette River as an area for

salmonid rearing and migration. No activity is permitted that will raise the water temperature
of the receiving water body if the receiving water body already exceeds 17.8 °C on the basis
of a 7-day moving average of daily maximum temperature. The ODEQ uses this information
in developing the TMDL for water temperature for the upper mainstem Willamette River.

Water temperature criteria for listed species (list under the ESA), chinook salmon and
steelhead trout in the Willamette River basin (complied data by the USACE and R2 Resource
Consultants, 2000) showed that water temperature at 21°C may cause a delay in adult chinook
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Figure 5.1 Simulated water temperatures for the Base case scenario4

migration. Water temperature at 19.1°C and 18.3°C may result in stress ofjuvenile rearing,
and delayed migration, respectively. The upper lethal limit for adult chinook is at 25.0°C, and
23.9°C for steelhead trout. Most salmonids, including chinook salmon and steelhead trout,
spawn in the tributaries of the Willamette River (e.g., the McKenzie River) and use the
mainstem river for juvenile rearing and migration (Altman et al., 1997).

Water temperature reported here are the 7-day moving averaged maximum daily
temperatures.
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Monthly means of simulated water temperatures were calculated and results

are shown in Table 5.1. It was found that the summer mean water temperature,

18.80°C, is higher than the state standard. Individually, the monthly means in July and

August are 20.3 8°C and 19.49°C respectively.
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C N N N 0000 00 C' C'
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Table 5.1 Monthly average water temperatures, number of days and percentages
of days exceeding 17.8°C and 20°C

The end of the downstream segment of the upper mainstem Willamette River

(RM 127.8) was chosen as the reference location to observe water temperature

variations from the upper stream management scenarios. Because of its location, I

assume that the temperatures at this location have a greater response to the cumulative

effects of upstream restoration efforts. I also assume that the average water

temperature at this location is higher than any location on the upper river during the

summer months, given that summer water temperatures generally increase as they

flow downstream. Thus, if any scenario is able to reduce water temperature at this

location to meet the state temperature standard, then any location in the upper

mainstem is assumed to meet the standard as well. However, spatial and temporal

variations of water temperatures may occur at some sites of the upper mainstem

Willamette River. This variation depends on the physical and environmental setting of

the river (i.e., percent existing shade, tributary inflows, groundwater inflows and

outflows, channel types, channel depth and width, and meteorological conditions).

Month Total
simulation

days

Number of
days >17.8°C

Number of
days> 20.0°C

Monthly average
temperature, °C

June 24 11 0 17.66

July 31 31 19 20.38

August 31 31 8 19.49

Septembe 20 8 0 17.65

Total days 106 81 27 Summer mean
(percent) (100) (76.4) (25.5) = 18.8
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The longitudinal profile of simulated water temperatures for the Base case at

several locations from upstream to downstream (RM 184 to RIVI 128) is shown in

Figure 5.2. Water temperatures at all locations are higher than the state standard. The

general profile of water temperature is an increasing trend as it flows downstream.

However, in some locations, such as at the middle section of the river, there is a major

cooling effect from the tributary, the McKenzie River, and possible hyporheic

processes.5 This cooling effect is dissipated by the end of the middle section.

Figure 5.2 Average of summer water temperatures for the Base case at locations
from RM 184 to Rl'1 128

Several dye-tracer studies (i.e., Laenen and Bencala (2001); Fernald et al. (2001)) performed
on this part of the river showed a significant existence of hyporheic flow.
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The following section describes the results of water temperature simulations

under various hypothetical restoration scenarios (e.g., planting riparian shade on the

mainstem, and flow management from the tributary). Simulated results (e.g., summer

average, monthly average, number of days in violation of the temperature standard or

other temperature levels) are compared with the Base case scenario and with the

17.8°C (64°F) temperature standard set by the state of Oregon.

5.1.2 Maximum riparian shade scenario

Because the summer water temperatures in the Base case exceed the state

water temperature standard, there is a negative impact on cold-water fish species,

especially salmonids, which use this portion of the river for migration and rearing

habitats. Increasing riparian shade is one ecological restoration method for reducing

water temperatures, especially when it is established along a substantial length of

tributaries. This section examines the scenario establishing maximum riparian shade

on both sides of the upper mainstem river. The objective is to determine the impact of

this restoration on temperature reductions and compare the resultant temperatures to

the Base case and the state water temperature standard. However, as the Willamette is

a large river with a considerable body of warmed water, while previous riparian

shading studies focused on smaller rivers and tributaries, any temperature reduction

resulting from the model simulation is subject to further examination.

Using the CE-QUAL-W2 model, riparian characteristics (tree height, density,

and distance of tree to the river centerline) are simulated to observe their potential
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influence on water temperature. The initial results indicate that tree height contributed

most to the reduction of water temperature. Therefore, in subsequent simulations,

several tree height scenarios were performed to observe the height that most

contributed to the reduction of temperatures, given that other tree characteristic

variables were set constant at their potential maximum values (i.e., density percentage

was set to represent a nearly full vegetative density (95 percent),6 and the distance of

tree to the river centerline is reduced from the Base case approximately 50 percent).7

The results of water temperature response to tree height are shown in Figure

5.3. As tree height increases, there is increased cooling to the river. At the maximum

tree height of 50 meters, there is a potential to reduce water temperature 4.2 percent

(0.79°C). However, the degree of temperature reduction starts to decline at tree height

of 35 meters.

6 The density percentage is represented by Shade Reduction Factor (SRF) value in the shade
file of the model. SRF represents not only the value of tree density but also includes a value of
completeness, or continuity, of trees along a river segment (Annear et al., 2001). Therefore,
the value of SRF (95 percent) is higher than the natural level of tree shading measured in
Oregon (which ranges from 80 percent to 90 percent) (Beschta, 1997).

The 50 percent decrease in tree distance from the centerline in the Base case results in a 15
meter average distance of tree to the river edge (estimated over 57 miles both sides of the
river). The 15 meter riparian buffer is used for this restoration project.
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Figure 5.3 Water temperature reductions by varying tree height

In reality, a tree height of 50 meters (165 feet) for the study area is rare.

Average existing tree heights on both sides of the upper mainstem is 18 meters, and

the range of maximum height is between 30 and 35 meters (data are from the existing

shade file of the model). Some types of trees, such as Douglas Fir, may reach a height

of up to 35 meters (115 feet); however, they do not grow well in the alluvial soils of a

floodplain area. Riparian forest species that grow well in a floodplain area and reach a

maximum height of 10 to 35 meters include willow, big-leaf maple, Oregon ash, and

black cottonwood (personal communication with Dr. Steve Radosevich, Forest

Science, Oregon State University, November 2003). Of these, black cottonwood

(Populus trichocarpa), a native riparian species of the Willamette River floodplain

(Gregory et al., 2002b; Dykaar and Wigington, 2000), may be the best choice of trees

to be grown in this area. This species has the potential to reach a maximum height of
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35 meters. For this dissertation, we used a maximum height of 35 meters for the

maximum riparian shade scenario.

Table 5.2 summarizes the statistics of water temperature reduction for the

maximum riparian shade scenario. The average temperature reduction is 0.63°C or

3.35 percent. However, the average water temperature for the summer is still higher

than the standard. The greatest effects on temperature reduction from this scenario

occur on the hottest days in July (0.69°C).

Table 5.2 Comparison of water temperature reductions through maximum
riparian shade scenario with the Base case
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When we consider the number of days that the water temperature was higher

than the standard (Table 5-3), this scenario can only lower violation days from 81 days

in the Base case (Table 5.1) to 67 days, or about a 17 percent reduction from the Base

case. Thus, the number of days that water temperatures are higher than the standard

during summer is still 63 percent, and exceeded 20°C almost 20 percent of the total

simulation days.

Month
Base case

temperature, °C
Maximum shade temperature,

°C
Temperature

differences, °C

June 17.66 17.06 -0.60

July 20.38 19.69 -0.69

August 19.49 18.87 -0.62

September 17.65 17.04 -061

Average 18.80 18.17 -0.63



Table 5.3 Number and percentage of days water temperatures exceeded 17.8°C
and 20°C for the maximum riparian shade scenario

Total simulation Number of days Number of days
Month

days >17.8°C >20.0°C

June 24 9 0

July 31 31 15

August 31 26 6

September 20 1 0
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Results from the maximum shade scenario show little water temperature

reduction (average less than 1°C), and the water temperature on most days in July and

August is still higher than the standard. These model results suggest that even if the

upper segment of the mainstem Willamette River has full riparian shade extended

along both sides of the river, it is unlikely that the temperature standard would be met.

Several factors limit the effectiveness of riparian shade in reducing water temperature.

One factor that directly limits the ability of tree height to provide shading is the

surface area of the river exposed to solar energy. Since the mainstem river channel is

so broad (channel width up to 120 meters in some sections), and is generally oriented

in north-south direction, the ability of riparian trees to provide shadows across the

wide channel is limited. Also, as the volume of the mainstem river flow is relatively

large, it is difficult for cumulative riparian shade to have a substantial affect on

temperatures.8 However, water temperature reduction through riparian shade

8 Average stream flow about 118 cubic meter/second during summer 2001 at Harrisburg
station.

Total (percent) 106 (100) 67(63.2) 21(19.8)
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management is relatively simple when compared to management of stream width

channel surface area. Although riparian forest may not have a substantial effect on the

reduction of summertime temperatures in the mainstem, the localized effects (near

shaded banks) are important in providing anadromous salmonids with cooler water

areas in which to escape the extreme temperatures of the main channel.

The next section examines another restoration management practice to reduce

water temperature, the addition of tributary flow. Maximum riparian shade (with a tree

height of 35 meters) is selected when examining the combination of shade and

tributary inflow from the McKenzie River.

5.1.3 Maximum riparian shade combined with additional flows from the
McKenzie River

This scenario increases the volume of the upper segment of the mainstem

Willamette River by adding flow from the major upstream tributary, the McKenzie

River.9 In doing so, we hope to observe a significant reduction in downstream water

temperature. Two levels of increased flow of the McKenzie River, 25 percent and 50

percent were simulated in combination with the maximum rip arian shade.'° It is

assumed that the 25 and 50 percent additional flows will be added at the confluence of

the McKenzie River with the mainstem. As a result, there is no loss of water before

During summer (2001), almost 50 percent of the flow in the Willamette is from the
McKenzie River.

10 Flow increments are determined based on the maximum water available from the Cougar
reservoir. Additional flows of 25 and 50 percent from the McKenzie River are equal to
increases of approximately 12 and 24 percent of the mainstem River during summer of 2001.



entering the mainstem and we assume (in this simulation) that there is no change in

water temperature in the McKenzie River as its flow is increased.'

The results of the model simulations are shown in Tables 5.4. It was found that

a 25 percent increase in the McKenzie River flow, in combination with maximum

riparian shade, resulted in an average summer water temperature reduction of 4.2

percent. Doubling the flow to 50 percent reduced water temperature by approximately

5 percent and the average sun-imer water temperature changed from 18.80°C to

17.85°C. It is interesting to note that the doubling of the flow from 25 percent to 50

percent only results in an additional 0.8 percent decrease in water temperature. Also,

monthly water temperatures in July and August in the mainstem still exceed the state

water temperature standard, even under a 50 percent increase in the McKenzie River

flows.

Table 5.4 A comparison of temperature changes from the McKenzie River flow
increases, in combination with the maximum riparian shade
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These assumptions may not be practical since the objective of the simulation is to observe
only the effects of additional flows to stream temperature. It is therefore reasonable to assume
all other factors are constant.

Month Flow increment

Base case, °C +25 percent, °C +50 percent, °C

June 17.66 16.87 16.68

July 20.38 19.56 19.43

August 19.49 18.67 18.50

September 17.65 16.92 16.81

Average 18.80 18.01 17.85
(% difference) (0.0%) (4.2%) (5.0%))



The profiles of water temperature changes (from the Base case) resulting from

maximum riparian shade, and maximum shade combined with a flow increase of 50

percent are shown in Figure 5.4. The percentage change in terms of number of days

during the hottest months of July and August, as well as average overall summer

monthly temperature, in comparison to the Base case, is shown in Figure 5.5.

Maximum riparian shade, in combination with a 50 percent increase in flow, reduced

the number of violation days of the temperature standard during the summer about 56

percent while the maximum shade scenario (without flow increments) reduced
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Table 5.5 shows the percent of violation days for a 50 percent flow increase

combined with maximum riparian shade. It was found that the percent of violation

days (greater than 17.8°C) is reduced from 76.4 percent in the Base case to 57.6

percent. Also, the number of days water temperature exceeded 20°C was reduced from

27 days to 12 days, more than a 50 percent reduction.

Table 5.5 Numbers and percentage of days water temperatures exceeded 17.8°C
and 20°C under a scenario of maximum shade combined with a flow increase of
50 percent

Month
Total simulation

days
Number of

days>17.8°C
Number of

days>20.0°C

June 24 7 0

July 31 30 11

August 31 23 1

September 20 1 0

Total (percent) 106 (100) 61(57.55) 12 (11.32)
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violation by only 25 percent. It is important to note that if looking at the reduction of

days exceeding 20°C, there is a reduction from the Base case by 87 percent in August,

and 42 percent in July within the maximum shade combined with the McKenzie River

flow increase of 50 percent scenario.
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Figure 5.4 Comparison of water temperature reductions: maximum riparian
shade scenario vs. maximum shade combined with 50% flow increase scenario.
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Figure 5.5 Comparison of percent change of days exceeding 17.8°C and 20°C in
July and August: maximum riparian shade vs. maximum riparian shade
combined with a 50 percent flow increase

Several conclusions can be drawn from these results. If the objective is to

reduce water temperature in the hottest days of July and August to meet the state

TMDL standard, it is unlikely that this can be met target by using shade and flow

management practices. Even though the magnitude of reductions is greatest during

these hottest months, the existing temperatures remain relatively high. However, if the

target is to reduce the average temperatures for the entire summer period (including

the relatively cooler days in June and September), we can reduce the average water

temperature to almost meet the state standard. Given the maximum resources available

for restoration (maximum shade of riparian forest along both sides of the mainstem

river, and a 50 percent increase in flow from the McKenzie River), the maximum
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achievable water temperature reduction is 0.95°C, which reduces the temperature from

18.8°C in the Base case to 17.85°C. Even though we caimot reduce water temperatures

in the hottest months to meet the standard, we can reduce the number of days that the

temperature exceeded 20°C in July and August by more than 50 percent. This is

significant in that even a minimal reduction in temperatures from 20°C is beneficial to

salmon.

As mentioned before, riparian shade has a limited effect on reducing water

temperatures due to the limitations of tree height and its ability to extend shade cover

over the entire water surface. Incremental flows also have a limited effect on

increasing the magnitude of water temperature reduction downstream. This may be

due to the considerable distance to the downstream observation point from the

confluence with the McKenzie River (over 40 miles). The significant cooling effect

from additional flows is eventually eliminated once the water gets exposed to the heat

energy while traveling downstream.

5.1.4 Spatial and temporal restoration efforts

Riparian shading efforts that focus on select sections of the river may

contribute to differing levels of reduction per river mile. Also, flow releases from the

McKenzie River during specific periods may contribute to a greater temperature

reduction per unit of flow. This section observes water temperature changes under

various spatial and temporal efforts. The information may help water managers
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determine where and when to allocate and prioritize restoration efforts to reduce water

temperature in the mainstem.

In simulating water temperature changes due to spatial effects of riparian

planting, the upper mainstem study reach is divided into three sections; upper, middle,

and downstream sections.'2A simulation of riparian shade is done by implementing the

maximum shade along each section individually (keeping other sections at their

existing shade). The effective temperature reduction contributed from each section is

calculated as the percent temperature reduction downstream per mile of riparian

implementation.

Figure 5.6 shows the percentage of temperature reduction per mile downstream

from three study sections. It is found that implementing riparian forest at the

uppermost and lowest sections of the river (the first 10 miles and the last 21 miles) is

more effective in reducing downstream water temperature than implementing forest

along the 26 mile middle section. The upper section has a relatively narrow charmel

width and lower flow volume (half that of the middle and down stream segments), and

the existing shade in this section (tree height) is less than other parts of the river.

Therefore, if we increase the existing shade to its maximum value, it contributes to the

greatest temperature reduction downstream. The downstream section also has

significant temperature reduction per mile. This is due to the cumulative effect of

shading in the area near the observation location. Water temperature is cooler because

it has not been exposed to significant heat energy before it reaches the observation

12
h-i the CE-QUAL-W2 model they are represented as water bodies 1, 2 and 3 respectively

(detailed in Chapter 4, Figure 4.1 and 4.2).
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point. Middle section shading may provide the least effect as the shade necessary to

reduce the already warmed large volume of water is not sufficient to reduce

temperature to a point where it will remain cool as it passes through the lower section

on its way to the observation point.
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Figure 5.6 Percentage of downstream water temperature reductions of riparian
implementation per mile when spatia' restoration strategy is considered.

When managing flows, a resource manager may want to know about any

significant changes in water temperature due to changes in the magnitude and timing

of flow release. Keeping all other factors constant, and given two levels of flow (25

and 50 percent increases), and two periods of flow release (all four summer months

and only the hottest months of July and August), Figure 5.7 shows the percent change

of water temperature per unit of flow (cms) released. It is found that with equal

additional flows release from the McKenzie River; a unit of flow release over the two
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months of July and August is more effective in reducing downstream water

temperature than a unit of flow release during the entire summer. Therefore, the

greatest reduction per unit of flow is when flow is released during the hottest months

of July and August. In addition, while doubling the flow results in a greater reduction

of water temperature downstream; in terms of percent reduction per unit of flow

released, the resulting temperature is less.

Percent reduction per unit (cms)
of flow released

0.040

0.030

0.020

0.0 10

0.000

Increase flow 25 Increase flow 25 Increase flow 50 Increase flow 50
percent for all percent for July percent for all percent for July

summer months and August summer months and August

Figure 5.7 Percentage of downstream water temperature reductions per unit
(ems) of flow release when time and magnitude of flow release are considered

Key findings to this point can be summarized as follows:

1) The Base case scenario shows that more than 75 percent of summer days

violate the state water TMDL temperature standard and water temperatures higher

than 20°C are most frequent in July and August. Even with maximum re-vegetation
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and flow restoration efforts, it is unlikely that water temperature downstream can be

reduced sufficiently to meet the state water temperature standard for the months of

July and August. However, if considering the overall summer average (average for all

four sunmer months, including the relatively cooler months of June and September),

these restoration efforts can bring the average water temperature to very near the

standard. With a combination of maximum shade and increased flow, the average

summer water temperature can be reduced by approximately 1°C or about 5 percent

from the Base case scenario. A consideration for resource managers is that a reduction

of this magnitude is still important and biologically important to salmonid rearing and

migration habitats. This effort can help reduce the number of consecutive days that

water temperatures are higher than 20°C in July and August by almost 50 percent and

88 percent respectively.

2) It is important to recognize the spatial and temporal effects on water

temperature when creating a restoration management policy. It is found that the

greatest reduction of downstream water temperature per river mile is when maximum

riparian forest is implemented on the uppermost segment of the mainstem. Also,

McKenzie River flow released during the hottest months reduces water temperature

significantly compared with the per unit flow release for all four months of summer. It

is also found that doubling flow does not double the percent reduction of downstream

temperature. Percent reduction of water temperature per unit of flow release is less.
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Although society has decided (through legislation) that restoring water quality

to improve fish habitat is necessary (i.e., the ESA), this does not mean that society has

the resources to go forward and "do whatever it takes" to reduce water temperature.

As budget constraints are a reality, selecting the most efficient method to reduce water

temperature should be an important consideration in any policy.

The next section discusses the costs associated with various combinations of

riparian shade and tributary flow release. It should be noted that only potential

combinations of practices that contributed to temperature reduction were selected for

the simulation.

5.1.5 Restoration costs vs. water temperature reductions

As per the previous results, there are various restoration alternatives that have

the potential to reduce water temperature. Each alternative provides a certain degree of

temperature reduction, and each requires a certain allocation of resources. There are

trade-offs, or costs, for using these resources (i.e., summer flow increases take away

from current reservoir recreation, agricultural land is retired from production, etc.).

Cost effectiveness analysis is a method used to compare information about the costs of

temperature reduction among the restoration alternatives. In cost effectiveness

analysis, the best alternative is the one that produces the desired temperature reduction

with a minimum cost.

A total of twenty-five restoration scenarios were selected to simulate water

temperature responses downstream. They can be sorted into three groups; maximum



104

riparian shade alone; additional flow release alone; and combinations of maximum

riparian shade and flow release. Maximum riparian planting is distributed among three

locations (upper, middle, downstream), and flow release considers both magnitude (25

and 50 percent increases), and timing (for all summer months, and only July and

August). Table 5.6 describes the details of these scenarios and their corresponding

abbreviations.

Figure 5.8 plots the results of the restoration scenarios (reported by percent of

average summer water temperature change from the Base case scenario). The

scenarios are collected into 5 groups (A, B, C, D, and E) and ordered from the largest

percentage reduction (4-5 percent) to the least percentage reduction (less than 1

percent). It is clear that to achieve additional temperature reductions, a greater

combination of riparian shade and additional flow is required. An increase in the

maximum riparian shade alone (no flow increase) can only achieve a maximum

temperature reduction of 3 to 4 percent (scenario hi], group B). Also, the maximum

flow increase (50 percent for the entire summer) alone achieves a maximum

temperature reduction of only 2-3 percent (scenario c15, group C). The combination

of these two scenarios achieves a maximum reduction of approximately 5 percent

(scenario a], Group A).



Table 5.6 Scenario descriptions and abbreviations

1. Existing shade with varying magnitudes and timing of flow increases from the Mckenzie River
1.1 existing shade 25 percent increase in flow all summer months
1.2 existing shade 50 percent increase in flow all summer months
1.3 existing shade 25 percent increase in flow July & August
1.4 existing shade 50 percent increase in flow July & August

2. Maximum riparian shade implemented in various sections of the mainstem river
2.1 maximum shade for all sections
2.2 maximum shade for upstream section
2.3 maximum shade for middle stream section
2.4 maximum shade for downstream section

Maximum shade on the upstream section with varying flows
4.1 maximum shade upstream with additional flow of 25% all summer
4.2 maximum shade upstream with additional flow of 50% all summer
4.3 maximum shade upstream with additional flow of 25% for July &August
4.4 maximum shade upstream with additional flow of 50% for July & August

Maximum shade on the downstream section with varying flows
4.5 maximum shade downstream with additional flow of 25% all suliuller
4.6 maximum shade downstream with additional flow of 50% all summer
4.7 maximum shade downstream with additional flow of 25% JuIy& August
4.8 maximum shade downstream with additional flow of 50% July& August

Maximum shade on the upstream and downstream sections with varying flows
4.9 maximum shade upstream and downstream with additional

flow of 25% for all summer months
4 10 maximum shade upstream and downstream with additional

flow of 50% for all sulluner months
4.11 maximum shade upstream and downstream with additional

flow of 25% for all summer months
4.12 maximum shade upstream and downstream with additional

flow of 50% for all sunulter months

Note: maximum shade has a tree height of 35 meters

assumes no change in shade in other segments

ExShade F1w25 Sum
ExShade FlwSO Sum
ExShade_F1w25_JuAg
ExShadeFIwSO_JuAg

ExFlw ShadeMax All
ExFlwShadeMaxUp
ExFlw ShadeMax Mid
ExFlwShadeMaxDwn

Shade_Up_F1w25_Sum
Shade_Up_FlwSO_Sum
Shade Up_Flw25_JuAg
Shade_Up_F1w50_JuAg

ShadeDwFlw2S Sum
Shade DwFlw5OSum
Shade_Dw_F1w25_JuAg
ShadeDw_FlwSO_JuAg

Shade_UpDwFlw25_Sum

Shade_UpDwFlw5O_Sum

Shade_lJpDw_Flw25_JuAg

Shade_UpDw_FlwSO_JuAg
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Scenario Abbreviation

Maximum shade implemented to all sections of the mainstem in combination with additional flows from
the McKenzie River
3.1 maximum shade with additional flow of 25% for all summer Shade All F1w25 Sum
3.2 maximum shade with additional flow of 50% for all summer Shade All F1w50 Sum
3.3 maximum shade with additional flow of 25% for July &August Shade_All_Flw25_JuAg
3.4 maximum shade with additional flow of 50% for July &August Shade_All_F1w50_JuAg

Combinations of maximum shade and additional flows from the McKenzie River while considering
spatial and temporal efforts b)



Figure 5.8 Water temperature reductions, by group, from simulation scenarios.
(Ranked by percent reduction from the Base case)

If budgets were not a limiting factor, scenarios in Group A, especially scenario

a], would be the optimal choice, as it achieves the maximum reduction of water

temperature. However, costs vary substantially across scenarios. Therefore, cost

information is needed for a true evaluation of these alternatives.

The major costs of riparian implementation are planting and maintenance

costs, and the forgone benefit of agricultural production (in this dissertation, this is

represented by market value of agricultural land). Establishment costs occur the first
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year, annual operation and maintenance costs (representing 1 percent of the planting

cost) are assumed for the next 15 years (NRCS, 2003).

The cost of additional flows is measured as the forgone benefit of recreation on

the upstream reservoir (detailed in Chapter 3). The temperature reduction from

riparian restoration is assumed to have peak effect in 50 years,13 therefore all related

costs are discounted to reflect the net present value with a 5.875 percent discounting

rate as recommended by the National Resource Conservation Services (NRCS).14

Costs corresponding to the percentage of temperature reduction of the 24

scenarios, as well as the Base case scenario (eO, no cost or "do nothing"), are plotted

in Figure 5915 Costs of each scenario are displayed on the y-axis, and the percentage

of temperature reduction from the Base case scenario, which corresponds to their

associated cost, are shown along the x-axis. It is found that about 80 percent of the

simulated scenarios, the total costs (net present value) are under $1.5 million. It is not

surprising that scenario a] has the highest cost (of over $2.5 million), since it required

the greatest combination of resources. Specifically, scenario a] consists of tree

planting along all sections of the mainstem in combination with a 50 percent increase

in flow during all summer months. This scenario achieved a 5 percent temperature

13 A mature nparian tree is most likely to reach its maximum potential height at about 50 years
(personal communication with Dr. Steve Radosevich, Forest Science, Oregon State University,
November, 2003). Also, there is no specific site study about the potential of tree height in this area.
However, this value corresponds to Watanabe's (2003) estimated growth curve for black
cottonwood used for a riparian project in the Grande Ronde River, Oregon. According to
Watanabe (2003), a mature black cottonwood reaches its maximum height when it approaches an
age of 50 years.

14 This rate is used during the period of 2002-2003 by all Federal agencies in projects related to
water and land resource plans (Department of the Interior, Bureau of Reclamation, 2002)

15 Groups (a, b, c, d, and e) correspond to Figure 5.8
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reduction. However, it was found that scenario a2, which provides the second greatest

reduction (4.2 percent) costs only $1.5 million. The considerable variation in costs

among these scenarios is observed in every group. For example, scenarios in group B,

which provide temperature reductions between 3 and 4 percent, have costs that vary

from $0.5 million (scenario blO) to $2.7 million (scenario b7).

A cost effectiveness frontier was constructed using these points. The principle

is to link the points that correspond to the greatest reduction of water temperature at

the lowest cost. A total of 10 points (or scenarios) were linked and plotted. The

remaining points (15 scenarios) lay above the line and are considered less cost

effective and were eliminated. For example, point e23 was a frontier point as it

provides a greater reduction with a lower cost compared to point e24. The same logic

applies to point d20; it was selected over points d22 and d21 because it overrides these

points by providing a greater reduction in temperature with a lower cost. Figure 5.10

shows all selected scenarios with their total costs.

It was found that for a small magnitude of temperature reduction (less than 2

percent), scenarios of 25 and 50 percent flow increases in July and August alone are

cost effective. However, as the level (need) of temperature reduction increases,

riparian forest implementation combined with increased flow is required. Within the

values related to a combination of riparian shading and flow increase, the cost

effectiveness of each point begins with shading on the upper section and moves

toward shading on the lower section as the greater degree of cooling is presented. It is

interesting to note that the scenarios of riparian implementation alone (all parts,
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upstream, middle, and down stream) are not cost effective. This is due to the high cost

per unit of temperature reduction through riparian implementation relative to the cost

per unit of temperature reduction through increased flow.

The results demonstrate that only 10 of the 25 scenarios are considered

efficient solutions for a given budget and a desired level of temperature reduction.

There are, however, several important considerations about the nature of this estimated

cost-effectiveness frontier (Figure 5.9). First, the shape of the cost curve is not smooth.

This is because it is not an optimization-simulation model, which can find a

relationship between a temperature reduction and its associated cost along every point

on the cost curve. Therefore, the discrete points on the frontier curve in Figure 5.9

represent only a subset of scenarios on a continuous cost curve. Second, a "frontier"

implies that all possible (technically feasible) alternatives have been evaluated.

However, there are other possible scenarios not included in this analysis that may also

be cost effective, and their inclusion would likely "smooth" the curve.



Total Cost ($ millions)

3.0

2.5

2.0

1.5

1.0

0.5

0.0

d22

e23 S
d20

c16 c13
b12. ..

c15
d18 c17.

c14

bli b7 a4 a3. S S

b9b6 a5

b8

Percentage of Water Tern perature Reduction (%)

Figure 5.9 Cost-efficiency frontiers: Total cost vs. temperature reduction of 25
restoration alternatives

Note: Explanation of symbols for Figure 5.9

110

group scenario group scenario
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Another important point to note is that since this analysis is not premised on

profit maximization, there is no single optimal solution or "best" solution for effective

resource allocation. However, the solutions selected are based on their cost

effectiveness, and are therefore still useful in providing guidance for restoration

resource allocation. Given these various considerations, the implications of using the

results of the cost effectiveness frontier from Figure 5.9 for supporting decisions can

be demonstrated as follows:

If a specific target of temperature reduction is required, (for example, a 5

percent reduction, or 1°C reduction) scenario a] is the most cost effective option for

reaching this target. If the target is set at a 2.5 percent or a half-degree reduction, then

scenario c14 is the most cost effective scenario for reaching this target. However,

since there is no scenario that can reduce water temperature to meet the state standard,

a policy maker may not have a specific target, but may use other criteria for selecting

the most cost effective scenario, such as the available budget.

If a restoration budget is limited to a certain level, for example, $500,000,

and the objective is to choose the scenario that maximizes the magnitude of

temperature reduction within this budget, scenario blO would be selected from the

available scenarios under $500,000. This also applies to scenarios b8, a2 and a], when

the budgets are approximately 1.0, 1.5, and 2.7 million, respectively. In addition,

information on costs and cost per unit of temperature reduction are also useful for

supporting specific decisions. For example, among the five scenarios (e23, d20, d18,



c14, and blO) with a budget under $500,000, blO has the lowest average cost in

achieving percent temperature reductions (Figure 5.1 1).
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Figure 5.11 Average cost (per percent of reduction) for each scenario from the

cost-effectiveness frontier

Using information on average cost may not be appropriate in some situations;

for example, there may be a situation where two scenarios may have the same average

cost but different total costs and outputs. In addition, information on average cost

doesn't show the trade off for selecting one scenario over another. Therefore,

marginal cost information may help in the situation where policy makers do not have

a specific target (percent temperature reduction) but wish to compare the trade-offs

between temperature reduction and their costs across a range of solutions.
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Marginal cost is typically defined as the cost per unit of additional output. For

this analysis, it is the cost associated with an additional one percent of temperature

reduction when selecting the next largest reduction scenario. Marginal cost can be

used to represent the trade-off between choosing one policy over another. Figure 5.12

shows the marginal cost of each scenario when compared to the next higher scenario.

We can see that the trade-off of choosing scenario b8 over bi 0 is an additional $1.2

million (the difference between $1.19 million and $0.02 million), and if it is decided to

choose scenario a] instead of a2, the additional cost per unit of temperature reduction

is over $7.58 million (the difference between $7.82 million and $0.03 million).

Scenario blO may be the most desirable solution, given that it provides the

lowest cost per unit of reduction (with a 3.4 percent temperature reduction), and more

importantly, because the cost per additional unit of temperature reduction will increase

sharply in scenario b8. However, if cost is not considered, scenarios b8, a5, a2, or a]

may be desirable if reducing temperature is the more important criterion. For example,

policies looking toward protecting endangered species may value the increased benefit

to that species more than the increased incremental costs.
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Figure 5.12 Marginal cost of each scenario from the cost-effectiveness frontier

Neither cost-effectiveness analysis nor the comparison of marginal costs alone

will result in choosing the optimal solution; however, they provide useful information

that may lead to determining more appropriate solutions in both investment of

society's scarce resources and a desired level of temperature improvement. It is

important to note that more information about the uncertainty in costs and degree of

temperature reduction is needed in order to gain a fuller understanding when selecting

an appropriate policy. For this dissertation, the costs of planting riparian forest may be

over-estimated since we used the market value of land to represent the loss of net

profit for farmland. In reality, there is no fully competitive market for riparian land,

due to the limited supply of land. The costs associated with loss of recreation activity

may be under-estimated since the only data available are based on the number of
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visitors from the 1996 recreation year. However, the assumptions regarding discount

rates are not likely to be important, since most of the costs occur in the first year.

The selection of a particular scenario may be dependent on factors other than

its cost effectiveness. For example, a minimal temperature reduction may be needed in

order to save certain cold water fish species. In this case, one might decide to choose a

policy that has a high marginal cost per unit (i.e., scenarios b8, a5 or al). In addition,

many scenarios that require implementation of riparian shading also provide other

indirect benefits for fish and their habitats, thus justifying their selection. Political

factors may also influence the selection of one scenario over another. For example,

opposition from local interest groups about the impact on reservoir recreation from

summer flow release may make this politically difficult.

The previous discussions indicate that no set of these restoration activities can

bring down temperatures to a level that meets the state standard. Thus, cooling through

increasing hyporheic flow may be a preferred option, particularly when there is a

broad floodplain, as is the case in the study area. The following section (Section 5.2)

details results of restoration practice that explores changes in hyporheic flow.

5.2 Cooling water temperature through an increase in channel complexity;

results of hyporheic cooling

The previous section showed that riparian shade and flow management have a

limited influence on downstream water temperature reductions on the upper mainstem

Willamette River. In fact, costs per percent of temperature reduction are quite
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expensive. However, planting riparian forest and managing flow may prove cost

effective and have significant effects on water temperature in tributaries of the

Willamette River.

Improving water quality and fish habitats, especially in large rivers like the

Willamette, may need a broader suite or set of restoration approaches. This section

examines temperature reduction as a result of manipulating hyporheic flows through

increasing channel complexity.

5.2.1 Channel complexity; 1995 vs. 2050

In this analysis, total channel surface area is used as a proxy for river channel

complexity. The river channel surface area is calculated based on GIS data of the

Willamette River's 1995 active channel, 16 and projected active channel in 2050'

(Pacific Northwest Ecosystem Research Consortium, 2002). Figure 5.13 shows the

total river area between the confluence with the McKenzie River and Corvallis (a 44

river mile reach (70 river km.)) categorized by channel feature types in 1995 and the

total area projected for 2050 (after restoration). It was found that the total surface area

16
The active channel is defined as the portion of the river and floodplain inundated at normal

winter flood flows (i.e., those with an average return interval of one to two years (Pacific
Northwest Ecosystem Research Consortium, 2002). The river is composed of three channel
types: primary or main channel (unbraided, or the portion of the channel with the most flow),
side channel (channels connected to the main channel at both ends), and alcoves or sloughs
(channels connected only at one end to main or side channels) (Gregory et al., 2002a).

17 Under the 2050 Conservation Scenario, channel restoration includes removing, breaching,
or re-engineering revetments, and reconstructing old side channels. Identification of potential
restored channels is based on a combination of current vegetative cover; current remnant
channel location and former channel location (personal communication with Linda Ashkenas,
Department of Fisheries and Wildlife, Oregon State University, December 2003); also see the
details of scenario development in Branscomb (2002).



Source: Data are complied from the Pacific Northwest Ecosystem Research Consortium, 2002

Figure 5-13 River surface area categorized by feature types: 1995 vs. 2050
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of river channels, islands, and other floodplain features of 29.6 km2 in 1995 would

increase to 87.5 km2 after restoration, an increase of almost 200 percent. Within this

increase, the total channel surface area of alcoves and side channels increased

dramatically. Combining alcoves and side channels with the main channel area results

in a total channel surface area increase from 13.6 km2 in 1995 to 35.2 km2 in 2050, an

increase of almost 160 percent (Figure 5-14). The total channel surface area occupied

about 40 percent of the total area after restoration, and this area is potentially closely

associated with the formation of hyporheic features (Details in Section 5.2.2). In this

dissertation, these channel surface areas (main channel, sloughs, and side channels)

are used as a reference to interpolate the area of hyporheic features after restoration.
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Source: Data are complied from the Pacific Northwest Ecosystem Research Consortium, 2002

Note: The large increase in island land area is primary a result of reconnecting side
chaimels to the main channel.

Figure 5-14 Total river channel and other feature areas: 1995 vs. 2050

5.2.2 Channel complexity and hyporheic cooling

Figure 5-15 shows potential hyporheic features in the mainstem Willamette

River identified by Fernald et al. (unpublished data). These features are used in his

calculation of total hyporheic cooling downstream. It should be noted that there are

several factors represented in his estimate of hyporheic flow and its degree of cooling

(i.e., flow magnitudes and their direction to the features, channel and feature

dimensions, and type of substrates). However, for this dissertation, we make a simple

inference of the significance of hyporheic cooling dependent only the area of channel

features, ignoring other factors.
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The total area of potential hyporheic channel features (based on GIS coverage

of the active channel in a 1998 aerial photo subsequent to the 1996 flooding) was

calculated and the results are shown in Table 5-7. The calculation is based on the

distance of river reach from downstream of the McKenzie River to Corvallis (44 river

miles, (70 km.)) It was found that the current total area of potential hyporheic features

is 4.3 km2 and primarily composed of mid-channel bars and islands.18 The total area of

potential hyporheic features is approximately 32 percent of the total channel surface

area in 1995 (13.6km2).

By using the percentage of potential hyporheic features to the total channel

surface area in 1995 (32 percent), it is estimated that after channel restoration in 2050,

the potential hyporheic feature area would be 11.26 km2 (32 percent of total surface

area in 2050, 35.2 km2) or 2.62 times the potential hyporheic feature area in 1995.

Island as defined by Fernald is a relatively small island primarily located in the main river
channel, or in some cases surrounded by a shortcut of small side channels near the main
channel. Islands, mid-channel bars, and point bars are filled with water during winter, and are
emerged or clearly seen during summer low flow (the Pacific Northwest Ecosystem Research
Consortium, 2002).



Hyporheic flaw features
mid-charmel bar

EllilU paint bar
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Riar thalwsg
River and side channels1

Figure 5.15 Potential channel features associated with hyporheic flow

Note: Fernald defined three types of features that carry potential hyporheic flow
as follows.

Mid-channel bar (or a peninsula feature coincident with the alcove, separating main
channel flow from the alcove). The elevation difference between the flowing channel
and alcove creates hyporheic flow paths;
Point bar. A meander bend that has hyporheic flow through them. Mostly confined to
a crescent shaped feature; and
Island. It has hyporheic flow paths throughout. An entire island is a hyporheic flow
feature.

Fernald also found that flow through bare gravel is more rapid than flow through a
vegetated surface. These types of features (gravel vs. vegetative features) were also
considered in his hyporheic calculation.
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Table 5.7 Total area and percent of hyporheic channel features from
downstream of the McKenzie River to Corvallis in 1995 (prior to restoration)

Source: Femald et al (unpublished data)

Note: The explanations for the definition of hyporheic feature are in Figure 5.15

Femald et al. estimated a total potential hyporheic temperature change over the

distance of 44 miles (with a total of 4.3 km2 potential hyporheic feature area) to be

about 1.8°C. Their result is used in this dissertation by assuming that when an area of

potential channel surface increases, then the area of potential hyporheic features, and

the degree of hyporheic cooling downstream, will also increase by the same

proportion.

Specifically, by using 1995 channel complexity as the reference for channel

complexity before restoration, and 1.8°C as the reference of hyporheic cooling for

1995, then a total potential reduction of 4.7°C (1.8 multiplied by 2.62) is assumed as

the result of hyporheic cooling associated with channel complexity in 2050. This

indicates a net reduction of 2.9°C due to the increase in channel complexity from 1995

to 2050.

It is important to note that the objective here is to use these results for setting

approximate guidelines in restoration management. The estimates and predictions of
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Feature Area (km2) Percent

Mid-channel bar 1.8 42

Point bar 0.4 9

Island 2.1 49

total 4.3 100



123

hyporheic cooling associated with channel complexity would need to be more accurate

before any specific project would be implemented. The relationship of channel

complexity and hyporheic cooling to a change in total river temperature over a long

course of the river is uncertain due to the complexities of the river's dynamic

geomorphology and environmental settings (e.g., land use). Therefore, more data, and

a more accurate model, are needed to reduce this uncertainty.

The next section examines the cost of channel restoration under the 2050

Conservation Scenario. Costs associated with an increase in channel complexity may

be useful when exploring fish habitat restoration and water quality improvement.

These values, although only approximations, can serve as a guide to the potential of

hyporheic cooling relative to other strategies.

5.2.3 Restoration cost and channel complexity

The 2050 Conservation Plan compiled by PNW-ERC was used for estimation

of restoration costs. Conservation and restoration of ecological functions of the

floodplain is a major component of this plan. Restoring riparian areas is crucial in the

management of any ecosystem structure and floodplain. Riparian forest also helps

stabilize the channel bank, and in the long run will replace bank revetment. However,

this results in a decrease in total area of agricultural land. Two widths, 30 meters and

120 meters, of riparian vegetation buffer along both sides of the main channel and side

channels were considered in restoration plans for the 2050 Conservation scenario of

PNW-ERC.
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The total area of agricultural land associated with each buffer width is shown

in Figure 5.16. These areas are calculated from downstream of the McKenzie River to

Corvallis. The total area of agricultural land needed for a 120 meter buffer width is

almost three times that of a 30 meter buffer width. It was also found that the area of

agricultural land required for buffer widths of 30 and 120 meters is more than 50

percent of the total area within the buffer zone (Figure 5-17); the greater the width of

the buffer zone, the greater impact on agricultural areas. The reason for wide buffers is

that the area needed for replanting riparian forest to recover the ecological functions of

river floodplain must be large enough to accommodate river meandering.
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Figure 5-16 Total area of agricultural land in 30 and 120-meter buffer zones
along both sides of river channel for 2050
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Riparian buffer scenario



Figure 5-17 Composition of land use in buffer zones of 30 and 120 meters along
both sides of river channel for 2050

Costs associated with the restoration of riparian forest for both buffer widths

were calculated, and the results are shown in Figure 5-18. Of primary interest are

restoration activities that claim agricultural land. Cost components are the same as

used in Section 5.1. They include a loss of agricultural production, costs of planting

riparian forests, and maintenance and operation during the first 15 years of project. We

used 50 years for the project life, and used the same discounting rate as used in

Section 5.1 (a 5.875 percent discounting rate as recommended by the Natural

Resource Conservation Services (NIRCS)).

It is not necessary that restored riparian forest be completely implemented

within the first year of the project. With this in mind, two investment plans were
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evaluated. The first one is if restoration actions are done completely within the first

year of the project (i.e., riparian planting, land acquirement). In this plan, all major

costs occur within the first year of the project. The second plan distributes restoration

actions over a series of 10 year increments, and is completed within 50 years. In this

plan, costs are distributed over the 50-year project life of the plan.

Figure 5-18 shows that the cost of restoration for a buffer width of 120 meters

is almost three times higher than that of 30 meters. However, costs can be expensed in

the first year, or distributed over the life of the project (50 years). As a result of the

discount rate, the net present value of costs distributed over 50 years is 2.5 times less

than if paid out during the first year. The total cost of channel restoration ranges from

$6 million to $38 million in 2050. It should be noted that these costs represent only

the restored channel on agricultural land; developed (residential, commercial, etc.)

areas are not included. Developed area occupies about 5 percent of the total land use

in the buffer zone in 2050. If developed areas are included in channel restoration,

these costs would increase substantially.
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Figure 5-18 Estimated total cost of restored channel complexity for the 2050
Conservation Plan

Costs of restoring channel complexity in the 2050 plan are based on the criteria

that re-planting riparian forest is a key component, and agricultural land is the primary

target. The restoration processes involved are located near both sides of the mainstem,

channels are buffered, some bank revetments are removed, and some old side channels

are reconnected to the main channel. This restoration will allow river flows to interact

with channel bank and induce lateral migration. Lateral migration results in a more

dynamic re-establishment of channel features. Costs of restoration depend on the

width of the buffer zone as depicted in Figure 5-18. There is still no clear answer as to

how wide the buffer should be to allow migration of river channels (river meandering)

and to restore ecological functions of the river floodplain. The Willamette National

Forest riparian management guidelines call for buffers of different widths for various

127



128

types of streams and floodplains, from 46 meters to 123 meters (150 feet to 400 feet).

The Oregon Forest Practices Act stipulates a maximum buffer width of 30 meters

(100 feet). Therefore, the appropriate buffer width will be dependant on site-specific

needs and limitations, as well as accurate monitoring and measurement of channel

movement. Since a majority of the land required for buffering is private property, it is

costly and difficult to acquire these lands to increase the width of the zone. Therefore,

an estimate of costs for a 30-meter buffer should be the lower bound and estimates for

a 120-meter buffer would represent the upper bound of these costs.

It should be noted that it may be possible to target several private lands for this

desired buffering. Specifically, targeting can reduce investment costs, if agricultural

lands that have low productivity are target first, or if areas that are prone to flooding

are targeted. Given the low opportunity costs of such lands, these areas may be

relatively easier to acquire at a lower cost. GIS spatial analysis can be used to help

identify these potential low cost areas.

5.2.4 Hyporheic temperature reduction vs. costs

The final analysis is to determine cooling potential, along with their respective

restoration costs. An estimate of hyporheic cooling over 44 miles of the mainstem

river after channel restoration is an additional 2.9°C of cooling by year 2050. Given

the average restoration cost of approximately $11 million,19 the cost of water

temperature reduction by this approach is approximately $3.8 million per 1°C. If, for

19
Estimated average total cost between a buffer of 30 meters and 120 meters distributed over 50

years.
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example, the existing temperature is 18.8°C (as in the Base case of Section 5.1), by

2050 the temperature will be reduced to 15.9°C or about 15 percent temperature

reduction from the Base case. In other words, the cost of temperature reduction by

increasing channel complexity is $730,000 per 1 percent reduction from the Base case

temperature of 18.8°C.

Several important points regarding these cooling results and associated costs of

channel restoration should be noted here. First, the hyporheic cooling achievable by

channel restoration and implementation of riparian buffer is augmented by cooling as

a result of shading along main side channels. Therefore, the net total river cooling

achieved by this approach is larger than that resulting only through hyporheic cooling.

Second, it is uncertain that implementation of a riparian forest buffer is necessary for

the hyporheic cooling approach after removal of some rock revetments. Since the

nature of channel complexity restoration requires the dynamic processes of erosion

and sedimentation combined with lateral movement of the main river channel to

recreate the hyporheic channel features, replanting riparian forest in some areas

(unstable reaches) may be subject to failure (Landers et al. 2000; Dykaar and

Wigington, 2000). Therefore, including all costs of forest buffer reestablishment and

implementation for this approach may not be appropriate. In addition, since the

majority of channel features associated with hyporheic cooling in this report are

mainly in the area near the main channel, cost per degree of hyporheic cooling

resulting from this study (which included a buffer of some side channels), may be over

estimated.
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The final point is that a restoration approach that focuses on increased

hyporheic features as well as riparian establishment (i.e., cottonwood colonization)

would not be successful without considering restoration of some historical flow

regimes which have been altered since the construction of upstream dams. Therefore,

flow management, such as increase in the frequency and magnitude of flows (e.g.,

high flow or bank full discharge) is needed (Landers et al. 2000; Dykaar and

Wigington, 2000; Gregory et al., 2002c).

Figure 5.19 provides an average cost per degree of temperature reductions

associated with these restoration practices. The riparian shading approach has the

highest cost per degree of cooling because it has minimal impacts on water

temperature. In addition, riparian establishment costs occur at the beginning of the

project. An increase in tributary flows is the least costly approach; however, it has a

limited potential for temperature reduction, given the amount of water accessible in

the tributary for such a purpose. The average cost of hyporheic cooling approach is

based on an investment plan that distributes costs over the project life (rather than in

the first period). If calculated as an "up-front" cost, hyporheic cooling would be more

expensive.
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Figure 5.19 Average cost per degree (°C) of water temperature reductions

5.2.5 Restoration policy vs. uncertainty

It is difficult to draw the conclusion that hyporheic cooling through restoring

chaimel complexity is a better approach to temperature reduction than riparian

planting and increased flow, as these two models were developed based on different

perspectives. Since the CE-QUAL-W2 did not incorporate hyporheic flow cooling

directly into the model simulation, it is impossible to compare its results with certainty

against the hyporheic cooling results. In addition, the CE-QUAL-W2 model

incorporates a prediction uncertainty measure (detailed in Chapter 4), while the

hyporheic flow model, being largely conceptual and not yet completed, and has not yet

established an associated model uncertainty. However, it should be noted that by

increasing channel complexity to promote hyporheic cooling, a higher degree of
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temperature reduction is possible when compared to the approach of planting riparian

and increased flow as outlined in Section 5.1. The limitations of tree height and flow

increase also make these options considerably less flexible when compared to

increasing channel complexity.

Limited information on hyporheic flow and its cooling mechanisms associated

with channel complexity make it difficult to implement this policy. In a decision

making process, it is necessary to know that an investment is at least worth the benefit

received (in this case, the additional temperature reduction). Even though we have

information confirming that hyporheic cooling is dependent on the area of channel

complexity, a more quantitative model of this relationship is necessary. Moreover,

information addressing any uncertainties is an important consideration in the decision.

A simple conceptual model of decision making concerning hyporheic cooling and

channel complexity is shown in Figure 5.20. From viewing Figure 5.20 it is easy to

understand how increased and more accurate information regarding the relationship

between hyporheic cooling and channel complexity will help policy makers in

determining more cost effective solutions in restoration management. For example, if

the relationship between hyporheic cooling and channel complexity is constant, there

is a termination point for restoration decisions. However, if it is determined that the

rate of temperature reduction is variable (i.e., increases in hyporheic cooling are

greater than increased complexity), then the optimal point of the decision process will

move upward to the left panel, and the policy is more likely to be implemented. As

one learns more about the variables associated with hyporheic cooling, restoration
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methods and techniques can be adjusted to take advantage of this increased knowledge

and make restoration policies more efficient.

00
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Figure 5-20 Conceptual model identify favorable conditions of hyporheic cooling
associated with channel complexity

One important aspect of this research should be noted, that temperature

reductions are the oniy benefit being evaluated in this dissertation. There are several

benefits associated with these practices (e.g., habitat improvement, erosion reduction,

etc.), and the full benefits of the restoration practices need to be recognized, as well as

measured, when such information becomes available.
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Chapter 6

Conclusions

Economic and ecological information is needed to assess the efficiency of

various practices when developing restoration policies to improve water quality and

fish habitat. In addition, restoration approaches need to be adjusted to the specific

environmental settings of the area of interest. For example, the geomorphic and

hydrological characteristics of the upper Willamette River need to be recognized when

designing a suite of appropriate restoration practices for salmonids in this system.

Water temperature is one of the most important habitat qualities that influence

the health of cold-water fishes like salmonids. Flow increments and riparian shading

are considered practical ecological restoration practices designed to reduce water

temperature. These conventional practices have worked well in reducing temperatures

in many small rivers and tributaries. However, they may have less impact on reducing

water temperatures in a large river such as the Willamette. An alternate restoration

practice that focuses on floodplain restoration to promote hyporheic cooling may

provide a more effective reduction of water temperatures in a large river such as the

Willamette River.

The first objective of this dissertation is to assess the efficiency of restoration

practices that focus on flow increments and riparian shading for reducing temperature

in the upper mainstem Willamette River. A second objective is to examine an

alternative approach of temperature reduction, hyporheic cooling, which can be done
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through increasing river channel complexity. An economic analysis of these practices

based on cost effectiveness is also provided as a guide to policy makers in choosing an

appropriate mix of practices that meet the desired target at the lowest cost. A summary

of results, implications and limitations, as well as suggestions for future research, are

detailed below.

1) The simulations of water temperature response to various scenarios of

alternative flow increments and riparian shading were done using the CE-QUAL-W2

water temperature model (summer of 2001 calibration time-period). The model was

calibrated by Professor Scott Wells and the Water Quality Research Group at Portland

State University, for use by the Oregon Department of Environmental Quality

(ODEQ) in developing a TMDL for temperature in the Willamette River basin. For

this dissertation, a location near the center of the drainage (Corvallis) is selected for

investigating the cumulative effects of temperature changes from 56 miles of upstream

restoration.

Based on the maximum allocation of riparian shade along both sides of the

river, combined with increased flow from the major tributary (the McKenzie River),

the maximum reduction in summer water temperatures is approximately 1°C or 5

percent from the base conditions. However, during the peak temperature summer

months of July and August, realized water temperatures could still be higher than the

state standard. Scenarios of flow, riparian shade, and a combination of each (a total of

25 scenarios) were selected to observe the range of achievable temperature reductions.
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Associated restoration costs of these scenarios were also calculated. Jt was found that

only 10 out of 25 management scenarios are considered cost effective. These

restoration costs ranged from under $500,000 for less than 1 percent reduction in

temperature to almost $3 million for a 5 percent reduction. In addition, it was found

that riparian shading implemented on the upper section of the mainstem has the

greatest effect on temperature reduction per mile, and flow augmentation during the

hottest months has the greatest temperature reduction per unit of flow release. In

addition, doubling the magnitude of flows during summer does not translate into a

doubling of temperature reduction downstream.

The variations of temperature reduction associated with spatial and temporal

restoration efforts may help a decision maker prioritize locations of riparian planting.

The cost-effectiveness frontier method used here is a simple method for prioritizing

available restoration scenarios or practices. Scenarios that are cost effective help aid

the decision makers in selecting a restoration policy that achieves a desirable level of

temperature reduction at specific budget levels. However, the primary limitation of

this method is that once additional options or practices are introduced, the selection

results are subject to change. The water temperature model used for the simulation

management scenarios is based on a calibration of 2001 data. A wider range of data

used for model calibration will produce a better evaluation of temperature response to

these management practices.
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2) Another approach to temperature reduction is to promote hyporheic cooling

through restoration of channel complexity. This can be done by removing channel

obstructions (i.e., revetments, dikes, etc.) and allowing the river to meander within its

floodplain A comparison of channel complexity between 1995 and 2050 (after

restoration) found that there would be a 200 percent increase in complex channel area,

more than 40 percent consisting of areas of main channel, sloughs, and side channels.

These features are closely associated with potential hyporheic cooling. Based on an

interpolation of hyporheic cooling potential calculated by Dr. Sam Fernald, New

Mexico Water Resources Research Institute, as well as specific assumptions imposed

on channel complexity and its cooling, it is estimated that channel restoration may

account for an approximate 3°C temperature reduction. The costs of restoration are

estimated based on the development of two widths of riparian buffer (30 meters and

120 meters) around the multiple channel features. It was found that the buffer costs

range from approximately $5 million to almost $40 million, depending on how the

investment is allocated over the restoration period. Unfortunately, it is inappropriate to

compare the hyporheic cooling restoration practice with flow augmentations/shading

in terms of their cost effectiveness, since these restoration practices are evaluated

under two different models (The CE-QUAL-W2 and hyporheic models). However, it

can be concluded that a hyporheic cooling approach is more flexible and gives a wider

range of temperature reductions than approaches that focus on flow and shading

options. Therefore, the hyporheic-cooling method may prove a viable alternative for

restoration management, especially when a resource manager wishes to achieve a high
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temperature reduction target. However, as a cautionary note, the relationship of

hyporheic cooling and channel complexity is still under development and review.

Given the many interpolations involving the estimation of hyporheic cooling reported

in this dissertation, use of these results should be limited to exploring alternate

restoration policies.

Several recommendations can be drawn from the results of this dissertation.

First, since uncertainty is a major factor involved in the estimation of hyporheic

cooling, additional quantitative relationships between hyporheic cooling, channel

complexity, and other variables related to temperature reduction are needed. Second,

incorporating hyporheic cooling into the CE-QUAL-W2 water temperature model is

necessary to complete an estimate of water temperature responses to management

scenarios. Third, water temperature is not the only benefit of ecological restoration.

Other benefits, especially those associated with restoration of riparian forest and river

floodplain exist (i.e., source of food supply for wildlife species, bank stabilization,

etc.). An accounting of these associated benefits in combination with temperature

reductions will help in selecting an efficient restoration policy. Fourth, while cost

effectiveness may prove helpful in determining the most efficient policy when facing

specific budget constraint, it does not provide the optimal solution (i.e., situations

where the net benefits of restoration are maximized). To move toward maximization

of net benefits, development of a fish population model associated with water

temperature and other environmental factors is necessary to gain an accurate estimate



of fishery benefits. In addition, quantification of the value of fish benefits into

monetary values should be done if the goal is to complete a benefit-cost analysis.
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